Universidade Federal do Rio Grande do Sul
Instituto de Ciéncias Basicas da Saude
Departamento de Bioquimica

Programa de Pés-graduagdo em Ciéncias Biolégicas: Bioquimica

TESE DE DOUTORADO

Avaliagao dos efeitos neuroprotetores das vitaminas E e C, da guanosina e
do exercicio fisico sobre o metabolismo energético, o sistema

glutamatérgico e a memoria em ratos submetidos a hiperprolinemia

Andréa Gisiane Kurek Ferreira

Orientadora: Prof®. Dr’. Angela Terezinha de Souza Wyse

Porto Alegre, 2011



Universidade Federal do Rio Grande do Sul
Instituto de Ciéncias Basicas da Saude
Departamento de Bioquimica

Programa de Pés-graduagdo em Ciéncias Biolégicas: Bioquimica

TESE DE DOUTORADO

Avaliagao dos efeitos neuroprotetores das vitaminas E e C, da guanosina e

do exercicio fisico sobre o metabolismo energético, o sistema

glutamatérgico e a memoria em ratos submetidos a hiperprolinemia

Andréa Gisiane Kurek Ferreira

Orientadora: Prof®. Dr’. Angela Terezinha de Souza Wyse

Tese apresentada ao Programa de Pés-graduagdo em Ciéncias Bioldgicas:

Bioquimica, como requisito parcial para obtencdo do titulo de Doutor em

Ciéncias Bioldgicas: Bioquimica

Porto Alegre, 2011

II



Ao meu esposo Adenilton, pelo amor e
carinho; e pelo incentivo, companheirismo
e entusiasmo durante toda a realizagcdo

desse trabalho.

111



AGRADECIMENTOS

A Deus, a quem procuro colocar no centro da minha vida, pois Ele tudo
transforma e santifica: obrigada pela graga da fé e do amor, pela saude, pela luz e
forgca nas horas dificeis, pelas alegrias e por ter me colocado nesse grupo de

pesquisa onde encontrei pessoas maravilhosas.

A minha querida orientadora, professora Angela Wyse, pela oportunidade de
fazer parte do seu grupo e pelo profissionalismo, dedicagéo e sabedoria com que
orientou esse trabalho. Sua lideranca alegre e carinhosa sempre me motivou e

me deu confian¢a de que tudo daria certo!

Aos amigos e colegas do laboratorio: Aline, B4, Emi, Maira, Fé Rossato,
Felipe, Jana, Jeferson, Fé Vuaden e Edu. Obrigada pela 6tima convivéncia e
companheirismo. Agradego especialmente a Aline, Emi, Maira e Fé Rossato pelo
apoio constante na realizagéo desse trabalho. Vocés ficardo para sempre em meu
coracéo!

Aos colegas que ja ndo estdo mais no laboratério: Dani, Dé, Nize, Si, Cris
Mattos, Cris Matté, Fabria e Ju, obrigada por tudo!

A Fran, pela inestiméavel amizade, alegria e companheirismo de sempre.

A Ana Cristina, minha querida amiga, por estar sempre ao meu lado.

Aos professores do grupo de Erros Inatos do Metabolismo: Clovis, Moacir e

Dutra, pela convivéncia e colaboragéo.

Aos professores Carlos A. Netto, Carla Bonan, Mauricio Bogo, Susana

Wofchuk, Diogo Souza, Marcelo Lamers e Marinilce Santos pela colaboragéo.

Aos colegas dos laboratérios 34 e 38 e a todos os colegas dos demais

laboratérios do departamento que nos auxiliaram na realizacdo desse trabalho.

Ao meu esposo Adenilton, pelo amor, compreenséo, dedicagédo e por

construir uma familia comigo.

Aos meus pais Valdir e Marli e aos meus irmaos Andrei, Andressa e Adriano,

pelo incentivo constante aos meus estudos e pelo amor e carinho de sempre.

A Universidade Federal do Rio Grande do Sul, pela possibilidade de realizar
este curso de doutorado, e aos professores e funcionarios do Departamento de
Bioquimica.

Ao CNPq pela bolsa concedida.

v



“A maravilhosa disposicdo e harmonia do universo sé pode ter tido
origem segundo o plano de um Ser que tudo sabe e tudo pode.
Isso fica sendo a minha ultima e mais elevada descoberta”

Isaac Newton (1642-1727)



SUMARIO

RESUMO ... ..ot e e e et e e e et e e e e st e e e e enneeeeenns VI
AB ST RACT ...ttt e e e e et te e e nre e e e naeaaens IX
LISTADE FIGURAS ... ..ottt et e e e eaee e s annee e X
LISTADE ABREVIATURAS ...t Xl
L INTRODUGAO . ... ..ottt enas 1
1.1. Erros Inatos do MetaboliSmO ... 2
1.2, L-ProliNa ... a e 3
1.3, HIPerproliNemi@s. .........ccoviiiiiiiiii e 5
1.4. Modelo animal experimental de hiperprolinemia ................ccccoovviiiiiiiiiccennnnn. 7
1.5. Espécies reativas e estresse oxidativo...........oooovvviiiiiiiiiiiiin 8
1.6. MetabolisSmO €NergétiCo ... 10
1.7 NG K AT P S ettt 12
1.8. Sistema GlutamatergiCo .........oouiiiiiiiiiiii e 13
1.9 MEMIOTIA ...ttt e e e e e e e e e e e e e as 16
1.10. ACEtilCOlINESTErase. . .......uueiiiiiiiiiiiiee e 18
1.11. Fator Neurotrofico Derivado do Encéfalo ..........ccccueiiiiiiiiiiiiii, 19
1.12.VItaminas E € C...eoeeeee e 20
113, GUANOSING ...ttt et e e e e e e e e e e e e e e e e s 21
1.14. EXEICICIO FiSICO ....utuiiiiiiiiiiiieieiee et 22
Il OBUJETIVOS ...ttt e e e et e e e en e e et e e e eneee s 24
ODjJELIVO GEOIAI ...ttt 25
ODbjetiCoS ESPECITICOS. ....oiiiiiiiiiiei et 25
lll. METODOLOGIA E RESULTADOS ..........oooi i 29

VI



Capitulo |

Proline impairs energy metabolism in cerebral cortex of young rats................. 32
Capitulo I

Role of antioxidants on Na*,K*-ATPase activity and gene expression in cerebral
cortex of hyperprolinemic rats...........coooi i 41
Capitulo lll

Evidence that hyperprolinemia alters glutamatergic homeostasis in rat brain:
neuroprotector effect of gUaANOSINE ........ ..o 49
Capitulo IV

Physical exercise reverses cognitive impairment of rats subjected to experimental
hyperprolinemia. ... .. ... 80
Capitulo V

Experimental hyperprolinemia induces mild oxidative stress, metabolic changes

and tissue adaptation inrat iVer.............oouiiiiiii e a0
IV. DISCUSSAOD ...ttt e e 127
V. CONCLUSOES ..........cooooeoeeeeeeeeeeeee et 148
VI. PERSPECTIVAS ...t 151
VIl. REFERENCIAS BIBLIOGRAFICAS..........coovieeeeeee e, 153

Vil



RESUMO

Hiperprolinemias s&o erros inatos do metabolismo causados pela deficiéncia de
enzimas envolvidas no catabolismo da prolina, o que resulta em acumulo
tecidual de desse aminoacido. Clinicamente, os pacientes podem apresentar
manifestagbes neuroldgicas graves como retardo mental e convulsdes, cuja
fisiopatologia nao estd totalmente elucidada. O objetivo desse trabalho foi
investigar o efeito da prolina sobre parédmetros bioquimicos (metabolismo
energético, estresse oxidativo e sistema glutamatérgico) em cérebro e figado,
bem como sobre pardmetros comportamentais de ratos submetidos ao modelo
experimental de hiperprolinemia e investigar possiveis efeitos neuroprotetores
das vitaminas E e C, da guanosina e do exercicio fisico sobre as alteragdes
causadas pela prolina. Os resultados mostraram que a administragdo aguda e
cronica de prolina induz peroxidagédo lipidica, compromete o metabolismo
energético cerebral, diminui os niveis de ATP intracelular, inibe a atividade da
Na’ K'-ATPase sem alterar a expressdo de suas subunidades cataliticas, e
prejudica a captagdo de glutamato, embora ndo diminua o conteudo de seus
transportadores. Todas essas alteragbes podem estar intimamente relacionadas
ao déficit cognitivo causado pela hiperprolinemia, o qual também esta
relacionado a diminuicdo dos niveis de BDNF e da atividade colinérgica. A
hiperprolinemia também altera a homeostase hepatica pela indugao de um leve
grau de estresse oxidativo e de alteragdes metabdlicas, as quais provavelmente
nao implicam em dano significativo ao tecido hepatico, mas sugerem uma
adaptagao tecidual ao estresse oxidativo. Além disso, demonstramos que a
utilizagdo das vitaminas antioxidantes, da guanosina e/ou do exercicio fisico
pode contribuir para a contencdo do estresse oxidativo, da toxicidade
glutamatérgica e dos prejuizos na cognigdo induzidos pela hiperprolinemia.
Acreditamos que esses achados possam ser relevantes para o entendimento
das alteragbes neurologicas presentes na hiperprolinemia, além de sugerir
possibilidades de neuroprotecdo, como por exemplo, o exercicio fisico que
poderia ser usado como um adjuvante terapéutico no tratamento dos pacientes
hiperprolinémicos. A magnitude dos efeitos bioldgicos das vitaminas
antioxidantes e especialmente da guanosina requerem estudos adicionais para

uma melhor compreensao das suas acdes neuroprotetoras na hiperprolinemia.
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ABSTRACT

Hyperprolinemias are inborn errors of metabolism of proline caused by genetic
defects in the L-proline catabolic pathway, resulting in tissue accumulation of this
amino acid. Clinically, patients may present severe neurological manifestations,
such as mental retardation and seizures. However, the mechanisms underlying
these alterations are not fully understood. The aim of this study was to
investigate the effect of proline on biochemical parameters (energy metabolism,
oxidative stress and glutamatergic system) in brain and liver, as well as on
behavior of rats submitted to experimental hiperprolinemia. In addition, we
investigated some neuroprotective effects of vitamins E and C, guanosine and
physical exercise on the harmful effects induced by proline. The results showed
that acute and chronic proline administration induce lipid peroxidation, impair
energy metabolism by inhibiting key enzymes in the brain, decrease of
intracellular ATP levels and inhibit the Na® K'-ATPase activity, but not the
expression of their catalytic subunits. Moreover, this amino acid impairs
glutamate uptake, but not decrease the content of their carriers. All these
changes caused by proline may be closely related to cognitive impairment
caused by hyperprolinemia, which also seem to involve a reduction in the BDNF
levels and cholinergic activity. The hyperprolinemia also alters hepatic
homeostasis by inducing a mild degree of oxidative stress and metabolic
changes, which probably do not involve significant damage to liver tissue, but
show a process of tissue adaptation to oxidative stress. Also, we showed that the
antioxidant vitamins, the nucleoside guanosine and physical exercise may
contribute to the counteracting of oxidative stress, excitotoxicity and cognitive
deficit induced by hyperprolinemia. These findings may be relevant to the
comprehension of neurological disorders in hyperprolinemia and suggest
possibilities for neuroprotection to hyperprolinemic patients, such as physical
exercise, which may be used as an adjuvant therapy for these patients. The
magnitude of benefical effects of antioxidant vitamins and especially guanosine
on hyperprolinemia requires additional studies to better understand its

neuroprotective actions.
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1.1. Erros Inatos do Metabolismo

Erros inatos do metabolismo (EIM) sdo doengas hereditarias causadas por
mutagdes em genes que codificam proteinas, geralmente enzimas envolvidas em
vias metabdlicas. Tais alteragbes podem causar deficiéncia parcial ou total dessa
proteina e ocasionar bloqueio da rota metabdlica onde ela esta inserida,
causando acumulo de metabdlitos toxicos e/ou falta de produtos essenciais

(Scriver et al., 2001).

Aproximadamente 500 EIM diferentes foram identificados até o momento,
correspondendo a cerca de 10% de todas as doengas genéticas (Scriver et al.,
2001). Individualmente, as doengas decorrentes dos EIM sdo consideradas raras.
Porém, em conjunto apresentam alta frequéncia, acometendo aproximadamente

1:1000 recém-nascidos vivos (Giugliani e Coelho, 1997).

As manifestagdes clinicas dessas doengas sdo muito variadas e geralmente
inespecificas, dentre as quais podem ser citadas: vémitos, odores peculiares,
letargia, atraso no desenvolvimento psicomotor, acidose metabdlica, convulsdes e
coma, sendo que tais sintomas podem aparecer desde as primeiras horas de vida
até alguns meses apdés o nascimento (Kasper et al., 2010). Por outro lado, alguns
EIM podem ser absolutamente assintomaticos (Phang et al.,, 2001). Essa
variabilidade na sintomatologia ocorre principalmente em fungao de diferengas no

grau da deficiéncia enzimatica, area do metabolismo e/ou tecido afetados.

A classificagdo mais utilizada para os EIM é realizada de acordo com a area
do metabolismo afetada podendo ser EIM de: aminoacidos, acidos organicos,
carboidratos, lipidios, glicosaminoglicanos, glicoproteinas, entre outros (Scriver et
al., 2001). Dentre os mais frequentes, estdo os EIM de aminoacidos que incluem

a hiperprolinemia, objeto de estudo desta tese.



1.2. L-Prolina

A L-prolina (prolina) € um aminoacido n&o essencial em criangas e adultos,
porém condicionalmente essencial em prematuros (Phang et al., 2001). Quanto a
sua estrutura quimica, a prolina é classificada como um aminoacido apolar de
cadeia lateral alifatica, onde esta inserido um grupamento pirrolidina ciclico

(Figura 1).

Figura 1. Estrutura quimica da prolina.

Essa estrutura em anel confere a prolina certa rigidez conformacional, o que
promove estabilidade fisica as proteinas constituidas por esse aminoacido (p. ex.
colageno). Outro aspecto quimico relevante é a presenga de um grupo amino
secundario (-NH) no anel pirrolidina que impede que a prolina seja metabolizada
pelas enzimas que usualmente catabolizam os aminoacidos primarios, ou seja,
aqueles que contém grupo amino primario (-NHz2) em sua estrutura. Em fungao
dessas peculiaridades quimicas da prolina, tem sido descrito uma familia de
enzimas envolvidas especificamente em seu metabolismo (Phang et al., 2001)

(Figura 2).

O metabolismo da prolina envolve outros dois aminoacidos, o glutamato e a
ornitina, cujas interconversdes conectam a rota metabdlica da prolina com outros
trés sistemas metabdlicos importantes, denominados ciclo de Krebs, ciclo da uréia

e via das pentoses (Hu et al., 2008).
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Figura 2. Rota metabdlica da prolina (Wyse e Netto, 2011).

Na via de sintese da prolina, as enzimas mitocondriais A'-pirrolino-5-
carboxilato (P5C) sintase e ornitina aminotransferase (OAT) atuam sobre o
glutamato e a ornitina respectivamente, formando glutamato-y-semialdeido, um
tautdbmero aciclico com o qual o P5C esta em equilibrio espontaneo. O P5C por
sua vez, é transportado para o citosol e reduzido a prolina pela P5C redutase que

tem como cofator NADH ou NADPH (Flynn et al., 2002; Phang et al., 2001).

Em sua rota de degradacédo, a prolina é primeiramente convertida em P5C
pela agao da prolina oxidase, uma enzima ligada a membrana mitocondrial interna
e presente em 6rgaos como figado, rim e cérebro. Essa reagdo envolve a
transferéncia dos elétrons da prolina a uma flavoproteina (FAD, flavina adenina
dinucleotideo), gerando FADH,. A segunda etapa é ndo-enzimatica e envolve a
conversao de P5C a glutamato-y-semialdeido, que por sua vez pode formar
ornitina na reacgdo reversivel catalisada pela OAT ou glutamato pela P5C
desidrogenase, enzimas localizadas na matriz mitocondrial e amplamente
distribuidas nos tecidos. A P5C desidrogenase utiliza NAD" (nicotinamida adenina
dinucleotideo) como aceptor de elétrons, formando NADH. As coenzimas
reduzidas NADH e FADH; produzidas pelo catabolismo da prolina podem entregar

seus elétrons na cadeia respiratéria mitocondrial, com subsequente geracdo de
4



ATP no processo de fosforilagdo oxidativa (Adams e Frank, 1980; Hagedorn e
Phang, 1983; Phang et al., 2001). Com exceg¢édo da OAT que catalisa uma reagao
reversivel, as outras quatro enzimas envolvidas nas vias de sintese e degradacao
da prolina s&o unidirecionais, 0 que sugere que o metabolismo da prolina é

rigorosamente regulado (Phang et al., 2001).

A funcéo fisiolégica basica da rota metabdlica da prolina é fornecer prolina
para a sintese de proteinas, gliconeogénese hepatica e sintese de ornitina e
arginina (Phang et al., 2001). Porém, as interconversdes da prolina em sua rota
metabdlica apresentam fungdes adicionais como, por exemplo, regulagao celular
por mecanismos redox (Phang et al., 2001). Além disso, estudos mostram um
importante papel desse aminoacido no reconhecimento proteina-proteina e na
sinalizagao molecular (Lu et al., 2003). Nesse contexto, o metabolismo da prolina
parece desempenhar um papel regulatério em diversas situagdes fisioldégicas ou
fisiopatoldgicas, porém ainda ndo ha um completo entendimento acerca dessas

fungdes (Phang, 1985; Phang et al., 2010; Wyse e Netto, 2011).

1.3. Hiperprolinemias

Os niveis de prolina no plasma e no fluido cérebro espinhal em individuos
normais oscilam aproximadamente entre 50 - 270 uM e 1 - 4 uM, respectivamente
(Phang, 1985). No entanto, niveis elevados desse aminoacido s&o encontrados
em EIM da prolina denominados hiperprolinemias, decorrentes da deficiéncia nas
atividades de enzimas envolvidas no catabolismo da prolina. Atualmente, sao
descritas na literatura dois tipos de hiperprolinemias: a hiperprolinemia tipo | (HP

I) causada pela deficiéncia da enzima prolina oxidase, que catalisa a converséo



de prolina em P5C; e a hiperprolinemia tipo Il (HP Il) causada pela deficiéncia da

enzima P5C desidrogenase que converte P5C a glutamato (Figura 3).

Prolina

P",OH”‘? Ya1-Pirrotino-
ox’ig‘ase S-carboxilato redutase
{HFPH

Al-pirrolino-5-carboxilato s semialdeido-y-glutamato ¢—— Omitina ?

A'-Pirrolino-5-carbaxilato Omnitina amino
i transferase
desidrogenase 1-Pirroling
5

(HPH) carboxilato sintase Ciclo da Uréia

Glutamato

a-Ccetoglutarato

Figura 3: Representagdo esquematica da rota metabdlica da prolina, indicando as deficiéncias
enzimaticas que ocorrem na hiperprolinemia tipo | e tipo Il (adaptado de Phang et. al 2001).

Pacientes afetados pela HP | apresentam niveis plasmaticos de prolina
elevados (500 - 2600 uM), em relagdo aos individuos normais. A HP Il é
caracterizada por apresentar niveis plasmaticos e liquéricos de prolina ainda mais
elevados do que aqueles encontrados nos pacientes afetados pela HP |, os quais

oscilam entre 500 - 3700 uM e 20 - 50 yM, respectivamente (Phang et al., 2001).

As manifestacdes clinicas das hiperprolinemias ainda nao estdo bem
caracterizadas; enquanto alguns pacientes s&do assintomaticos, outros podem
apresentar alteragdes graves. O fendtipo dos pacientes com HP | pode incluir
doengas renais, defeitos auditivos, alteragdes oculares, retardo mental e outras
alteracdes neuroldgicas. Porém, ainda ndo foi estabelecida uma relacdo causal
entre essas manifestagbes clinicas e a deficiéncia da prolina oxidase. Dessa
forma, alguns autores tém considerado a HP | como uma condicdo benigna
(Mitsubuchi et al., 2008; Phang et al., 2001; Wyse e Netto, 2011). Por outro lado,
tem sido reportada uma correlacdo direta entre altos niveis de prolina e
manifestagdes neuroldgicas presentes na HP II, como convulsdes e retardo

mental (Flynn et al., 1989; Phang et al., 2001; Wyse e Netto, 2011). No entanto,
6



0S mecanismos pelos quais os sintomas da hiperprolinemia ocorrem sao pouco

compreendidos.

A detecgdo da HPI é baseada nos niveis elevados de prolina sérica, sem a
presenga de P5C na urina; porém o diagndstico é feito por exclusdo, pois a
determinacao direta da atividade da prolina oxidase nao é realizada, uma vez que
essa enzima nao é expressa em leucécitos ou em cultura de fibroblastos, que
seriam as amostras bioldgicas adequadas para a realizagdo dos exames. A
presenca de P5C na urina associada aos elevados niveis plasmaticos de prolina é
indicativa de HPII, sendo que a confirmagdo do diagndstico é realizada pela
avaliagao da atividade enzimatica da P5C desidrogenase em leucdcitos ou cultura

de fibroblastos (Phang et al., 2001).

Até o presente momento, ndo ha um tratamento especifico para as
hiperprolinemias. As terapias alimentares visando a restricdo de prolina sao
extremamente dificeis, pois a maioria das proteinas contém residuos desse
aminoacido. Além disso, por se tratar de um aminoacido ndo essencial, a prolina
pode ser sintetizada endogenamente a partir de outros precursores. Dessa forma,
a restrigdo alimentar de prolina reduz modestamente os niveis de prolina e parece
nao influenciar o fenétipo clinico desses pacientes (Mitsubuchi et al., 2008; Phang

et al., 2001; Wyse e Netto, 2011).

1.4. Modelo animal exerimental de hiperprolinemia

Modelos animais sao amplamente utilizados para a compreensao da
fisiopatologia de doencas humanas. No presente estudo utilizamos um modelo
experimental quimicamente induzido de hiperprolinemia, a fim de investigar os

mecanismos envolvidos nos sintomas dessa doenga, 0s quais Sd0 pouco
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compreendidos. Nesse modelo, os ratos sao submetidos a administragbes de
prolina a fim de induzir niveis plasmaticos desse aminoacido semelhantes aqueles
encontrados em pacientes hiperprolinémicos, principalmente com HP Il (Moreira

et al., 1989; Pontes et al., 1999).

1.5. Espécies reativas e estresse oxidativo

Radical livre é definido como uma espécie quimica que contém um ou mais
elétrons desemparelhados, o que os torna altamente reativos (Halliwell e
Gutteridge, 2007). Espécies reativas (ER) € um termo coletivo utilizado para
designar tanto as espécies quimicas radicais, como as ndo radicais que sao
agentes oxidantes e/ou s&o facilmente convertidas em radicais. Sdo exemplos de
espécies reativas de oxigénio (ERO) e de nitrogénio (ERN) os radicais superoxido
(O2"), hidroxila (OH®) e oéxido nitrico (NO®); e os ndo radicais peréxido de
hidrogénio (H202), oxigénio singlet (102) e peroxinitrito (ONOQO") (Halliwell e

Whiteman, 2004).

As ER sao constantemente produzidas no organismo em niveis basais,
principalmente durante o processo de respiracdo celular, através da reducao
incompleta do oxigénio molecular (que ocorre de 2 a 5%). Essas ER
desempenham fungdes fisioldgicas importantes como fagocitose, sinalizagao
celular, regulagéo de proteinas e plasticidade sinaptica (Halliwell e Gutteridge,
2007). Porém, quando em excesso as ER induzem o estresse oxidativo, o qual é
definido como um desequilibrio entre os niveis de ER e das defesas
antioxidantes, que pode ser resultado tanto do aumento da produgao dessas
espécies, como da diminuicdo dos niveis de antioxidantes ou da combinacao de

ambos (Halliwell e Gutteridge, 2007). Como consequéncia do estresse oxidativo

8



pode ocorrer: (1) adaptagcéo celular por aumento da sintese e da atividade das
defesas antioxidantes, protegendo a célula do dano de forma parcial ou completa;
(2) lesao celular (dano oxidativo) dos alvos moleculares tais como lipidios, DNA,
proteinas, carboidratos; ou (3) morte celular, uma vez que o dano oxidativo,
principalmente ao DNA, pode desencadear morte celular por apoptose ou necrose

(Halliwell e Whiteman, 2004).

As defesas antioxidantes enzimaticas e ndo enzimaticas constituem
mecanismos essenciais para a detoxificagcdo desses agentes oxidantes a fim de
evitar os efeitos danosos das ER. As principais enzimas antioxidantes sao a
superoxido dismutase (SOD), a catalase (CAT) e a glutationa peroxidase (GSH-
Px). As defesas antioxidantes n&o enzimaticas incluem substancias como GSH,
acido ascorbico (vitamina C), a-tocoferol (vitamina E), melatonina, urato e outras

(Halliwell e Gutteridge, 2007).

Evidéncias sugerem o envolvimento do estresse oxidativo na fisiopatologia
de doengas neurodegenerativas como Huntington, Alzheimer e Parkinson
(Mancuso et al., 2010; Petrozzi et al., 2007). Além disso, trabalhos realizados em
nosso laboratério demonstraram substancial indugdo de estresse oxidativo
cerebral em modelos animais de EIM como hiperprolinemia (Delwing et al.,
2003a), hiperargininemia (Wyse et al., 2001b) e homocistinuria (Matte et al.,
2004). De fato, o cérebro é altamente suscetivel ao dano oxidativo, uma vez que
esse 06rgao apresenta altos niveis de ferro e de neurotransmissores auto-
oxidaveis, membrana neuronal rica em acidos graxos poliinsaturados, elevado
consumo de oxigénio, e por fim, modesta capacidade de defesa antioxidante

(Halliwell, 2006).



O figado é um 6rgao que apresenta alta resisténcia ao dano oxidativo, pois
dispde de elevada capacidade antioxidante e pode se adaptar facilmente as
alteragdes metabdlicas (Genet et al., 2002). No entanto, o estresse oxidativo tem
sido reconhecido como um fator importante na fisiopatologia de doencgas
hepaticas como a hepatite aguda, a cirrose hepatica e o carcinoma hepatocelular
(Ha et al., 2010; Mantena et al., 2008). Nesse contexto, estudos realizados em
nosso laboratério demonstraram que a hipermetioninemia (Stefanello et al., 2009)
e a hiper-homocisteinemia (Matte et al., 2009) induzem estresse oxidativo e dano
ao tecido hepatico de ratos. Interessantemente, uma moderada hiperprolinemia
pode ser observada em pacientes com distlrbios hepaticos, tais como cirrose

(Shaw et al., 1984) e doenga hepatica alcodlica (Vargas-Tank et al., 1988).

1.6. Metabolismo energético

O cérebro possui pouca reserva energética, comparada a sua elevada
atividade metabdlica; portanto, necessita de um suprimento continuo de glicose,
seu principal substrato energético. A glicolise em conjunto com o ciclo de Krebs e
a fosforilagdo oxidativa sdo as rotas essenciais para a produgdo de energia

cerebral (Erecinska e Silver, 1994; Erecinska et al., 2004).

A glicolise é composta por uma sequéncia de reagdes que ocorrem no
citosol e que formam como produto final o piruvato. O ciclo de Krebs ocorre na
matriz mitocondrial e consiste de uma sequéncia de reacdes onde, em cada volta
do ciclo, sédo formadas trés moléculas de NADH, uma de FADH,, duas de CO; e
uma de GTP. O NADH e FADH, produzidos no ciclo de Krebs séo carreadores de
elétrons e sao utilizados na cadeia respiratéria para a producdo de ATP na

fosforilacdo oxidativa (Nelson e Cox, 2011).
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A cadeia respiratéria € composta por quatro complexos enzimaticos e dois
transportadores méveis de elétrons (coenzima Q e citocromo c¢) que realizam a
transferéncia dos elétrons desde as coenzimas reduzidas até o aceptor final, o
oxigénio. Os elétrons provenientes do NADH s&o entregues ao complexo | (ou
NADH desidrogenase ou NADH: ubiquinona oxirredutase) que transfere esses
elétrons para a ubiquinona, formando ubiquinol. O complexo |l (ou succinato:
ubiquinona oxirredutase) é formado pela enzima succinato desidrogenase (SDH)
e trés subunidades hidrofébicas. Esse complexo reduz a ubiquinona a ubiquinol
com elétrons do FADH,, proveniente da oxidacido do succinato a fumarato no ciclo
de Krebs. O complexo Il (citocromo bcy ou ubiquinona-citocromo ¢ oxirredutase)
transfere elétrons do ubiquinol para o citocromo c¢. O complexo IV, também
denominado citocromo ¢ oxidase (COX), catalisa a transferéncia dos elétrons do
citocromo ¢ reduzido para o Og, reduzindo-o a H>O. O fluxo de elétrons através
dos complexos da cadeia respiratéria € acompanhado pelo bombeamento de
protons da matriz mitocondrial para o espaco intermembranas, pelos complexos |,
Il e IV (Figura 4). Com isso, cria-se um gradiente eletroquimico transmembrana
que é utilizado como forga préton-motriz pelo complexo V (ATP sintase) para
sintese de ATP partir de ADP e Pi, processo denominado fosforilacido oxidativa

(Nelson e Cox, 2011).

