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RESUMO

B-alanina é um B-aminoacido derivado da degradacdo da pirimidina uracila. Em
altas concentragdes desenvolve uma desordem muito rara da via de degradagdo das
pirimidinas, conhecida como B-alaninemia. O acumulo do B—aminoécido pode causar
consequéncias bioquimicas como: deplecdo dos niveis de taurina, aumento de espécies
reativas e excrecdo aumentada de GABA. Essas alteracdes levam a um distarbio no
desenvolvimento neuroldgico, contribuindo para a patologia da doenca. A B-alanina
também é utilzada como suplemento nutricional por atletas visando melhor desempenho
fisico. Em nosso estudo avaliamos o efeito in vitro e in vivo da p-alanina sobre alguns
parametros de estresse oxidativo em cértex cerebral e cerebelo de ratos Wistar de 21
dias de idade. Os animais receberam trés inje¢des subcuténeas de —alanina (300 mg/Kg
de peso corporal) e os controles receberam 0 mesmo volume de solucdo salina (NaCl
0.85%) em intervalos de trés horas. Nos experimentos in vitro verificamos a influéncia
de diferentes concentracfes de B-alanina (0,5 e 1.0 mM), onde observamos que 0 —
aminoacido possui capacidade de alterar a homeostasia das enzimas antioxidantes CAT
e SOD, pois em ambos tecidos estudados a atividades da CAT foi inibida e da SOD
aumentada na concentracdo mais alta (1,0 mM). Verificamos que a p-alanina in vitro
diminui a oxidacdo do DCFH em cerebelo e aumenta o contetdo total de GSH em
cortéx cerebral, ndo alterando os outros parametros analisados, entretanto, ndo foi o
observado na administracdo aguda de p—alanina. Nos experimentos in vivo observamos
que o DCFH juntamente com o conteddo total de tidis aumentaram nos dois tecidos
estudados. N&o observamos diferenca significativa quanto aos niveis de GSH e
TBARS. O mecanismo de acdo da P-alanina sobre a atividade das enzimas
antioxidantes foi diferente nos dois experimentos, pois no modelo agudo a atividade da
CAT aumentou, no entanto, a atividade da SOD foi inibida pela p-alanina em cortéx
cerebral e cerebelo. Portanto, observamos que a B-alanina altera a atividade das
enzimas antioxidantes, aumentando com isso o conteudo de espécies reativas e gerando
possivelmente estresse oxidativo. Esses achados podem contribuir em partes com as
alteragdes neurologicas encontrada em pacientes com B-alaninemia. Além disso, 0s
possiveis efeitos secundarios da suplementacdo nutricional de B-alanina necessitam de

mais atencéo.



ABSTRACT

B—alanine is an B-amino acid derived from the degradation of pyrimidine uracil. In
high concentrations develops a very rare disorder of pyrimidine degradation pathway,
known as f-alaninemia. The accumulation of B-amino acid can cause biochemical
consequences such as: depletion of taurine levels, increase of reactive species
and increased  excretion of GABA. These conditions may cause  neurological
disturbances, contributing to the pathology of the disease. The B-alanine is also used as
a nutritional supplement by athletes seeking to improve physical performance. In this
study we evaluated the invitro and in vivo effects of f-alanine on some parameters
of oxidative stress in cerebral cortex and cerebellum of 21-day-old rats. The animals
received three peritoneal injections of B-alanine (300 mg /Kg of body weight) and the
controls received the same volume of saline solution (NaCl 0.85%) at 3 hours intervals.
In vitro experiments verified the influence of different concentrations of B-alanine (0.5
and 1.0 mM), where we observe that the -amino acid has the ability to alter
the homeostasis of enzymes SOD and CAT antioxidant, since in both tissues
studied was inhibited activities ~ of CAT and SOD increased at  the  highest
concentration (1.0 mM). We found that the in vitro B-alanine decreases the oxidation
of DCFH in cerebellum and increases the total content of GSH in cerebral cortex,
without  altering other ~ parameters, however, was not observed in  the acute
administration of p-alanine. In vivo experiments we observed that the DCFH along
with the entire content of thiols increased in both tissues studied. No significant
difference in the levels of GSH and TBARS. The mechanism of action of B-alanine on
the activity of the antioxidant enzymeswas different in the two experiments,
in acute model of CAT activity increased, however, SOD activity was inhibited by -
alanine in cerebral cortex and cerebellum. Therefore, we found that B-alanine alters the
activity of enzymes antioxidants, thus increasing the content of reactive species and
possibly  generating oxidative stress. These findings may in part contribute
to the neurological alterations found in patients with B-alaninemia. Besides, possible

side effects of the nutritional supplementation of B-alanine need more attention.



LISTA DE ABREVIATURAS

Acetil-CoA — Acetil coenzima A

BHE — Barreira hematoencefalica

CAT — Catalase

CuzZnSOD - Cobre-Zinco superdxido dismutase
DCF - 2°7°diclorofluorescéncia

DPD - Diidropirimidina desidrogenase

DHP — Diidropirimidinase

ER — Espécies reativas

EROs — Espécies reativas de oxigénio

ERNs — Espécies reativas de nitrogénio

FAD - Flavina adenina dinucleotideo

GABA — Acido y-aminobutirico

GABA-T — GABA transaminase

GABAA — Receptor GABAérgico ionotropico A
GABAs — Receptor GABAérgico metabotropico B
GABACc — Receptor GABAEérgico ionotrépico C

GAT - Transportador de GABA



GSH — Glutationa reduzida

GSH-Px — Glutationa peroxidase

H,O — Agua

H.O, — Peroxido de hidrogénio

LCR — Liquido cefalorraquidiano

MnSOD — Manganés superoxido dismutase
O, — Oxigénio molecular

0% — Anion superéxido

OH- — Radical hidroxila

SNC - Sistema nervoso central

TBARS — Substéncias reativas ao acido tiobarbiturico

UP — B-alanina sintase



PARTE I
INTRODUCAO E OBJETIVOS
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1.1 INTRODUCAO

1.1.1 B-aminoécido

B—alanina é o B-aminoacido de maior ocorrencia enddgena nos seres humanos e
mamiferos, sendo estruturalmente o B-aminoécido mais simples encontrado. p—-alanina é
um B-aminodacido derivado da degradacdo da pirimidina uracila e precursor do substrato
oxidativo acetil-coenzima A (acetil-CoA) (Scriver et al, 2001). Uracila e a timina s&o
degradadas em quatro etapas, sendo que as trés primeiras etapas, em ambas as vias, sdo
controladas pelas mesmas enzimas. Essas enzimas incluem: diidropirimidina
desidrogenase (DPD, 1.3.1.2), diidropirimidinase (DHP, 3.5.2.2) e B-alanina sintase

(UP, 3.5.1.6; também chamada de B—ureidopropionase) (Tiedje et al, 2010) (Figura 1).

HN ’ HN

)\ Diidropirimidina desidrogenase )\
o] N 0] N
H

H Diidrouracila

Uracila

Diidropirimidinase

0 (0] O
/\)J\ PR e )L /\)J\
HoN OH H2N N OH

B-Alanina B-Ureidropropionato

Figura 1: Via metabdlica das pirimidinas utilizada para convergdo de uracila em B—
alanina. Adaptado de Tiedje et al, 2010.
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Apos a sintese, a p—alanina pode ser metabolizada por diferentes vias: a primeira
e mais rapida é a formacdo de carnosina, em que B-alanina e histidina vao originar
carnosina pela acdo da enzima carnosina sintase. Outra via envolve duas diferentes
enzimas, a B-alanina-a-cetoglutarato transaminase e B-alanina-piruvato transaminase
(Van Gennip et al, 1997). As aminotransferases sédo usadas subsequentemente no
metabolismo da p—alanina em &cido malénico semialdeido (Scriver et al, 2001) (Figura
2). O é&cido malbdnico semialdeido pode ser novamente convertido a B-alanina pela
enzima GABA-transaminase (GABA-T) em uma reacdo de transaminagdo reversivel

(Kihara et al, 1988).

@ o = O_

< Yc—C—c”
NH,—CH,~CH,—COOH < > W TS
p-alanina @ CH,
Acido malénico semialdeido
Legenda:
1 - Carnosinasintase
H 0

2- p-alanina-o- cetoglutarato transaminase

o

HN—/ 4 - Camosinase

HQN\/YN\)J\OH
o)

3- p-alanina- piruvato transaminase

Carnosina

Figura 2: Principais vias de metabolizacdo da p—alanina. Adaptado de Scriver et
al, 2001.

Além das outras enzimas, a GABA-T é igualmente ativa para —alanina e acido
y-aminobutirico (GABA), sendo a concentracdo enddgena e sintese de p-alanina
influenciavel significativamente por GABA-T, indicando que essa enzima, juntamente
com as outras enzimas, estd envolvida na regulacéo dos niveis de p—alanina no sistema
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nervoso central (SNC) (Tiedje et al, 2010; Baxter e Roberts, 1958; Hayaishi et al,
1961). Outra transaminase envolvida na homeostasisa da B-alanina é a enzima p-
alanina-a-alanina transaminase, a qual catalisa a transaminacgdo da p—alanina e piruvato

a &cido maldnico semialdeido e L-a-alanina (Hayaishi et al, 1961).

A B-alanina é amplamente distribuida em todo cérebro (Berkman, et al, 1998).
Ela foi identificada no hipocampo, sistema limbico e neocértex. Também foi
identificado um tranporte ativo capaz de transportar f—alanina e analagos realcionados
através da barreira hematoencefalica (BHE) por transportadores de p—aminoécidos para

dentro do SNC (Tiedje et al, 2010).

1.1.2 Transporte de p—alanina

Existem no SNC varios transportadores importantes que a p-alanina pode
utilizar e influénciar. Os principais sdo os transportadores de GABA (GAT), dos quais
ja foram caracterizados quatro tipos de GATs (GAT-1, GAT-2, GAT-3 e GAT-4),
encontrados em membranas plasmaticas celulares e dependentes do gradiente Na'/CI
(Borden et al, 1992, 1994, 1995; Clark et al, 1992). Ambos GAT-3 e GAT- 4 sdo
capazes de transportar com alta afinidade a f—alanina. O Km do GAT-3 e do GAT- 4
para captagdo de GABA e B-alanina sdo de 18 uM e 28 pM, respectivamente. Para o
GAT-4 a afinidade da p—alanina é um pouco menor, pois possui um Km mais alto de 99
MM quando comparado com o GAT-3 (Liu et al, 1993). O B—aminoacido pode ser
transportado por esses transpostadores em taxas elevadas no SNC, sendo que a presenca
de B-alanina pode controlar o transporte de GABA por competicdo. A p-alanina pode
utilizar também o GAT-2 para seu transporte, e quando utilizado esse mecanismo, a p—

alanina pode inibir em partes a absor¢cdo do GABA pelo GAT-2, tendo assim a
13



capacidade de regular as concentragdes de GABA no liquido cefalorraquidiano (LCR)

(Jursky e Nelson, 1999).

1.1.3 p-alanina como Neurotransmissor

E amplamente aceito que GABA, glutamato e glicina possuem funcdes
neurotransmissoras no SNC em mamiferos, mas o papel da p-alanina como um
neurotransmissor € ainda um pouco controverso. Werman (1966) estabeleceu alguns
critérios que tém sido utilizados para identificacdo e verificagdo de importantes
neurotransmissores: localizacdo pré-sinaptica, liberagdo de Ca®*, liberac&o sob estimulo

especifico neuronal e presenca de receptores pos-sinapticos.

Quando as concentragdes de f—alanina no SNC séo altas, ela assume um papel
de neurotransmissor, pois as concentracfes armazenadas sdo comparaveis as de outros
neurotransmissores conhecidos, incluindo a acetilcolina, dopamina e noraepinefrina
(Scrives et al, 2001). Quando comparado com o neurotransmissor GABA, a p-alanina
possui um potencial parecido, atua como um inibidor e depressor das atividades
neuronais com um rapido inicio (Krnjevic, 1965). Dados cinéticos sugerem que GABA,
B-alanina e glicina possuem a mesma familia de transportadores vesiculares e que 0s
trés inibem uns aos outros competitivamente (Scriver et al, 2001). A p-alanina atua em
quatro receptores reconhecidos e descritos, 0s receptores GABAE€rgicos ionotropicos A
(GABA,) e GABAérgicos ionotropicos C (GABA(), receptor de glicina co-agonista
com sitios de NMDA (estricnina insensivel) e receptores de glicina local (estricnina
sensivel) (Mori et al, 2002; Tiedje et al, 2010). Para atuar nesses receptores o B—
aminodcido é liberado dos neurdnios para fenda sinaptica por um processo dependente

de Ca?*, tal como o0s neurotransmissores convencionais; apos a liberacéo ela se difunde
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pela fenda sindptica para posterior ligacdo aos receptores pds-sindpticos (Sandberg e

Corazzi, 1983; Tiedje et al, 2010) (Figura 3).

L-ala Uracila
L-asp

L
Diidrouracila

Piruvato

Y
B-Ureidropropionato

: |

[3 -alanina

[-alanina

A\ J

1 - Transportador de B-aminodcido

2 - Receptor de glicina sensivel a estricnina
3 - Receptor de glicina com sitio NMDA

4 - Receptor GABA

5 -Receptor GABA;

6 - Transportador GAT-2

7 - Transportador GAT-3

/\

Neurénio

8 - Transportador GAT -4

6 H7HS8|

Célula da Glia

Figura 3: Receptores, transportadores e distribuicdo da p-alanina no SNC. L-ala: L-
alanina, L-asp: L-aspartato, BHE: barreira hematoencefalica. Adaptado de Tiedje et al,

2010.

1.1.4 B-Alaninemia

E uma desordem muito rara do metabolismo das pirimidinas com apenas dois

casos reportados na literatura (Scriver et al, 2001). A B-alaninemia é caracterizada pelo

acamulo de p—alanina, pela deficiéncia total ou parcial das transaminases p-alanina-a-

cetoglutarato transaminase e B-alanina-piruvato transaminase, as quais metabolizam o

B—amino&cido em &cido maldnico semialdeido (Scriver et al, 2001). A deficiéncia das

transminases parece ser determinada por um gene recessivo incompleto além de outros
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possiveis fatores familiares, mas seu modo de heranca ainda ndo é completamente
conhecido (Scriver e Gibson, 1995).

As concentracfes encontradas nos pacientes afetados variam de 20 a 51uM de
B—alanina no plasma, sendo as concentragdes plasmaticas normais abaixo de 14 pM. As
principais manifestagdes bioquimicas, além do aumento de B-alanina no sangue e na
urina, sdo excrecdo aumentada de GABA, carnosina e taurina na urina e aumento
plasméatico de GABA. Os portadores da doenca apresentam encefalopatia, sonoléncia,
hipotonia, hiporeflexia, letargia, retardo mental, obesidade e convulsdes, causados pelos
niveis aumentados de P-alanina (Scriver et al, 2001). Esses pacientes apresentam
também o cérebro edematoso e pequeno, os ventriculos cerebrais dilatados e alteragdes
microscopicas na substancia branca (Scriver e Gibson, 1995).

O diagndstico inicial da B-alaninemia é feito pela quantificacdo dos niveis
plasmaticos de p-alanina e de GABA. Esses resultados podem ser acompanhados de
hiper-aminoaciduria (aumento de taurina, carnosina e GABA na urina) ou presenca de
algumas das manifestacdes clinicas citadas. O tratamento com piridoxina melhora
sintomas clinicos como convulsdes e letargia. A dosagem administrada nos pacientes
varia de acordo com a idade e o grau de deficiéncia das transaminase, podendo ser de
10mg/dia até 100mg/dia de piridoxina. Nenhuma das terapias anticonvulsivantes sao

eficazes no tratamento dessa patologia (VVan Gennip et al, 1997; Scriver et al, 2001).

I.1.5 B-alanina e suplementacao

A suplementagdo com p-alanina vem sendo muito utilizada com o objetivo de
melhorar a performace do exercicio e diminuir a fadiga muscular pés-treino. Esses

beneficios observados com a suplementacéo de p-alanina ndo sdo diretamente causados
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pela agdo da B-alanina, mas principalmente por ela ser um intermediéario da sintese de
carnosina no tecido muscular (Stout et al, 2008). A suplementacdo de 4-6.4g/dia via oral
de p-alanina aumenta significativamente o teor de carnosina intramuscular e que essa
elevacgdo esta relacionada com a melhora no desempenho fisico e da capacidade fisica
no limiar de fadiga (Harris et al, 1990; Hill et al, 2007).