Deficiéncias no funcionamento normal da cadeia respiratéria mitocondrial
levam a diminuigdo da sintese de ATP. Nesse contexto, dados da literatura
sugerem que uma diminui¢ao do metabolismo energético pode estar implicada na
fisiopatologia de alguns disturbios neurologicos, como deméncia, isquemia
cerebral e as doengas de Alzheimer e Parkinson (Beal, 2007; Gibson et al., 2009;

Kowaltowski et al., 2009; Schurr, 2002).
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Figura 4. Fosforilagcdo oxidativa (Nelson e Cox, 2006).

1.7. Na*,K*-ATPase

A Na’ K*-ATPase (EC 3.6.3.9) ou bomba de sddio é uma proteina integral de
membrana responsavel pela manutengao do gradiente idbnico neuronal através do
transporte ativo de trés ions Na* para o meio extracelular e de dois ions K* para o
meio intracelular. Esse processo ocorre as expensas de ATP, consumindo cerca
de 50% do ATP produzido no cérebro (Erecinska et al., 2004). O gradiente iGnico
gerado pela Na' K'-ATPase é utilizado para a manutengdo da excitabilidade
neuronal, regulacao do volume celular e transporte de moléculas ligadas ao co-
transporte de Na*, como aminoacidos, glicose e neurotransmissores (Jorgensen

et al. 2003; Kaplan 2002; Mobasheri et al. 2000).

Quanto a sua estrutura, a Na*,K*-ATPase é formada por duas subunidades
cataliticas a, que contém os sitios de ligagdo para Na®, K, ATP e ouabaina
(glicosideo cardiaco e inibidor especifico da enzima); duas subunidades £
regulatérias, e uma subunidade y com agdo moduladora (Dempski et al., 2009)
(Figura 5). Genes que codificam quatro isoformas da subunidade o da Na* K'-
ATPase (a4, ay, as e a4) e pelo menos trés isoformas da subunidade 3 (B1, B2 € Ba)
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foram identificados em mamiferos (Kaplan, 2002; Serluca et al., 2001). As
isoformas combinam entre si, formando diversas isoenzimas que apresentam
diferentes padrdoes de distribuicdo nos tecidos. No cérebro, principalmente trés

isoformas a (a1, az, asz) e duas B (B1 e B2) séo expressas (Richards et al., 2007).

Figura 5. Estrutura da Na*,K'-ATPase (adaptado de Voet e Voet 2006).

Dados da literatura sugerem que a expressdo e a atividade da Na',K'-
ATPase é modulada por multiplos mecanismos, em resposta as necessidades
celulares (Therien e Blostein, 2000). Nesse contexto, a atividade dessa enzima
pode ser inibida por radicais livres, produtos de lipoperoxidagao e alteragcdes na

fluidez da membrana (Dencher et al., 2007).

Ateracbes na atividade da Na’,K'-ATPase parecem estar implicadas na
fisiopatologia de doengas neurodegenerativas como Alzheimer, esclerose
multipla, doenga de Parkinson e epilepsia (Aperia, 2007; Benarroch, 2011; Hattori
et al., 1998). Estudos pré-clinicos também tém demonstrado que as alteragbes na
atividade dessa enzima estdo envolvidas em condigdes que afetam o SNC, tais
como isquemia (Wyse et al., 2000), depressao (de Vasconcellos et al., 2005;
Gamaro et al.,, 2003) e EIM como a hiperprolinemia, a hiperargininemia e a

homocistinuria (Pontes et al., 2001; Streck et al., 2002; Wyse et al., 2001a).

1.8. Sistema Glutamatérgico

O aminoacido L-glutamato é principal neurotransmissor excitatério no SNC

de mamiferos, envolvido em diversas fungdes fisioldgicas importantes tais como
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aprendizado, memoria, desenvolvimento e envelhecimento (Danbolt, 2001;
Segovia et al., 2001). O glutamato é sintetizado nos neurénios pré-sinapticos a
partir da glutamina proveniente das células gliais, em uma reagao catalisada pela

enzima glutaminase, e estocado em vesiculas (Meldrum, 2000).

A liberacdo de glutamato na fenda sinaptica ocorre por exocitose
dependente de Ca**, decorrente da despolarizagdo do terminal pré-sinaptico
(Attwell, 2000) (Figura 6). No meio extracelular, o glutamato exerce suas funcdes
bioldgicas ao se ligar a receptores glutamatérgicos localizados na superficie das
células neurais, principalmente nos neurbnios pré e pods-sinapticos. Esses
receptores sao classificados como ionotrépicos ou metabotrépicos, conforme suas
caracteristicas moleculares. Os receptores ionotropicos possuem um canal ibnico
em sua estrutura e, quando ativos, se tornam permeaveis a ions como Na*, Ca®*
e K'; esses receptores sdo subdivididos em NMDA, AMPA e cainato. Os
receptores metabotropicos sdo moléculas acopladas a proteinas G, que atuam
modulando a atividade de enzimas como adenilato ciclase e fosfolipase C; esses

receptores s&o subdivididos em receptores do grupo |, Il e lll (Danbolt, 2001).

Nerve

terminal
Glucose + O,

COz + H0
Amino acids

mGiu-R Glutamine +

Mitochondrion

Astrocyte

Spillover into EAAT3/4

neighbouring
synapses?

Figura 6. Sinapse glutamatérgica (Siegel et al., 2006).

EAAT1-4: transportador de aminoacidos excitatérios; GIn: glutamina; Glu: glutamato; NMDA-R e
AMPA-R: receptores ionotrépicos de glutamato NMDA e AMPA, respecitvamente; mGlu-R:
receptor metabotropico de glutamato; SA e SN: sistema A e sistema N de transporte de glutamina.
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Apds o glutamato exercer sua agdo nos receptores glutamatérgicos, a
sinalizagao glutamatérgica é finalizada por um processo denominado captagao de
glutamato, onde o glutamato é removido da fenda sinaptica por transportadores
especializados, dependentes de Na*, localizados principalmente nas membranas
gliais (Anderson e Swanson, 2000). Ha cinco diferentes isoformas de
transportadores de glutamato, identificadas até o momento: GLAST (EAAT1),
GLT-1 (EAAT2), EAAC1 (EAAT3), EAAT4 e EAATS5, sendo que GLAST e GLT-1
sdo quantitativamente, os principais transportadores de glutamato em todas as
regides cerebrais, responsaveis por aproximadamente 90% da captagdo desse

aminoacido (Danbolt, 2001).

O processo de captagdo de glutamato é realizado contra o gradiente de
concentracido, uma vez que a concentracao desse aminoacido na fenda sinaptica
€ aproximadamente cem vezes menor que a sua concentracao intracelular e mil
vezes menor que a sua concentragdo intravesicular (Nicholls, 2008). Para isso, os
transportadores usam o gradiente eletroquimico gerado pela enzima Na* K'-
ATPase para o co-transporte de 3 Na*: 1 H": 1 glutamato para o meio intracelular,
enquanto que 1 ion K* é langado para o meio extracelular, com gasto de 1 ATP

(Kanner, 2006).

A amplitude da sinalizagdo glutamatérgica depende basicamente da
concentragédo de glutamato no fluido extracelular e do tempo de permanéncia do
glutamato na fenda sinaptica (Danbolt, 2001). Desse modo, cabe ressaltar a
importancia do funcionamento adequado dos transportadores para uma efetiva
captagdo de glutamato, uma vez que a superestimulagdo dos receptores

glutamatérgicos pode induzir excitotoxicidade, um processo que envolve influxo
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de fons Na*, Ca®*, estresse oxidativo, déficit energético, e que pode culminar em

morte neuronal (Maragakis e Rothstein, 2001; 2004; Nicholls, 2008).

Nesse contexto, a excitotoxicidade tem sido implicada na fisiopatologia de
varias doengas agudas e crbénicas do SNC incluindo epilepsia, isquemia e doenga
de Alzheimer (Danbolt, 2001; Maragakis e Rothstein, 2004). Estudos realizados
em nosso laboratério mostraram que hiperprolinemia aguda prejudicou a captagao

de glutamato em cérebro de ratos (Delwing et al., 2007b).

1.9. Memoria

A capacidade de aprender e recordar sdo funcdes essenciais do SNC. O
aprendizado consiste na aquisicdo de novas informagdes ou novos
conhecimentos através da experiéncia, enquanto a memodria consiste na
capacidade de armazenar e evocar essas informagdes (Squire e Kandel, 2003).
Desse modo, a memodria compreende pelo menos trés fases, a aquisicao, a
consolidagédo e a evocagao das informagdes (Izquierdo, 2002; Squire e Kandel,

2003).

As memodrias podem ser classificadas de acordo com diversos critérios, por
exemplo quanto ao conteudo (declarativa ou ndo-declarativa), fungdo (memoria
espacial de referéncia ou de trabalho), duragéo (curta ou longa duragéo), natureza
(associativa ou nao associativa) ou motivagédo (de recompensa ou aversiva)

(Quillfeldt, 2010).

A memodria declarativa é referente a informacdo que é transmitida ou
expressa, enquanto a nao-declarativa, também denominada de memdria de
procedimento, representa informagdes sobre habilidades motoras ou sensoriais

que nao podem ser transmitidas oralmente (Izquierdo, 2002).
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A memoria espacial envolve aspectos da memoria declarativa e da néo-
declarativa, bem como de curta e longa duracdo (Moscovitch et al., 2006). E
responsavel pelo conhecimento, codificacdo, armazenamento e recuperagao de
informacdes sobre o arranjo espacial dos objetos ou rotas especificas (Kessels et
al., 2001). A memoéria espacial pode ser dividida em memdria espacial de
referéncia ou de trabalho. A memdria espacial de trabalho é transitoria e precede
as memorias de curta e longa duragdo. Ela serve para manter por alguns
segundos, no maximo poucos minutos, a informagao que esta sendo processada
no momento. A memoéria espacial de referéncia exibe uma maior capacidade de
armazenamento, duragdo e resisténcia aos interferentes do que a memoria

espacial de trabalho (Izquierdo, 2002; Quillfeldt, 2010).

Um dos métodos amplamente utilizados para a avaliacdo da memobria
espacial em roedores € o labirinto aquatico de Morris (Morris et al., 1982; Netto et
al., 1993; Quillfeldt, 2010). Lesbes no hipocampo, cértex cerebral e estriado
parecem prejudicar o desempenho dos animais nessa tarefa (D'Hooge e De Deyn,
2001). Estudos realizados em nosso laboratorio mostraram que ratos submetidos
a hiperprolinemia crénica durante uma importante etapa do desenvolvimento do
SNC (6° ao 28° dia de vida), apresentam déficit na memodria espacial quando
testados no labirinto aquatico de Morris na idade adulta (a partir dos 60° dia de

vida) (Bavaresco et al., 2005; Delwing et al., 2006).

Dados da literatura apontam para a participagdo dos sistemas
glutamatérgico e gabaérgico, bem como proteinas cinases e mecanismos
hormonais nos processos de memdria (Cammarota et al.,, 2005; Izquierdo e
Medina, 1997). Além disso, tem sido proposto o envolvimento da Na*,K*-ATPase,

acetilcolinesterase (AChE) e do fator neurotréfico derivado do encéfalo (BDNF) na
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modulagdo da cognigao (Ballard et al., 2005; Lu et al., 2005; Sato et al., 2004;

Wyse et al., 2004).

1.10. Acetilcolinesterase

O sistema colinérgico é uma das mais importantes vias de modulagdo do
SNC, desempenhando um papel fundamental em varias fungdes vitais, como
aprendizado, memoéria, motivagado, recompensa, fluxo sanguineo cerebral e

processamento sensorial e motor (Sofuoglu e Mooney, 2009).

A acetilcolina (ACh) é um neurotransmissor classico, sintetizado pela enzima
colina acetiltransferase a partir de acetato e colina, e armazenado em vesiculas
no neurdnio pré-sinaptico. A atividade colinérgica € controlada principalmente pela
enzima AChE que hidrolisa rapidamente a ACh nas sinapses colinérgicas e
juncao neuromuscular finalizando a transmissao colinérgica (Zimmerman e Soreq,

2006).

A AChE (EC 3.1.1.7) é uma serina hidrolase, que pertence a familia a/p
hidrolase e apresenta alta especificidade para o neurotransmissor ACh (Soreq e
Seidman, 2001). O sitio ativo da AChE é formado por um sitio esterasico, que
contém uma triade catalitica composta pelos aminoacidos serina, histidina e
glutamato e por um sitio de ligagédo da colina ou anidnico (Lane et al., 2006; Soreq

e Seidman, 2001; Zimmerman e Soreq, 2006).

Além do seu papel classico na transmissao colinérgica, a AChE apresenta
outras fungdes ndo colinérgicas, como o crescimento de neuritos (Layer et al.,
1993), diferenciagdo pos-sinaptica (Chacon et al., 2003), hematopoiese,
osteogénese (Grisaru et al., 1999), adesao celular (Silman e Sussman, 2005) e

regulacao de fungdes imunes (Kawashima e Fujii, 2000).
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A hipofungdo colinérgica parece estar associada a prejuizos cognitivos
caracteristicos de algumas doengas neurodegenerativas. Nesse contexto, o
tratamento com inibidores da AChE aumenta os niveis de ACh, o que parece
melhorar o aprendizado € a memdria em pacientes com a doenca de Alzheimer

(Ballard et al., 2005).

1.11. Fator Neurotrofico Derivado do Encéfalo

O fator neurotréfico derivado do encéfalo (BDNF, do inglés - brain-derived
neurotrophic factor), a neurotrofina mais abundante do SNC, apresenta fungdes
relacionadas a importantes eventos, tais como neurogénese, um processo
intimamente relacionado a plasticidade sinaptica, sobrevivéncia neuronal e a
formagao/modulagao de sinapses glutamatérgicas e gabaérgicas (Bekinschtein et

al., 2008; Berchtold et al., 2010; Gottmann et al., 2009).

O BDNF é sintetizado no reticulo endoplasmatico como um pré-peptideo
(pro-BDNF), estocado em vesiculas no complexo de Golgi, podendo ser
proteoliticamente transformado na sua forma madura (mBDNF). O pr6-BDNF e o
mBDNF sdo secretados de maneira dependente da atividade sinaptica (Pang e
Lu, 2004) e ligam-se aos receptores de quinase relacionados a tropomiosina
(TrkB) e ao receptor pré-apoptético p75™'~ (Huang e Reichardt, 2003). Porém, a
maioria dos efeitos biolégicos conhecidos do BDNF sdo causados pela ativagao
do receptor TrkB que leva a ativacao das vias de sinalizacdo da proteina quinase
ativada por mitégeno (MAPK), fosfolipase C e fosfoinositideo 3-quinase (PI3K)
(Kaplan e Miller, 2000). Nesse contexto, foi demonstrado que as vias de
sinalizacao PI3K/Akt sao importantes para a formacdo da memoria espacial

(Bekinschtein et al., 2008; Mizuno et al., 2000).
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Diversas evidéncias sugerem que o BDNF desempenha um importante
papel no processamento das diferentes fases da memaéria. Estudos mostram que
o BDNF facilita a liberagdo de glutamato e aumenta a fosforilagdo e expresséao
dos receptores AMPA e NMDA (Carvalho et al., 2008; Tyler et al., 2002). Além
disso, camundongos mutantes BDNF-deficientes, apresentam déficit na retencao
da memdria em tarefas de avaliagdo da memoria espacial (Linnarsson et al.,

1997), reforgando a hipétese do envolvimento dessa neurotrofina na memdria.

1.12 Vitaminas Ee C

O a-tocoferol (vitamina E) € um potente antioxidante lipossoluvel que possui
a propriedade de finalizar a propagagdo de reagdes dos radicais livres nas
membranas lipidicas. Tem sido relatado que os radicais peroxil (ROQO*) formados
durante a lipoperoxidagéo reagem cerca de mil vezes mais rapido com a vitamina
E do que com os acidos graxos poliinsaturados (PUFA) (Buettner, 1993). O grupo
hidroxila do tocoferol reage com o radical peroxil para formar o correspondente
hidroperéxido lipidico e o radical a-tocoferil, que é pouco reativo e ndo ataca as

biomoléculas (Halliwell e Gutteridge, 2007; Traber e Stevens, 2011).

O acido ascérbico (vitamina C), € uma vitamina hidrossoluvel conhecida por
sua importante acdo antioxidante nos sistemas bioldgicos. Fisiologicamente o
acido ascérbico encontra-se na forma do anion ascorbato, que em fungéo do seu
baixo potencial de redugao, caracteriza-se por ser um varredor de radicais livres
de amplo espectro, eficaz contra radicais peroxil, hidroxil, superdxido, oxigénio
singlet e peroxinitrito (Rice, 2000). Além disso, a vitamina C tem a importante
funcdo de regenerar a vitamina E através da redugéo do radical a-tocoferil (forma

oxidada da vitamina E), o que prolonga seu efeito antioxidante e permite que a
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vitamina E desempenhe seu papel como inibidor da peroxidacao lipidica nas

membranas célulares (Traber e Stevens, 2011).

Os possiveis efeitos benéficos da suplementacdo com vitaminas E e C sao
frequentemente investigados em doengas neurodegenerativas, nas quais o
estresse oxidativo parece ter um papel importante (Beal, 2007; Halliwell et al.,
1992; Kowaltowski et al., 2009). Nesse contexto, estudos mostram que a vitamina
E é capaz de retardar a progressao do déficit cognitivo na doenca de Alzheimer
(Mecocci, 2004; Sano et al.,, 1997). Estudos realizados no nosso laboratério
demonstraram que a administracao das vitaminas E e C é capaz de prevenir o
déficit cognitivo de ratos submetidos a hiperprolinemia (Delwing et al., 2006), bem
como a inibicdo das atividades de enzimas cerebrais como a AChE e a COX

causadas pela administragédo de prolina (Delwing et al., 2005b; 2007a).

1.13. Guanosina

A guanosina é um nucleosideo descrito como um potencial neuroprotetor
em modelos experimentais in vitro e in vivo de doengas cerebrais associadas a
excitotoxicidade glutamatérgica (Chang et al., 2008; Lara et al., 2001; Schmidt et
al., 2000; 2009). Nesse contexto, estudos mostram que a administragdo de
guanosina é capaz de prevenir convulsdes induzidas pelo acido quinolinico, um
agonista glutamatérgico (Lara et al., 2001; Schmidt et al., 2000). Além disso, ratos
submetidos ao modelo de hipdxia e isquemia apresentaram prejuizo na captacao
de glutamato, cujo efeito foi prevenido pela administragédo de guanosina (Moretto
et al,, 2009). Recentemente, foi reportado um efeito antioxidante indireto da
guanosina, possivelmente relacionado a sua capacidade de estimular a captagao

de glutamato, reduzindo os niveis de glutamato extracelular e consequentemente
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o estresse oxidativo que acompanha a hiperestimulacdo dos receptores

glutamatérgicos (Roos et al., 2009).

Os mecanismos moleculares pelos quais a guanosina exerce seus efeitos
neuroprotetores ndo sao conhecidos. No entanto, dados sugerem a existéncia de
um sitio de ligagao especifico para a guanosina na membrana plasmatica, uma
vez que os efeitos da guanosina parecem ser mediados através da via de
sinalizacao dependente de proteina G envolvendo as rotas da MAPK e da
PI3K/Akt/PKB (Di lorio et al., 2004; Rathbone et al., 2008). Além disso, a
guanosina parece estimular a liberacao de fatores tréficos como o BDNF e o fator

de crescimento neural (NGF) (Rathbone et al., 2008).

1.14. Exercicio Fisico

Diversas evidéncias na literatura sugerem que o exercicio fisico pode
apresentar beneficios para a saude especialmente sobre a fungédo cognitiva,
diminuindo o declinio mental associado com o0 avango da idade e o risco para

doengas neurodegenerativas (Cotman e Berchtold, 2002; Kramer et al., 2005).

Estudos recentes utilizando modelos animais tém contribuido para a
compreensao das bases neurobioldgicas dos efeitos benéficos do exercicio fisico,
0S quais sugerem que o exercicio voluntario pode induzir a plasticidade sinaptica
(Christie et al., 2008; Farmer et al., 2004; Vaynman et al., 2004b), promover a
vascularizagao cerebral (Cotman e Berchtold, 2002; Pereira et al., 2007) e facilitar

a recuperacao apos injuria cerebral (Griesbach et al., 2007).

O efeito neuroprotetor do exercicio fisico, bem como sua influéncia sobre o
aprendizado e a memoéria, tém sido atribuidos a sua capacidade de induzir

neurogénese (Farmer et al., 2004; van Praag et al., 1999; 2005; Vaynman et al.,
22



2004b). Ernst e colaboradores (2006) observaram o aumento da neurogénese em
ratos adultos apds trés dias de exercicio fisico, embora esse aumento tenha sido
mais expressivo apds uma semana de atividade fisica. Em adultos, a
neurogénese ocorre no giro denteado do hipocampo e na zona subventricular
adjacente ao ventriculo lateral, podendo ocorrer também no neocortex (Ernst et

al., 2006; Takemura, 2005; von Bohlen Und Halbach, 2011).

Um dos principais mecanismos propostos para os efeitos benéficos do
exercicio sobre a cognigdo € o aumento nos niveis de BDNF, o qual parece estar
relacionado a sobrevivéncia neuronal, diferenciacao, alteracdo da plasticidade
sinaptica e memoria (Berchtold et al., 2001; Cotman e Berchtold, 2002; Griesbach
et al., 2007; Sim et al.,, 2004; Yamada et al., 2002). Estudos mostram que o
exercicio pode aumentar os niveis de RNAm e a proteina BDNF e que esse
aumento pode se manter por varias semanas apods a realizacdo do exercicio

(Cotman e Berchtold, 2002; Radak et al., 2006; Vaynman et al., 2003; 2004a).

Os beneficios do exercicio fisico também estdo relacionados ao seu efeito
protetor contra a agcdo dos radicais livres (Radak et al., 2006). Nesse sentido,
estudos mostram que o exercicio diminui a incidéncia de doengas associadas ao
estresse oxidativo (Radak et al., 2008; Radak et al., 2010). Por outro lado, tem
sido demonstrado que ha geragdo de ERO durante o exercicio (Powers e
Jackson, 2008; Ristow e Schmeisser, 2011), o que promove a ativagdo do
sistema antioxidante e consequente adaptacdo do organismo ao estresse

oxidativo (Radak et al., 2008).
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2.1. Objetivo geral

A fim de melhor compreender os mecanismos envolvidos nas alteracées
neuroldgicas presentes na hiperprolinemia, o objetivo geral desse trabalho foi
investigar o efeito da prolina sobre parametros neuroquimicos e comportamentais
em ratos submetidos ao modelo animal experimental de hiperprolinemia, tais
como metabolismo energético, estresse oxidativo, sistema glutamatérgico e a
memodria. Além disso, investigamos os possiveis efeitos neuroprotetores das
vitaminas E e C, da guanosina e do exercicio fisico sobre as alteragdes
bioquimicas e comportamentais causadas pela prolina. Considerando que o
figado é um dos principais 6rgaos envolvidos no catabolismo da prolina, também
avaliamos alguns parametros de estresse oxidativo, bem como o perfil metabdlico

e morfoldgico no tecido hepatico de ratos hiperprolinémicos.

2.2. Objetivos especificos:

Os objetivos especificos estdo subdivididos em cinco capitulos, que seréao

apresentados na forma de artigos cientificos, como segue:

» Capitulo |

¢ Investigar o efeito da administracdo aguda de prolina sobre a atividade
das enzimas SDH e COX, a produgdo CO, a partir de [U-'"*C]glicose e [1-
“Clacetato, bem como sobre os niveis de substancias reativas ao acido
tiobarbiturico (TBARS) em cortex cerebral de ratos no periodo neonatal e de ratos

jovens;
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e Verificar a influéncia do pré-tratamento com vitaminas E e C sobre o efeito
causado pela administragdo aguda de prolina sobre as atividades da SDH e COX,
bem como sobre os niveis de TBARS em coértex cerebral de ratos no periodo

neonatal e de ratos jovens.

> Capitulo Il

¢ Investigar o efeito da hiperprolinemia crénica e a influéncia da co-
administragdo das vitaminas E e C sobre a atividade da Na*,K'-ATPase em
membrana plasmatica sinaptica e a expressao génica das subunidades cataliticas
(isoformas a1, a2 e a3) dessa enzima, bem como sobre os niveis de TBARS em

cortex cerebral de ratos jovens.

» Capitulo Il

o Verificar o efeito da administragdo aguda e crbénica de prolina sobre a
captagdo do glutamato e o imunoconteudo dos transportadores de glutamato

GLAST e GLT-1 em cortex cerebral de ratos jovens;

o Verificar o efeito da administragdo aguda e crbénica de prolina sobre a
atividade da Na',K'-ATPase (em homogenato) e os niveis de ATP em cortex

cerebral de ratos jovens;

e Avaliar a influéncia do pré-tratamento com guanosina sobre o efeito
causado pela administragdo aguda de prolina sobre a captagdo de glutamato,
imunocontetido de GLAST e GLT-1, Na*,K*-ATPase, niveis de ATP e TBARS em

cértex cerebral de ratos jovens;
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e Analisar o efeito do tratamento concomitante com guanosina a
administragédo crénica de prolina sobre a captagao de glutamato, imunoconteudo
de GLAST e GLT-1, Na',K*-ATPase e os niveis de ATP e TBARS em cortex

cerebral de ratos jovens.

» Capitulo IV

¢ Investigar o efeito do exercicio fisico, realizado em ratos do 30° ao 60° dia
de vida, sobre o aprendizado e a memoéria espacial na tarefa do labirinto aquatico
de Morris em ratos adultos submetidos a hiperprolinemia crénica (6° ao 29° dia de
vida). Esse protocolo experimental de hiperprolinemia associada ao exercicio

fisico foi denominado protocolo para hiperprolinemia de tempo parcial,

¢ Investigar o efeito do exercicio fisico, realizado do 30° ao 60° dia de vida
dos ratos, sobre o aprendizado e a memdria espacial na tarefa do labirinto
aquatico de Morris em ratos adultos submetidos a hiperprolinemia crénica do 6°
ao 60° dia de vida. Esse protocolo experimental de hiperprolinemia associada ao

exercicio fisico foi denominado protocolo para hiperprolinemia de tempo total,

o Verificar o efeito da hiperprolinemia cronica e do exercicio fisico sobre o
imunoconteudo de BDNF e a atividade da enzima AChE em hipocampo e cortex
cerebral de ratos adultos submetidos aos protocolos para hiperprolinemia de

tempo parcial e total.

» Capitulo V

¢ Investigar o efeito da administracao crénica de prolina sobre parametros
de estresse oxidativo, denominados potencial antioxidante total nao enzimatico
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(TRAP), TBARS, oxidagdo do DCFH, niveis de GSH, sulfidrilas e carbonilas, bem
como sobre a atividade das enzimas antioxidantes superdxido dismutase (SOD),

catalase (CAT) e glutationa peroxidase (GSH-Px) em figado de ratos jovens;

¢ Analisar a histologia do figado em relagcdo a morfologia, presenga de
células inflamatdrias e ao conteudo de glicogénio/glicoproteinas no tecido

hepatico de ratos jovens submetidos a administragcéo crénica de prolina;

¢ Avaliar o efeito da administragcéo crénica de prolina sobre o metabolismo
hepatico através da determinagdo da taxa de oxidagdo da glicose a CO,, e da

sintese e conteudo de glicogénio e lipidios;

e Determinar a glicemia e as atividades de enzimas marcadoras de dano
hepatico tais como alanina aminotransferase (ALT) e aspartato aminotransferase

(AST) em soro de ratos submetidos a administragdo crénica de prolina.
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lll. METODOLOGIA E RESULTADOS
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3.1. Modelos experimentais

Os capitulos |, I, lll, IV e V serdo apresentados na forma de artigos
cientificos, os quais apresentam desenhos experimentais semelhantes entre si no
que se refere aos modelos de hiperprolinemia e aos tratamentos utilizados como

possibilidades de neuroprotegao (vitaminas, guanosina e exercicio fisico).

3.1.1. Modelo experimental de hiperprolinemia aguda: Os ratos foram
submetidos a uma Unica administragdo subcutanea de prolina e sdo sacrificados 1 h
depois. Nesse modelo, o pré-tratamento com vitaminas E e C ou guanosina é
realizado durante 7 dias através de uma administragcdo intraperitoneal diaria da
substancia. No oitavo dia, os animais foram submetidos a uma Unica administragdo

aguda de prolina.

a) Pré-tratamento com vitaminas E e C ou guanosina, seguido de hiperprolinemia aguda (ratos de 12 dias):

Dias de vida 0 5 : 1 12
> Pré-tratamento

| | | |
Decapitacio Analises

ou Guanosina Administragio
—— |agudadeProlina » 1h depois » Bioguimicas

VitaminasEe C

b) Pré-tratamento com vitaminas E e C ou guanosina, seguido de hiperprolinemia aguda (ratos de 29 dias):

Dlasdewds 0 o I8 29

| Pré-tratamento

VitaminasEe C 4

ou Guanosina Administrat;ﬁ.o N Decapitaq.so | B.Ané[ise.s
aguda de Prolina) 1h depois ioquimicas

3.1.2. Modelo experimental de hiperprolinemia crénica: Os ratos foram
submetidos a duas inje¢des subcutaneas diarias de prolina do 6° ao 28° dia de vida. O
tratamento concomitante com vitaminas E e C ou guanosina é realizado durante todo o

periodo de tratamento com prolina (6° ao 28° dia) através de uma administragdo
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intraperitoneal diaria da substancia. Os animais foram sacrificados 12 h apds as Ultimas

administragdes.

Modelo experimental de hiperprolinemia crénica com ou sem administragdo concomitante
devitaminas E e C ou guanosina:

Dias de vida 0 28
> Administragdo Crénica de Prolina

Decapitagio Analises
12 h depois Bioguimicas

—_1 o

| |
| | =

Vitaminas E e C ou Guaneosina

v

3.1.3. Modelo experimental de hiperprolinemia créonica associada ao
exercicio fisico: Os ratos foram submetidos a duas injegbes subcutaneas diarias de
prolina do 6° ao 28° dia de vida (no protocolo para hiperprolinemia de tempo parcial) ou
do 6° ao 60° dia de vida (no protocolo para hiperprolinemia de tempo total). Em ambos os
protocolos experimentais o exercicio fisico em esteira foi realizado do 30° ao 60° dia de
vida. Apods o término do periodo de exercicios, os animais foram submetidos aos testes

comportamentais no labirinto aquatico de Morris.

a) Protocolo experimental para hiperprolinemia de tempo parcial:

P Analises
: : Bioguimicas
Dias de vida 0 6 29 20 60 30
o | | |
\ Hf'perproh'nemia) \ Exercicio Fisico Kewaliagao Meméria)
Y Y Y

b) Protocolo experimental para hiperprolinemia de tempo total: Analisss
F Bioguimicas

Diasdevide 0 6 S &5 i
- . 1
\ Exercicio Fisico J\Avallaqao Memona)

\ Hiperprolinemia )
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Abstract In the present study we investigated the effect of
acute hyperprolinemia on some parameters of energy
metabolism, including the activities of succinate dehydro-
genase and cytocrome ¢ oxidase and '*CO, production
from glucose and acetate in cerebral cortex of young rats.
Lipid peroxidation determined by the levels of thiobarbituric
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acid-reactive substances, as well as the influence of the
antioxidants «-tocopherol plus ascorbic acid on the effects
elicited by Pro on enzyme activities and on the lipid
peroxidation were also evaluated. Wistar rats of 12 and
29 days of life received one subcutaneous injection of saline
or proline (12.8 or 18.2 umol/g body weight, respectively)
and were sacrificed 1 h later. In another set of experiments,
5- and 22-day-old rats were pretreated for a week with daily
intraperitoneal administration of «-tocopherol (40 mg/kg)
plus ascorbic acid (100 mg/kg) or saline. Twelve hours after
the last injection, rats received one injection of proline or
saline and were sacrificed 1 h later. Results showed that
acute administration of proline significantly reduced cyto-
chrome ¢ oxidase activity and increased succinate dehydro-
genase activity and '*CO, production in cerebral cortex,
suggesting that Pro might disrupt energy metabolism in brain
of young rats. In addition, proline administration increased
the thiobarbituric acid-reactive substances levels, which were
prevented by antioxidants. These findings suggest that
mitochondrial dysfunction and oxidative stress may be
important contributors to the neurological dysfunction
observed in some hyperprolinemic patients and that treat-
ment with antioxidants may be beneficial in this pathology.

Keywords Hyperprolinemia - Proline - Enegy metabolism -
Cytochrome ¢ oxidase - Succinate dehydrogenase - CO,
production - a-tocopherol - Ascorbic acid

Introduction
Hyperprolinemia type II (HP II) is an inborn error of amino
acid metabolism characterized by tissue accumulation of

proline (Pro) due to deficiency of A'-pyrroline-5-carbox-
ylic acid dehydrogenase activity. A considerable number of
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affected patients present neurological manifestations in-
cluding seizures and mental retardation (Phang et al. 2001).
Furthermore, a relationship between high concentration of
Pro and neurological symptoms has been demonstrated
(Flynn et al. 1989; Phang et al. 2001).

Abnormalities of energy metabolism and oxidative stress
seem to underlie the pathophysiology of conditions affect-
ing the central nervous system (CNS) such as seizures,
dementia, cerebral ischemia, Alzheimer’s disease and
Parkinson’s disease (Heales et al. 1999; Blass 2001; Schurr
2002; Beal 2005; Petrozzi et al. 2007). In this context, it has
been reported that high Pro levels may cause alterations in the
cell redox, giving rise to a decrease in the oxygen consump-
tion necessary to oxidize the NADH formed by the cell,
leading to a decrease of energy production (Phang et al. 2001).

Although the mechanisms underlying the symptoms in
HP II are still obscure, there are some evidence suggesting
the involvement of oxidative stress and energy deficit in
this disorder. In this respect, we have previously reported
that rats subjected to a chemical experimental model of
hyperprolinemia type II (Pontes et al. 1999) increase lipid
peroxidation and decrease the brain antioxidant defenses
(Delwing et al. 2003a, b). Additionally, these alterations
caused by hyperprolinemia were prevented by the antiox-
idants o-tocopherol plus ascorbic acid, suggesting that free
radical formation was probably involved in such effects
(Delwing et al. 2005). We also demonstrated that Pro
administration alters the activities of enzymes considered
critical for normal CNS function, such as Na" K -ATPase,
creatine kinase and citocrome ¢ oxidase (Pontes et al. 1999,
2001; Kessler et al. 2003; Delwing et al. 2007a).

The tricarboxylic-acid (TCA) cycle and the electron
transport chain are essential routes for the production of
cellular energy. Impairment of energy metabolism has been
associated to brain damage as a consequence of the
reduction of ATP production and of the generation of reactive
oxygen species (ROS) (Beal 2005; Bubber et al. 2005). In
this scenario, it has been demonstrated that the CNS is
especially vulnerable to oxidative damage (Nunomura et al.
2006) and particularly sensitive to disturbances of energy
generation (Erecinska et al. 2004).

In the present study we investigated the effect of acute
Pro administration on some parameters of energy metabo-
lism and oxidative stress. We determined the activities of
succinate dehydrogenase (SDH), an enzyme involved in
both the TCA and the electron transport chain and
cytochrome ¢ oxidase, a crucial complex of the respiratory
chain, as well as '*CO, production from [U-"*C] glucose
and [1-'*C] acetate in cerebral cortex of rats. Thiobarbituric
acid-reactive substances (TBARS), an index of lipid
peroxidation, as well as the influence of the antioxidants
«-tocopherol plus ascorbic acid on the effects elicited by
Pro on enzymes activities and on the lipid peroxidation
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were also tested in order to evaluate the involvement of free
radicals in these effects.

Materials and methods
Animals and reagents

Wistar rats were obtained from the Central Animal House
of the Department of Biochemistry of the Federal Univer-
sity of Rio Grande do Sul, Porto Alegre, Brazil. The
animals were maintained on a 12 h light/12 h dark cycle at
a constant temperature (22+1°C), with free access to water
and commercial protein chow. Animal care followed the
official governmental guidelines in compliance with the
Federation of Brazilian Societies for Experimental Biology.
Our study was approved by the Ethics Committee of the
Federal University of Rio Grande do Sul. All chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Proline and o-tocopherol plus ascorbic acid administration

We performed two sets of experiments. First, rats received a
single subcutaneous injection of saline (control) or Pro.
Rats of 12 days of life received 12.8 pumol of Pro/g body
weight, while 29-day-old rats received 18.2 pumol of Pro/g
body weight. Pro was dissolved in 0.9% NaCl and the pH
was adjusted to 7.2-7.4 with 0.1 N NaOH. The animals
were killed 1 h after injection by decapitation without
anaesthesia.

For the second set of experiments, 5- and 22-day-old rats
were pretreated for a week with daily intraperitoneal admin-
istration of saline (control) or «-tocopherol (40 mg/kg) plus
ascorbic acid (100 mg/kg), according to protocols previously
described (Fighera et al. 1999; Wyse et al. 2002; Delwing
et al. 2006). Twelve hours after the last injection, animals
received one injection of saline or Pro as described above,
and were killed 1 h later.

Tissue and homogenate preparation

After decapitation, the brain was immediately removed and
the cerebral cortex was dissected and kept chilled until
homogenization. For the determination of enzymatic activ-
ities, cerebral cortex was homogenized (1:20, w/v) in SETH
(250 mM sucrose, 2 mM EDTA, 10 mM Trizma base,
50 UI mL™" heparin) buffer, pH 7.4. The homogenates were
centrifuged at 800 x g for 10 min and the supernatants kept
at—70°C until used for enzyme activity determination. The
maximum period between homogenate preparation and
enzyme analysis was always less than 5 days. For '*CO,
production, the animals were killed on the day of the
experiments, the brain was rapidly removed and the
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cerebral cortex was homogenized (1:10, w/v) in Krebs-
Ringer bicarbonate buffer pH 7.4. For TBARS assays,
cerebral cortex was homogenized in 10 volumes (1:10, w/v)
of 20 mM sodium phosphate buffer, pH 7.4 containing
140 mM KCI1. Homogenates were centrifuged at 750 x g for
10 min at 4°C. The pellet was discarded and the supernatant
was immediately separated and used for the measurements.

Succinate dehydrogenase activity

The activity of SDH was determined according to Fischer
et al. (1985). Immediately before the assay, the samples
were frozen and thawn three times to break mitochondrial
membranes. The enzymatic activity was measured following
the decrease in absorbance due to the reduction of 2,6-
dichloroindophenol (DCIP) at 600 nm with 700 nm as
reference wavelength (¢=19.1 mM 'em ') in the presence
of phenazine methasulfate (PMS). The reaction mixture
consisting of 40 mM potassium phosphate, pH 7.4, 16 mM
succinate, and 8 puM DCIP was preincubated with 40-80 pg
homogenate protein at 30°C for 20 min. Subsequently, 4 mM
sodium azide, 7 uM rotenone, and 40 uM DCIP were added.
The reaction was initiated by the addition of 1 mM PMS and
monitored for 5 min.

Cytochrome ¢ oxidase activity

The activity of cytochrome ¢ oxidase was determined
according to Rustin et al. (1994). Enzymatic activity was
measured by following the decrease in absorbance due to
oxidation of previously reduced cytochrome ¢ at 550 nm
with 580 nm as reference wavelength (¢=19.1 mM 'em ™).
The reaction buffer contained 10 mM potassium phosphate
pH 7.0, 0.6 mM n-dodecyl-3-D-maltoside and 24 ug
homogenate protein. The reaction was initiated by the addition
of 0.7 ng reduced cytochrome ¢ and monitored for 10 min.

4C0, production

CO, production was evaluated in homogenates added to
small flasks (11 cm?) in a volume of 0.45 mL. Flasks were
pre-incubated in a metabolic shaker at 35°C for 15 min (90
oscillations/min) with 625 uM n-dodecyl-f-D-maltoside in
order to permeabilize the mitochondrial membranes. There-
after, one of the following substrates was added: [U-'*C]
glucose (0.055 uCi) plus 5.0 mmol/L of unlabelled glucose
or [1-4C] acetate (0.055 uCi) plus 1.0 mmol/L of unlabelled
acetate. The flasks were gassed with an O,/CO, (95:5)
mixture and sealed with rubber stoppers and parafilm M.
Glass centre wells containing a folded 65 mm x 5 mm piece
of Whatman 3 filter paper were hung from the stoppers.
After 60 min of incubation, 0.2 ml of 50% trichloroacetic
acid was added to the medium and 0.1 ml of benzethonium

hydroxide was added to the centre of the wells via needles
introduced through the rubber stopper. The flasks were left to
stand for a further 30 min to complete '*CO, trapping and
then openned. The filter papers were removed and added to
vials containing Opti Phase “Hi-safe” 3 scintillation fluid,
and radioactivity was counted (Dutra-Filho et al. 1995).
Results are expressed as nmol CO,/h/g tissue.

Thiobarbituric Acid Reactive Species (TBARS)

TBARS levels were determined according to the method
described by Ohkawa et al. (1979). Briefly, 50 ul of 8.1%
sodium dodecyl sulfate, 1.5 ml of 20% acetic acid solution
adjusted to pH 3.5 and 1.5 ml of 0.8% thiobarbituric acid
were added to 500 ul of tissue homogenate in a Pyrex tube,
and then heated in a boiling water bath for 60 min. After
cooling with tap water, the mixture was centrifuged at
1,000x g for 10 min. The organic layer was taken and the
resulting pink color was determined in a spectrophotometer
at 535 nm. The results were reported as nmol of TBARS
per mg protein.

Protein determination

The protein content of cerebral cortex homogenates was
determined by the method of Lowry et al. (1951) using
bovine serum albumin as standard.

Statistical analysis

Data were analyzed by Student’s t-test or by one-way
ANOVA followed by the Duncan multiple range test when
the F-test was significant. All analyses were performed
using the Statistical Package for the Social Sciences (SPSS)
software in a PC compatible computer. Values of p<0.05
were considered to be significant.

Results

We first investigated the effect of acute administration of
Pro on cytochrome ¢ oxidase and SDH in rat cerebral
cortex. Figure 1 shows that SDH activity (A) was
significantly increased in cerebral cortex of 12-day-old rats
[#(6)=4.26; p<0.01] and 29-day-old rats [#(6)=3.37; p<0.05]
subjected to acute Pro administration. Conversely, adminis-
tration of Pro significantly decreased cytochrome ¢ oxidase
activity (B) in the cerebral cortex of 12-day-old [#8)=6.37;
p<0.001] and 29-day-old rats [#(8)=3.84; p<0.01], as
compared to the control group.

Next, we evaluated the effects of Pro administration on
4C0, production from glucose and acetate in cerebral
cortex of rats. Figure 2 shows that a single Pro injection
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Fig. 1 Effect of acute administration of proline on the activities of
succinate dehydrogenase (a) and cytochrome ¢ oxidase (b) in cerebral
cortex of 12- and 29-day-old rats. Data are mean + S.D. for 4-5
animals in each group. The results are expressed in nmol/min mg protein.
Different from control, * p<0.05, ** p<0.01 and *** p<0.001
(Student’s #-test for unpaired samples)

significantly increased '*CO, production from glucose (A)
in cerebral cortex of 12 [#(9)=3.25; p<0.05] and 29-day-old
rats [#(11)=2.54; p<0.05]. Similarly, acute administration
of Pro significantly increased '*CO, production from
acetate (B) in cerebral cortex of 12 [#(12)=2.29; p<0.05]
and 29-day-old rats [#11)=2.33; p<0.05], as compared to
the control group.

We also measured TBARS levels in cerebral cortex of
rats submitted to Pro administration. Figure 3 shows that
Pro administration increased TBARS in cerebral cortex of
12-day-old [#(8)=3.11; p<0.05] and 29-day-old rats [#(10)=
5.25; p<0.001].

Finally, we evaluated the effect of pretreatment for a
week with antioxidants (a-tocopherol plus ascorbic acid)
on the effects elicited by Pro on SDH and cytochrome ¢
oxidase activities, as well as on TBARS levels. As can be
seen in Figs. 4 and 5, the antioxidants per se did not alter
the enzyme activities, but prevented the increase of SDH
activity (12-day-old: [F(3, 13)=4.46; p<0.05]; 29-day-old:
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Fig. 2 Effect of acute administration of proline on '*CO, production
from [U-'*C] glucose (a) and [1-'*C] acetate (b) in cerebral cortex of
12- and 29-day-old rats. Data are mean + S.D. for 5-7 animals in each
group. Different from control, * p<0.05 (Student’s #-test for unpaired
samples)
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Fig. 3 Effect of acute administration of proline on thiobarbituric acid-
reactive substances in cerebral cortex of 12- and 29-day-old rats. Data
are mean + S.D. for 5 animals in each group. Different from control,
* p<0.05, *** p<0.001 (Student’s ¢-test for unpaired samples)
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mean + S.D. of 4-5 animals in each group. The results are expressed
as nmol/min mg protein. * Different from other groups, p<0.05
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[F(3, 13)=4.48; p<0.05]) and the reduction on cytochrome
¢ oxidase activity caused by Pro [12-day-old: F(3, 17)=
11.34; p<0.001]; 29-day-old: [F(3, 16)=11.96; p<0.01]).

Furthermore, Fig. 6 shows that pretreatment with oc-
tocopherol plus ascorbic acid per se caused a marked
reduction of TBARS levels in cerebral cortex of 12-day-old
rats (A) that received saline and decreased this parameter
below the control levels in the animals subjected to
acute hyperprolinemia [F(3, 16)=27.76; p<0.001]. In
contrast, these vitamins per se did not alter this parameter
in 29-day-old rats (B) treated with saline, but partially
prevented the increase of TBARS levels caused by Pro
[F(3, 16)=11.30; p<0.001].

Discussion

Patients with hyperprolinemia type II usually present
neurological dysfunction manifested by seizures and mental
retardation, whose pathophysiology is not yet known
(Phang et al. 2001).

Since animal models are useful to better understand the
pathophysiology of diseases, we have developed a chemical
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Fig. 5 Effect of acute administration of proline, vitamins E and C and
proline plus vitamins E and C on cytochrome ¢ oxidase activity in the
cerebral cortex of 12-day-old rats (a) and 29-day-old rats (b). Data
are mean = S.D. of 5-6 animals in each group. The results are
expressed in nmol/min mg protein. Different from other groups, ** p<0.01,
*** p<0.001 (Duncan multiple range test). Pro, proline; Vit, vitamins E
and C

experimental model of hyperprolinemia in rats (Pontes et al.
1999) that mimic the tissue levels of Pro found in human
HP II (Phang et al. 2001) in order to investigate the effect
of Pro on several biochemical and behavioral parameters.
By using this model, we showed that Pro provokes memory
deficit (Bavaresco et al. 2005; Delwing et al. 2006),
decreases the activities of acetylcholinesterase (Delwing
et al. 2003c, 2005), Na" K'-ATPase (Pontes et al. 1999,
2001), cytochrome ¢ oxidase (Delwing et al. 2007a) and
creatine kinase (Kessler et al. 2003), as well as glutamate
uptake in brain of rats (Delwing et al. 2007b).

In the present study we extended our investigation
initially evaluating the activity of SDH, an enzyme of the
TCA cycle located in the inner mitochondrial membrane
where it can directly transfer electrons into the electron
transport chain (Nelson and Cox 2008). We observed that
SDH activity was significantly increased in cerebral cortex
of 12- and 29-day-old rats subjected to acute hyperprolinemia.
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We also evaluated the effects of Pro administration on
cytochrome ¢ oxidase activity. The activity of this enzyme
was significantly reduced, suggesting that Pro compromised
the respiratory chain in brain of young rats. Our findings are
similar to those found in preclinical and clinical studies
showing that SDH activity was increased whereas cyto-
chrome ¢ oxidase activity was decreased in cerebral cortex of
mice exposed to chronic hypoxia (Caceda et al. 2001) and in
brain of patients with Alzheimer’s disease (Bubber et al.
2005; Parker et al. 1994).

Furthermore, some studies have shown that when
oxidative phosforilation is impaired, the increased SDH
activity is associated with activation of anaerobic pathways
coupled with the reverse operation of the TCA cycle in
towards the reduction of oxalacetate to succinate (Gronow
and Cohen 1984; Pisarenko 1996; Weinberg et al. 2000).
Utilization of this anaerobic pathway may provide strategies

@ Springer

to limit mitochondrial dysfunction and allow cellular repair
before the onset of irreversible injury (Weinberg et al.
2000). Although we cannot explain precisely the mecha-
nisms underlying the increase on SDH activity following
Pro acute administration, it is reasonable to propose that
could be an early compensatory response to overcome the
energy gap secondary to the reduced activity of cyto-
chrome c oxidase.

The effect of acute hyperprolinemia on '*CO, produc-
tion from glucose and acetate was also evaluated in order to
investigate the effect of Pro on glycolysis and TCA activity,
respectively. We found that "*CO, production from both
substrates was significantly increased after Pro administra-
tion. The higher rate of '*CO, production from glucose
suggests a stimulation of glycolysis. Likewise, the increase
of CO, production from acetate indicates an activation of
the TCA, since acetate enters the cycle directly via acetyl-
CoA. These results are consistent with the increased SDH
activity observed after Pro administration.

At the present, we cannot establish whether the degree of
inhibition of cytochrome ¢ oxidase and consequently of the
electron transfer chain caused by Pro would alter ATP
biosynthesis. However, if this is the case, an increase in
ADP/ATP ratio would stimulate the pathways of fuel
oxidation, such as the TCA cycle, in order to supply more
NADH and FAD(2H) to the electron transport chain in an
attempt to increase ATP levels (Nelson and Cox 2008).
Accordingly, the increase in SDH activity observed in our
study could be a consequence of stimulation TCA cycle
stimulation.

On the other hand, the rate of the TCA cycle is also
regulated the rate of the electron transport chain (Nelson
and Cox 2008). As we found that Pro impairs the electron
transport chain decreasing cytochrome c oxidase activity,
it is possible that the stimulation of the TCA cycle may
lead to the accumulation of NADH, since that electron
transport chain is not working sufficiently to oxidize
NADH.

Furthermore, considering that cytochrome ¢ oxidase is
the terminal and rate-limiting enzyme of the mitochondrial
respiratory chain, catalyzing the transfer of electrons from
cytochrome ¢ to molecular oxygen (Capaldi 1995), an
inhibition of this enzyme can potentially lead to incomplete
reduction of oxygen and consequently increase free radical
formation and reduce ATP synthesis (Bose et al. 1992;
Milatovic et al. 2001; Gupta et al. 2002). On the other hand,
increased levels of free radicals can damage mitochondrial
components and inhibit cytochrome ¢ oxidase activity
(Cadenas and Davies 2000; Sharpe and Cooper 1998).
Besides, it is well established that 4-hydroxynonenal and
malondialdehyde, products of lipid peroxidation, inhibit the
activity of this purified enzyme by forming adducts (Chen
et al. 2000, 2001).
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Indeed, it has been reported that high Pro levels can
leads to alterations in the cell redox, giving rise to a
decrease in the oxygen consumption necessary to oxidize
the NADH formed by the cell, decreasing energy produc-
tion (Phang et al. 2001).

In order to investigate the involvement of oxidative
stress on the effects elicited by Pro, we evaluated whether
pretreatment with the antioxidants o-tocopherol plus
ascorbic acid could prevent these effects. Our results
revealed that these substances prevented both the decrease
of cytochrome ¢ oxidase activity and the increase of SDH
activity, suggesting that free radicals scavenged by o-
tocopherol and ascorbic acid were involved in the impair-
ment of energy metabolism caused by Pro. Our results are
in agreement with others studies showing that the antiox-
idant a-tocopherol protection is crucial to maintain normal
oxidative phosphorylation (Vatassery 1998; Vatassery et al.
2004; Navarro et al. 2005; Delwing et al. 2007a). We
therefore measured the TBARS levels in cerebral cortex of
12- and 29-day-old rats. Results revealed that TBARS were
significantly increased, indicating that Pro induced lipid
peroxidation. Besides, «-tocopherol plus ascorbic acid
pretreatment prevented this effect. Interestingly, we also
observed that these vitamins per se reduced TBARS levels
in cerebral cortex of 12-day-old rats but not in 29-day-old
rats, suggesting that very young rats are more sensitive to
these antioxidants. This possibly occurred due to the
immaturity of the blood brain barrier that may be more
permeable to these substances at this age group (Erecinska
et al. 2004).

In summary, in the present study we demonstrated that
high levels of Pro similar to those found in HP II,
significantly altered important parameters of energy metab-
olism in brain of rats, by increasing succinate dehydroge-
nase activity and '*CO, production and decreasing
cytochrome ¢ oxidase activity. These data suggest that Pro
might disrupt energy metabolism in brain of young rats. In
addition, we showed that TBARS levels were increased in
Pro-treated rats and that pretreatment with the antioxidants
a-tocopherol plus ascorbic acid prevented the harmful
effects elicited by Pro, supporting the hypothesis that
oxidative stress has a central role in the cerebral dysfunc-
tion promoted by Pro. The mechanisms by which Pro
administration elicited these alterations are not clear,
however we suggest that Pro induces oxidative stress,
impairs the respiratory chain at the level of cytochrome c
oxidase, which probably limits ATP production and
increases ROS production in a vicious cycle. These
findings suggest that mitochondrial dysfunction and oxida-
tive stress may be important contributors to the brain
damage in HP II and further strengthens the possibility that
treatment with antioxidants and/or energetic substrates may
be beneficial in this pathology.
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Abstract Considering that Na",K'-ATPase is an embedded-
membrane enzyme and that experimental chronic hyper-
prolinemia decreases the activity of this enzyme in brain
synaptic plasma membranes, the present study investigated
the effect of chronic proline administration on thiobarbituric
acid-reactive substances, as well as the influence of
antioxidant vitamins E plus C on the effects mediated by
proline on Na*,K™-ATPase activity in cerebral cortex of rats.
The expression of Na",K'-ATPase catalytic subunits was
also evaluated. Results showed that proline increased
thiobarbituric acid-reactive substances, suggesting an
increase of lipid peroxidation. Furthermore, concomitant
administration of vitamins E plus C significantly prevented
the increase of lipid peroxidation, as well as the inhibition of
Na" K'-ATPase activity caused by proline. We did not
observe any change in levels of Na',K'-ATPase mRNA
transcripts after chronic exposure to proline and vitamins E
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plus C. These findings provide insights into the mechanisms
through which proline exerts its effects on brain function and
suggest that treatment with antioxidants may be beneficial to
treat neurological dysfunctions present in hyperprolinemic
patients.

Keywords hyperprolinemia - Na",K"-ATPase - Catalytic
subunits - Lipid peroxidation - Vitamin E and C -
Antioxidant

Introduction

Na',K"-ATPase (EC 3.6.1.3) is a membrane-bound enzyme
that plays an essential role in controlling neuronal excit-
ability by maintaining electrochemical gradients, through
active transport of Na® and K" ions across the cell
membrane, at the expense of ATP (Kaplan 2002; Mobasheri
et al. 2000). Structurally, the enzyme is composed of - and
[3-subunits. The «-subunit is catalytic and contains the
binding sites for the cations, ATP and ouabain (a cardiac
glycoside and specific inhibitor of the enzyme); the f3-
subunit is regulatory and is responsible for proper traffick-
ing of the complex and its correct insertion into the plasma
membrane (Blanco and Mercer 1998; Geering 2001).
Individual genes of four «-subunit isoforms (&, &y, &3
and oy) and at least three (3-subunit isoforms (3, 3, and
B5) of Na",K'-ATPase have been identified in mammals
(Kaplan 2002; Serluca et al. 2001). A third subunit, named
y-subunit, has also been described in some tissues; it
apparently modulates the enzyme activity (Dempski et al.
2009). The isoforms combine to form several Na"K'-
ATPase isozymes which show different tissue distribution
patterns. In the brain, mainly three « isoforms (o, &, &3)
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and two [ isoforms (3; and [3,) are expressed; (33 is
expressed but at very low level (Wetzel et al. 1999).