A diminuicdo do pH intramuscular induzido pelo exercicio pode interferir
no processo de acoplamento excitagcdo-contracdo do masculo esquelético, podendo levar
a diminuicdo da producdo de compostos energéticos contribuindo para a fadiga
muscular (Fitts e Holloszy, 1976). Portanto, a manutencdo do pH intracelular durante o
exercicio ¢ de extrema importancia para a funcdo muscular normal em atletas. A fim
de manter a homeostase do pH, varios sistemas tampdes estdo envolvidos, incluindo a
exportacdo ativa de H* do musculo. No entanto, a primeira linha de defesa continua
sendo o tamponamento de H* por tampdes intracelulares, principalmente compostos de
fosfatos e carnosina (Harris et al, 2006). Com isso, 0 aumento dos niveis
de carnosina no musculo esquelético, devido a suplementacdo com B-alanina, deve
melhorar a capacidade intra-muscular de tamponamento, levando a um retardo no
surgimento da fadiga em certos tipos de exercicio (Stout et al, 2008).

Entretanto, altas concentracGes de [-alanina podem ndo somente aumentar o
conteddo de carnosina, mas com também diminuir os niveis de taurina, pois a -alanina
é um potente inibidor do transporte de taurina (Parildar-Karpuzoglu et al, 2007). A
taurina € um B-aminoécido essencial em diversos processos biolégicos com no
desenvolvimento do SNC e retina. E conhecida também por sua atividade
hepatoprotetora, neuroprotetora e propriedades antioxidante. Sua deficiénia esta
associada com diversos processos patoldgico, incluindo cardiomiopatia, degeneracéo da

retina e retardo no crescimento (Dawson et al, 2002).
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Portanto, o uso de B-alanina como suplemento nutricional em qualquer fase deve
ser feito com atencdo, pois altas concentragdes do B-aminoacido pode acarretar nao

somente beneficios.

1.1.6 Espécies reativas (ER)

O termo espécies reativas (ER) de oxigénio (ERO) e nitrogénio (ERN) sdo
frequentemente usados para designar qualquer &tomo ou molécula contendo um ou mais
elétrons ndo pareados, nos orbitais externos. Isto determina uma atracdo para um campo
magneético, o que pode torna-los altamente reativos, capazes de reagir com qualquer
composto situado préximo a sua Orbita externa, passando a ter uma funcéo oxidante ou
redutora de elétrons (Valko et al, 2007).

As ER séo atomos ou moléculas produzidas continuamente durante 0s processos
metabolicos e atuam como mediadores para a transferéncia de elétrons em varias
reacdes bioquimicas, desempenhando funcdes relevantes no metabolismo. As principais
fontes das ER sdo as organelas citoplasmaticas como as mitocondrias, que metabolizam
0 oxigénio, o nitrogénio e o cloro, gerando grande quantidade de metabdlitos (Shami e

Moreira, 2004).

Em condicbes fisiologicas do metabolismo celular aerébico, o oxigénio
molecular (O,), através do citocromo oxidase mitocondrial, sofre reducdo tetravalente
com aceitacdo de quatro elétrons, resultando na formacao de agua (H,O) (Bergendi et
al, 1999). No entanto, aproximadamente 5% do O, utilizado na cadeia respiratoria
mitocondrial ndo sdo reduzidos a H,O, podendo ser convertidos em reativos

intermediarios (Boveris, 1998) (Figura 4).
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As EROs podem ser produzidas no citoplasma, nas mitocondrias ou membranas
celulares. O alvo celular (proteinas, lipideos, carboidratos e DNA) esté relacionado com
0 seu sitio de formacdo (Anderson, 1996; Yu e Anderson, 1997). Entre as principais
formas de EROs estdo: anion superéxido (O%) que é decorrente de processos
metabdlicos ou ativacdo do oxigénio por irradiacdo, é teoricamente a primeira ERO
formada e apresenta uma baixa capacidade de oxida¢do quando comparado com outras
EROs (Valko et al, 2007). O radical hidroxila (OHe¢) possui uma baixa capacidade de
difusdo e € o mais reativo na inducdo de lesbes nas moléculas celulares, enquanto o
peréxido de hidrogénio (H,0,) é capaz de atravessar a membrana nuclear e reagir com
outros radicais induzindo danos a moléculas por meio de reacdes enzimaticas. O H,0,
pode participar de duas reacdes: a primeira é a reacdo de Fenton, onde H,O, reage com
Fe?* formando Fe®* e OHe, e a segunda é a reagdo de Haber-Weiss, em que 0 H,O, mais

0 O” também produzem OHe (Anderson, 1996).

e e 2H' e H e H
02¥. 02._&L> H,0, &L. OH'&L’ 2 H,O

radical peroxido de radical

superoxido hidrogénio hidroxila

Figura 4: Reducdo tetravalente do oxigénio molecular na mitocéndria até a formacao
de 4gua. Adaptado de Boveris, 1998.

Altas concentracdes de EROs podem ser importantes mediadores de danos a
estrutura celular, acidos nucleicos, lipideos e proteinas. O OHe é a especie mais reativa

a todos componentes do DNA, reagindo com bases puricas e pirimidicas. Outros
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constituintes celulares extremamente sensiveis a esse radical sdo 0s &cidos graxos

poliinsaturados, onde o OHe ataca os residuos de fosfolipideos (Halliwell, 2000).

Os mecanismos pelos quais as EROs oxidam proteinas estd bem elucidado. A
cadeia lateral dos aminoacidos de proteinas sdo os alvos de oxidacdo, em particular os
residuos de cisteina e metionina sdo mais suscetiveis a acdo das EROs e ERNs. As
oxidacgdes nos residuos de cisteina formam reversivelmente pontes de dissulfeto entre os
grupos tidlicos das proteinas, diminuindo as concentracbes moleculares de tidis, podem
ainda quebrar essas pontes de dissulfeto inativando proteinas ativas (Valko et al, 2007).
A concentracdo de grupos carbonilas é gerada por diferentes mecanismos e sé@o bons

indicaticos de presenca de EROs.

1.1.7 Estresse Oxidativo

O estresse oxidativo foi definido em 1991 como “um disturbio do equilibrio pro-
oxidante/antioxidante em favor do pro-oxidante, levando ao dano potencial”, como

mostra a figura 5 (Halliwell e Gutteridge, 1999).

Defesas
celulares:
Antioxidantes;
'\ Enzimas

Estresse oxidativo

Figura 5: Estresse oxidativo X mecanismos de defesa. ROS: Espécies reativas de
oxigénio, RNOS: Espécies reativas de oxigénio e nitrogénio. Adaptado de Marks et al,
2007.
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Em principio, o estresse oxidativo pode resultar de uma diminuigdo dos
antioxidantes e/ou da producdo aumentada de EROs e ERNSs, gerando assim, um
acumulo das ER que causa danos a estrutura das biomoléculas, tais como DNA,
lipidios, carboidratos e proteinas, além de outros componentes celulares. Estudos
recentes tem demonstrados que essas alteragbes podem estar envolvidas na
fisiopatologia de vérios erros inatos do metabolismos e doencas neurodegenerativas,

visto que algumas dessas patologias apresentam alto nivel de ER (Artuch et al, 2004).

1.1.8 Sistema de defesa antioxidante

O organismo possui mecanismos de defesa contra a acdo toxica das EROs e
ERNSs, diminuindo ou eliminando as consequéncias negativas de seus efeitos no

organismo (Marks et al, 2007).

O excesso de ER no organismo é combatido por antioxidantes produzidos pelo
corpo ou absorvidos da dieta. A diminuicdo dos antioxidantes pode ser causada pela
diminuicdo da atividade das enzimas de defesa antioxidante [cobre-zinco superdxido
dismutase (CuZnSOD), manganés superoxido dismutase (MnSOD), catalase (CAT) ou
glutationa peroxidase (GSH-Px)] ou pela deficiéncia nutricional de antioxidantes e/ou
outros constituintes dietéticos essenciais (alfa-tocoferol, acido ascorbico, aminoacidos
contendo enxofre necessario para a sintese de glutationa, ou riboflavina, necessaria para
a producéo de flavina adenina dinucleodideo (FAD), um cofator da glutationa redutase)

(Halliwell e Gutteridge, 1999).
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O sistema de protecdo que diminui a influéncia negativa de EROS/ERNSs no

organismo é constituido de defesas enziméticas e ndo enziméticas apresentadas na

tabela 1.

Tabela 1: Defesas enziméticas e ndo enziméticas. Adaptado de Halliwell e Gutteridge,

1999; Bergendi et al, 1999

SISTEMA DE PROTECAO

EXEMPLOS

Enzimas que catalisam a remogéo de radicais
livres e outras ER

superdxido dismutase
catalase
glutationa peroxidase

Proteinas que minimizam a disponibilidade de
pré-oxidante como ion ferro, cobre e heme

transferrina
haptoglobulinas
hemopexina

Agentes que protegem biomoléculas contra
danos e agentes de baixo peso molecular que
removam ERO/ERN

glutationa

acido ascorbico

a-tocofenol
antioxidantes-tidis-especificos

De acordo com Halliwell (2000), "Antioxidante & qualquer substancia que,

quando presente em baixa concentracdo comparada a do substrato oxidavel, regenera o

substrato ou previne significativamente a oxidacdo do mesmo".
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1.1.9 Justificativa

A B-alanina é um dos B-aminoéacidos mais abundantes nos organismos vivos e
sua sintese é derivada do metabolismo das pirimidinas. No entanto, pouco se conhece
sobre a atuacdo da p-alanina no SNC em desenvolvimento. Sabe-se que altas
concentragdes de B-alanina inibe o transporte de taurina para o SNC (B-aminoécido
essencial no desenvolvimento cerebral), diminui a recaptacdo do GABA, altera o
metabolismo da glicina e aumenta os niveis celulares de carnosina (Dawson et al, 2002;
Tiedje et al, 2010). Entretanto, ndo se sabe ainda os mecanismos moleculares pelos
quais a B-alanina causa muitos desses efeitos e se ela como outros aminoécidos aumenta
a producdo de ER e consequentemente o estresse oxidativo.

Dessa forma, a sobrecarga de B-alanina pode ocorrer por um defeito genético
enzimatico conhecido como p-alaninemia, onde as principais enzimas do seu
metabolismo estdo defeituosas, ou ainda pela suplementacdo nutricional hoje muito
utilizada por atletas (Hill et al, 2007; Scriver et al, 2001). Visto que, 0S mecanismos
moleculares de agao da f-alanina no SNC séo poucos estudados, o trabalho de pesquisa
pretende contribuir para o melhor entendimento da atua¢ao do f-aminoacido no SNC

frente ao estresse oxidativo, podendo assim contribuir para seu melhor esclarecimento.
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1.2 OBJETIVOS

1.2.1 Objetivos gerais

Investigar os efeitos in vitro e in vivo da B-alanina sobre alguns parametros de

estresse oxidativo em cérebro de ratos Wistar de 21 dias de idade.

1.2.2 Objetivos especificos

Investigar os efeitos in vitro e in vivo da B-alanina em cortéx cerebral e cerebelo de
ratos Wistar jovens sobre alguns parametros de estresse oxidativo, tais como:
e Atividades das enzimas antioxidantes CAT e SOD;
e Determinacdo do conteudo total de tiois;

e Mensuracdo dos niveis de substancias reativas ao acido tiobarbitdrico

(TBARS);
e Medida de ER pela oxidagao do 2’7 diclorofluorecéncia (DCF);

e Quantificacdo do conteudo de GSH.
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Abstract

B-alanine has been used as nutritional supplement and accumulates in [3-
alaninemia, a rare disorder of pyrimidine degradation. Patients with B-alaninemia
may develop neurological abnormalities whose mechanisms are far from being
understood. In this study we evaluated the in vitro and in vivo effects of B-alanine on
some parameters  of oxidative stress in  cerebral  cortex and cerebellum of 21-day-
old rats. For the in vivo (ex-vivo) studies, the animals received three peritoneal
injections of B-alanine (300 mg /Kg of body weight) and the controls received the same
volume (10ul/g of body weight) of saline solution (NaCl 0.85%) at 3 hours intervals.
The results of ~ B-alanine  administration  were similar in  both tissues studied:
reduction of superoxide dismutase (SOD) activity, increased oxidation of 2',7'-
dihydrodichlorofluorescein  (DCFH), total content of sulfhydryl and catalase (CAT)
activity. The contents of reduced glutathione (GSH) and thiobarbituric acid reactive
species (TBA-RS) were not changed. In the in vitro studies, the f-amino acid decreased
oxidation of DCFH in the cerebellum, but did not change in the cerebral cortex. In
contrast, B-alanine provoked increased levels of GSH in the cerebral cortex, but not in
the cerebellum. Furthermore, the activity of the antioxidant enzyme CAT was reduced
and the activity of SOD was increased in both tissues. The contents of total sulthydryls
and TBA-RS were not changed. These results suggest that B-alanine induced, directly
and indirectly, oxidative stress. Therefore, in case the same occurs in patients with -
alaninemia, it is possible that oxidative stress may be one of the mechanisms
responsible for brain damage. Besides, possible side effects of the nutritional

supplementation of B-alanine need more attention.

Keywords: B-alanine; oxidative stress; cerebellum; f-alaninemia; cerebral cortex.
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Introduction

B-alanine is a f-amino acid derivative from the degradation of the pyrimidine
uracil and precursor of the oxidative substrate acetyl-coenzyme A [1]. B-alanine is one
of only a few naturally endogenous occurring 3-amino acids to humans and mammals.
Structurally, B-alanine is the simplest 3-amino acid, having no substituent on its central
two-carbon bridge [2]. It is metabolized by two different pathways: the first is the
formation of carnosine from p-alanine and histidine using the enzyme carnosine
sinthase [3] and the other involves two different enzymes, B-alanine-a-ketoglutarate
transaminase and B-alanine-pyruvate transaminase. The aminotransferase is used for the
subsequent metabolism of f-alanine to malonate semialdehyde [1]. The malonate
semialdehyde can be converted back to -alanine using GABA-transaminase (GABA-T)
for the reverse transamination. Thus, this enzyme is involved in endogenous synthesis
of B-alanine in central nervous system (CNS) [2].

Nutritional supplement of high B-alanine doses (4-6.4 g/day), approximately 100
mg/Kg of body weight, has been used by many people, especially by athletes, for long
time to increase muscle carnosin content and to improve exercise performance [3-6], but
studies about possible side effects in humans were not been made [7]. Besides, B-
alanine, a inhibitor of taurine transport, has been used for causing taurine depletion, an
important antioxidant, on animals and cell cultures [8,9].

Genetic defect in some of these pathways can lead to abnormal increase of -
alanine in CNS and other tissues, characterizing an inborn error of metabolism. In
high concentration this p-amino acid inhibits GABA uptake by competing for
transporters GAT-3 and GAT-4  [2]. The main  biochemical  events are high

concentrations of B-alanine and GABA in urine of the patients suffering from this
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disease. These patients may develop clinical pathologies such as neurological
abnormalities, possibly associated to oxidative stress [2].

Recent studies have shown the involvement of oxidative stress in the
pathophysiology of various inborn errors of metabolism and neurodegenerative
disorders [10]. Free radicals are produced naturally in the organism, but the excess of
these compounds caused by their overproduction and/or by diminished antioxidants
defenses lead to disturbances in enzymatic systems, membrane transport and DNA
function among others, as a result of protein, lipid and DNA oxidative damage [11].

Considering that the mechanisms underlying the neurological dysfunction in
patients with  B-alaninemia are poorly known and that the damaging consequences of
oxidative stress have been implicated in a variety of CNS disorders [12], the main
objective of the present study was to investigate the in vitro and in vivo effects of -
alanine on some parameters of oxidative stress in cerebral cortex and cerebellum of
21-day-old rats, in the hope to contribute to the understanding of the mechanisms
responsible for the neurological impairment observed in patients suffering from

B-alaninemia.

Materials and methods
Animals

Thirty twenty-one-day-old male Wistar rats bred in the Department of
Biochemistry, ICBS, UFRGS, Porto Alegre, RS, Brazil were used in the experiments.
The rats had free access to water and to a standard commercial chow (Supra, Porto
Alegre, RS, Brazil) containing 20.5% protein (predominantly soybean supplemented
with methionine), 54% carbohydrate, 4.5% fiber, 4% lipids, 7% ash and 10% moisture.