Considering that Na',K'-ATPase is one of the most
abundant brain enzyme, consuming about 40-50% of the
ATP generated (Kaplan 2002), it is not surprising that
alterations in its activity may cause a variety of abnormal-
ities. Indeed, Na",K"-ATPase has been suggested to play a
central role in the pathogenesis of neurodegenerative
diseases, such as Alzheimer, multiple sclerosis, Parkinson’s
disease and epilepsy (Grisar et al. 1992; Hattori et al. 1998;
Rose and Valdes 1994). Mutations in catalytic subunits
expressed in the brain can also give rise to diseases such as
epilepsy and parkinsonism (Aperia 2007). Preclinical
studies have also demonstrated that alterations of this
enzyme activity is implicated in several conditions affecting
the CNS, such as ischemia (Wyse et al. 2000), depression
(de Vasconcellos et al. 2005; Gamaro et al. 2003),
ovariectomy (Ben et al. 2009; Monteiro et al. 2005; 2007)
and metabolic diseases (Pontes et al. 1999; 2001; Streck et
al. 2002; Wyse et al. 2001).

Hyperprolinemia type II (HP II) is a metabolic disease
caused by deficiency of A'-pyrroline-5-carboxylic acid
dehydrogenase activity characterized by tissue accumula-
tion of proline (Pro). Affected patients usually present
neurological symptomatology, including seizures and men-
tal retardation; a relationship between high concentration of
Pro and neurological symptoms has been established
(Farrant et al. 2001; Flynn et al. 1989; Phang et al. 2001).
Since the mechanisms underlying the HP II pathophysiol-
ogy are still obscure, we have developed a chemical
experimental model of hyperprolinemia in rats that mimics
the tissue levels of Pro found in human HP II (Moreira et al.
1989; Phang et al. 2001). It has been reported that rats
subjected to experimental hyperprolinemia present signifi-
cant inhibition of Na",K"-ATPase activity in cortical synaptic
plasma membranes (Pontes et al. 1999) and that Pro elicits
oxidative stress and decreases antioxidant defenses in rat
brain (Delwing et al. 2003). Moreover, some biochemical
and behavioral effects caused by experimental hyperproline-
mia were prevented by the antioxidants vitamins E plus C,
suggesting that free radicals formation may be involved in
such effects (Delwing et al. 2005).

Considering that a variety of regulatory mechanisms
assure appropriate Na", K"-ATPase expression and activity
adapted to changing physiological demands (Blanco and
Mercer 1998; Geering 2001; Jorgensen et al. 2003; Kaplan
2002; Mobasheri et al. 2000), in the present study we
investigated the possible mechanisms involved in the
inhibition of Na',K'-ATPase activity elicited by hyper-
prolinemia. A parameter of lipid peroxidation, namely
thiobarbituric acid-reactive substances (TBARS) was stud-
ied, as well as the influence of antioxidant vitamins E plus
C on the Pro-mediated effects on Na",K"-ATPase activity.
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The alterations on the Na*, K*-ATPase activity after chronic
exposure to Pro and/or antioxidant vitamins were also
investigated in association with changes in expression of
Na',K"-ATPase catalytic subunits (isoforms o, &, and &)
in cerebral cortex of rats.

Experimental procedures
Animals

Wistar rats were obtained from the Central Animal
House of the Department of Biochemistry at the Federal
University of Rio Grande do Sul, Porto Alegre, Brazil.
Animals were maintained on a 12 h light/12 h dark cycle
at a constant room temperature (22+1°C), with free
access to water and commercial protein chow. Animal
care followed the NIH “Guide for the Care and Use of
Laboratory Animals” (NIH publication no. 80-23, re-
vised 1996) and was approved by the University Ethics
Committee.

Proline and vitamins E plus C administration

Experimental chronic hyperprolinemia was chemically
induced by daily subcutaneous administration of proline
from the 6th to the 28th day of life as described by Pontes
et al. (1999). Proline (Sigma Chemical Co., USA) was
dissolved in 0.9% NacCl, buffered to pH 7.4 with NaOH and
administered twice a day. During the first 8 days of
treatment (6th—13th day of life) rats received 12.8 pmol
Pro/g body weight, from the 14th to 17th day they received
14.6 umol Pro/g body weight, from the 18th to 21th day
they received 16.4 pmol Pro/g body weight and from the
22th to 28th day of life they received 18.2 umol Pro/g body
weight. Rats subjected to this treatment achieved plasma Pro
levels between 1.0 and 2.0 mM, similar to those found in
hyperprolinemic type Il patients (Moreira et al. 1989; Phang
et al. 2001). Control animals received saline injections in the
same volumes as those applied to Pro-treated rats. Animals
were killed 12 h after the last injection by decapitation
without anesthesia; by that time, blood and brain levels of
Pro had returned to normal (Moreira et al. 1989). Besides
saline or Pro administration, rats received a single daily
intraperitoneal injection of vitamins E (40 mg/kg) plus C
(100 mg/kg) or vehicle (saline), according to the protocols
previously described (Delwing et al. 2006; Fighera et al.
1999; Wyse et al. 2002).

Tissue and homogenate preparation

After decapitation, the brain was removed and cerebral
cortex was dissected out and immediately frozen in liquid
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nitrogen. To allow for the preparation of synaptic plasma
membrane, cortical tissue was homogenized in 10 vol.
0.32 mM sucrose solution containing 5 mM HEPES and
1 mM EDTA, pH 7.4. After homogenization, synaptic
plasma membranes were prepared for subsequent determi-
nation of Na',K'-ATPase activity. For TBARS assays,
tissue was homogenized in 10 volumes (1:10, w/v) of
20 mM sodium phosphate buffer, pH 7.4 containing
140 mM KCI. Homogenates were centrifuged at 750xg
for 10 min at 4°C, the pellet was discarded and the
supernatant was immediately separated and used for
biochemical measurements.

Preparation of synaptic plasma membrane

Synaptic plasma membrane fraction from cerebral cortex
was prepared according to the method of Jones and Matus
(1974) with some modifications (Wyse et al. 1995). They
were isolated using a discontinuous sucrose density
gradient, consisting of successive layers of 0.3, 0.8 and
1.0 mM. After centrifugation at 69,000xg for 2 h, the
fraction between 0.8 and 1.0 sucrose interface was taken as
the membrane enzyme preparation.

Na",K"-ATPase activity assay

The reaction mixture for Na" K -ATPase activity assay
contained 5.0 mM MgCl,, 80.0 mM NacCl, 20.0 mM KCl
and 40.0 mM Tris-HCI, pH 7.4, in a final volume of
200 pl. After 10 min of pre-incubation at 37°C, the
reaction was started by the addition of ATP to a final
concentration of 3.0 mM and was incubated for 5 min.
Controls were carried out under the same conditions with
addition of 1.0 mM ouabain. Na",K"-ATPase activity was
calculated by the difference between the two assays
(Tsakiris and Deliconstantinos 1984; Wyse et al. 2000).
Released inorganic phosphate (Pi) was measured by the
method of Chan et al. (1986) and enzyme specific activity
was expressed as nmol Pi released per min per mg of
protein.

Table 1 Primer sequences and PCR amplification conditions

Thiobarbituric Acid Reactive Species (TBARS)

TBARS levels were determined according to the method
described by Ohkawa et al. (1979). Briefly, 50 ul of 8.1%
sodium dodecyl sulfate, 1.5 mL of 20% acetic acid solution
adjusted to pH 3.5 and 1.5 mL of 0.8% thiobarbituric acid
were added to 500 puL of tissue homogenate in a Pyrex
tube, and then heated in a boiling water bath for 60 min.
After cooling with tap water, the mixture was centrifuged at
1,000%g for 10 min, the supernatant was taken and the
resulting pink-stained TBARS were determined spectro-
photometrically at 535 nm; the results were reported as
nmol of TBARS per mg protein.

Analysis of gene expression by semi-quantitative RT-PCR

The analysis of Na", K"-ATPase catalytic subunits expression
were carried out by semiquantitative reverse transcriptase
polymerase chain reaction (RT-PCR) assay. All chemicals for
these experiments were purchased from Invitrogen, USA.
The cerebral cortex frozen in liquid nitrogen was
submitted to total RNA extraction with TRIzol reagent in
accordance with the manufacturer instructions. The cDNA
species were synthesized with SuperScript First-Strand
Synthesis System for RT-PCR from 2 pg of total RNA
and oligo (dT) primer in accordance with the suppliers. RT
reactions were performed for 50 min at 42°C. cDNA
(0.1 mL) was used as a template for PCR with the specific
primers for Na" K'-ATPase catalytic subunits (Table 1).
[-actin-PCR was carried out as an internal standard. PCR
reactions were performed with a total volume of 25 uL
using a final concentration of 0.08 uM of each primer
indicated below, 1.6 mM of MgCl, and 1 U Taq Platinum
Polymerase in the supplied reaction buffer. Conditions for
Na', K"-ATPase catalytic subunits PCR were as follows:
initial 2 min denaturation step at 94°C; 1 min at 94°C,
1 min annealing step at 62°C, 1 min extension step at 72°C
for 30 cycles and a final 10 min extension at 72°C.
Conditions for [3-actin PCR were as follows: initial 1 min
denaturation step at 94°C, 1 min at 94°C, 1 min annealing step

Na® K'-ATPase GenBank accession Primers (5'-3") PCR product T (°C) Cycles

catalytic subunits number

alpha 1 NM 012504 F-TCTATGGACGACCATAAACTCAGCCTGG 297 62 30
R-AGCAGACAGCACGACCCCGAGGTAC

alpha 2 NM 012505 F-ACCAAGTGGATCTGTCCAAGGGCCTC 292 62 30
R-GCTTCCTGGTAGTAGGAGAAGCAGCCAG

alpha 3 NM 012506 F-AAAGATGACAAGAGCTCGCCCAAGAAG 538 62 30
R-TGATCTCCACCAGGTCCCCGACCAC

[3-actin NP_742006 F-TATGCCAACACAGTGCTGCTGG 210 54 35

R-TACTCCTGCTTCCTGATCCACAT
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Fig. 1 Effect of proline, vitamins E&C, and proline plus vitamins
E&C administration on thiobarbituric acid-reactive substances in
cerebral cortex of rats. Data are mean + S.D. for 7 animals per group.
* Different from control group, p<0.01 (Duncan multiple range test).
Pro, proline; Vit, vitamin

at 54°C, 1 min extension step at 72°C for 35 cycles and a final
10 min extension at 72°C. PCR products were submitted to
electrophoresis using a 1% agarose gel with GelRed®. The
fragments length of PCR reactions was confirmed with Low
DNA Mass Ladder. The relative abundance of each mRNA
versus f3-actin was determined by densitometry using the
freeware ImageJ 1.37 for Windows.

Protein determination

The protein content of tissue samples was determined using
bovine serum albumin as standard, according to Lowry et
al. (1951) or Bradford (1976).

Statistical analysis

Data were analyzed by one-way ANOVA followed by the
Duncan’s multiple range test when appropriate. All analy-

Fig. 2 Effect of proline,
vitamins E&C, and proline
plus vitamins E&C administra-
tion on Na" K"-ATPase activity
in synaptic plasma membranes
from cerebral cortex of rats.
Data are mean + S.D. for 4-5
animals per group. Results are
expressed in nmol Pi/min mg
protein. * Different from control
group, # different from both
control and proline groups,
»<0.001 (Duncan multiple
range test). Pro, proline; Vit,
vitamin

Na' K'-ATPase activity
(nmol Pi/min.mg protein)
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ses were performed using the Statistical Package for the
Social Sciences (SPSS) software in a PC compatible
computer. Values of p<0.05 were considered to be
significant.

Results

Initially, the lipid peroxidation was measured by TBARS
assay. Figure 1 shows that chronic Pro administration
significantly increased TBARS (30%) in rat cerebral cortex,
when compared to controls (saline-treated). Interestingly,
the concomitant treatment with antioxidant vitamins E plus
C prevented this effect [F(3,24)=6.47; p<0.01].

Next, the influence of antioxidant vitamins E plus C
administration on Na",K'-ATPase activity in cortical
synaptic plasma membranes of rats submitted to chronic
hyperprolinemia was investigated. Post hoc analysis
showed that treatment with vitamins per se did not alter
enzyme activity, but significantly prevented the inhibition
of Na" K'-ATPase activity caused by chronic Pro admin-
istration [F(3,12)=23.55; p<0.001] (Fig. 2).

Finally, we analyzed the relative expression of cortical Na",
K'-ATPase catalytic subunits after chronic exposure to Pro
and vitamins E plus C by semi-quantitative RT-PCR. As
shown in Fig. 3, the relative expressions of isoforms «;, &,
and o of the Na",K'-ATPase were not altered by Pro and/or
vitamins treatment in cerebral cortex of rats ([F(3,13)=1.06;
p>0.05]; [F(3,13)=0.654; p>0.05]; [F(3,13)=0.26; p>0.05],
respectively).

Discussion

It has been reported that experimental chronic hyper-
prolinemia significantly decreases Na“,K'-ATPase activity

] T
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Vit E&C Pro
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Fig. 3 Gene expression of o (a), &, (b) and ;3 (¢) subunits of Na*,
K'-ATPase and B-actin after proline, vitamins E&C and proline plus
vitamins E&C administration in cerebral cortex of rats. Electropho-
resis data are representative of three individual experiments. Results
are expressed as optical densitometry (O.D.) of the Na",K"-ATPase
subunits-related genes versus (3-actin expression (mean + S.D) of
three independent replicates of RT-PCR experiments. Pro, proline;
Vit, vitamin

in synaptic plasma membranes from rat cerebral cortex
(Pontes et al. 1999). In the present study, we extended this
investigation in an attempt to identify the possible
mechanisms involved in enzyme inhibition. Since Na",K"-
ATPase is a membrane-bound enzyme, we first investigated
the effect of Pro administration on a classic parameter of
lipid peroxidation. Results showed an increase in TBARS
levels in cerebral cortex from rats chronically treated with
Pro. We also observed that concomitant administration of
vitamin E plus C significantly prevented the increase on
TBARS levels, as well as the inhibition of Na",K*-ATPase
activity promoted by this amino acid. Together, these
findings support the involvement of reactive species and/
or lipid peroxidation in the Pro-elicited effects.

It has been demonstrated that Na",K"-ATPase is partic-
ularly susceptible to free radical attack since its inhibition
has been associated with changes in plasma membrane lipid
composition (Dencher et al. 2007), in the redox state of
regulatory sulphydryl groups (Pari and Murugavel 2007)
and in other amino acid residues caused by free radicals or
lipid peroxidation (Potts et al. 2006; Siems et al. 1996). In
addition, we have shown that Na",K'-ATPase activity is
inhibited in other animal models of inborn errors of
metabolism and that oxidative stress was present in these
conditions (Stefanello et al. 2005; Wyse et al. 2001; Wyse
et al. 2002). Interestingly, in the present study we found
that vitamins E and C partially prevented the inhibition of
Na“ K'-ATPase activity promoted by Pro.

Considering that Na" K"-ATPase is the target of multiple
regulatory mechanisms activated in response to changing
cellular requirements which modulate its activity and
expression (Therien and Blostein 2000), we asked whether
changes on Na',K'-ATPase activity after chronic hyper-
prolinemia and antioxidants supplementation could be a
consequence of alterations in the transcriptional control of
enzyme. The relative expression of catalytic subunits,
isoforms «;, &, and o3 of the Na*,K*-ATPase after chronic
exposure to Pro and vitamins E plus C was then evaluated,
however no changes in the levels of Na',K'-ATPase
mRNA transcripts were observed.

There is considerable evidence that regulatory post-
translational mechanisms such as protein phosphorylation
are essential to assure activity adapted to physiological
demands of Na®K'-ATPase (Blanco and Mercer 1998;
Geering 2001; Jorgensen et al. 2003; Kaplan 2002;
Mobasheri et al. 2000). In this sense, we performed
computational analysis in NetPhosk, a kinase-specific
prediction of protein phosphorylation site tool, which
revealed that rat Na" K'-ATPase presents a high score of
possible PKC phosphorylation sites of the «; subunit
(Ser23) and PKA phosphorylation sites of the , and o3
subunits (Ser940 and Ser933, respectively). Therefore, the
decrease on Na",K'-ATPase activity observed in present
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work could be possibly attributed to changes in phosphory-
lation state of enzyme. In this context, it has been suggested
that phosphorylation may occur either directly or as a result of
secondary modulators such as nitric oxide (NO), which is also
a potent mediator of oxidative stress (Therien and Blostein
2000). In fact, we cannot rule out that Pro elicits NO
generation, since a previous work demonstrated that its
administration inhibited acetylcholinesterase activity in rat
brain and that this effect was prevented by administration of
N®-nitro-L-arginine methyl ester (L-NAME), a potent nitric
oxide sinthase inhibitor, suggesting that Pro affects this
parameter through NO production and/or oxidative stress
(Delwing et al. 2005). Altogether, these observations prompt
us to hypothesize that Na',K'-ATPase inhibition mediated
by Pro may be attributed, at least in part, to changes in the
enzyme phosphorylation state.

Another important modulator of Na", K "-ATPase activity
is the level of ATP into the cell. It has been reported that a
reduction of intracellular ATP inhibits the activity of this
enzyme (Therien and Blostein 2000) and it was recently
shown that Pro disrupts energy metabolism such as creatine
kinase, cytocrome ¢ oxidase and succinate dehydrogenase
possibly leading to limitation of enzymatic activities related
to ATP production (Delwing et al. 2007; Ferreira et al.
2010; Kessler et al. 2003).

In summary, the present study demonstrated that hyper-
prolinemia increases TBARS levels and decreases the Na®,
K"-ATPase activity; both effects are prevented by concom-
itant treatment with vitamins E plus C, thus suggesting the
involvement of reactive oxygen species and/or lipid
peroxidation in Pro-elicited effects. Therefore, it is reason-
able to propose that mechanisms like lipid peroxidation,
energy metabolism deficit and/or post-translational modifi-
cations may be interacting to promote Pro neurotoxicity.
Additional studies in order to evaluate whether the
administration of antioxidants may be beneficial in this
pathology.
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Abstract

This study investigated the effects of acute and chronic hyperprolinemia
on glutamate uptake, as well as some mechanisms underlying the proline effects
on glutamatergic system in rat cerebral cortex. The protective role of guanosine
on effects mediated by proline was also evaluated. Results showed that acute
and chronic hyperprolinemia reduced glutamate uptake, Na*,K*-ATPase activity,
ATP levels and increased lipoperoxidation. GLAST and GLT-1 immunocontent
were increased in acute, but not in chronic hyperprolinemic rats. Our data
suggest that the effects of proline on glutamate uptake may be mediated by lipid
peroxidation and disruption of Na*,K*-ATPase activity, but not by decreasing in
glutamate transporters. This probably induces excitotoxicity and subsequent
energy deficit. Guanosine was effective to prevent most of the effects promoted
by proline, reinforcing its modulator role in counteracting the glutamate toxicity.
However, further studies are needed to assess the modulatory effects of

guanosine on experimental hyperprolinemia.

Keywords: Hyperprolinemia; guanosine; glutamate uptake; glutamate

transporters; GLAST; GLT-1.
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Introduction

Hyperprolinemia is the biochemical hallmark for two inherited metabolic
disorders caused by defects in the L-proline catabolic pathway. Enzymatic
deficiencies of proline oxidase and A’-pyrroline-5-carboxylic acid dehydrogenase
give rise to hyperprolinemia type | (HPI) and hyperprolinemia type Il (HPII),
respectively (1, 2). Although both enzymes deficiencies lead to tissue
accumulation of proline, HPIl causes higher plasma levels, which has been
related to neurological manifestations such as seizures and mental retardation
(1-3).

The exact mechanism underlying the symptoms of hyperprolinemia are far
from being understood; however, alterations in the glutamatergic homeostasis
seem to be involved by following reasons: firstly, high levels of glutamate are
found in the cerebrospinal fluid of patients with HPII (1, 4, 5). Besides, there are
some evidences from experimental data that proline might potentiates glutamate
transmission by overstimulation of receptors NMDA and AMPA (6-9). In addition,
short-term exposure to proline is able to impair the glutamate uptake in cerebral
cortex and hippocampus of rats (10).

As the principal excitatory neurotransmitter, glutamate plays an essential
role in brain plastic processes such as learning/memory, development and
ageing (11, 12). On the other hand, overstimulation of the glutamatergic system
may leads to a process known as excitotoxicity that involves intracellular increase
of ions such as Na*, Ca®", depletion of ATP levels and ultimately neuronal
damage (13). In fact, excitotoxicity has been implicated in the pathogenesis of

various acute and chronic CNS disorders including epilepsy, ischemia and
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Alzheimer's disease (14-16). In this scenario, the maintenance of glutamate
concentrations below neurotoxic levels is essential for normal brain function.

The main mechanism of glutamate clearance from the synaptic cleft is the
glutamate uptake, accomplished by transporters that remove the glutamate from
the extracellular fluid and therefore, maintain its physiologic levels and avoid
excitotoxicity (11, 17, 18). The major glutamate transporters are GLAST and
GLT-1, located predominantly in glial cels (11, 15, 19). These transporters are
sodium-dependent proteins, using electrochemical sodium gradient generated by
Na®,K*-ATPase activity to drive the uphill transport of glutamate; then, Na*,K*-
ATPase may be a key regulator of glutamate transporter activity (20).

Na*,K*-ATPase is an inserted-membrane enzyme, whose activity is highly
energy dependent, since it consumes about 40-50% of the ATP produced in
brain to pumps Na® and K' across the cell membrane (21, 22). Therefore,
disturbance in the plasma membrane composition and fluidity, as well as
alterations in the energy availability can compromise the activity of this enzyme
(23, 24). It has been reported that Na*,K*-ATPase is particularly susceptible to
free radical attack and lipid peroxidation (25, 26). We have previously reported
that rats subjected to a chemical experimental model of hyperprolinemia present
a significant inhibition in activity of cerebral Na* K'-ATPase (27), without
alteration of the expression of their catalytic subunits (28). This effect was
suggested to be associate to oxidative stress induced by proline (29, 30), since
Na®,K*-ATPase activity was reestablished by antioxidants treatment (10, 28).

Increasing evidence have suggested that the nucleoside guanosine has
relevant neuroprotective role in a variety of in vitro and in vivo models that involve

the over activation of glutamate receptors, by counteracting glutamate
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excitotoxicity (31-34). Nevertheless, the exact site of interaction and mechanisms
involved in the neuroprotection afforded by guanosine is still unknown (35, 36).
To our knowledge, there is no study that investigates the protector effect of
guanosine on damage observed in animals subjected to a metabolic disease
model.

Based on previous works from our laboratory showing that a single proline
administration (acute treatment) decreases the glutamate uptake in slices from
cerebral cortex of rats (10), in the present study we extended our investigation
initially evaluating the effect of chronic proline administration on this parameter.
In order to elucidate some possible mechanisms involved in the alterations of
glutamate uptake elicited by acute and chronic hyperprolinemia, we measured
the immunocontent of glutamate transporters GLAST and GLT-1 in homogenate
of cerebral cortex from rats. Besides, we also evaluated Na* K*-ATPase activity,
ATP levels and lipid peroxidation by thiobarbituric acid-reactive substances
(TBARS) in homogenate from the same cortical samples. The possible
neuroprotective role of guanosine on the proline-mediated effects was also

evaluated.

Experimental procedures
Animals

Wistar rats were obtained from the Central Animal House of the
Department of Biochemistry of the Federal University of Rio Grande do Sul, Porto
Alegre, Brazil. Animals were maintained on a 12 h light/12 h dark cycle at a
constant temperature (22 + 1°C), with free access to water and commercial

protein chow. Animal care followed the NIH “Guide for the Care and Use of
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Laboratory Animals” (NIH publication no. 80-23, revised 1996) and was approved

by the University Ethics Committee.

Proline and guanosine administration

Proline and guanosine were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). The solutions for injections were prepared in 0.9% NaCl. For
acute experiments, 21-day-old Wistar rats were pretreated for one week with
daily intraperitoneal administration of guanosine (7.5 mg/Kg) or saline (control).
Twelve hours after the last injection, animals received one injection of proline
correspondent to 18.2 mmol/g body weight or saline and were killed 1 h after the
injection by decapitation without anaesthesia.

For chronic experiments, the rats were subjected to treatment from the 6"
to the 28" day of life, where they received one single daily intraperitoneal
injection of guanosine (7.5 mg/Kg) or saline plus two daily subcutaneous
injections of proline or saline. The guanosine dose was choose according to
Schmidt (31) and Jiang et al. (37). The proline doses were according described
by Moreira et al. (38) and Pontes et al. (27). During the first 8 days of treatment
(6™ - 13™ day of life) rats received 12.8 umol Pro/g body weight, from the 14" to

17" day they received 14.6 ymol Pro/g body weight, from the 18" to 21™

day
they received 16.4 umol Pro/g body weight and from the 22" to 28" day of life
they received 18.2 umol Pro/g body weight. Rats subjected to this treatment
achieved plasma proline levels between 1.0 and 2.0 mM, which are similar to
those found in hyperprolinemic patients (1, 38). The animals were killed 12 h

after the last injection by decapitation without anesthesia, when the blood levels

of Pro had returned to normal (38).
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Glutamate uptake activity

Glutamate uptake was performed according to Frizzo et al. (39). Cerebral
cortex was cut into 400 um thick slices with a Mcllwain chopper. Briefly, slices
were pre-incubated in Hank’s balanced salt solution (HBSS) at 35°C for 15 min,
followed by adding a solution containing 0.33 mCi/mL L-[2,3-3 H] glutamate
(Amersham International, UK) with 100 pM unlabeled glutamate at 35°C.
Incubation was stopped after 5 min with two ice-cold washes of 1 ml HBSS,
immediately followed by the addition of 0.5 N NaOH. Sodium-independent uptake
was determined on ice (4°C), using HBSS containing N-methyl-D-glucamine
instead of sodium chloride. The results were subtracted from the total uptake to
obtain the sodium-dependent uptake and were calculated as nmol of
glutamate/min/mg protein. Both the specific and non-specific uptakes were

performed in triplicate.

Western blotting for GLAST and GLT-1

Cerebral cortex were dissected out and immediately homogenized in a 25
mM HEPES solution (pH 7.4) with 0.1 % SDS and protease inhibitor cocktail
(Sigma, USA). Samples (20 ug protein/well) were separated in an 8 % SDS-
PAGE mini-gel and transferred to a nitrocellulose membrane using a Trans-Blot
system (Bio-Rad, Sdo Paulo/SP, Brazil). Membranes were processed as follow:
(1) blocking with 5 % bovine serum albumin (Sigma, USA) for 2 h; (2) incubation
with primary antibody overnight: 1:1000 rabbit anti-GLAST or rabbit anti-GLT-1
glutamate transporters (AlphaDiagnostic International); 1:2000 mouse anti-p-

Actin (Sigma); (3) incubation with horseradish peroxidase-conjugated secondary
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antibody for rabbit 1:3000 and mouse 1:3000 (Amersham Pharmacia Biotech) for
2 h; (4) chemiluminescence (ECL, Amersham Pharmacia Biotech, Sdo Paulo/SP,
Brazil) was detected using X-ray films (Kodak X-Omat, Rochester, NY, USA).
The films were scanned and bands intensities were analyzed using Image J
software (developed at the U.S. National Institutes of Health and available on the
web site (http://rsb.info.nih.gov/nih-image/). In order to determine the adequate
amount of protein to be assayed, different protein concentrations were carried out

in the same gel for each antibody tested.

Na',K*-ATPase activity

The cerebral structure was homogenized in 10 volumes (1:10, w/v) of 0.32
mM sucrose solution containing 5.0 mM HEPES and 1.0 mM EDTA, pH 7.5. The
homogenates were centrifuged at 1000 x g for 10 min; the supernatants were
removed for Na*,K*-ATPase activity determination.

The reaction mixture for Na*,K*-ATPase assay contained 5 mM MgCl,, 80
mM NaCl, 20 mM KCI and 40 mM Tris—HCI, pH 7.4. After 10 min of sample pre-
incubation at 37 °C, the reaction was initiated by addition of ATP to a final
concentration of 3 mM and was incubated for 20 min. Controls were carried out
under the same conditions with the addition of 1 mM ouabain. Na*,K*-ATPase
activity was calculated by the difference between the two assays according to
Wyse et al. (40). Released inorganic phosphate (Pi) was measured by the
method of Chan et al. (41). Specific activity of the enzyme was expressed as

nmol Pi released/min/mg of protein.

ATP determination
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Immediately after the rats had been sacrificed, the cerebral cortex was
dissect out and frozen in liquid nitrogen. Each cortical hemisphere was weighed
and homogenized in 5 ml of 0.1 M NaOH (to inactivate cellular ATPases activity).
Samples were assayed using the ATPlite Luminescence ATP detection assay
system (Perkin Elmer, Waltham, MA, USA), according to Witt et al. (42).
Chemiluminescence was measured using the Perkin-Elmer Microbeta Microplate
Scintillation Analyzer. ATP concentrations were calculated from a standard curve,

normalized against wet-tissue weights in grams and expressed as pmol/g.