Temperature was maintained at 24 + 1 °C, with a 12-12 h light-dark cycle. The
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“‘Principles of Laboratory Animal Care’’ (Guide for the Care and Use of Laboratory
Animals, NIH publication no. 80-23, revised 1996;

http://www.nap.edu/readingroom/books/labrats/) were followed in all the experiments, and

the experimental protocol was approved by the Ethics Committee For Animal Research
of the Federal University of Rio Grande do Sul.
Preparation of tissues

The animals were decapitated without anesthesia, the brains were immediately
removed and cerebral cortex and cerebellum were rapidly excised on a Petri dish placed
on ice. After dissection, the tissues were homogenized in 10 volumes (1:10, w/v) in
phosphate-KCI buffer (20 mM / 40 mM) pH 7.4, using a ground glass type Potter—
Elvejhem homogenizer. The homogenates were centrifuged at 800 g for 10 min at 4°C,
the pellet was discarded, and the supernatants were kept at -70°C until the
determinations were performed for no longer than one week. Controls performed in our
laboratory indicate that the parameters of oxidative stress measured in the present work
are not affected by keeping at -70°C for at least two weeks.
In vitro experiment

The supernatants of the homogenates of cerebral cortex and cerebellum were
incubated at 37°C for 30 min with (test) or without (control) addition of 0.5 or 1 mM of
B-alanine. These supernatants were used for the following tests: thiobarbituric acid
reactive  species (TBA-RS), total sulfhydryls content, reduced glutathione (GSH),
oxidation of reduced 2", 7' dichlorofluorescein (DCFH), and the activity of the
antioxidant enzymes catalase (CAT) and superoxide dismutase (SOD). B-alanine in the

same concentrations (0.5-1 mM) did not affect commercial CAT or SOD activity.
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In vivo experiment

B-alanine was dissolved in saline solution and the pH was adjusted to 7.4. The
animals received three intraperitoneal injections, with three hours of intervals, of B-
alanine (300 mg /Kg of body weight), equivalent to those used by other researchers [6],
and the controls received the same volumes of saline solution (10ul/g of body weight of
NaCl 0.85%) [1]. One hour after the last injection, the rats were killed and the brains
were rapidly removed, cerebral cortex and cerebellum dissected, homogenized,
centrifuged and the supernatants stored at -70°C until measurements were performed,

for no longer than one week.

Parameters of oxidative stress measurements
Thiobarbituric acid reactive substances measurement (TBA-RS)

TBA-RS measures mainly malondialdehyde (MDA), a product of
lipoperoxidation caused mainly by hydroxyls free radicals. Hydroxyl free radicals are
mainly formed from H,0O, by the iron-catalyzed Fenton reaction or by the Haber-Weiss
reaction [13]. TBA-RS were measured, as described previously Ohkawa [14] with slight
modifications. Briefly, to glass tubes samples and reagents were added in the following
order: 500 pL of tissue supernatant; 50 puL of 8.1% SDS (sodium dodecylsulphate);
1500 uL of 20% acetic acid in aqueous solution (v/v) pH 3.5; 1500 uL of 0.8%
thiobarbituric acid (TBA); and 700 uL of distilled water. The mixture was mixed and
the reaction was carried out in a boiling water bath for 1 h. The mixture was allowed to
cool on water for 5 min, and was centrifuged at 750 x g for 10 min. The resulting pink
stained TBA-RS were determined spectrophotometrically at 532 nm. A calibration
curve was generated using 1,1,3,3-tetramethoxypropane as a standard. TBA-RS were

calculated as nmol of TBA-RS per mg of protein.
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Total sulfhydryl content

Total sulfhydryl assay was performed according to a previously published
method [15], where the reduction of 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) by
thiols, generating a yellow derivative (TNB) whose absorption was measured
spectrophotometrically at 412 nm. Briefly, 0.1 mM DTNB was added to 120 ul of
hippocampus supernatants. This was followed by 30-min incubation at room
temperature in a dark room. Absorption was measured at 412 nm. The sulfhydryl
content may be inversely correlated to oxidative damage to proteins, but may also
reflect GSH and others thiols levels. Results were calculated as nmol of TNB per mg of

protein.

2',7'-dihydrodichlorofluorescein oxidation assay

Oxygen and nitrogen reactive species production was assessed according to
LeBel et al [16], by using reduced 2',7'-dihydrodichlorofluorescein diacetate (DCF-
DA). Samples (30 pL) were incubated for 30 min at 37 °C in the dark with 30 pL of 20
mM sodium phosphate buffer pH 7.4 with 140 mM KCI and 240 pL of 100 uM reduced
2"7'-dichlorofluorscein diacetate (H,DCF-DA) solution in a 96 wells plate. H,DCF-DA
is cleaved by cellular esterases and H,DCF formed is oxidized to DCF by reactive
oxygen species (ROS) or reactive nitrogen species (RNS) present in the supermatant.
The DCF fluorescence intensity parallels to the amount of reactive species formed.
Fluorescence was measured using excitation and emission wavelengths of 480 nm and
535 nm, respectively. Calibration curve was performed with standard DCF (0.25—
10 uM) and the levels of reactive species were expressed as nmol of DCF formed per

mg of protein.
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Glutathione levels (GSH)

Glutathione is a very important non-enzymatic antioxidant present in the cells.
GSH reduces peroxides, mainly through GPx activity, scavengers superoxide and
hydroxyl radicals, and regenerates oxidized C vitamin. GSH levels were measured
according to Browne and Armstrong [17]. Two hundred pL of GSH buffer pH 8, one
hundred and fifty pL of the samples were incubated with an equal volume of o—
phthaldialdehyde (1 mg/ml of methanol) by 30 min at 37°C, centrifuged for 10 min at
7000 x g. Fluorescence was measured using excitation and emission wavelengths of 350
nm and 420 nm, respectively. Calibration curve was performed with standard GSH (1
mM), and the tissue supernatant concentrations of GSH were expressed as nmol of GSH
per mg of protein.
Catalase (CAT) activity

CAT is responsible for transformation of H,O, in H,O. Hydrogen peroxide can
react with thiol and methionyl groups of enzymes and other proteins, and form the high
reactive hydroxyl radicals. CAT activity was assayed according to Aebi [18]. The
reaction medium contained 20 mM H,0,, 0.1% Triton X-100, 10 mM potassium
phosphate buffer, pH 7.0, and 10 pL of the supernatants. Consumption of H,O, was
followed by measuring the absorbance decrease at 240 nm. One CAT unit is defined as
1 umol of hydrogen peroxide consumed per min and the specific activity is calculated as

CAT units per mg of protein.

Superoxide dismutase (SOD) activity
SOD catalyzes the transformation of superoxide free radicals in hydrogen
peroxide, a less reactive substance. The assay of SOD activity was carried out as

described by Marklund [19]. This method is based on capacity of pyrogallol to
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autoxidize, a process highly dependent on superoxide radical. The inhibition of
autoxidation of this compound occurs in the presence of SOD, whose activity can be
indirectly assayed spectrophotometrically at 420 nm. A calibration curve was performed
with purified SOD as standard. A 50% inhibition of pyrogallol autoxidation is defined

as one unit of SOD and the activity was expressed as SOD units per mg of protein.

Protein determination
Protein concentrations were determined by the method of Lowry et al [20], using

serum bovine albumin as the standard.

Statistical analysis

Data from the in vivo studies were analyzed by Student’s t-test for independent
samples. Data from the in vitro studies were analyzed by one-way ANOVA followed by
the Tukey test when the F values were significant. All analyses were performed using
the Statistical Package for the Social Sciences (SPSS) software. Values of p< 0.05 were

considered to be significant.

Results

Initially, we studied the in vitro effect of two concentrations (0. 5 and 1 mM) of
B-alanine on DCFH oxidation (Fig. 1A) and TBA-RS (Fig. 1B). p-alanine significantly
decreased the levels of DCF at 1 mM (F,18) = 7.20; P<0.05) in cerebellum and did not
change in cerebral cortex (F,18) = 0.39; P> 0.05). On the other hand, B-alanine did not
alter TBA-RS in brain cortex (F,1s) = 1.67; P>0.05) or in cerebellum (F(,1 = 0.28; P>
0.05). Next, we investigated the effect of this f-amino acid on total content of

sulfhydryls (Fig 2A) and GSH (Fig 2B). GSH levels were increased in cerebral cortex at
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1.0 mM (F,18) = 4.63; P<0.05), but not in cerebellum (F(,1s) = 1.55; P>0.05). Finally,
we measured the activities of the antioxidant enzymes CAT (Fig. 3A) and SOD (Fig.
3B). We observed that p-alanine inhibited CAT activity in cerebral cortex (0.5 and 1
mM) (F,18 = 5.14; P<0.05) and in cerebellum (1 mM) (F(218) = 5.54; P<0.05). The B-
amino acid increased the SOD activity in cerebral cortex (1.0 mM) (F, 18y = 8.25;
P<0.01) and in cerebellum (1 mM) (F(,18) = 11.44; P<0.01).