Thiobarbituric Acid Reactive Species (TBARS)

The cerebral cortex was homogenized in 10 volumes (1:10, w/v) of 20 mM
sodium phosphate buffer, pH 7.4 containing 140 mM KCI. Homogenates were
centrifuged at 800 g for 10 min at 4 °C, the pellet was discarded and the
supernatant was taken to TBARS assay according to Ohkawa et al. (43). Briefly,
to eppendorfs were added in order of appearance: 200 yL of tissue supernatant;
50 pL of SDS 8.1%; 375 uL of 20% acetic acid in aqueous solution (v/v) pH 3.5;
375 pL of 0.8 % thiobarbituric acid. The mixture was vortexed and the reaction
was carried out in a boiling water bath for 1 hour. The mixture was allowed to
cool on water for 5 min and was centrifuged 750 g for 10 min. The resulting pink
stained TBARS were determined in spectrophotometer at 535 nm in a Beckman
DU® 800 (Beckman Coulter, Inc., Fullerton, CA, USA). A calibration curve was
generated using 1,1,3,3-tetramethoxypropane as a standard. Results are

expressed as nmol TBARS/mg protein.

Protein determination
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The protein content of samples was determined using bovine serum
albumin as standard, according to Lowry et al. (44) for TBARS assay, Peterson
(45) for glutamate uptake or Bradford (46) for Na",K*-ATPase and GLAST and

GLT-1 immunocontent.

Statistical analysis

All analyses were performed using the Statistical Package for the Social
Sciences (SPSS) software in a PC compatible computer. Data were analyzed by
one-way ANOVA followed by Duncan’s multiple range test when appropriate.

Differences were considered statistically significant if p < 0.05.

Results

We first studied the effect of acute and chronic administration of proline on
glutamate uptake, as well as the influence of guanosine administration in the
effects promoted by proline. Fig.1A shows that acute proline injection significantly
decreased glutamate uptake in cortical slices of rats, when compared to controls
(saline administration) [F(3,18) = 4.50; p < 0.05]. Besides, the pretreatment with
guanosine per se did not alter glutamate uptake and did not prevent the reduction
of this parameter caused by acute proline administration. Similarly, Fig. 1B shows
that chronic proline administration promoted a significant decrease in glutamate
uptake when compared to control group, but when guanosine was administrated
concomitantly to proline, the reduction of glutamate uptake was completely
prevented [F(3,16) = 6.04; p < 0.05].

Next, the glutamate transporters immunocontent were determined in

animals subjected to acute or chronic proline administration with or without
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guanosine treatment. As can be observed in Fig. 2, GLAST (A) [F(3,16) = 6.28; p
< 0.01]and GLT-1 (B) [F(3,16) = 14.77; p < 0.001] were increased in groups that
received acute proline with or without guanosine pretreatment, as compared to
control. Conversely, chronic proline administration and/or guanosine did not alter
GLAST (A) [F(3,17) = 0.58; p > 0.05] and GLT-1 (B) [F(3,16) = 1.59; p > 0.05]
immunocontent in the cerebral structure studied.

Considering that proline inhibits Na*,K*-ATPase (27) and that the normal
activity of this enzyme is closely related to clearance of glutamate from the
extracellular fluid and synaptic cleft, we also evaluated the influence of guanosine
on the alterations in the Na®,K'-ATPase caused by acute and chronic
hyperprolinemia. Fig. 3A shows that rats subjected to acute proline treatment
presented a significant inhibition of Na*,K*-ATPase activity. The pretreatment
with guanosine did not alter per se the Na',K'-ATPase activity, but partially
prevented the inhibition of this enzyme caused by acute proline administration
[F(3,19) = 11.24; p < 0.001]. In addition, Fig. 3B shows that chronic
hyperprolinemia also elicited a significant inhibition of Na*,K*-ATPase activity in
homogenate of cerebral cortex of rats, but when guanosine was administrated
concomitantly to proline, completely prevented the inhibition of Na*,K*-ATPase
activity [F(3,18) = 4.31; p < 0.05].

Since the correct functioning of Na*,K*-ATPase depends on the availability
of ATP and integrity of plasma membrane, we investigated the effect of acute and
chronic hyperprolinemia, as well as the influence of guanosine on ATP levels and
lipid peroxidation was assessed by TBARS assay. Fig. 4 shows that proline acute
(A) [F(3,18) = 5.22; p < 0.01] and chronic (B) [F(3,18) = 5.69; p < 0.05]

administration significantly decrease the intracellular ATP concentration, when
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compared to control group. Moreover, pretreatment with guanosine followed to
acute proline administration, as well as concomitant guanosine administration to
chronic proline treatment, was unable to prevent the reduction of ATP levels
caused by proline.

Fig. 5A depicts that acute proline administration significantly increased
TBARS levels in cerebral cortex of rats [F(3,18) = 10.59; p < 0.001]. Post hoc
analysis showed that pretreatment with guanosine did not alter per se this
parameter, but significantly prevented the increase of TBARS caused by proline.
Similarly, Fig. 5B shows that chronic proline administration causes a significant
increase in TBARS levels when compared to control group, however the
concomitant treatment with guanosine prevented this effect [F(3,22) = 7.72; p <

0.01].

Discussion

Since a previous work from our laboratory demonstrated that a single
proline administration decreases the glutamate uptake in cerebral cortex of rats
(10), in the present study we investigated the effects of chronic exposure to
proline on this parameter, as well as some mechanisms underlying the effects of
acute and chronic proline administration on glutamate homeostasis. Considering
that guanosine has been related as a possible neuroprotective in conditions of
glutamatergic toxicity, the influence of this nucleoside on the proline-mediated
effects was also evaluated. Results revealed that both acute and chronic proline
administration decreased the glutamate uptake in cortical slices of rats. The
pretreatment with guanosine during seven days was insufficient to prevent the

decreased glutamate uptake promoted by acute proline administration. However,
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when guanosine was administrated concomitantly to proline in the chronic
treatment (from 6" to 28" day of life) the proline-mediated effect on glutamate
uptake was completely prevented, suggesting that long term exposure to
guanosine seem to be necessary to its protective effects on glutamate uptake.
However, further studies are needed to elucidate the modulatory effects of
guanosine on this parameter.

Since GLAST and GLT-1 are responsible to account for the majority of
extracellular glutamate (11) and in order to investigate whether the impairment of
glutamate uptake caused by proline had some relationship to these glutamate
transporters levels, we evaluated the immunocontent of GLAST and GLT-1 in
homogenate from cerebral cortex of rats. Interestingly, results showed that acute
proline injection increased the levels of these transporters, which may reflect an
early attempt to supply (but without success) the ineffective glutamate uptake
activity. In addition, the treatment for a week with guanosine also was able to
increase per se GLAST and GLT-1 levels. This capacity of guanosine for
upregulate GLAST and GLT-1, may be a possible and interesting mechanism of

action for this nucleoside that, at least to our knowledge, was not yet reported.

Conversely, chronic administration of proline and/or guanosine did not
alter GLAST and GLT-1 content in the rat cerebral cortex, suggesting that
successive administrations for a long time make them unresponsive. Since we
did not found a direct association between the glutamate uptake activity and level
of glutamate transporters, it is reasonable to suggest that the dysfunction of
glutamate uptake promoted by proline does not involve a quantitative disorder of

transporters protein, but perhaps an alteration on its proper functioning.

62



One of the mechanisms proposed for driving the glutamate transport is
based on the reliance of glutamate uptake to Na*,K*-ATPase activity, since this
enzyme generates an electrochemical sodium gradient that is used by the
transporters to drive the uphill transport of the neurotransmitters (20). In this
context, it has been reported that experimental hyperprolinemia inhibits the
activity of Na*,K*-ATPase, but not the expression of their catalytic their subunits
in cerebral cortex of rats (27, 28). Therefore, we evaluated the influence of
treatment with guanosine on inhibition of this enzyme activity caused by proline.
The results showed that in both acute and chronic models, guanosine
administration was able to prevent significantly the inhibitory effect of proline on

Na®,K*-ATPase activity, although the chronic effect has been more prominent.

According to our data, there seems to be an involvement of inhibition
Na’,K*-ATPase activity with impairment of glutamate uptake caused by proline.
Futhermore, the protective effects of guanosine seem to depend on time of
exposure to this nucleoside, since in the acute model, the pretreatment with
guanosine for seven days prevented only partially the inhibition of Na® K-
ATPase activity caused by proline, which not appears to be sufficient to
normalize glutamate uptake. However, the concomitant guanosine treatment to
chronic proline administration completely prevented the inhibition of the enzyme

and glutamate uptake.

Activation of ionotropic glutamate receptors has been shown to increase
energy consumption by leads to influx of ions, which have to be pumped out
again in a process requiring energy (11). Besides that, mitochondrial ATP
production is impaired during excitotoxic insults and neuronal ATP levels are
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diminished rapidly (47, 48). Therefore, we determined the ATP levels in cerebral
cortex of rats subjected to hyperprolinemia, as well as the influence of guanosine
on this parameter. Results showed a significant decrease in the ATP levels
following acute and chronic proline administration. Guanosine did not affect per
se the ATP levels, neither was able to avoid the effect promoted by proline on
this parameter. In the acute model, the diminished ATP corroborates with
hypothesis that proline induces excitotoxicity, since the glutamate uptake is
impaired and possibly, the glutamate levels are enhanced in the brain generating
excitotoxicity, process that involves energy depletion. In this scenario, guanosine
pretreatment did not prevent the reduced glutamate uptake caused by proline
and consequently was unable to restore the ATP levels. On the other hand, in the
chronic model, guanosine prevented the reduction in glutamate uptake while the
ATP levels remains decreased suggesting that other molecular alterations
(inaccessible to guanosine action) may be involved in the long term proline
exposure. In agreement with this observation, it has been demonstrated that
proline inhibits cytochrome ¢ oxidase, an enzyme step limiting to ATP synthesis
(49).

Some reports have demonstrated that glutamate transport is impaired by
4-hydroxynonenal (HNE), which is an aldehyde generated by peroxidation of
membrane lipids (50, 51). Beyond that, Na*,K*-ATPase is a membrane-inserted
enzyme and its inhibition has been associated with changes in plasma
membrane lipid composition (23). Therefore, we also investigated the effects of
proline and guanosine administration on TBARS, a classic parameter of lipid
peroxidation, in order to verify if the alterations on membrane lipids may be linked

to the proline and/or guanosine-elicited effects on Na',K'-ATPase and
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consequently, on glutamate uptake. Results showed that both acute and chronic
proline administration increased TBARS, in accordance to our previous data (28,
52). Moreover, guanosine treatment was able to prevent both acute and chronic
proline-mediated effects on TBARS. Lipid peroxidation and ROS production may
be consequences to overstimulation of glutamate receptors (11, 53). Then, the
effects of proline and guanosine on TBARS might be resulting from their effects
on glutamate uptake. In accordance, it has been described an antioxidant role of
guanosine, possibly indirect and related to its ability to stimulate glutamate
uptake (54).

In conclusion, this study demonstrates that high proline levels, similar to
those found in human hyperprolinemia can impair glutamate uptake probably by
disruption in Na*,K*-ATPase activity and lipid peroxidation, but not by alterations
in glutamate transporters. Therefore, we suggested that the alterations in
glutamate homeostasis caused by hyperprolinemia may lead to excitotoxicity and
subsequent energy deficit. Interestingly, guanosine was effective to prevent most
of the effects promoted by proline, reinforcing its modulator role in counteracting
the glutamate toxicity. Additional studies are requested to better elucidate the
magnitude of the modulatory effects of guanosine on experimental

hyperprolinemia.
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Legend to figures

Fig. 1 Effect of acute (A) and chronic (B) proline, guanosine and proline plus
guanosine administration on glutamate uptake in slices from cerebral cortex of
rats. Data are mean + S.D. for 6-7 animals in each group. Different from control,
*p < 0.05 and **p < 0.01 (Duncan multiple range test). Pro, proline; Guo,

guanosine.

Fig. 2 Effect of acute and chronic proline, guanosine and proline plus guanosine
administration on glutamate transporters immunocontent, GLAST (A) and GLT-1
(B) in homogenates from cerebral cortex of rats. Data are mean = S.D. for 6-7
animals in each group. Different from control, **p < 0.01 and ***p < 0.001; *
Different from both control and proline groups (Duncan multiple range test). Pro,

proline; Guo, guanosine.

Fig. 3 Effect of acute (A) and chronic (B) proline, guanosine and proline plus
guanosine administration on Na® K'-ATPase activity in homogenates from
cerebral cortex of rats. Data are mean + S.D. for 6-7 animals in each group.
Different from control, *p < 0.05 and ***p < 0.001; # Different from both control

and proline groups (Duncan multiple range test). Pro, proline; Guo, guanosine.

Fig. 4 Effect of acute (A) and chronic (B) proline, guanosine and proline plus
guanosine administration on ATP levels in homogenates from cerebral cortex of

rats. Data are mean + S.D. for 6-7 animals in each group. Different from control,
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*p < 0.05 and **p < 0.01 (Duncan multiple range test). Pro, proline; Guo,

guanosine.

Fig. 5 Effect of acute (A) and chronic (B) proline, guanosine and proline plus
guanosine administration on thiobarbituric acid-reactive substances (TBARS) in
homogenates from cerebral cortex of rats. Data are mean + S.D. for 6-7 animals
in each group. Different from control, **p < 0.01 and ***p < 0.001 (Duncan

multiple range test). Pro, proline; Guo, guanosine.
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Abstract This study investigated whether physical exer-
cise would reverse proline-induced performance deficits in
water maze tasks, as well as its effects on brain-derived
neurotrophic factor (BDNF) immunocontent and brain
acetylcholinesterase (AChE) activity in Wistar rats. Proline
administration followed partial time (6th-29th day of life)
or full time (6th-60th day of life) protocols. Treadmill
exercise was performed from 30th to 60th day of life, when
behavioral testing was started. After that, animals were
sacrificed for BDNF and AChE determination. Results
show that proline impairs cognitive performance, decreases
BDNF in cerebral cortex and hippocampus and increases
AChE activity in hippocampus. All reported effects were
prevented by exercise. These results suggest that cognitive,
spatial learning/memory, deficits caused by hyperproline-
mia may be associated, at least in part, to the decrease in
BDNEF levels and to the increase in AChE activity, as well
as support the role of physical exercise as a potential
neuroprotective strategy.
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Introduction

Hyperprolinemia is a phenotype common to two inherited
metabolic disorders caused by distinct genetic defects in
the L-proline catabolic pathway. Hyperprolinemia type I
(HPI) is caused by proline oxidase deficiency, the first step
in the conversion of proline to glutamate, whereas hyper-
prolinemia type II (HPII) is due to the absence of
A'-pyrroline-5-carboxylic acid dehydrogenase activity.
Although both enzymes deficiencies lead to tissue accu-
mulation of proline, HPII causes higher plasma levels and
shows a causal relationship with neurological manifesta-
tions such as seizures and mental retardation, while a
coincidental association between HPI and clinical features
has been discussed [1, 2].

Since the mechanisms underlying hyperprolinemia
symptoms are still obscure, our group has developed a
chemical model for hyperprolinemia in rats mimicking
tissue levels of proline found in human HPII [3, 4]. Con-
sidering that HP is an inherited disease, the animal model
of hyperprolinemia was designed to sustain high levels of
proline from the earliest days of life, comprising the period
of rapid brain development with intense synaptogenesis
and myelination in rats, which finalizes approximately at
21 days of life [5-7]. Rats chronically treated with proline
following such experimental model present acquisition and
memory deficits, as assessed in the Morris water maze,
when they reach adulthood (approximately 30 days after
the interruption of proline administration) [8, 9].

Dietary therapies, i.e., restriction of proline, are cur-
rently used in HP patients, but only modest control of
plasma proline is achieved with no impact in clinical
condition [2, 10]. Therefore, the search for new therapeutic
strategies it is necessary; one that can be considered is of
moderate physical activity, because of its positive effects
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on cognitive function both in humans and rodents [11-16].
Clinical and preclinical studies show that aerobic activity
improves learning, increases trophic factors release, indu-
ces synaptic plasticity and promotes development of new
neuronal architecture [17]. One of the mechanisms pro-
posed for exercise effects on cognition is the exercise-
induced increase of brain derived neurotrophic factor
(BDNF) [12, 18], which has been described as a major
player in the mechanisms governing the multiple phases of
cognition, including acquisition, memory consolidation/
storage, and memory retrieval [11, 19]. BDNF seems to act
promoting synaptic facilitation [20] and neurotransmitter
release [21-24], and has been strongly implicated in spatial
memory modulation [25, 26].

Available evidence demonstrates that the cholinergic
system also plays an important role in cognition [27-29],
triggering a series of intracellular events related to neuronal
plasticity and memory encoding. Cholinergic activity is
mainly controlled by acetylcholinesterase (AChE), the
enzyme that hydrolyses acetylcholine (ACh), so finishing
cholinergic transmission [30]. Reduction of brain ACh
appears to be associated to cognitive deficits [28] and a
correlation between changes in AChE activity and cogni-
tive deficits in animal models of metabolic diseases has
been established [31, 32].

In order to investigate the influence of physical exercise
on the cognitive deficit in Morris water maze spatial tasks
produced by hyperprolinemia in rats, two different proto-
cols of proline administration were utilized, namely:
(a) partial time hyperprolinemia and (b) full time hyper-
prolinemia. The first protocol was designed to evaluate
whether the exercise is able to recover the cognitive deficit
already established by hyperprolinemia during the critical
period of brain development [8, 9], while the second pro-
tocol was performed to verify whether the putative bene-
ficial cognitive effects of exercise would remain if
hyperprolinemia is extended through adulthood. Further-
more, BDNF immunocontent and AChE activity were
determined in cerebral cortex and the hippocampus, two
cerebral structures known to participate in learning/mem-
ory modulation in experimental rats.

Experimental Procedure
Animals

Male Wistar rats were obtained from the Central Animal
House of the Department of Biochemistry of the Federal
University of Rio Grande do Sul, Porto Alegre, Brazil.
Animals were maintained on a 12 h light/12 h dark cycle at
a constant temperature (22 £ 1°C), with free access to
water and commercial protein chow. Animal care followed
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the NIH “Guide for the Care and Use of Laboratory
Animals” (NIH publication no. 80-23, revised 1996) and
the experimental protocol was approved by the Ethics
Committee of the Federal University of Rio Grande do Sul.

Proline Administration

Chronic hyperprolinemia was chemically induced by daily
subcutaneous administration of proline, following two
different protocols regarding the duration of treatment. In
the protocol of partial time hyperprolinemia, rats received
proline administration from the 6th to the 29th day of life,
as described: (a) 12.8 pmol Pro/g body weight from 6th to
13th day of life; (b) 14.6 pmol Pro/g body weight from
14th to 17th day; (c) 16.4 umol Pro/g body weight from
18th to 21th day and (d) 18.2 umol Pro/g body weight
from 22th to 29th day of life. After treatment discontinu-
ation (30th day), animals started treadmill exercise until the
60th day of life. In the protocol of full time hyperproli-
nemia, proline was injected from the 6th to the 60th day of
life in the dosing regimen above described, except that the
higher dose, 18.2 pmol Pro/g body weight, was injected
from 22th to 60th day of life. In this protocol, exercise
training was performed from 30th to the 60th day of life,
concomitant with proline administration. Doses were cal-
culated from pharmacokinetic parameters of proline [4].
Proline solution (Sigma Chemical Co., USA) was prepared
in 0.9% NaCl and administered twice a day.

Rats subjected to this treatment achieved plasma proline
levels between 1.0 and 2.0 mM, which are similar to those
found in hyperprolinemic patients [2]. Control animals
received saline injections in the same volumes as those
applied to proline-treated rats.

Exercise Training

Twenty five-days-old animals were habituated with the
treadmill apparatus to minimize novelty stress and ran-
domly assigned to one of the four experimental groups: (1)
control (saline—sedentary); (2) proline (proline-sedentary);
(3) exercise (saline—exercise) and (4) proline plus exercise
(proline—exercise).

Treadmill exercise started on the 30th day of life and
finished on the 60th day. Training consisted of 20 min of
running sessions on an adapted motorized rodent treadmill
(INBRAMEDTKOI, Porto Alegre, Brazil), three times per
week [33]. Animals from the control group (sedentary)
were transported to the experimental room, handled exactly
as the exercised ones and maintained in the turned off
treadmill for 20 min [34].

A moderate intensity exercise protocol was used
[33-35], i.e., exercise intensity was set at 60% of animal’s
maximal oxygen uptake [36]. The oxygen uptake (VO,)
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peak was estimated for all animals before training, con-
sidering the exhaustion, as follows: each rat ran on a
treadmill at a low initial speed followed by increases in
speed of 5 m/min every 3 min until the point of exhaustion
(i.e., failure of the rats to continue running); the time to
fatigue (in min) and workload (in m/min) were taken as
indexes of exercise capacity, that was assigned as VO, max
[36, 37].

Training in the treadmill involved gradual increase of
running speed and time: in the 1st week, at 18 m/min for the
first 3 min, 24 m/min for the next 2 min, 36 or 48 m/min for
the following 10 min, 24 m/min for the following 2 min and
18 m/min for the last 3 min; in the 2nd week, at 18 m/min for
the first 3 min, 24 m/min for the next 1 min, 36 or 48 m/min
for the following 12 min, 24 m/min for the following 1 min
and 18 m/min for the last 3 min; in 3rd and 4th weeks, at
18 m/min for the first 3 min, 36 or 48 m/min for the next
14 min, and 18 m/min for the last 3 min. Animals that ini-
tially refused to run were encouraged by gently tapping their
backs [33, 35]. Behavioral testing was started 24 h after the
last exercise session, when the rats reached 61 days of life
(see Fig. 1).

Behavioral Testing

Behavioral studies were performed in the Morris water
maze, a task widely employed for the study of spatial
memory [38, 39]; experiments were conducted between 8
and 12 h a.m. The maze consisted of a black round tank,
200 cm in diameter and 100 cm high, filled to a depth of
50 cm with water maintained at constant temperature of
23°C; the tank was theoretically divided into four equal
quadrants for the purpose of analysis and several distal
visual cues were placed on the room walls. Trials were
recorded by a video camera mounted above the center of
the tank. Videotapes were analyzed using a dedicated
software (ANY-maze®).

Fig. 1 Timeline of
experimental procedures

(a) Protocol for partial time hyperprolinemia:

Reference Memory Task

The task consisted of seven training and one test sessions.
In the acquisition phase, rats had daily sessions of four
trials per day for 7 days to find the platform, submerged
2 cm under the water surface, placed on the center of one
of the quadrants of the tank during all training days. For
each trial, the rat was placed in water facing tank wall, in
one of the four starting locations (N, S, W and E). The
order of starting position varied in every trial and any given
sequence was not repeated on acquisition phase days. Rats
were allowed to search for the platform during 60 s and, in
the case of failure, they were gently guided to it and
allowed to remain on the platform for 10 s. Latency to find
the platform was measured in each trial. The interval
between trials was of 15-20 min [38]. One day after the
last training trial, animals were subjected to a probe trial in
which the platform was removed; four parameters were
then recorded, namely latency to cross over the platform
location, the number of target crossings and the time spent
in target (the quadrant in which the platform was located in
training sessions) and opposite quadrants. Such parameters
were taken as a measure for spatial memory [38]. In order
to detect motor impairments that could affect performance
in experimental groups, the swimming speed was calcu-
lated by taking the distance traveled in the first 15 s of the
probe trial.

Working Memory Task

One week after the reference memory test, the working
memory version of Morris water maze was performed. The
task consisted of four consecutive trials per day, with inter-
trial interval of 1-2 min, when the animals were placed in
the tank facing the wall and allowed to search for the
submerged platform, positioned on the center of one of the
quadrants. Platform position changed every subsequent day
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during the four testing days. Latencies to find the platform
in every first, second, third and fourth trials were calculated
considering all testing days so to assess working memory
performance [38].

Biochemical Analyses

Animals were sacrificed, after behavioral testing, by
decapitation without anesthesia; the brain was removed and
the hippocampus and cerebral cortex were dissected out for
determination of BDNF immunocontent and AChE
activity.

Analysis of BDNF Immunocontent

Mature BDNF protein was assessed using the E-Max
ELISA kit (Promega) according to the manufacturer’s
recommendations and to Scherer and colleagues [40].
Briefly, cerebral cortex and hippocampus were individually
homogenized in lysis buffer containing: 137 mM NaCl,
20 mM Tris—HCI (pH 8.0), Igepal (1%), glycerol (10%),
1 mM phenylmethanesulfonyl fluoride (PMSF), 0.5 mM
sodium vanadate, 0.1 mM EDTA, and 0.1 mM EGTA, and
centrifuged for 3 min at 14,000 rpm at 4°C. Supernatant
was diluted (1:5 v/v) in sample buffer and incubated on
96-well flat-bottom plates previously coated with anti-
BDNF monoclonal antibody and blocked with Block and
Sample buffer. Plates were then incubated with polyclonal
anti-human antibody for 2 h and horseradish peroxidase for
1 h; color reaction with tetramethylbenzidine was quanti-
fied in a plate reader at 450 nm. The standard BDNF curve,
ranging from O to 500 pg/mL, was performed for each
plate.

Acetylcholinesterase Assay

For the AChE activity essay, cerebral cortex and hippo-
campus were homogenized in 10 volumes 0.1 mM
potassium phosphate buffer, pH 7.5, and centrifuged for
10 min at 1,000x g. The supernatants were used for AChE
activity analysis, according to Ellman and colleagues [41],
with some modifications. Hydrolysis rates were measured
at acetylthiocholine (AcSCh) concentration of 0.8 mM in
300 pL assay solution with 30 mM phosphate buffer, pH
7.5, and 1.0 mM DTNB at 25°C. 15 pL of cerebral cortex
and hippocampus supernatants were added to the reaction
mixture and preincubated for 3 min. The hydrolysis was
monitored by formation of the thiolate dianion of DTNB
at 412 nm for 2-3 min (intervals of 30 s) and specific
enzyme activity was determined as pmol AcSCh per hour
per milligram of protein. All samples were run in
triplicate.
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Protein Determination

Protein was measured by the method of Lowry et al. [42],
using bovine serum albumin as standard.

Statistical Analysis

Statistics was performed using the Statistical Package for
the Social Science (SPSS) software in a PC-compatible
computer. Data from acquisition phase (training days) in
the Morris water maze and from working memory were
analyzed by factorial ANOVA for repeated measures
considering days and trials as the repeated measure,
respectively. Data from probe trial, BDNF immunocontent
and AChE activity were analyzed by two-way ANOVA.
AChHE data were analyzed as original values (tmol AcSCh/
h/mg protein), but expressed as percentage of controls. For
all statistical tests, the factors were proline and exercise.
Data are expressed as mean = SEM; P < 0.05 is consid-
ered significant.

Results
Reference Memory Task

Both chronic hyperprolinemia experimental protocols affect
the acquisition phase of Morris water maze reference
memory in adult rats. For the partial time hyperprolinemia
protocol (from 6th to 29th day of life), repeated measures
ANOVA revealed a significant days x proline x exercise
interaction (F = 3.86, P < 0.01). As shown in Fig. 2a,
proline-treated rats had a lower ability to find the platform
on days 3-7 (P < 0.05) when compared to the control
group. Exercise per se did not alter control performance;
however it reversed the effects of proline from day 3
onwards. Four parameters were evaluated in the reference
memory probe trial: latency to cross over the platform
location; the number of target crossings and the time spent
in target and opposite quadrants (Fig. 2b). Two way
ANOVA showed a significant interaction between proline
and exercise in latency to cross over the platform location
[F(1, 42) = 15.54; P < 0.001] with a significant increase
of this parameter caused by proline treatment (P < 0.001);
this effect was also reversed by exercise. Proline and/or
exercise did not alter the number of crossings over the
platform location, neither the time spent in target or
opposite quadrants (P > 0.05 in all cases).

Although there was no significant interaction of days X
proline x exercise (F = 0.49, P > 0.05), as showed by
repeated measures ANOVA, a significant main effect of days
[F(6,47) = 86.79; P < 0.001] and proline [F(1,47) = 6.94;
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P < 0.05], but not of exercise [F(1,47) = 2.26; P > 0.05]
was revealed. As depicted in Fig. 3a, proline-treated rats had
a lower performance to find the platform from day 4 to 7
(P < 0.05). Exercise per se did not affect control perfor-
mance, but reversed the proline cognitive effect. Two way
ANOVA of the probe trial (Fig. 3b) showed a significant
interaction of proline x exercise in the latency to cross over
the platform location [F = 12.80; P < 0.01]. Proline treat-
ment significantly increased latency to cross over the plat-
form location when compared to control group (P < 0.05)
and this effect was also reversed by exercise. However,
proline and/or exercise did not alter other probe trial vari-
ables (P > 0.05 in all cases).
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parameters: latency to cross over the platform (B/), number of
crossings over platform position (B2), time spent in the target
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Data are expressed as mean = SEM for 11-16 animals in each
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Working Memory Task

Both experimental protocols of chronic proline adminis-
tration affected working memory in the Morris water
maze. Repeated measures ANOVA showed a significant
interaction of trials x proline x exercise after partial time
hyperprolinemia [F = 11.91; P < 0.001] and full time
hyperprolinemia [F = 3.89; P < 0.05]. Figure 4a and b
show that proline impaired performance of rats in the
working memory version of Morris water maze in 3rd and
4th trials (P < 0.05). Exercise per se did not alter control
latencies to find the platform, but reversed the higher
latencies induced by proline.
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BDNF Immunocontent

Mature BDNF levels in cerebral cortex and hippocampus of
rats were measured at the end of behavioral testing for each
experimental protocol. Results for partial time hyperproli-
nemia analyzed by two way ANOVA, revealed a significant
interaction (proline x exercise) in cerebral cortex [F =
43.07; P < 0.001] and hippocampus [F = 9.92; P < 0.01].
Figure 5a shows that proline administration significantly
reduced BDNF levels in cerebral cortex (P < 0.01) and
hippocampus of rats (P < 0.001). Although exercise per se
did not alter this parameter, it was able to reverse the proline
effect on BDNF immunocontent in both cerebral structures
studies.

Similarly, Fig. 5b shows that proline administration
following full time hyperprolinemia also significantly

@ Springer

(a) 12 4
[ Cerebral cortex
[ Hippocampus
10 4
*kk
)
T g4
>
2
o}
o
E 6-
=
=]
&
% 44 *%
(=)
o
2
]
Control Proline Exercise Pro+Exe
(b) 12 -
[ Cerebral cortex
10 [ Hippocampus
E ded
@ g4
2
2
=%
o
E o
[=3
&
w
Z 47 *%
(]
o
2
0
Control Proline Exercise Pro+Exe

Fig. 5 Effects of exercise and chronic proline administration follow-
ing experimental protocols of partial time (a) and full time
(b) hyperprolinemia on BDNF immunocontent in cerebral cortex
and hippocampus of rats. Results are expressed as mean £ SEM for
5-6 animals in each group. Different from other groups, **P < 0.01;
*#%kP < (0.001 (two-way ANOVA). Pro + Exe proline plus exercise

reduces BDNF levels in cerebral cortex (P < 0.01) and
hippocampus of rats (P < 0.01). Two-way ANOVA
revealed a significant interaction (proline versus exercise)
in cerebral cortex [F = 8.64; P < 0.05] and hippocampus
[F = 6.79; P < 0.05] of rats, with the exercise reversing
the proline effect on BDNF immunocontent.

AChE Activity

Figure 6 shows that AChE activity in cerebral cortex was
not affected in partial time (Fig. 6a) [F(1,19) = 0.01;
P > 0.05] nor in full time [F(1,17) = 0.25; P > 0.05]
hyperprolinemia protocols (Fig. 6b). However, a signifi-
cant interaction (proline x exercise) was observed in hip-
pocampus after partial time [F = 8.18; P < 0.01] and full
time hyperprolinemia [F = 7.49; P < 0.05]. AChE activity
in the hippocampus was significantly increased in both
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Fig. 6 Effects of exercise and chronic proline administration follow-
ing experimental protocols of partial time (a) and full time
(b) hyperprolinemia on acetylcholinesterase (AChE) activity in
cerebral cortex and hippocampus of rats. Results are expressed as
percentage of control £ SEM for 5-7 animals per group. Different
from other groups, *P < 0.05 (two-way ANOVA). Pro + Exe proline
plus exercise

protocols (P < 0.05) and this effect was reversed by
exercise training (Fig. 6a, b).

Discussion

Present study investigates the effects of a moderate-inten-
sity treadmill exercise on the cognitive deficit caused by
chronic proline administration. It was previously shown
[8, 9] that rats submitted to experimental hyperprolinemia
in early life, during the period characterized by rapid brain
development [5-7], presented cognitive deficits in adult-
hood, as assessed in the Morris water maze. We have here
demonstrated that both protocols of experimental hyper-
prolinemia, namely partial time and full time hyperproli-
nemia, produced reference and working memory deficits,
and confirming the working hypothesis, forced treadmill
exercise training was able to prevent such deficits.

Proline-treated rats had a significant impairment in
acquisition and/or memory consolidation, as can be
observed by increased latency to find the platform location
in training (acquisition) and test (retention) sessions.
Results also showed reduced efficiency to find the platform
in the working memory task, suggesting a deficit of spatial
navigation [38]. These findings confirm previous studies
showing that proline treatment impairs spatial memory in
rats [8, 9] and indicate that the impairment on learning/
memory was established in early life, independent of
proline levels in adulthood. Proline-induced cognitive
deficits cannot be attributed to any impairment in loco-
motor activity since the swim speed of all groups did not
differ (general mean =~ 23 cm/s). Moreover, previous
reports showed that proline does not modify locomotor
activity in open field [4, 9]. Results also demonstrated that
treadmill running exercise, while not affecting per se the
water maze performance (in control groups), was able to
reverse the cognitive impairment in proline-treated rats
from the 6th to the 29th day of life (protocol of partial time
hyperprolinemia), and from the 6th to the 60th day of life
(protocol of full time hyperprolinemia). This supports a
potential neuroprotective effect of physical exercise, even
when cognitive deficits are already established and
hyperprolinemia remains. In agreement with that, there is
extensive evidence that physical exercise can improve
cognitive function and exert neuroprotective action in
various conditions affecting the central nervous system
(CNS) such as Alzheimer’s disease [43, 44], cerebral
ischemia [33, 45], schizophrenia [46] and metabolic
diseases [35, 47].

In order to investigate the possible mechanisms under-
lying the spatial memory deficit caused by hyperprolinemia,
BDNF levels and AChE activity, neurochemical parameters
closely related to memory processing [12, 29], were evalu-
ated in the hippocampus and cerebral cortex, two cerebral
structures associated with memory modulation [29]. BDNF is
a neurotrophin that modulates different aspects of neuronal
function during development and in the mature nervous
system [48]. It was shown that proline administration sig-
nificantly reduced BDNF immunocontent in cerebral cortex
and hippocampus of rats in both experimental protocols uti-
lized. In addition, exercise was able to reverse such decrease
of BDNF. Interestingly, lower brain BDNF levels found in
proline-treated rats correlated to worse performance of rats in
the water maze, suggesting that proline may cause memory
deficit probably by reducing BDNF availability. Also,
hyperprolinemic rats subjected to exercise (proline plus
exercise group) showed a reversion on variables, BDNF
immunocontent and performance in the water maze, thus
suggesting that BDNF may be related with cognitive recovery
caused by exercise. Given the proposed involvement of
BDNF signaling in brain disorders like schizophrenia [49],
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traumatic injury [50], dementia [51] and Alzheimer’s disease
[52], the finding that a short and moderate exercise protocol is
sufficient to enhance learning and memory suggests that
exercise might be an accessible form of intervention that
could be used in conjunction with standard care measures for
hyperprolinemic patients [53].

AChE plays a key role in synaptic transmission by
hydrolyzing ACh. It has also been associated with brain
development, learning and memory [27, 28] and several
“nonclassical” AChE activities have been described, as
neurite growth [54] and synaptic development and main-
tenance [55]. Presented results show that chronic proline
administration did not alter AChE in cerebral cortex of rats.
In this context, a previous study showed that cortical AChE
activity was decreased 1 h after the administration of
proline (acute treatment), but not 12 h after the last injec-
tion of proline in chronic treatment when the levels of this
amino acid returned to normal values [56], raising the
hypothesis that the presence of proline is necessary to
promote such effect in this cerebral structure. On the other
hand, our results also show that the activity of AChE was
significantly increased in the hippocampus of rats subjected
to both experimental models of chronic proline adminis-
tration (partial and full time hyperprolinemia) and sacri-
ficed after behavioral studies (adulthood rats). In this
scenario, it is conceivable that a decrease in ACh levels
will follow, reducing the cholinergic activity in this cere-
bral structure, what could be associated with the memory
impairment observed. Results also revealed that in exer-
cised hyperprolinemic rats (proline plus exercise group) the
activity of enzyme returned to normal (similar to control),
suggesting that exercise can influence brain cholinergic
mechanisms. These findings are supported by studies
showing the interaction of hippocampus with cholinergic
innervations and their relationship to memory processes. In
this context, it has been demonstrated that cholinergic
activation of the hippocampus is necessary for both spatial
and contextual memory consolidation [57-59] and that
extracellular ACh levels in the hippocampus increase
during exploration or learning [60—62]. Extensive literature
supports the idea that an ACh-mediated mechanism also
regulates BDNF gene expression in the hippocampus par-
ticularly [63—65], suggesting that ACh-mediated activation
of the hippocampus could underlie the regulation of BDNF
by exercise [12].

It is worth noting that the exercise protocol used in this
study did not influence per se the behavioral performance,
BNDF levels neither AChE in control rats. This observa-
tion is in agreement with other reports using a similar
exercise protocol [47, 66], although other studies have
shown that exercise increases BDNF levels [53, 67]. These
controversial results might be attributed to many factors,
such as distinct exercise duration and intensity, the

@ Springer

motivation for physical activity (either forced or voluntary)
as well as the age of experimental animals [11, 68].
Summarizing, present study demonstrates through two
experimental protocols that the impairment on cognition
caused by hyperprolinemia was established in early life and
appears not be related whether proline levels continues high
throughout life. Indeed, it has been described that any defect
causing even a modest increase in proline levels during
critical periods of development may have a dramatic effect
on CNS functioning [69]. Elucidation of the mechanisms
through which proline exerts its effects on spatial learning/
memory requires more studies; the reduction in neurotro-
phins levels, such as BDNF, and modulation of cholinergic
system appear to be involved. These data also reinforce the
potential neuroprotective role of physical exercise on
learning/memory in metabolic diseases such as hyperproli-
nemia, even when cognitive deficits are already established.
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Abstract

The present study investigated the effects of chronic hyperprolinemia on oxidative and
metabolic status in liver and serum of rats. Wistar rats received daily subcutaneous
injections of proline from their 6™ to 28" day of life. Twelve hours after the last injection the
rats were sacrificed and liver and serum were collected. Results showed that
hyperprolinemia induced a significant reduction in total antioxidant potential and
thiobarbituric acid-reactive substances. The activities of the antioxidant enzymes catalase
and superoxide dismutase were significantly increased after chronic proline administration,
while glutathione peroxidase activity, dichlorofluorescin oxidation, glutathione, sulfhydryl
and carbonyl content remained unaltered. Histological analyses of the liver revealed that
proline treatment induced changes of the hepatic microarchitecture and increased the
number of inflammatory cells and the glycogen content. Biochemical determination also
demonstrated an increase in glycogen concentration, as well as a higher synthesis of
glycogen in liver of hyperprolinemic rats. Regarding to hepatic metabolism, it was observed
an increase on glucose oxidation and a decrease on lipid synthesis from glucose. However,
hepatic lipid content and serum glucose levels were not changed. Proline administration did
not alter the aminotransferases activities, serum markers of hepatic injury. Our findings
suggest that hyperprolinemia alters the liver homeostasis possibly by induction of a mild
degree of oxidative stress and metabolic changes. The hepatic alterations caused by
proline probably do not implicate in substantial hepatic tissue damage, but rather
demonstrate a process of adaptation of this tissue to oxidative stress. However, the

biological significance of these findings requires additional investigation.
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Introduction

L-Proline is a proteinogenic amino acid, which has been described to play regulatory
roles in physiologic or pathophysiologic situations (Phang et al., 2010). Such attribution is
primarily based on the particularity of proline has an own metabolic system, that can serves
to special functions as redox-regulation, energy source, stress signaling and apoptosis
(Phang et al., 2008; Phang et al., 2001).

Hyperprolinemia is a biochemical hallmark present in two inherited metabolic
disorders caused by distinct defects in the L-proline catabolic pathway. Hyperprolinemia
type | (HPI) and type Il (HPII) are caused by deficiencies in the activities of proline oxidase
and A1-pyrroline-5-carboxylic acid dehydrogenase, respectively. Clinically, patients may
exhibit diverse phenotypes; whereas some patients have neurological, renal and/or auditory
defects, others are asymptomatic (Mitsubuchi et al., 2008). Beyond that, mild
hyperprolinemia is also present in some hepatic disorders, such as alcoholic liver disease
(Vargas-Tank et al., 1988) and cirrhosis (Shaw et al., 1984). This correlation is pertinent, as
far as proline is primarily catabolized in the liver, but also in brain and kidney (Phang et al.,
2001).

Studies addressing the proline metabolism in plants, fungi and mammals suggest
that this amino acid may have opposing effects on the intracellular redox environment
(Krishnan et al., 2008; Phang et al., 2010; Wyse and Netto, 2011). Because the catabolism
of this amino acid involves the transfer of electrons from substrate proline to flavine adenine
dinucleotide (FAD), proline may be a direct substrate for the generation of ATP (Hagedorn
and Phang, 1983). Nevertheless, it has been shown that proline-derived electrons can
directly reduce oxygen to produce superoxide autogenously (Liu et al., 2005; White et al.,

2007). In this setting, proline acts as a prooxidant in the microenvironment of diseases as
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cancer, which may be an important mechanism for reducing carcinogenesis (Phang et al.,
2008; Rivera and Maxwell, 2005). Besides, previous works showed that proline can mediate
oxidative stress in brain of rats (Delwing et al., 2003a; Delwing et al., 2003b). On the other
hand, it has been described that proline is able to perform chemical reaction, producing
adducts with hydroxyl radical (Alia et al., 2001; Floyd and Nagy, 1984; Halliwell and
Gutteridge, 2007; Rustgi et al., 1977). In this context, studies have shown that proline can
modulate the intracellular redox environment and protect mammalian cells against oxidative
stress (Krishnan et al., 2008). Therefore, proline may have multiple functions in stress
adaptation, exhibiting dual functions as a pro-oxidant and as a ROS scavenger (Krishnan et
al., 2008; Phang et al., 2010).

It is known that high concentration of free radicals can elicit oxidative stress and
promote cellular injury. Following liver injury, several cell types can secrete inflammatory
cytokines that stimulate the recruitment of inflammatory cells which in turn, induce the
generation of more reactive oxygen species (ROS) (Decker, 1990; Hernandez-Gea and
Friedman, 2011). In this context, in vitro and in vivo observations suggest that oxidative
stress and associated damage may represent a common link between different forms of
chronic liver injury (Ha et al., 2010; Nair et al., 2010).

Given the putative role of proline in mechanisms redox and considering that little is
known about the effects of hyperprolinemia on liver, either due to inherited or hepatic
disorders, in the present study we evaluated the hepatic oxidative and metabolic status in
rats subjected to chronic experimental hyperprolinemia. Firstly, we investigated the effect of
proline on several oxidative stress parameters, namely total radical-antioxidant potential
(TRAP), glutathione (GSH) levels, thiobarbituric acid-reactive substances (TBARS), reactive
species production (DCFH oxidation), sulfhydryl and carbonyl content, as well as on

antioxidant enzymes activities, superoxide dismutase (SOD), catalase (CAT) and
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glutathione peroxidase (GPx) in liver of rats. Besides, histological analyses were performed
in order to verify the occurrence of morphological changes and evaluate the
glycogen/glycoprotein content in hepatic tissue sections of hyperprolinemic rats. Hepatic
metabolic status was assessed by measuring synthesis and concentration of glycogen and
lipid, as well as on glucose oxidation to CO,. Glucose levels and the activities of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) were also determined in

serum of rats.

Material and methods
Animals

Male or female Wistar rats were obtained from the Central Animal House of the
Department of Biochemistry of the Federal University of Rio Grande do Sul, Porto Alegre,
Brazil. Animals were maintained on a 12 h light/12 h dark cycle at a constant temperature
(22 + 1°C), with free access to water and commercial protein chow. Animal care followed
the NIH “Guide for the Care and Use of Laboratory Animals” (NIH publication no. 80-23,

revised 1996) and was approved by the University Ethics Committee.

Proline administration

Chronic hyperprolinemia was chemically induced by daily subcutaneous
administration of proline from the 6™ to the 28™ day of life as described by Pontes et al.,
(1999) and Moreira et al., (1989). Proline (Sigma Chemical Co., USA) was dissolved in
0.9% NaCl and administered twice a day. During the first 8 days of treatment (6™ - 13" day
of life) rats received 12.8 pmol Pro/g body weight, from the 14" to 17" day they received

1th

14.6 umol Pro/g body weight, from the 18" to 21" day they received 16.4 pmol Pro/g body

weight and from the 22" to 28" day of life they received 18.2 umol Pro/g body weight.
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Control animals received saline injections in the same volumes as those applied to proline-
treated rats. The animals were killed 12 h after the last injection by decapitation without
anesthesia, when the blood levels of proline had returned to normal (Moreira et al., 1989).
Rats subjected to this treatment achieved plasma proline levels between 1.0 and 2.0 mM,
which are similar to those found in hyperprolinemic patients (Moreira et al., 1989; Phang et

al., 2001).

Tissue and homogenate preparation

The rats were sacrificed by decapitation without anesthesia 12 h after the last
injection of proline. Blood was collected and the serum was separated by centrifugation, at
800 x g for 5 min at 25 °C. The liver was quickly removed and processed as follow.

For oxidative stress parameters determination, the liver was homogenized in 10
volumes (1:10, w/v) of 20 mM sodium phosphate buffer, pH 7.4 containing 140 mM KCI.
Homogenates were centrifuged at 800 x g for 10 min at 4 °C, to discard nuclei and cell
debris. The pellet was discarded and the supernatant was taken to biochemical assays.

For measurement of hepatic lipids, frozen liver samples were thawed on ice and was
homogenized in 20 volumes (1:20, w/v) of deionized water and centrifuged at 800 x g for 10
min at 4 °C. The pellet was discarded and the supernatant was taken to triglycerides
measure and extraction/isolation of lipids to dried lipid extracts according to Folch et al.

(1957) to cholesterol determination.

Thiobarbituric Acid Reactive Species (TBARS)
TBARS levels were determined according to the method described by Ohkawa
(1979). Briefly, 50 pl of 8.1% sodium dodecyl sulfate, 1.5 ml of 20% acetic acid solution

adjusted to pH 3.5, 1.5 ml of 0.8% thiobarbituric acid and 700 ul of distilled water were
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added to 500 ul of tissue homogenate in a Pyrex tube. The mixture was vortexed and the
reaction was carried out in a boiling water bath for 1 h. After cooling with tap water, the
mixture was allowed to cool on water for 5 min, centrifuged at 750 x g for 10 min and the
resulting pink color was determined in a spectrophotometer at 535 nm. A calibration curve
was generated using 1,1,3,3-tetramethoxypropane as a standard. The results were

reported as nmol of TBARS per mg protein.

2' 7" dichlorofluorescin oxidation assay (DCFH)

Reactive species production was measured following a method based on 2'7'-
dichlorofluorescin (DCFH) oxidation (LeBel et al., 1992). Samples (60 uL) were incubated
for 30 min at 37 °C in the dark with 240 yL of 100 uM 2'7'-dichlorofluorescin diacetate
(DCF-DA) solution in a 96 wells plate. DCF-DA is deacetylated by intracellular esterases to
form non-fluorescent DCFH, which is rapidly oxidized by some reactive oxygen and/or
nitrogen species (ROS and/or RNS) present in samples, producing the highly fluorescent
compound de-esterified dichlorofluorescein (DCF), which can be measured at A¢x = 488 nm
and Aem = 525 nm. A calibration curve was performed with standard DCF (0.25-10 mM) and

the levels of reactive species were calculated as nmol DCF/mg protein.

Total radical-trapping antioxidant potential (TRAP)

TRAP was determined by measuring the chemiluminescence intensity of luminol
induced by 2,2’-azo-bis-(2-amidinopropane) (ABAP) thermolysis in Perkin-Elmer Microbeta
Microplate Scintillation Analyzer (PerkinElmer Life and Analytical Sciences, Waltham, MA,
USA) (Evelson et al., 2001; Lissi et al., 1992). Two-hundred and forty microliter of a system
containing ABAP (10 mM) dissolved in 50 mM sodium phosphate buffer pH 8.6 plus luminol

(5.6 mM), was added to a microplate and the initial chemiluminescence was measured. Ten
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microliter of 300 uM Trolox (water-soluble a-tocopherol analogue, used as a standard) or 10
I of liver supernatant was then added to each plate well, producing a decrease in the initial
chemiluminescence value. This value is kept low, until the antioxidants present in the
sample are depleted, when chemiluminescence returns to its initial value. The time spent by
the sample to keep chemiluminescence return to its low initial value is directly proportional
to the antioxidant capacity of the tissue. The results were represented as nmol Trolox/mg

protein.

Superoxide dismutase (SOD)

This method for the assay of SOD activity is based on the capacity of pyrogallol to
autoxidize, a process highly dependent on superoxide (O2’) which is a substrate for SOD
(Marklund, 1985). Briefly, to 15 yL of each sample were added 215 pL of a mixture
containing 50 mM Tris buffer pH 8,2 with 1 mM EDTA and 30 mM catalase. After that, 20
WL of pyrogallol were added and the absorbance was immediately recorded each 30 s for 3
min at 420 nm in SpectraMax M5/M5 Microplate Reader (Molecular Devices, MDS
Analytical Technologies, Sunnyvale, California, USA). The inhibition of autoxidation of
pyrogallol occurs in the presence of SOD, whose activity can be then indirectly assayed
spectrophotometrically. A calibration curve was performed with purified SOD as standard, in
order to calculate the activity of SOD present in the samples. One SOD unit is defined as
the amount of SOD necessary to inhibit 50% of pyrogallol autoxidation and the specific

activity is reported as SOD units/mg protein.

Catalase (CAT)
CAT activity was assayed using SpectraMax M5/M5 Microplate Reader (Molecular

Devices, MDS Analytical Technologies, Sunnyvale, California, USA). The method used is
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based on the disappearance of H,O, at 240 nm in a reaction medium containing 20 mM
H202, 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 one umol of hydrogen peroxide

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

Glutathione peroxidase (GPx)

GPx activity was measured using tert-butyl-hydroperoxide as substrate (Wendel,
1981). NADPH disappearance was monitored at 340 nm using SpectraMax MS5/M5
Microplate Reader (Molecular Devices, MDS Analytical Technologies, Sunnyvale,
California, USA). 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 one umol of NADPH consumed per minute and the specific activity is

represented as GPx units/mg protein.

Reduced glutathione content (GSH)

This method is based on the reaction of GSH with the fluorophore o-phtalaldeyde
(OPT) after deproteinizing the samples and was measured according to Browne and
Armstrong (1998). Initially, metaphosphoric acid was used to deproteinize the samples,
which were then centrifuged at 1000 x g for 10 min. Briefly, to 15 pyL of each sample were
taken 200 uL of a mixture containing 15 uL of OPT 1 mg/mL (prepared in methanol) plus
185 pL of 100 mM sodium phosphate buffer pH 8.0 with 5 mM EDTA in a 96 wells plate.
The assay was allowed to stand in the dark for exactly 15 min. After that, the fluorescence
was measured at Aex = 350 nm and Aem = 420 nm. A calibration curve was also performed

with a commercial GSH solution, and the results were calculated as nmol GSH/mg protein.
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Total sulfhydryl content

This assay was performed as described by Aksenov and Markesbery (2001), which
is based on the reduction of 5,5'-dithio-bis (2-nitrobenzoic acid) (DTNB) by thiols, which in
turn become oxidized (disulfide), generating a yellow derivative (TNB) whose absorption is
measured spectrophotometrically at 412 nm. Briefly, 50 uL of homogenate were added to 1
mL of PBS buffer pH 7.4 containing 1 mM EDTA. The reaction was started by the addition
of 30 yL of 10 mM DTNB and incubated for 30 min at room temperature in a dark room.

Results were reported as nmol TNB/mg protein.

Protein carbonyl content

Oxidatively modified proteins present an enhancement of carbonyl content (Stadtman
and Levine, 2003). In this study, protein carbonyl content was assayed by a method based
on the reaction of protein carbonyls with dinitrophenylhydrazine forming
dinitrophenylhydrazone, a yellow compound, measured spectrophotometrically at 370 nm
(Reznick and Packer, 1994). Briefly, 100 uL of homogenate were added to plastic tubes
containing 400 uL of 10 mM dinitrophenylhydrazine (prepared in 2 M HCI). This was kept in
the dark for 1 hour and vortexed each 15 minutes. After that, 500 uL of 20% trichloroacetic
acid were added to each tube. The mixture was vortexed and centrifuged at 20,000 g for 3
minutes. The supernatant obtained was discarded. The pellet was washed with 1 mL
ethanol:ethyl acetate (1:1, v/v), vortexed and centrifuged at 20,000 g for 3 minutes. The
supernatant was discarded and the pellet re-suspended in 600 pL of 6 M guanidine
(prepared in a 20 mM potassium phosphate solution pH 2.3). The sample was vortexed and
incubated at 60°C for 15 minutes. After that, it was centrifuged at 20,000 g for 3 minutes
and the absorbance was measured at 370 nm (UV) in a quartz cuvette with a Hitachi U-

2001 double-beam spectrophotometer with temperature control (Hitachi High Technologies
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America, Inc., Life Sciences Division, Pleasanton, CA, USA). Results were represented as

protein carbonyl content (nmol/mg protein).

Histological analysis

For each group, six rats were anesthetized with a mixture of ketamine and xylazine
(75 and 10 mg/kg, respectively) and submitted to transcardiac perfusion with 0.9% saline
followed by fresh 4% formaldehyde solution, pH 7.4. The liver was removed and post-fixed
in 4% formaldehyde solution for 6 h at 4°C. Fragments from the central portion, left and
right lobes were processed and embedded in Paraplast®. Semiserial 5 ym-thick sections
were placed in glass slides and stained with hematoxylin and eosin for morphological
analysis or submitted to periodic acid-Schiff (PAS) staining for the analysis of
glycoproteins/glycogen (Bancroft and Stevens, 1990). Pictures were taken using a CCD
camera coupled to an Olympus CX-40 microscope. The software Adobe Photoshop was

used to construct the panels.

Hepatic glycogen synthesis

For the measurement of hepatic glycogen synthesis, the liver was dissected and cut
into 300 um slices using a Mcllwain tissue chopper (100-120 mg). It was incubated in a
beaker with a medium containing Krebs Ringer bicarbonate buffer (pH 7.4), 5 mM D-
glucose and 0.2 uCi D[U-"*C]glucose for glycogen synthesis from glucose or 0.2 mM L-
alanine and 0.2 pCi L[U-"*C]alanine for glycogen synthesis from alanine. Incubations were
carried out in ambient content that was gassed with a 95% 0,:5% CO; mixture for 1 h. Liver
slices were incubated at 37°C for 1 h in a metabolic shaker (60 cycles/min), according to
the method of Dolnikoff et al. (2001). Incubation was stopped by placing the bottles in ice.
Afterward, 1 mL of 60% KOH was added to each beaker. After 15 min in a boiling water
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bath, 3 mL of 96% ethanol was added to the tubes to precipitate glycogen. After
precipitation, glycogen was suspended in 0.2 mL of water, the scintillation liquid (OptiPhase
HiSafe3 from PerkinElmer-USA) was added and the samples were assessed in a
scintillation counter. Results were reported as pmol of glucose or alanine incorporated into

glycogen.

Hepatic glycogen content

The hepatic glycogen concentration was measured using the Krisman method
(1962). Briefly, the liver was dissected and approximately 100 mg of tissue was treated with
1 mL of KOH 30%. After 15 min in boiling water bath, was added 3 mL of 96% ethanol to
precipitate glycogen. Liver glycogen was measured with the colorimetric method and results

were reported as mg glycogen/100 mg tissue.

Glucose oxidation to CO, and lipid synthesis from D[U-'“C]glucose

For the measurement of CO, production from D[U-14C]glucose and lipid synthesis,
liver slices (between 100-120 mg) were incubated in 1.0 mL Krebs Ringer bicarbonate
buffer pH 7.4, containing 5.0 mM glucose plus 0.2 pCi D[U-"*C]glucose. Before incubation,
the reaction medium was gassed with a 95% 0,:5% CO, mixture for 1 minute. Flasks were
sealed with rubber caps and the slices were incubated at 37°C for 1 h in a metabolic shaker
(60 cycles/min), according to the method of Dolnikoff et al. (2001). Incubations were
stopped by adding 0.25 mL 50% trichloroacetic acid through the rubber cap. Then 0.2 mL of
1 M sodium hydroxide was injected into the central wells. The flasks were shaken for an
additional 30 minutes at 37°C to trap CO,, Afterwards, the contents of the central well were

transferred to vials and assayed for CO; radioactivity in a liquid-scintillation counter. The
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flask contents were homogenized and transferred to tubes. After centrifugation, the
precipitate was washed three times with 10% trichloroacetic acid and lipids were extracted
with chloroform:methanol (2:1). The chloroform/methanol phase was evaporated in vials
and radioactivity was measured. All the results were expressed with respect to the initial

specific activity of the incubation medium.