In the next set of experiments, the effect of intraperitoneal administration of 3-
alanine was evaluated by the same parameters. First, we measured the generation of
reactive species by DCFH oxidation (Fig. 4A) and TBA-RS (Fig. 4B). Then, we
observed that p-alanine increased the levels of DCFH oxidation in cerebral cortex (t(i)
= 2.48; P<0.05) and cerebellum (ti2) = 3.67; P<0.05), whereas TBA-RS was not
changed in cerebral cortex (tao) = 1.12; P>0.05) or in cerebellum (ta2) = 0.62; P>0.05).
Next, we measured total sulfhydryl content (Fig 5A) and GSH content (Fig 5B). The
results showed that the B-amino acid increased the total sulfhydryl content in cerebral
cortex (t2) = 5.48; P<0.05) and in cerebellum (t12) = 4.03; P<0.01) and that GSH was
not altered by the compound. Finally, CAT (Fig 6A) and SOD (Fig 6B) activities were
measured. -alanine increased CAT activity in cerebral cortex (ta2) = 5.05; P<0.01) and
in cerebellum (t11) = 5.01; P<0.01), and inhibited SOD activity in cerebral cortex (tu2) =

3.88; P<0.05) and in cerebellum (t(12) = 2.54; P<0.05).

Discussion

Patients affected by p-alaninemia present neurological dysfunction with
convulsions, coma, somnolence, lethargy, hypotonia, hyporeflexia, developmental delay
and mental retardation [1]. The exact mechanisms underlying brain damage in this

disorder remain poorly known, but it is postulated that high concentrations of -
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alanine produce direct and/indirect effects [2]. Tissue damage caused by oxidative
stress, mediated by excessive free radicals, is involved in a diversity of biological
phenomena, including damage to proteins, lipids and DNA [19]. ROS are abundantly
produced in the brain because neurons consume a large amount of oxygen, neuronal
mitochondria generate superoxide anion, and the brain readily retains bio-available
irons. Moreover, the adverse consequences of oxidative stress have been implicated in a
variety of central nervous system diseases, including inherited metabolic disorders [12,
22, 23]. In this context the main objective of the present work was to evaluate the in
vitro and in vivo effects of this amino acid, known to accumulate in -alaninemia, on
important parameters of oxidative stress in cerebral cortex and cerebellum of young
rats, in order to contribute to the understanding of the pathophysiology of -alaninemia.

Animal models do not completely imitate human diseases in all its complexity.
However, chemical animal models have been largely used because they have the
advantage of isolate every substance known to accumulate in human disease and study
against adequate control. Therefore, animal models are important in the investigation of
pathophysiologic mechanisms of the diseases, especially in brain metabolism, helping
to suggest preventive measures and new drugs for treatment [24, 25]

First, we observed that in vitro p-alanine at concentrations of 0.5 and 1 mM, did
not significantly alter the levels of DCFH oxidation in brain cortex, but significantly
decreased DCFH oxidationat 1 mM in the cerebellum, suggesting low levels of
hydroxyls and superoxide free radicals in the tissuesat the moment of the
measurements. Previous findings from our laboratory showed that different a-amino
acids increased the oxidation of DCFH, thus increasing the levels of reactive species
production in the brain of young rats [25]. So, we measured total thiol levels and lipid

peroxidation, and we observed that the two parameters have not changed significantly in
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cerebral cortex and cerebellum. TBA-RS reflects mainly the content of
malondialdehyde, the most abundant individual aldehyde resulting from lipid
breakdown due to lipid peroxidation process. On the other hand, diminution of total
sulfhydryl content is one of the most general and useful index of protein oxidation [26].
Therefore, these results suggest that different concentrations of the 3-amino acid in the
study in vitro were not able to induce reactions with lipids and proteins.

Regarding to the antioxidant defense system, B-alanine markedly increased the total
content of GSH in homogenates of tissues, the main naturally occurring antioxidant in
cerebral cortex and cerebellum of rats. It is well known that oxidative stress is the major
factor to enhance GSH levels [27]. Two important factors rapidly triggered by oxidative
stress that induce GSH synthesis are the content of cysteine (and cystine) and
stabilization of the mRNA of the synthetic enzymes [27], two processes that can occur
in cell-free supernatants. However, reduction of GSSG to GSH is another possibility,
but GSSG was not measured because the techniques are unreliable. GSH, a known
scavenger of reactive oxygen species (ROS) [13], can be a defense against the
production of superoxide anion, since the antioxidant enzyme SOD was increased at 1
mM concentration of B-alanine. The same was observed by Feksa et al., [28], where
the tryptophan in  vitro was able to increase the content of GSH and increase
the enzymatic activity of SOD. The antioxidant enzyme SOD catalyzes the
transformation of superoxide free radicals in hydrogen peroxide, a less reactive
substance [19]. So, it is possible that B-alanine in vitro might accelerate the rate
of dismutation of superoxide anionto hydrogen peroxide and water, decreasing the
effect of the free radicals in the brain tissue. Therefore, the in vitro results suggest that

B-alanine induces free radicals formation, possibly superoxide anion, which enhances
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GSH levels and SOD activity (and decreases CAT activity), scavenging superoxide
anion and impairing lipoperoxidation and DCFH oxidation.

Finally, the influence of different concentrations of 3-amino acid on the activity
of CAT in cerebral cortex and cerebellum was determined. CAT was inhibited in the
presence of B-alanineat 0.5 and 1 mM in cerebral cortexand only at the highest
concentration (1 mM) in the cerebellum. CAT is responsible for catalyze the
decomposition of hydrogen peroxide into water and molecular oxygen, but when this
enzyme activity is limited, for instance, when superoxide anion accumulates, may lead
to an impairment of detoxification of this substrate [29]. One possible mechanism
for inhibition of this enzyme would be the elevation of superoxide anion, which can act
directly on the enzyme protein structure, or by overproduction of H,O,. As the rate
of CAT is relatively low in the CNS and the production of H,O is high, the ability of
detoxification by this enzyme may be diminished [12].

Data obtained in the in vitro experiments may not be of physiological relevance.
However, these results are valuable to detect direct effects of the tested substance, and
help to interpret results obtained in the in vivo experiments, which include direct and
indirect effects. Absence of direct in vitro effect suggests that the results obtained in
vivo are indirect, dependent mainly in the metabolism of the substance and/or
interaction with other compounds. Therefore, as an attempt to better understand the
neurotoxicity of f-alanine, we investigated the influence of B-alanine administration on
the same oxidative stress parameters.

The oxidation of DCFH was increased in both tissues, showing that p-alanine
administration increased the reactive species production inrat brain. Moreover, -
alanine administration was able to increase total thiol levels in cerebral cortex and

cerebellum. This augment can be explained by the increase of reactive species that react
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with disulfide bonds (S-S) in proteins or to increase in GSH synthesis [30, 31].
However, reduced glutathione was not altered, suggesting increase of protein disulfide
bonds cleavage. On the other hand, lipids were not affected by p-alanine administration,
since TBA-RS was not changed in both tissues, agreeing to other authors [9].

Antioxidant enzymes such as CAT and SOD represent the first barrier against
reactive species and are essential to cell survival, being CAT important for the clearance
of H,O; in high concentrations [21]. Hydrogen peroxide may interfere in many
intercellular and intracellular signaling processes [11, 32]. CAT activity was increased
in the two tissues after B-alanine administration, possibly as a consequence of increased
production of H,0,. On the other hand, SOD activity was inhibited in cerebral cortex
and cerebellum, possibly due to H,O, accumulation. H,O, accumulation and SOD
inhibition can favor the Fenton reaction with generation of hydroxyl radical, the most
toxic in vivo reactive specie [33, 34].

The normal redox homeostasis is mainly maintained by mechanisms in which
redox signaling regulates the expression of antioxidant enzymes and the increase in
intracellular glutathione levels [35]. Sies [36] defined this term “oxidative stress” as a
disturbance in the prooxidant-antioxidant balance in favor of the former, leading to
potential damage [12]. The brain has low cerebral antioxidant defenses compared with
other tissues [11], a fact that makes this tissue more vulnerable to increased reactive
species.