Hepatic Lipids content

For measurement of hepatic lipids, frozen liver samples were thawed on ice,
homogenized in deionized water and triglycerides were assayed by commercially available
diagnostic kits supplied by Labtest®. To hepatic cholesterol determination, extraction and
isolation of lipids to dried lipid extracts were done according to Folch et al. (1957). Then,
cholesterol was enzymatically assayed in lipid extract by colorimetric Labtest® Kit.

Triglycerides and cholesterol levels were expressed as mg/g tissue.

Serum biochemical parameters

The activities of alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) and glucose levels were determined in serum of rats using commercially available
diagnostic kits supplied by Labtest® (Labtest, MG, Brazil). ALT and AST activities were

expressed as units/L and glucose levels as mg/dL.
Protein determination

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

albumin as standard.
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Statistical analysis

All analyses were performed using the Statistical Package for the Social Sciences
(SPSS) software in a PC compatible computer. Data were analyzed by Mann-Whitney U-
test for unpaired sample and values of p < 0.05 were considered to be significant.

Descriptive data were expressed as mean + S.D.

Results

Initially, we investigated the effects of chronic proline administration on several
parameters of oxidative stress in the liver of rats. Table 1 show that proline-treated rats
presented a significant reduction in TRAP (p < 0.05) and TBARS levels (p < 0.05). In
contrast, DCFH oxidation and GSH, sulfhydryl and carbonyl content were not altered (p >
0.05). Enzymatic antioxidant defenses were also evaluated by determination of SOD, CAT
and GPx activities. As can be seen in table 2, SOD (p < 0.01) and CAT (p < 0.05) activities
were significantly increased after chronic proline administration as compared to control,
while GPx activity remained unaltered (p > 0.05). Because SOD and CAT are oxidant-
detoxifying enzymes that work in sequence converting superoxide anion to water (Halliwell
and Gutteridge, 2007), a ratio between SOD and CAT enzyme activities were applied. The
hepatic SOD/CAT ratio did not change in proline-treated rats, when compared to control
[control = 38.2 + 7.3 and proline = 41.2 £ 6.7, expressed in arbitrary units; (p > 0.05)].

The liver structural integrity was evaluated by morphological analysis in control and
proline-treated rats. In the control animals (Fig. 1A and C), we can observe the normal
appearance of the hepatic cells. In contrast, hyperprolinemic rats (Fig. 1B and D) exhibited
a slight disruption of the hepatic microarchitecture and a higher presence of inflammatory
cells as lymphocytes and neutrophils around the hepatic cells and at the portal space.

These proline-associated changes were accompanied by a markedly increase in the
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glycogen content revealed by the PAS staining (Fig. 2B and D), when compared to the
respective control (Fig. 2A and C).

Based on histological evidences, we also performed biochemical analyses in order to
measure glycogen/glycoproteins content in liver. Fig. 3 shows that hyperprolinemia
significantly increased glycogen synthesis from both D[U-"*C]glucose (p < 0.05) (A) and
L[U-"*CJalanine (p < 0.05) (B), as well as glycogen concentration (p < 0.05) (C). Regarding
to hepatic metabolism, Fig. 4 depicts the increased rate of D[U-"*C]glucose oxidation to
CO; (A) (p < 0.05) and decreased D[U-'*C]glucose conversion to lipid (B) (p < 0.05). In
addition, hepatic lipid content such as triglycerides [control = 30.2 £ 3.5 and proline = 31.9 +
2.5; p > 0.05)] and cholesterol [control = 1.55 + 0.17 and proline = 1.53 £ 0.08; p > 0.05)]
were not changed by proline administration as compared to control.

Serum biochemical parameters, including glucose levels, as well as ALT and AST
activities were also evaluated. Table 3 show that proline administration did not alter the

glucose levels, ALT and AST activities (p > 0.05).

Discussion

The present study investigated the effects of chronic administration of proline on the
hepatic oxidative and metabolic status in rats, utilizing a chemical experimental model of
hyperprolinemia, which mimic the tissue levels of proline found in human HP Il (Phang et
al., 2001; Pontes et al., 1999). By using this animal model, previous works showed that
proline provokes several neurotoxic effects in rats, such as memory impairment (Delwing et
al., 2006), inhibition of enzymes activities as acetylcholinesterase, Na*,K*-ATPase and
aminotransferases (Delwing et al., 2005; Pontes et al., 1999; Shanti et al., 2004), energy
deficit (Delwing et al., 2007; Ferreira et al., 2010) and induction of oxidative stress (Delwing

et al., 2003a; Delwing et al., 2003b).
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Herein, initially was investigated the effect of hyperprolinemia on several parameters
of oxidative stress in liver tissue. Considering that non-enzymatic antioxidant defenses, act
as the first line in the removal of ROS, TRAP was employed to evaluate the total potential of
the main antioxidants found in hepatic tissue such as GSH, uric acid, ascorbic acid and a-
tocopherol (Evelson et al.,, 2001; Lissi et al., 1995). Our results showed that proline
significantly decreased TRAP, suggesting that high concentrations of this amino acid cause
a reduction on quantity of non-enzymatic antioxidants in liver. Based on this finding, we also
measured the levels of GSH, which is the antioxidant present at higher concentrations in
liver and that most contributes to TRAP values (Evelson et al., 2001). Results showed that
this parameter was not altered by chronic hyperprolinemia, indicating that decreased TRAP
values by proline did not reflect alteration of the GSH content. However, it is conceivable
that other tissue antioxidants could be decreased in liver of hyperprolinemic rats.

Regarding the enzymatic antioxidant defenses, we observed that chronic
hyperprolinemia provoked a significant increase of SOD and CAT activity, but not of GPx
activity in rat liver. Interestingly, these enzymes activities increased in the same proportion
(around 30% each) and there was not an imbalance in the SOD/CAT ratio. There are
evidences that the continued presence of low concentrations of ROS is able to induce
upregulation of antioxidant enzymes, as a cellular strategy of adaptation to oxidative stress
(Halliwell and Gutteridge, 2007; Halliwell and Whiteman, 2004). Therefore, based on data
from our and other studies (Liu et al., 2005; White et al., 2007), it is conceivable to suggest
that high proline levels could lead to generation of superoxide radical in hepatic tissue.
Superoxide is dismutated by SOD with consequent generation of H,O,, which is in turn
reduced by CAT. Then, the increase in activities these antioxidant enzymes in liver of rats

observed in present work may be a consequence from tissue adaptation to sustained
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production of ROS, mainly superoxide and hydrogen peroxide, which are substrates
scavenged by SOD and CAT, respectively.

We also investigated the effect of hyperprolinemia on two markers of protein
oxidation in liver of rats: sulfhydryl content, which is employed to verify protein damage to
sulphydryl groups (Aksenov and Markesbery, 2001) and carbonyl content, formed mainly by
oxidation of side chains of some amino acid residues (Dalle-Donne et al., 2003). In this
study, it was observed that liver of rats subjected to chronic hyperprolinemia did not present
oxidative damage to proteins.

RNS and ROS production was assessed by DCFH oxidation assay, which is a probe
used to detect peroxyl, alkoxyl, nitrogen dioxide, carbonate, hydroxyl and peroxynitrite
(Halliwell and Whiteman, 2004). We showed that proline did not alter the levels of reactive
species detected by DCFH assay. Additionally, lipid peroxidation was also evaluated in liver
tissue by TBARS assay, which identify mainly malondialdehyde, a final product of fatty acid
peroxidation (Ohkawa et al., 1979). Interestingly, TBARS levels were significantly
decreased after chronic exposure to proline. We cannot explain the exact mechanism by
which proline reduces TBARS levels, but this result is in agreement with works showing that
this amino acid can scavenge some free radicals, for example, by physical quenching of
oxygen singlet and chemical reaction with hydroxyl radicals (Alia et al., 2001; Floyd and
Nagy, 1984; Halliwell and Gutteridge, 2007; Rustgi et al., 1977). In this context, proline
accumulation has been observed in many microorganisms and plants exposed to
environmental stresses, as a mechanism of protection against ROS produced during stress
conditions (Alia et al., 2001; Chen and Dickman, 2005; Chen et al., 2006; Siripornadulsil et
al., 2002). Therefore, the unchanged levels of reactive species (assessed by DCFH assay)
and reduced incidence on lipid peroxidation (detected by TBARS) in rat liver submitted to

proline administration, could be attributed to an effective detoxification of ROS/RNS by non
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enzymatic and enzymatic antioxidant defense as demonstrated by decreased TRAP and
increased SOD and CAT activities, respectively. Besides, this putative role of proline in
decreasing lipid peroxidation in rat liver, as well as the upregulation of antioxidant enzymes
could explain at least in part, the hyperprolinemia found in patients affected by hepatic
disorders, as a mechanism to protect liver from oxidative injury.

Recently, we have reported that proline elicits oxidative stress in brain of rats
(Delwing et al., 2003a; Delwing et al., 2003b). Nevertheless, in rat liver proline did not
produced similar effects. Owing to high regenerative capacity of liver, including high
antioxidant defenses and adaptability to metabolic alterations regulating body homeostasis,
this organ is thought to be more resistant to damage by free radical attack (Genet et al.,
2002). In addition, it is known the increased susceptibility of central nervous system to
oxidative insult, since there is a high content of polyunsaturated fatty acids (PUFAs) in
brain, which are sensitive to oxidative modifications (Halliwell and Gutteridge, 2007).
Furthermore, brain has a decreased of antioxidant enzymes activities (especially CAT)
when compared to liver, that may favor the onset and maintenance of a pro-oxidative state
(Halliwell and Gutteridge, 2007).

The effect of chronic proline exposure on the liver structural integrity was evaluated
by histological analysis. Hematoxylin/eosin staining showed that proline promotes disruption
of hepatocytes arrangement and increases the number of inflammatory cells around the
hepatic cells and at the portal space, when compared to control rats. These histological
findings could be explained on the basis that proline administration induced a mild degree
of oxidative stress in the liver of rats. Since free radicals are also released in large amounts
from inflammatory cells activated (Decker, 1990), their increased number reinforces the
evidence of generation of ROS/RNS in liver of rats. Staining for the analysis of

glycoproteins/glycogen revealed that changes in the hepatic microarchitecture are similar
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(although less severe) to histological phenotype to that observed in liver of patients with
glycogen storage disease (Salganik et al., 2009), presenting a marked increase in the
glycogen content in liver of proline-treated rats. Biochemical determination reaffirmed this
finding, which demonstrate that proline increases glycogen concentration and the synthesis
of glycogen from both direct (from D[U-'*C]glucose) and indirect (from L[U-'*Clalanine)
pathways in the liver of rats. In this context, studies show that proline increase hepatic
glucose-6-P concentration, suggesting that a proline metabolite inhibits the glucose-6-
phosphatase activity and thus directs glucose-6-P away from glucose production and
toward glycogen synthesis (Bode et al., 1992). This finding could explain the glycogenic
effect of proline found in present work.

Since we observed an increased deposition of glycogen in hepatocytes caused by
proline (an amino acid gluconeogenic) administration (Phang et al., 2001), we also verified
other possible fates of hepatic glucose after chronic treatment with proline. Results showed
that hyperprolinemic rats presented an decreased convertion of D[U-14C]glucose to lipid in
liver. Nevertheless, hepatic lipid content such as triglycerides and cholesterol were not
changed. Besides, an increased glucose oxidation capability by hepatic tissue was
demonstrated when compared to controls, suggesting a stimulation of glycolytic pathway
and TCA cycle. However, the glucose levels in serum of rats were not altered by proline
administration. These findings might be related to the fact that pyrroline-5-carboxylate, the
immediate precursor and degradation product of proline, is the sole intermediate directly
connecting the tricarboxylic acid and urea cycles with amino acid metabolism (Phang,
1985).

Finally, we evaluated the activities of aminotransferases that are serum markers of

hepatocyte injury. We observed that ALT and AST activities remained unchanged after
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chronic proline administration, suggesting that proline did not induce substantial liver
damage.

Taken together, these results suggest that hyperprolinemia alters the liver
homeostasis through the induction of a mild degree of oxidative stress, which appears be
tolerated by liver cells because their sufficient antioxidant defense capacity to remove the
reactive species formed. Additionally, proline also induces metabolic changes in liver,
observed here by the increase on glycogen content and higher glucose oxidation. Then, it
may be reasonable to conceive that the alterations in parameters of oxidative stress
detected in present work, probably do not implicate in liver tissue damage, but demonstrate
a process of adaptation this tissue to oxidative stress. Based on these findings and other
studies from our laboratory, we hypothesized that some tissues are more affected by
hyperprolinemia than others: while hyperprolinemia induces oxidative stress and metabolic
alterations in brain, the liver appears to be more resistance to damage by ROS caused by
proline. To our knowledge, there are no studies showing the effects of hyperprolinemia on
oxidative and metabolic status in liver. Our data reinforce the hypothesis that proline and its
interconversions function as a unique mechanism for redox balance (Araujo et al., 2001;
Krishnan et al., 2008; Phang et al., 2010; Wyse and Netto, 2011), which may be related to
increased levels of this amino acid in hepatic diseases. Also, we cannot rule out that liver,
as a central organ for metabolism, fulfill the role to counterbalance the oxidative and
metabolic effects of systemic hyperprolinemia. However, the mechanisms and biological

significance of these findings need further studies to be fully understood.
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Table 1. Effect of chronic hyperprolinemia on some parameters of oxidative stress, such
as dichlorofluorescin oxidation assay (DCFH), thiobarbituric acid-reactive substances
(TBARS), total radical-trapping antioxidant potential (TRAP), glutathione (GSH),

sulfhydryl and carbonyl content in the liver of rats.

Parameters Control Proline
DCFH oxidation 18.01 £ 2.41 18.08 £ 2.84
TBARS 1.07 £ 0.07 0.92 £0.11*
TRAP 141.74 £ 26.58 89.94 + 34.70*
GSH 5.84 £ 0.85 4.81+1.23
Sulfhydryl content 61.67 +5.48 64.47 +4.55
Carbonyl content 2.38 £0.62 247 +£0.25

Data are expressed as mean = SD as follow: DCFH (nmol DCF/mg protein) TBARS
(nmol TBARS/mg protein), TRAP (nmol Trolox/mg protein), GSH (nmol GSH/mg protein)
sulfhydryl (nmol TNB/mg protein) and carbonyl content (nmol carbonyl/mg protein). *p <

0.05, compared to control (Mann-Whitney-U test) for five to six animals in each group.
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Table 2. Effect of chronic hyperprolinemia on superoxide dismutase (SOD), catalase (CAT)

and gluthatione peroxidase (GPx) activities in the liver of rats.

Enzyme activities

(units/mg protein) Control Proline
SOD 41+044 5.6 £ 0.34**
CAT 158.14 + 42.61 234.05 + 28.09*
GPx 423.75 + 55.99 421.50 +43.65

Data are mean + SD for five to six animals in each group, reported as units/mg protein.

One SOD unit is defined as 50% inhibition of pyrogallol autoxidation.

One CAT unit is

defined as 1 mmol of hydrogen peroxide consumed per minute. One GPx unit is defined as

1 mmol of NADPH consumed per minute. *p < 0.05; **p < 0.01, compared to control

(Mann-Whitney-U test).
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Figure 1
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Table 3. Effect of chronic hyperprolinemia on alanine aminotransferase (ALT) and

aspartate aminotransferase (AST) activities and on glucose levels in serum of rats.

Parameters Control Proline
ALT (U/L) 20.14 £ 2.89 18.80 + 1.74
AST (U/L) 80.41+6.24 79.60+7.77

Glucose (mg/dL) 86.57 £+ 17.07 90.00 + 2.22

Data are expressed as mean + SD for seven animals in each group. There is no

difference between groups (Mann-Whitney-U test).
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IV. DISCUSSAO
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As hiperprolinemias sdo EIM da prolina causadas por deficiéncias nas
enzimas envolvidas na rota de degradagéo desse aminoacido, que se caracteriza
bioquimicamente por niveis elevados de prolina no plasma e no fluido cerebro-
espinhal dos pacientes afetados. As manifestacdes clinicas das hiperprolinemias
podem se apresentar de forma variada; enquanto alguns pacientes sao
assintomaticos, outros podem apresentar alteragbes neuroldgicas graves como
retardo mental e convulsdes (Mitsubuchi et al., 2008; Phang et al., 2001; Wyse e

Netto, 2011).

A neurotoxicidade da prolina tem sido evidenciada através de diversos
estudos, porém os mecanismos pelos quais esse aminoacido atua no SNC sao
pouco conhecidos. Neste contexto, foi desenvolvido em nosso laboratério um
modelo animal quimico de hiperprolinemia, no qual os ratos sdo submetidos a
administragdo de prolina a fim de induzir niveis plasmaticos desse aminoacido
semelhantes aqueles encontrados em pacientes hiperprolinémicos (Moreira et al.,
1989; Pontes et al., 1999). Através desse modelo, temos mostrado que ratos
hiperprolinémicos apresentam déficit no aprendizado e memoaria (Bavaresco et al.,
2005; Delwing et al., 2006), alteragcdes nas atividades de enzimas do metabolismo
energético cerebral, como a Na*,K'-ATPase (Pontes et al., 2001) e a creatina
cinase (Kessler et al., 2003) e inducao de estresse oxidativo em cérebro desses

animais (Delwing et al., 2003a; 2003b; 2005a).

Baseado nos estudos prévios do nosso laboratério (citados acima) e
considerando que o estresse oxidativo e anormalidades no metabolismo
energético parecem estar envolvidos na fisiopatologia de doengas que afetam o
SNC (Beal, 2005; Gibson et al., 2009; Kowaltowski et al., 2009; Petrozzi et al.,

2007), no presente trabalho primeiramente investigamos o efeito da administragcéo
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aguda de prolina sobre as atividades das enzimas SDH e COX em cértex cerebral

de ratos.

Os resultados mostraram que a hiperprolinemia aguda aumentou a
atividade da SDH e diminuiu a atividade da COX, sugerindo que a prolina pode
alterar o funcionamento da cadeia respiratéria em cérebro de ratos. Nossos
achados estdo de acordo com dados prévios do nosso grupo, mostrando que a
prolina é capaz de inibir a atividade da COX (Delwing et al., 2007a). Além disso,
outros estudos demonstraram uma ativacao na atividade da SDH e inibicao da
COX em cortex cerebral de camundongos submetidos a hipdxia (Caceda et al.,
2001) e no cérebro de pacientes com doenga de Alzheimer (estudos postmortem)
(Bubber et al., 2005; Parker et al., 1994). Nesse contexto, tem sido sugerido que o
aumento na atividade da SDH esta associado a ativacao de vias anaerdbias em
situagcbes em que a fosfoforilagcdo oxidativa estd prejudicada, como uma
estratégia para compensar o déficit energético decorrente da disfuncao

mitocondrial (Weinberg et al., 2000).

A fim de investigar a possivel influéncia da prolina sobre a via glicolitica e o
ciclo de Krebs, avaliamos o efeito da hiperprolinemia aguda sobre a produgéo de
%CO; a partir de glicose e acetato. Os resultados mostraram que a oxidacdo de
ambos os substratos a *CO, aumentou no cértex cerebral dos ratos apds a
administragdo de prolina, sugerindo uma estimulagao da glicélise e do ciclo de
Krebs. Estes resultados s&o consistentes com o aumento da atividade da SDH

observado apd6s a administragao de prolina.

Tem sido descrito que os radicais livres podem danificar os componentes
mitocondriais (Cadenas e Davies, 2000; Kowaltowski et al., 2009) e que produtos

da peroxidagéao lipidica como o malondialdeido podem prejudicar a atividade da
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COX (Chen et al., 2000; Chen et al., 2001), sendo que inibicdo desse ou de
qualquer outro complexo da cadeia respiratéria pode conduzir a incompleta
reducdo do oxigénio e, consequentemente, aumentar a formagao de radicais
livres e diminuir a sintese de ATP (Gupta et al., 2001; Milatovic et al., 2001;

Nicholls, 2008).

Para avaliar o envolvimento do estresse oxidativo sobre os efeitos
exercidos pela prolina, determinamos os niveis de TBARS, um parametro de
peroxidagao lipidica, no cortex cerebral de ratos submetidos a administracao
aguda de prolina e investigamos se o pré-tratamento com as vitaminas E e C
poderiam prevenir os efeitos causados por esse aminoacido sobre a SDH, COX e
TBARS. Nossos resultados revelaram um aumento nos niveis de TBARS,
indicando que a prolina induz peroxidacgao lipidica. Além disso, o pré-tratamento
com as vitaminas antioxidantes preveniu os efeitos da prolina sobre os
parametros analisados, sugerindo que o estresse oxidativo pode estar envolvido
na disfungdo do metabolismo energético causado por esse aminoacido. Esses
resultados estdo de acordo com outros estudos que mostram que a vitamina E é
essencial para a manutengédo da fosforilagdo oxidativa (Delwing et al., 2007a;

Navarro et al., 2005; Vatassery, 1998).

Embora ndo possamos explicar precisamente os mecanismos pelos quais a
prolina exerce seus efeitos sobre a COX e SDH, é razoavel propor que o aumento
na atividade da SDH causada pela administragcdo aguda de prolina poderia ser
uma resposta inicial para compensar o déficit de energia secundario a inibigdo da
atividade da COX, que provavelmente ocorre via radicais livres. Em conjunto,

esses dados sugerem que a prolina induz estresse oxidativo, prejudica a cadeia
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respiratdria ao nivel da COX, o que provavelmente limita a producao de ATP e

aumenta a producao de ERO em um ciclo vicioso.

Tendo em vista que a disfungdo mitocondrial e o estresse oxidativo
parecem contribuir para os efeitos causados pela prolina no cérebro, que a
Na®',K’'-ATPase ¢ uma importante enzima cerebral, cuja atividade é altamente
dependente de energia, consumindo cerca de 50% do ATP produzido no cérebro
e que a prolina é capaz de inibir a atividade dessa enzima no cérebro de ratos
(Pontes et al.,, 1999; 2001), nosso préximo objetivo foi investigar possiveis

mecanismos envolvidos na inibigdo da Na*,K*-ATPase causada pela prolina.

Considerando que a Na',K*-ATPase é uma enzima inserida na membrana,
particularmente susceptivel ao ataque dos radicais livres e as alteracbes na
composicao lipidica da membrana plasmatica (Potts et al., 2006; Siems et al.,
1996), avaliamos o efeito da administragéo crdnica de prolina e das vitaminas E e
C sobre os niveis de TBARS e sobre a atividade da Na',K'-ATPase em

membrana plasmatica sinaptica de cortex cerebral de ratos.

Os resultados mostraram um aumento nos niveis de TBARS no cértex
cerebral de ratos tratados cronicamente com prolina, cujo efeito foi prevenido pela
administragdo concomitante das vitaminas E e C. Porém, interessantemente a
administracdo dessas vitaminas preveniu apenas parcialmente a inibicdo da
Na®,K*-ATPase causada pela prolina, sugerindo que outros mecanismos, além do
estresse oxidativo e da peroxidacao lipidica, podem estar envolvidos na inibicao

dessa enzima.

Com o objetivo de identificar esses possiveis mecanismos, verificamos se
as alteragbes na atividade da Na',K'-ATPase causadas pela hiperprolinemia

crbnica e/ou pela suplementacdo de antioxidantes poderiam estar relacionadas a
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alteragdes na expressao génica das subunidades cataliticas dessa enzima. No
entanto, nenhuma alteragéo nos niveis de RNAm das subunidades cataliticas a1,

a2 e a3 da Na*,K*-ATPase foi observada.

Evidéncias na literatura sugerem que diversos mecanismos regulam a
atividade da Na',K’-ATPase de acordo com as demandas fisioldgicas (Blanco e
Mercer, 1998; Geering, 2001; Jorgensen et al., 2003; Kaplan, 2002; Mobasheri et
al., 2000). Nesse contexto, cabe ressaltar que um importante modulador dessa
enzima é o nivel de ATP intracelular, cuja diminuigdo tem sido relacionado a

inibicdo da sua atividade (Nicholls, 2008; Therien e Blostein, 2000).

Devido a importancia do funcionamento adequado da Na* K'-ATPase,
responsavel pela geragcdo do potencial de membrana necessario para a
manutencdo da excitabilidade neuronal, alteragcdes na sua atividade podem
causar uma série de anormalidades neuroldgicas, as quais podem estar
envolvidas na fisiopatologia das disfun¢gdes cerebrais presentes em doengas
metabdlicas como a hiperprolinemia. De fato, alteracdes na Na*,K*-ATPase tem
sido relacionadas a fisiopatologia de doengas neurodegenerativas como
Alzheimer, esclerose multipla, doengca de Parkinson e epilepsia (Aperia, 2007;

Benarroch, 2011; Hattori et al., 1998).

Outro aspecto relevante do funcionamento da Na*,K*-ATPase é o gradiente
eletroquimico gerado pelo fluxo dos ions Na* e K" através da membrana celular,
que ¢é utilizado para o transporte de moléculas ligadas ao co-transporte de Na’,
incluindo neurotransmissores como o glutamato (Jorgensen et al., 2003; Kaplan,

2002; Mobasheri et al., 2000).

O glutamato é o principal neurotransmissor excitatério do SNC, o qual

desempenha um papel essencial nos processos de plasticidade sinaptica do
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cérebro, subjacentes a fungdes como aprendizado e memdria (Danbolt, 2001;
Segovia et al., 2001). Quando liberado na fenda sinaptica, o glutamato exerce
seus efeitos biolégicos ao ligar-se nos receptores glutamatérgicos presentes na
superficie das células neurais. Uma vez que nao existe uma enzima especifica no
meio extracelular capaz de metabolizar o glutamato (Attwell, 2000; Chen e
Swanson, 2003; Danbolt, 2001), o término da sinalizagao glutamatérgica depende
da remogdo do glutamato da fenda sinaptica (captagao de glutamato), realizado
por transportadores especializados localizados na membrana celular dos
astrocitos e nos terminais neuronais pré-sinapticos. Esses transportadores
dependem do gradiente de sédio gerado pela Na*,K*-ATPase, para transportar o
glutamato para dentro da célula contra o seu gradiente de concentragdo. Nesse
contexto, estudos prévios do nosso grupo mostraram que a administragédo aguda
de prolina prejudica a captagédo de glutamato em cérebro de ratos (Delwing et al.,

2007b).

Dando continuidade a esses estudos, o objetivo dessa etapa do trabalho
foi verificar o efeito da administracdo crénica de prolina sobre a captacdo do
glutamato, bem como investigar alguns mecanismos subjacentes aos efeitos da
administragdo aguda e crbénica de prolina sobre a homeostase glutamatérgica em
cértex cerebral de ratos jovens. Além disso, tendo em vista que a guanosina tem
sido relatada como um possivel neuroprotetor em condicoes de toxicidade
glutamatérgica, a influéncia desse nucleosideo sobre os efeitos mediados pela

prolina também foi avaliada.

Os resultados revelaram que a administragdo aguda e crénica de prolina
diminuiu a captagao de glutamato em fatias de cértex cerebral de ratos, de acordo

com resultados ja demonstrados (Delwing et al., 2007b). O pré-tratamento com
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guanosina durante sete dias ndo foi suficiente para prevenir o prejuizo na
captagao de glutamato causada pela administragdo aguda de prolina. No entanto,
quando a guanosina foi administrada concomitantemente a prolina no tratamento
cronico, a inibicho da captagdo de glutamato causada pela prolina foi
completamente prevenida, sugerindo que ha a necessidade de um maior tempo
de exposi¢cao a guanosina para que ocorra seu efeito protetor sobre a captagao

de glutamato.

Desde que GLAST e GLT-1 sdo quantitativamente os principais
transportadores de glutamato, responsaveis por aproximadamente 90% da
captagao do glutamato extracelular (Danbolt, 2001), e a fim de investigar se o
comprometimento da captagdo de glutamato causado pela prolina esta
relacionado aos niveis dos transportadores de glutamato, avaliamos o

imunoconteudo de GLAST e GLT-1 em homogenato de cértex cerebral de ratos.

Interessantemente, os resultados mostraram que a injegao aguda de prolina
aumentou os niveis desses transportadores, o que pode refletir uma tentativa de
compensar a captagao de glutamato prejudicada. Além disso, observamos que o
tratamento por uma semana com guanosina foi capaz de aumentar per se os
niveis de GLAST e GLT-1 em cortex cerebral dos ratos. Este efeito pode ser um
possivel e interessante mecanismo de agao para esse nucleosideo na contengao
da toxicidade glutamatérgica que, pelo menos para o nosso conhecimento, ainda

nao havia sido demonstrado.

Por outro lado, a administragdo crbnica de prolina e/ou guanosina nao
alterou o conteudo de GLAST e GLT-1 no cortex cerebral de ratos, sugerindo que
sucessivas administragdes por um longo periodo de tempo parecem promover

uma adaptacéo do organismo. Desse modo, uma vez que ndo encontramos uma
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relacdo direta entre a atividade de captagdo de glutamato e os niveis dos
transportadores, é razoavel sugerir que a disfungdo da captacdo de glutamato
promovida pela prolina n&o envolve um disturbio quantitativo desses

transportadores, mas possivelmente uma alteracdo no seu funcionamento.

Conforme descrito anteriormente, o principal mecanismo proposto para o
transporte de glutamato é dependente de sddio e, portanto, depende da atividade
da Na',K’-ATPase (Rose et al., 2009). Sendo assim, avaliamos a atividade dessa
enzima em homogeneizado de cortex cerebral de ratos submetidos ao tratamento
agudo e crénico com prolina e/ou guanosina. Cabe ressaltar que nessa etapa do
trabalho, utilizamos o homogeneizado para avaliar a atividade da Na*,K*-ATPase
ao invés da preparacao de membrana plasmatica sinaptica, mais purificada, para
que o conteudo celular contemplasse tanto células gliais (onde os transportadores
de glutamato estdo presentes em altas concentragdes), como células neuronais

(onde a Na*,K*-ATPase esta presente em alta concentragdo).

Os resultados revelaram uma inibicdo na atividade da Na*,K'-ATPase
apos a administragéo aguda e cronica de prolina. Além disso, a administragao de
guanosina foi capaz de prevenir significativamente a inibicdo dessa enzima,
embora o efeito protetor observado no tratamento crénico tenha sido mais
proeminente. Esses dados sugerem mais uma vez que o efeito protetor da
guanosina parece depender do tempo, ja que no modelo agudo o pré-tratamento
com guanosina durante sete dias preveniu apenas parcialmente a inibicdo da
Na®',K'-ATPase causada pela prolina, o que aparece ser insuficiente para
normalizar a captacdo de glutamato, a qual ndo foi prevenida pela administragao

desse nucleosideo.
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Estudos demonstram que a ativagéo de receptores glutamatérgicos aumenta
o consumo de energia da célula, uma vez que leva ao influxo de ions, os quais
tém de ser bombeados novamente para fora, em um processo que requer energia
(Danbolt, 2001). Além disso, a produgcdo de ATP mitocondrial é prejudicada
durante o insulto excitotoxico e os niveis de ATP neuronal diminuem rapidamente
(Greenwood e Connolly, 2007; Greenwood et al., 2007). Baseado no que foi
exposto, determinamos os niveis de ATP em cortex cerebral de ratos submetidos
a hiperprolinemia aguda e crénica e avaliamos a influéncia da guanosina sobre

esse parametro.

Os resultados mostraram que tanto a administragdo aguda como a
administracao crbnica de prolina, diminuiram os niveis de ATP intracelular. Além
disso, vimos que a guanosina nao foi capaz de evitar esse efeito promovido pela
prolina sobre os niveis de ATP. No modelo agudo, a diminuicdo dos niveis de
ATP corrobora com a hipoétese de que a prolina induz excitotoxicidade, uma vez
que observamos que a captacao de glutamato esta prejudicada e, possivelmente,
os niveis de glutamato estdo aumentados na fenda sinaptica gerando
excitotoxicidade e gasto energético. Nesse cenario, o pré-tratamento com
guanosina nao preveniu a redugdo da captagdo de glutamato causada pela

prolina e também néo foi capaz de reestabelecer os niveis de ATP.

Por outro lado, no modelo crénico a guanosina preveniu a redugao da
captagao de glutamato, enquanto os niveis de ATP permaneceram diminuidos,
sugerindo que outras alteragdes, celulares e/ou moleculares (inacessiveis a agao
da guanosina) podem estar envolvidas nos efeitos da prolina a longo prazo. De
acordo com essa observagao, foi demonstrado que a prolina inibe a COX, uma

enzima essencial para a sintese de ATP (Delwing et al., 2007a).

136



Uma vez que a literatura relata que os radicais livres e a peroxidacao lipidica
podem inibir a captagdo de glutamato diretamente por alterar a atividade dos
transportadores ou indiretamente por prejudicar a atividade da Na® ,K'-ATPase
(Blanc et al., 1998; Danbolt, 2001; Pedersen et al., 1999), também investigamos
os efeitos da administragado de prolina e de guanosina sobre os niveis de TBARS,
a fim de avaliar a peroxidacdo lipidica. Os resultados mostraram que a
administracdo aguda e crbnica de prolina aumentou o TBARS, de acordo com os
dados anteriores (Ferreira et al.,, 2010; 2011). Além disso, o tratamento com
guanosina foi capaz de prevenir o aumento dos niveis de TBARS, mediados pela
administracdo aguda e cronica desse aminoacido. De acordo, tem sido descrito
um papel antioxidante da guanosina, possivelmente indireto e relacionado a sua

capacidade de estimular a captagao de glutamato (Roos et al., 2009).

Em resumo, esse capitulo da tese demonstrou que elevados niveis de
prolina podem prejudicar a captacdo de glutamato possivelmente por induzir
peroxidagéo lipidica e prejudicar a atividade da Na* K*-ATPase, mas sem alterar
quantitativamente os transportadores de glutamato. Sugerimos que as alteragdes
na homeostase do glutamato causadas pela hiperprolinemia podem levar a

excitotoxicidade e subsequente déficit energético.

Tendo em vista que pacientes hiperprolinémicos usualmente apresentam
graus variados de disturbios neuroldgicos e cognitivos (Di Rosa et al., 2008;
Phang et al., 2001), que a prolina altera parametros que estdo envolvidos nos
processos de formacdo da memodria, e considerando que estudos prévios do
nosso grupo mostraram que ratos submetidos a hiperprolinemia experimental na
fase inicial davida (do 6° ao 28° dia de vida), apresentaram déficit cognitivo

quando avaliados no labirinto aquatico de Morris na vida adulta (60° - 70° dia de
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vida), ou seja, aproximadamente 30 dias apds a interrupgao do tratamento com
prolina, investigamos se o exercicio fisico poderia exercer um efeito benéfico
sobre o déficit cognitivo causado por esse aminoacido e buscamos identificar
mecanismos neuroquimicos envolvidos nos efeitos da prolina e do exercicio sobre

a memoria.

Para a avaliacao da influéncia do exercicio sobre os efeitos causados pela
prolina na memodria, um protocolo experimental semelhante aos estudos
anteriores foi delineado, onde os ratos foram submetidos a administracdo crénica
de prolina do 6° ao 29° dia de vida, quando o tratamento foi descontinuado e os
ratos iniciaram o exercicio fisico em esteira (do 30° ao 60° dia de vida). Apds o
término do periodo de exercicios os ratos foram submetidos aos testes
comportamentais para a avaliagdo da memodria espacial no labirinto aquatico de
Morris (D'Hooge e De Deyn, 2001; Netto et al., 1993). Uma vez que o exercicio
iniciou quando os ratos atingiram 30 dias de vida, ou seja, ap6s o término do
tratamento com prolina, este delineamento experimental de hiperprolinemia
associada ao exercicio fisico foi denominado protocolo para *“hiperprolinemia de

tempo parcial”.

Os resultados obtidos confirmaram os estudos prévios mostrando que os
ratos submetidos a administracéo cronica de prolina apresentaram um prejuizo
significativo na aquisi¢cao e/ou consolidacdo da memodria, observado pela maior
laténcia em encontrar o local da plataforma de escape no decorrer dos dias de
treinamento (aquisi¢cao) e no dia do teste (retengéo). Os ratos hiperprolinémicos
também apresentaram um prejuizo na tarefa de memdria de trabalho, a qual

avalia a memodria de curta duragéo. Interessantemente, o exercicio fisico foi capaz
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de reverter o prejuizo cognitivo causado pela administragado cronica de prolina

tanto na memoaria de referéncia como na de trabalho.

Nao obstante, considerando que a hiperprolinemia € uma doenca metabdlica
hereditaria, cujo tratamento muitas vezes é ineficaz em reduzir os niveis
plasmaticos de prolina, os quais permanecem elevados durante toda a vida, nos
questionamos se o0 suposto efeito benéfico do exercicio sobre o déficit de
memoria causado pela prolina permaneceria se a hiperprolinemia fosse
estendida ao longo da vida. Assim, um segundo protocolo experimental
denominado protocolo para “hiperprolinemia de tempo total” também foi realizado.
Neste protocolo, a prolina foi administrada de forma continua do 6° ao 60° dia de
vida, enquanto o exercicio foi realizado do 30° ao 60° dia de vida, ou seja, as

injecdes de prolina continuaram durante todo o periodo de treinamento fisico.

Os resultados obtidos a partir do protocolo para “hiperprolinemia de tempo
fotal” foram muito similares aos observados no protocolo para “hiperprolinemia
de tempo parcial”, o qual demonstrou que a prolina prejudica a memoria de
referéncia e de trabalho. Além disso, o exercicio fisico também foi capaz de

reverter o déficit cognitivo causado pela prolina nesse modelo experimental.

Em conjunto, os resultados provenientes dos dois protocolos experimentais
utilizados indicam que a deficiéncia na aprendizagem/memoria decorrente da
hiperprolinemia provavelmente é estabelecida na fase inicial da vida dos ratos, um
periodo considerado critico para o desenvolvimento do cérebro, quando ha
intensa sinaptogénese e mielinizagdo (Erecinska et al., 2004). De fato, tem sido
descrito que mesmo um aumento modesto nos niveis de prolina durante periodos
criticos de desenvolvimento pode ter um efeito dramatico sobre o funcionamento

do SNC (Guilmatre et al., 2010).
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Nossos dados também evidenciam o potencial neuroprotetor do exercicio
fisico, o qual se mostrou efetivo mesmo quando o déficit cognitivo ja estava
estabelecido e quando a hiperprolinemia permaneceu até a vida adulta dos
ratos. Nesse contexto, diversos trabalhos tém mostrado que o exercicio
fisico pode melhorar a fungdo cognitiva e exercer efeitos neuroprotetores em
varias condigdes que afetam o SNC, tais como a doenga de Alzheimer (Adlard et
al., 2005; Um et al., 2008), isquemia cerebral (Cechetti et al., 2007; Zhang et al.,
2011), esquizofrenia (Pajonk et al., 2010) e doengas metabdlicas (Ben et al.,

2009; 2010).

A fim de investigar os possiveis mecanismos envolvidos nos efeitos da
prolina e do exercicio fisico sobre a memodria, também avaliamos os niveis
de BDNF e a atividade da AChE no hipocampo e coértex cerebral dos ratos ao final
dos experimentos comportamentais uma vez que esses parametros
neuroquimicos parecem estar envolvidos nos mecanismos de formagdo e

modulagdo da memoria (Cotman e Berchtold, 2002; Deiana et al., 2011).

O BDNF é uma neurotrofina que modula os diferentes aspectos da fungao
neuronal durante a fase de desenvolvimento do sistema nervoso, bem como no
sistema nervoso maduro (Gottmann et al., 2009). Os resultados mostraram que a
prolina reduziu o imunoconteudo de BDNF no hipocampo e cértex cerebral de
ratos em ambos os protocolos experimentais utilizados e que o exercicio foi capaz
de reverter esse efeito, sugerindo que o déficitde memdria causado pela
prolina pode estar relacionado a uma diminuigdo da disponibilidade do BDNF e
que o restabelecimento dos niveis dessa neurotrofina pode estar relacionada a
melhora na cognigdo induzida pelo exercicio. Considerando que alteragdes nos

niveis de BDNF tém sido reportadas em disturbios cerebrais como a esquizofrenia
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(Egan et al., 2003), lesdes traumaticas (Horsfield et al., 2002), deméncia (Ando et
al.,, 2002) e doenga de Alzheimer (Tsai et al., 2004), a constatagcdo de que
o exercicio moderado durante um periodo de tempo relativamente curto é
suficiente para melhorar a aprendizagem/memoria € relevante, uma vez que o
exercicio representa uma forma acessivel de intervencao que pode ser usada em
conjunto com o tratamento padrdo em diversas patologias (Vaynman et al.,

2004b).

A AChE ¢é uma enzima que apresenta um papel indispensavel na
transmissao sinaptica hidrolisando ACh e parece estar associada com os
processos de desenvolvimento cerebral, aprendizado e memoria (Ballard et al.,
2005; Zimmerman e Soreq, 2006). Nossos resultados mostraram que a
administracao crbnica de prolina aumentou a atividade da AChE em hipocampo,
mas ndo em cortex cerebral de ratos. Com base nesses achados, € concebivel
que a constante estimulacido dessa enzima pela prolina promova uma diminuigao
nos niveis de ACh reduzindo a atividade colinérgica no hipocampo, o que pode
estar associado ao prejuizo na memoria observada nos ratos hiperprolinémicos.
Os resultados também revelaram que ratos hiperprolinémicos submetidos ao
exercicio apresentaram a atividade da AChE semelhante a atividade observada
nos ratos controles, sugerindo que o exercicio pode influenciar mecanismos
colinérgicos no cérebro. Neste contexto, foi demonstrado que a ativagao
colinérgica no hipocampo é necessaria para a consolidacdo da memdéria espacial
(Gale et al., 2001; Herrera-Morales et al., 2007; Wallenstein e Vago, 2001) e que
0s niveis extracelulares de ACh aumentam no hipocampo durante atividade de
exploragao ou aprendizagem (Giovannini et al., 2001; Ragozzino et al., 1996).

Extensa literatura suporta a idéia de que um mecanismo mediado por ACh
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também regula a expressédo génica do BDNF no hipocampo o que pode ser

subjacente a regulacdo do BDNF pelo exercicio (Cotman e Berchtold, 2002).

Cabe ressaltar que o protocolo para a realizagdo do exercicio fisico
utilizado neste estudo nao influenciou per se, tanto o desempenho no labirinto
aquatico de Morris, quanto os niveis de BDNF e a atividade da AChE em ratos
que receberam administragdo de salina (controles). Esta observagédo esta de
acordo com outros estudos, os quais utilizaram um protocolo de exercicio
semelhante (Ben et al., 2010; Cechetti et al., 2008), embora outros estudos
tenham mostrado que o exercicio aumenta os niveis de BDNF (Liu et al., 2011;
Vaynman et al., 2004a). Esses dados controversos em relagcdo ao BDNF podem
ser atribuidos a diferentes fatores, tais como a duracao e intensidade do exercicio
realizado, a motivagao para a atividade fisica (forgcado ou voluntario), bem como a

idade dos animais experimentais (Berchtold et al., 2010; Stranahan et al., 2009).

Além das alteragdes neuroldgicas presentes em pacientes hiperprolinémicos
(Phang et al., 2001; Wyse e Netto, 2011), dados da literatura mostram que a
hiperprolinemia também pode estar presente em certas doencas hepaticas, tais
como doenga hepatica alcodlica (Vargas-Tank et al., 1988) e cirrose (Shaw et al.,
1984). Porém, ainda ndo foi estabelecido se o elevado nivel desse aminoacido € a
causa ou a consequéncia dos danos hepaticos. Portanto, considerando que o
figado é um dos principais 6rgaos envolvidos no catabolismo da prolina, além do
cérebro e dos rins (Phang et al., 2001), também avaliamos alguns parametros de
estresse oxidativo, bem como o perfil morfolégico e metabdlico em figado de ratos

submetidos ao modelo de hiperprolinemia crénica.

Nessa etapa do trabalho, nés inicialmente demonstramos que a prolina

diminuiu o TRAP, sugerindo que altas concentracées desse aminoacido podem
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causar uma reducédo na quantidade de antioxidantes ndo enzimaticos no figado.
Com base nesta descoberta, também determinamos os niveis de GSH, que é o
antioxidante presente em concentragées mais elevadas nesse 6rgao e que mais
contribui para os valores do TRAP (Evelson et al., 2001). Porém, os resultados
mostraram que os niveis de GSH ndo foram alterados pela hiperprolinemia
crbnica, indicando que a diminuicdo nos valores do TRAP causados pela prolina
nao refletem a alteracdo do conteudo de GSH. No entanto, é possivel que outros

antioxidantes possam estar diminuidos no figado de ratos hiperprolinémicos.

Em relagdo as defesas antioxidantes enzimaticas, observou-se que a
hiperprolinemia crénica aumentou as atividades das enzimas SOD e CAT, mas
nao alterou a atividade da GSH-Px no figado de ratos. Nesse contexto, tem sido
reportado que o catabolismo da prolina pode reduzir diretamente o oxigénio e
produzir superdoxido (Liu et al., 2005; White et al., 2007). Adicionalmente,
trabalhos do nosso grupo tém mostrado que a prolina pode induzir o estresse
oxidativo no cérebro de ratos (Delwing et al., 2003a; Delwing et al., 2003b),
portanto, € concebivel que os elevados niveis de prolina no tecido hepatico
podem gerar radical superoxido, o qual é dismutado pela SOD formando H2Oa,
que por sua vez é reduzido pela CAT. Uma vez que evidéncias sugerem que o
aumento da expressao e da atividade de enzimas antioxidantes pode decorrer da
continua presenga de ERO como uma estratégia de adaptacédo celular ao
estresse oxidativo (Halliwell e Whiteman, 2004; Halliwell e Gutteridge, 2007), é
razoavel propor que o aumento nas atividades da SOD e CAT no figado de ratos
pode ser uma consequéncia da adaptagcao do tecido hepatico devido a producao
de ERO pela prolina, principalmente superoxido e peroxido de hidrogénio. A
producao de ERO e ERN foi avaliada pelo ensaio de oxidagdo do DCFH, o qual

detecta radicais como peroxil, alcoxil, diéxido de nitrogénio, hidroxila e
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peroxinitrito (Halliwell e Whiteman, 2004). No entanto, a prolina ndo alterou os
niveis de ER detectadas por esse ensaio. Porém, ndo podemos descartar que
outras ER nado detectadas pela oxidagdo do DCFH (como por exemplo o
superoxido) possam estar presentes em concentragbes elevadas no tecido

hepatico.

Uma das consequéncias do aumento da producido de ERO é o dano a
biomoléculas, tais como proteinas e lipidios. No entanto, neste estudo nés
observamos que o figado de ratos submetidos a hiperprolinemia crbénica néo
apresentou dano oxidativo as proteinas como mostrado pelo inalterado conteudo
de carbonilas e sulfidrilas, e os niveis de TBARS foram ainda diminuidos pela a
exposigao crénica a prolina. Até o momento, ndao podemos explicar 0 mecanismo
exato pelo qual a prolina reduz os niveis de TBARS, mas esse resultado esta de
acordo com estudos que mostram que em algumas situagdes esse aminoacido
pode exercer propriedades antioxidantes atuando sobre alguns radicais livres, por
exemplo oxigénio singlet e radicais hidroxila (Alia et al., 2001; Floyd e Nagy, 1984;
Halliwell e Gutteridge, 2007; Rustgi et al., 1977). Nesse contexto, o acumulo de
prolina tem sido observado em muitos microrganismos e plantas expostas ao
estresse ambiental, como um mecanismo de protecado contra as ERO produzidas
durante condigdes de estresse (Alia et al., 2001; Chen e Dickman, 2005; Chen et

al., 2006; Siripornadulsil et al., 2002).

Portanto, os niveis inalterados de espécies reativas (avaliada pelo ensaio
DCFH) e a diminuigdo da peroxidagéo lipidica (detectada por TBARS) no figado
de ratos submetidos a administragao de prolina, poderiam ser atribuidas a uma
eficaz detoxificagdo das ERO/ERN pelas defesas antioxidantes enzimaticas e néo

enzimaticas como demonstrado pelo aumento das atividades da SOD e CAT e
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pela diminuicdo do TRAP. Além disso, esse efeito da prolina na diminuicdo da
peroxidagao lipidica em figado de ratos, bem como o aumento de enzimas
antioxidantes poderia explicar pelo menos em parte, a hiperprolinemia encontrada
em pacientes afetados por disturbios hepaticos, como um mecanismo de protecao
do figado contra o dano oxidativo. De fato, as atividades das aminotransferases
ALT e AST, as quais sdo marcadores séricos de lesao hepatica, permaneceram
inalteradas ap6s a administragdo crbénica de prolina, sugerindo que a prolina nado

induz dano substancial ao tecido hepatico.

A préxima etapa do nosso estudo foi avaliar o efeito da exposigéo crénica de
prolina sobre a integridade estrutural do figado por andlise histolégica. A
coloragao com hematoxilina/eosina demonstrou que a prolina promoveu um certo
desarranjo na estrutura dos hepatdcitos e aumentou o numero de células
inflamatérias quando comparado ao grupo controle. Esses achados histoldgicos
podem estar relacionados ao estresse oxidativo induzido pela prolina no figado
desses ratos uma vez que as células inflamatérias podem gerar grandes
quantidades de ER (Decker, 1990). Adicionalmente, realizamos uma coloragao
para a analise do conteudo de glicoproteinas/glicogénio, a qual revelou um
aumento acentuado no conteudo de glicogénio hepatico nos ratos tratados com
prolina. Analises bioquimicas confirmaram essa constatagao, demonstrando que a
prolina aumenta a sintese e a concentragcao de glicogénio. Nesse contexto, um
estudo demonstrou que a prolina aumenta a concentragao hepatica de glicose-6-
P, sugerindo que um metabdlito da prolina inibe a atividade de glicose-6-fosfatase
e, portanto, direciona a glicose-6-P para a sintese de glicogénio (Bode et al.,

1992).
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Baseados nos resultados relativos ao aumento do glicogénio nos hepatdcitos
causado pela administracdo de prolina (Phang et al., 2001), também avaliamos
outros possiveis destinos da glicose hepatica apdés o tratamento crénico com
prolina. Os resultados mostraram que os ratos hiperprolinémicos apresentaram
uma diminuicdo da conversao [U-14C]glicose para lipidios no figado. Porém, as
concentracbes de lipideos hepaticos (triglicerideos e colesterol) ndo foram
alteradas. Além disso, um aumento na oxidagcédo de glicose pelo tecido hepatico
foi demonstrado quando comparado aos controles, sugerindo uma estimulagéo da
via glicolitica e do ciclo de Krebs. No entanto, os niveis de glicose no soro de

ratos n&o foram alterados pela administragéo de prolina.

Esses resultados sugerem que a hiperprolinemia altera a homeostase do
figado através da indugcao de um leve grau de estresse oxidativo, que parece ser
tolerado pelas células do figado devido a modulagdo de sua capacidade de
defesa antioxidante suficiente para remover as espécies reativas formadas. Além
disso, a prolina também induz alteragées metabdlicas no figado, observadas pelo
aumento no conteudo de glicogénio e na oxidagao de glicose. Baseados nesses
resultados, podemos sugerir que as alteragdes nos parametros de estresse
oxidativo detectadas no presente trabalho provavelmente ndo causam dano no
tecido hepatico, mas demonstram um processo de adaptagao tecidual ao estresse
oxidativo. Nossos dados reforcam a hipétese de que a prolina e suas
interconversdes na rota metabdlica atuam na manutengdo de equilibrio redox
celular (Krishnan et al., 2008; Phang et al., 2010; Wyse e Netto, 2011), que pode
estar relacionado ao aumento dos niveis desse aminoacido acido em doencas
hepaticas. No entanto, os mecanismos e significado biolégico desses achados

necessitam de mais estudos para ser totalmente compreendidos.
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Demonstramos ao longo desse trabalho que a hiperprolinemia induz
peroxidagao lipidica, compromete o metabolismo energético cerebral através da
inibicdo de enzimas cerebrais e diminui os niveis de ATP intracelular, inibe a
atividade da Na',K'-ATPase sem alterar a expressdo de suas subunidades
cataliticas e prejudica a captagao de glutamato, mas nao diminui o conteudo de
seus transportadores. Todas essas alteragdbes podem estar intimamente
relacionadas ao déficit cognitivo causado pela hiperprolinemia, os quais também
demonstramos estar relacionados a diminuicdo do niveis de BDNF e da atividade
colinérgica. Esses achados podem ser relevantes para o entendimento das
alteragdes neuroldgicas presentes na hiperprolinemia. Além disso, demonstramos
algumas possibilidades de neuroprotecéo para tais efeitos causados pela prolina,
como a utilizagdo de vitaminas antioxidantes, do nucleosideo guanosina e do
exercicio fisico, os quais podem contribuir para a contencao do estresse oxidativo,
da toxicidade glutamatérgica e dos prejuizos na cogni¢ao induzidos pela
hiperprolinemia. A hiperprolinemia também altera a homeostase hepatica através
da indugédo de um leve grau de estresse oxidativo e de alteragdes metabdlicas as
quais, provavelmente nao implicam em dano significativo ao tecido hepatico, mas

demonstram um processo de adaptacao desse tecido ao estresse oxidativo.
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V. CONCLUSOES
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e A administragdo aguda de prolina prejudicou o metabolismo energético
cerebral observado pela inibicdo da atividade da COX. Além disso, a prolina
aumentou a atividade da SDH e a oxidagao de glicose e acetato, provavelmente
como uma tentativa de compensar o déficit energético decorrente da inibicdo da
COX. Esses efeitos foram significativamente prevenidos pelo pré-tratamento com

vitaminas E e C.

e A administracdo crbénica de prolina induziu lipoperoxidagao e inibiu a
atividade da Na®,K'-ATPase em membrana plasmatica sinaptica de cortex
cerebral de ratos, mas nao alterou a expressao das subunidades cataliticas da
enzima. O tratamento concomitante com vitaminas E e C foi capaz de prevenir
parcialmente a inibicdo da atividade da Na’,K'-ATPase e de prevenir

completamente a peroxidagao lipidica causadas pela hiperprolinemia cronica.

e O déficit cognitivo causado pela administragdo crénica de prolina
provavelmente envolve uma diminuigdo dos niveis de BDNF no cértex cerebral e
hipocampo e um aumento na atividade da AChE no hipocampo de ratos. O
exercicio fisico foi capaz de reverter o prejuizo cognitivo causado pela
hiperprolinemia cronica, bem como os efeitos causados pela prolina sobre o

conteudo de BDNF e sobre a atividade da AChE.

e A administragdo crénica de prolina induziu um leve grau de estresse
oxidativo no figado de ratos observados através da diminuicdo do TRAP e
aumento nas atividades da SOD e CAT. A andlise histolégica revelou um
aumentou no numero de células inflamatérias e no conteudo de
glicoproteinas/glicogénio. Analises bioquimicas mostraram que a prolina alterou o
metabolismo hepatico, promovendo um aumento na sintese e concentragao de

glicogénio e na oxidagao de glicose e diminuigdo na sintese de lipidios a partir de
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glicose. A concentragdo de lipideos hepaticos (triglicerideos e colesterol), bem
como a glicemia e as atividades das enzimas marcadoras de dano hepatico ALT e

AST nao foram alteradas em soro de ratos.

CONCLUSAO GERAL

Os resultados do presente estudo mostram em conjunto, que a
hiperprolinemia causa uma série de alteragdes bioquimicas, tais como indugao de
estresse oxidativo, déficit energético e alteragdes no sistema glutamatérgico, as
quais podem contribuir para as disfungbes neuroldgicas caracteristicas dessa
patologia. Além disso, nossos resultados sugerem algumas possibilidades de
neuroprote¢cdo que podem ser acessiveis ao pacientes hiperprolinémicos, como
por exemplo, o exercicio fisico. A magnitude dos efeitos biolégicos das vitaminas
antioxidantes e especialmente da guanosina requerem estudos adicionais para
uma melhor compreensdo das suas agdes neuroprotetoras na hiperprolinemia

experimental e humana.
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VI. PERSPECTIVAS
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e Avaliar as atividades das enzimas da cadeia respiratéria: complexo |,
complexo Il e SDH, bem como a fungdo mitocondrial em cérebro e figado de ratos
submetidos a administragéo crénica de prolina.

e Avaliar se a hiperprolinemia induz morte neuronal, caracterizando o tipo
de morte e os mecanismos envolvidos.

¢ Investigar mecanismos de sinalizagao mediados por calcio como influxo
celular e mitocondrial.

e Investigar possiveis mecanismos envolvidos nos efeitos da administracéo
de guanosina e do exercicio fisico sobre as alteragdes bioquimicas e/ou

comportamentais em ratos causados pela administragao de prolina.
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