Considering that taurine may act as a buffer against oxidative stress [37] and is a
potent scavenger of the hydroxyl radical [38], it is possible that the increase of B-alanine
associated to taurine deficit could promote formation of this radical in long-term -
alanine administration as occurs in human supplementation of high doses of this amino

acid. On the other hand, long-term B-alanine administration may increase carnosine, a
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potent antioxidant, in several tissues [3-6], counteracting, at least in part, the diminished
antioxidant effect of taurine depletion. In the present work, although taurine and
carnosine were not measured in the brain, augment of brain carnosine and diminution of
brain taurine content is improbable, because the rats were sacrificed 7 h after the first
administration of B-alanine. Therefore, the alterations observed in the parameters of
oxidative stress were possibly caused by direct and metabolic effects of B-alanine,
inducing oxidative stress.

In summary, B-alanine induces in vitro and in vivo oxidative stress in brain
cortex and cerebellum of Wistar rats, suggesting the involvement of oxidative damage
in the pathophysiology of B-alaninemia. Besides, the continuous use of f-alanine in
high doses as a nutritional supplement by athletes must be watched with caution and

deserves more attention regarding possible side effects such as oxidative stress.
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Legendas

Fig. 1 In vitro effect of p-alanine on oxidation of DCFH (A) and production of
thiobarbituric acid-reactive species (TBA-RS) (B) in cerebral cortex and cerebellum of
21-day old Wistar rats. Results are expressed as nmol of DCF (A) and nmol of TBA-RS
per mg of protein (B). Data are means + SD for 6-8 independent experiments performed

in triplicate. *p<0.05; **p<0.01 compared to the controls (Tukey test).

Fig. 2 In vitro effect of B-alanine on the content of total sulfhydryls (A) and reduced
glutathione (B) in cerebral cortex and cerebellum of 21-day old Wistar rats. Results are
expressed as nmol of sulfhydryls (A) and nmol of GSH (B) per mg of protein (B). Data
are means + SD for 6-8 independent experiments performed in triplicate. *p<0.05;

**p<0.01 compared to the controls (Tukey test).

Fig. 3 In vitro effect of B-alanine on catalase (CAT) (A) and superoxide dismutase
(SOD) (B) in cerebral cortex and cerebellum of 21-day old Wistar rats. Results are
expressed as CAT units (A) and SOD units (B) per min per mg of protein. Data are
expressed as mean = SD for 6-8 independent experiments performed in triplicate.

*p<0.05; **p<0.01 compared to the controls (Tukey test).

Fig. 4 Effect of B-alanine administration on the oxidation of DCFH (A) and production
of thiobarbituric acid-reactive species (TBA-RS) (B) in cerebral cortex and cerebellum
of 21-day old Wistar rats. Results are expressed as nmol of DCF (A) and nmol of TBA-
RS (B) per mg of protein (B). Data are means + SD for 6-8 independent experiments

performed in triplicate. *p<0.05; **p<0.01 compared to the controls (Student t-test).

Fig. 5 Effect of B-alanine administration on the content of total sulfhydryls (A) and
reduced glutathione (B) in cerebral cortex and cerebellum of 21-day old Wistar rats.
Results are expressed as nmol of sulfhydryls (A) and nmol of GSH (B) per mg of
protein (B). Data are means = SD for 6-8 independent experiments performed in

triplicate. *p<0.05; **p<0.01 compared to the controls (Student t-test).
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Fig. 6 Effect of p-alanine administration on catalase (CAT) (A) and superoxide
dismutase (SOD) (B) in cerebral cortex and cerebellum of 21-day old Wistar rats.
Results are expressed as CAT units (A) and SOD units (B) per min per mg of protein.
Data are expressed as mean = SD for 6-8 independent experiments performed in
triplicate. *p<0.05; **p<0.01 compared to the controls (Student t-test).
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PARTE III
DISCUSSAO E CONCLUSOES
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111.3 DISCUSSAO

A toxicidade causada pela B-alanina na producgdo de radicais livres e/ou na
reducédo de antioxidantes no SNC ainda é muito pouco conhecido. Muitos trabalhos vém
descrevendo o envolvimento do estresse oxidativo em doencas do erro inatos do
metabolismo (Wajner et al, 2004; Feksa et al, 2008). Pacientes com B-alaninemia
podem desenvolver diversas alteracbes neuroldgicas e bioquimicas, como excrecao
aumentada de B-alanina, GABA e taurina na urina. No entanto, 0s reais mecanismos
patoldgicos estdo longe de serem compreendidos. Entretanto, sabe-se que altas
concentracdes deste B-aminoécido inibem a captacdo de GABA competindo pelos seus
transportadores GAT-3 e GAT-4 (Tiedje et al, 2010), podendo ser esse um possivel

mecanismos responsaveis pelas alteracdes encontradas nos pacientes.

A B-alanina também é usada como um suplemento alimentar e essa utilizagdo
descontrolada pode gerar um acumulo indevido do p-aminoacido. Outra consequéncia
proeminente do acumulo de B-alanina € a inibicdo do transporte de taurina. Essa
inibicdo provoca uma excrecdo aumentada de taurina na urina e consequentemente uma
diminuicdo dos seus niveis na maioria dos tecidos (Dawson et al, 2002; Parildar-
Karpuzoglu et al, 2007). A taurina é extremamente importante no desenvolvimento de
mamiferos, em especial no SNC e muscular (Sturman, 1988). Ela é considerada como
um potente antioxitande enddgeno, possuindo a capacidade de proteger o tecido contra

acdo de ER e prevenir o estresse oxidativo (Huxtable, 1992).

Este trabalho foi realizado para investigar os possiveis efeitos toxicos da -
alanina quanto ao estado redox em cortéx cerebral e cerebelo de ratos Wistar, com
objetivo de melhor elucidar a acdo do B-aminoacido no SNC em um modelo de

sobrecarga.
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Primeiramente, investigamos uma possivel acdo direta da B-alanina no modelo in
vitro. Observamos a influéncia da p-alanina, nas concentracfes de 0,5 mM e 1,0 mM,
em cortéx cerebral e cerebelo de ratos Wistar de 21 dias de idade. O primeiro parametro
analisado foi a quantificacdo dos niveis de oxidacdo de DCFH que representa um indice
inespecifico de producdo de ER nas amostras. Verificamos que na concentracéo de 1,0
mM os niveis de oxidacdo de DCFH diminuiram no cerebelo. Juntamente com essa
diminuicdo da oxidagdo do DCFH observamos que a B-alanina in vitro ndo foi capaz de
alterar significativamente os niveis de tidis totais e de TBARS. Esses resultados
sugerem que a B-alanina ndo atua diretamente oxidando proteinas e lipideos e que a
formacdo de ER, se ocorreu, foi suprimida por alguns mecanismos antioxidantes

presente na amostra.

Um desses mecanismos antioxidantes poderia ser a alta taxa de converséo de -
alanina em carnosina, sendo a concentracdo de carnosina controlada pela concentracao
de  B-alanina  (Tiedjeetal, 2010). A  carnosina é um dipeptideo
enddgeno amplamente distribuido e abundante nos tecidos muscular e nervoso
de varias espécies de animais. Muitas funcbestém sido propostas para este
composto por causa de suas propriedades antioxidante e quelante de ion metalico (Bellia
et al, 2011). No entanto, considerando o pouco tempo para aumentar a sintese de
carnosina é mais provavel que o efeito antioxidante se deva ao aumento de GSH,

observado em cortex cerebral na concentracdo de 1,0 mM de B-alanina.

No SNC a GSH é importante para a manutencdo dos grupos sulfidrila reduzidos
em proteinas, para remogdo de H,0, e reparo dos lipideos peroxidados por O, e OHe
(Newsholme e Leech, 1995). Entretanto, € sabido que o estresse oxidativo é o principal

fator paraaumentar 0s niveis de GSH. Existem alguns fatores importantes
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desencadeados pelo estresse oxidativo que podem induzir a sintese de GSH, entre eles
estdo o conteldo aumentado de cisteina (cistina) e a estabilizagdo do RNA mensageiro
das enzimas sintéticas (Lu, 2000). Portanto, podemos supor que esse aumento seja
realmente mediado pelo estresse oxidativo, pois a atividade da enzima antioxidante

SOD aumentou na concentragdo de 1,0 mM de B-alanina em cértex cerebral e cerebelo.

A SOD catalisa a reacdo de dismutacdo de dois radicais superéxido a peréxido
de hidrogénio e oxigénio, sendo chamada de defesa priméria contra o estresse oxidativo,
visto que o O, é um forte iniciador de reacdes em cadeia (Marklund, 1985). O O, é
formado sob condigdes normais e é bastante reativo. Quando a atividade da SOD
aumenta, mas é insuficiente para lidar com o superoxido formado, 0 excesso desse
radical pode oxidar biomoléculas ou reagir com éxido nitrico, gerando peroxinitrito
(Ceriello, 2002). Essa atividade aumentada da SOD também aumenta a formacéo de
outra espécie reativa muito importante, o H,O,. O H,0, formado é menos reativo que o
radical superoxido e é degradado posteriormente por outras enzimas, como a CAT e

GSH-Px (Anderson, 1996).

Esse possivel aumento do O, e H,O, pode estar envolvido na inibicdo da
atividade da CAT. A CAT catalisa a decomposicdo do H,O, em duas moléculas de agua
e uma de oxigénio e é extremamente sensivel ao ataque de ER (Aebi, 1984).
Observamos a diminuicdo da atividade enzimatica da CAT na concentracdo de 1,0 mM
de B-alanina nos dois tecidos estudados e nas duas concentracdes de B-alanina estudadas
no cortex cerebral, o qual é considerado um tecido mais sensivel a acdo das EROs. Essa
diminuicdo da atividade da CAT pode ser explicada por uma elevagdo do O, o qual
pode atuar diretamente sobre a estrutura protéica de enzima, ou ainda pelo excesso de

H,0,. Outro fator importante nessa inibicdo enzimatica € a alta taxa de formacdo de
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H,0, no SNC, corroborada pelo aumento da atividade da SOD, podendo saturar a
atividade da CAT, pois a concentracdo de CAT no SNC é relativamente baixa quando

comparada com outras enzimas antioxidante, como a GSH-Px (Halliwell, 2006).

Contudo, observamos nos experimentos in vitro que possivelmente os
mecanismos neurotoxicos da B-alanina ocorram por uma acgéo indireta em um sistema
completo, dependente principalmente do metabolismo da substancia e/ou interagcdo com
outros compostos. Portanto, para melhor elucidar os efeitos neurotéxicos da B-alanina,
nds investigamos o efeito in vivo da B-alanina sobre 0s mesmos parametros de estresse

oxidativo.

Inicialmente observamos a formacdo de espécies reativas nos tecidos tratados
com B-alanina pela técnica de oxidacdo do DCFH (LeBel, 1992). Em ambos tecidos
tratados a oxidacdo do DCFH aumentou, demonstrando que a administracdo aguda de -

alanina aumenta a producdo de ER em cortex cerebral e cerebelo de ratos.

Invesigamos também o efeito da administracdo de [-alanina sobre o conteudo
total de tidis. Os resultados mostraram que a B-alanina foi capaz de aumentar o
contetdo total de tidis em ambos tecidos estudados. Esse aumento pode ser explicado
pela acdo das ER nas ligacdes de dissulfeto (S-S) de proteinas, uma vez que essas ER
podem romper essas ligacdo e liberar o grupamento tiol (-SH) (Jones, 2006). Outro
possivel mecanismo capaz de explicar esse resultado seria 0 aumento da sintese de
GSH, mas ndo houve aumento dos niveis de GSH. Por outro lado, a medida de TBARS

indicou que os lipideos ndo sofreram oxidacdo quando a B-alanina foi administrada.

Finalmente, investigamos a atividades das enzimas antioxidantes CAT e SOD,

responsaveis pela defesa primaria dos tecidos contra acdo de EROs e ERNs. A CAT ¢
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encontrada na maioria das células humanas, principalmente nos peroxissomas (Chance
et al, 1979). Alguns 6rgdos como o coragdo, o0 musculo esquelético e o cérebro, contém
baixa atividade de CAT, o que os tornam mais vulneraveis a acdo das EROs e ERNs
(Halliwell e Gutteridge, 2007). No tratamento agudo com B-alanina a atividade da CAT
aumentou no cortex cerebral e no cerebelo dos ratos. Esse aumento possivelmente

ocorreu como consequéncia do aumento da producéo de H,O; nos tecidos tratados.

O acumulo de H,O;, no cortex cerebral e no cerebelo pode contribuir para a
inibicdo observada da atividade da SOD. Com a atividade da SOD inibida, todo o
sistema de dismutacdo do O* fica comprometido, ocasionando o actimulo dessas ER |
favorecendo a reacdo de Fenton e de Haber-Weiss (Anderson, 1996). Essas reacdes ddo
origem ao OHe que reage com DNA, carboidratos, proteinas e lipidios, danificando-os.
Quando o OHe é produzido préximo ao DNA, podem ocorrer modificacdes em bases
nitrogenadas e residuos de carboidratos, levando a inativacdo ou mutacdo do DNA
(Halliwell, 2001; Halliwell e Gutteridge, 2007). Além disso, 0 OHe tanto compromete a
atividade biologica das proteinas ao oxida-las (Dean et al., 1997), quanto induz a
oxidacao dos acidos graxos poliinsaturados das membranas celulares (lipoperoxidacéao)

(Halliwell, 2001; Halliwell e Gutteridge, 2007).

Concluindo, a B-alanina tanto in vitro como in vivo altera 0os mecanismos de
manutencdo do estado redox e consequentemente a homeostasia redox celular. O
sistema de defesa antioxidante enzimatico foi alterando juntamente com o aumento de
ER. Portanto, o dano oxidavivo pode ser um mecanismo fisiopatologico na B-
alaninemia. Entretanto, mais estudos sdo necessarios para elucidar outros processos e

mecanismos envolvidos nas disfungdes neuroldgicas apresentadas por esses pacientes.
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111.4 CONCLUSOES

1) A B-alanina in vitro, na concentracgéo de 1,0 mM, diminuiu significativamente a

2)

oxidagdo do DFCH em cerebelo de ratos Wistar de 21 dias, mas ndo alterou no

cortéx cerebral.

Né&o houve alteragdo significativa quanto a TBARS e Sulfidrilas em ambos os

tecidos estudados no experimento in vitro.

3) A B-alanina in vitro, na concentracdo de 1,0 mM, aumentou significativamente

0s niveis de GSH em cortéx cerebral de ratos Wistar de 21 dias, mas ndo alterou

no cerebelo.

4) A atividade da CAT no experimento in vitro foi inibida nas concentragdes de 0,5

e 1,0 mM de B-alanina em cortéx cerebral. Porém, apenas na concentracdo de

1,0 mM no cerebelo.

5) A atividade da SOD no experimento in vitro aumentou na concentracdo de 1,0

mM de B-alanina em cortéx cerebral e cerebelo de ratos Wistar de 21 dias.

6) Os animais submetidos a administracdo aguda de B-alanina apresentaram um

7)

aumento significativo na oxidacdo do DCFH e no conteudo total de tiés em

cortex cerebral e cerebelo de ratos wistar de 21 dias.

N&o houve alteracdo significativa quanto a TBARS e GSH em ambos os tecidos

estudados no tratamento agudo.

8) Os animais submetidos a administragdo aguda de B-alanina apresentaram um

aumento significativo na atividade da CAT e uma diminuicdo significativa na

atividade da SOD em ambos tecido estudados.
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Como conclusdo final, os resultados obtidos em nosso trabalho sugerem que o
estresse oxidativo possa ser um dos mecanismos envolvidos nas alteragdes cerebrais
observadas em pacientes com B-alaninemia, pois esses pacientes estdo expostos a altas
concentragdes de [-alanina e deve-se também ter atencdo quanto as concentragdes

utilizadas do B-amino&cido nas suplementacGes nutricionais.
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111.5 PERSPECTIVAS

Nossos resultados abrem a perspectiva de continuarmos nossa investigacao

com 0s seguintes objetivos:

1) Investigar o efeito da administracdo crbnica de B-alanina sobre parédmetros
enzimaticos do metabolismo energético e de parametros de estresse oxidativo

no cOrtex cerebral e cerebelo de ratos Wistar a partir do oitavo dia de vida;

2) Investigar o efeito da administracdo cronica de B-alanina sobre o metabolismo

do GABA em cortex cerebral e cerebelo de ratos Wistar de 21 dias de idade;

3) Investigar o efeito da infusdo de B-alanina, por cirurgia estereotéxica, na regiao

CAL1 do hipocampo dorsal sobre parametros comportamentais de ratos.
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