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Apresentacéo

Em humanos, durante os exercicios fisicos o musculo esquelético produz
amonia que é parcialmente liberada para o sangue. A velocidade de utilizagéo de
adenosina trifosfato (ATP) pela contragdo muscular e da desaminacdo da
adenosina monofosfato (AMP) sdo as maiores responsaveis pela génese de
amoénia durante o exercicio. A amobnia € toxica ao organismo humano e sua
toxicidade est& relacionada a distlrbios neurolégicos e a queda do desempenho
fisico. E proposto que a producdo de amodnia consequente do exercicio fisico
pode ser um fator responsavel pela diminuicdo da capacidade cognitivo-fisica e
pode afetar a peformance em atletas.

Nesta tese, investigamos em modelos experimentais humanos e animais
os efeitos da suplementacdo de cafeina e/ou cetoanalogos na amonemia durante
0 exercicio fisico intenso de curta duracdo. O interesse nesse sistema esta
baseado em investigacdes realizadas nos ultimos anos, no Laboratério de
Bioquimica de Proteinas (LBP), no qual se tem utilizado o exercicio fisico como
modelo para induzir uma elevacdo da amonemia e a0 mesmo tempo, estudar o
metabolismo de aminoécidos. Desta forma, as modificacbes metabdlicas
originadas a partir da suplementacdo de cafeina e cetoanalogos podem indicar
caminhos para melhorar o desempenho fisico e novos alvos terapéuticos.

Assim, para melhor compreensdo desse assunto, esta tese esta dividida
em quatro capitulos, sendo: o primeiro capitulo com a fundamentacdo tedrica
sobre o tema, o segundo, terceiro e quarto capitulos com a apresentacdo de
estudos realizados publicados em periodicos cientificos, e a conclusdo geral
sobre os resultados obtidos nesta tese.

O capitulo | foi dividido em duas partes. Na primeira parte esta a
fundamentacdo tedrica sobre a xantina cafeina, destacando sua utilizagdo no
decorrer da historia, sua sintese e metabolizacdo em mamiferos. Ademais,
descreve-se a relacédo dessa xantina com o exercicio fisico em diferentes volumes
e intensidades. Na segunda parte esta a fundamentacédo teérica sobre a aménia,
destacando sua sintese e toxicidade, sua relacdo com o exercicio fisico, dieta

cetogénica e deplecdo de glicogénio. Além disso, apresenta-se um breve ensaio



sobre o uso das modernas tecnologias para andlise da esportémica, um novo
conceito em ciéncias “dmicas” proposto pelo grupo do LBP.

O capitulo Il apresenta o estudo dos efeitos da suplementacdo aguda de
cetoanalogos e aminoacidos no metabolismo de ambnia em ratos durante a
realizacdo de exercicio fisico de resisténcia. Esse estudo est4d no formato de
artigo por ja ter sido publicado no periédico British Journal of Nutrition (2010).

O capitulo Il mostra o estudo das alteracdes metabdlicas durante um
experimento de campo em um atleta de classe mundial de windsurf. Nesse estudo
apresentam-se 0s resultados obtidos através do uso das ciéncias “Omicas”,
tormando-o um estudo com analises multivariadas. Esse estudo também esta no
formato de artigo por ja ter sido publicado no periédico OMICS: A Journal of
Integrative Biology (2011).

O capitulo IV apresenta o estudo das mudangas nas concentracdes de
ureia, amobnia e aminoacidos no plasma em resposta ao exercicio fisico em
jogadores de futebol de elite suplementados com cafeina. Esse estudo também
estd no formato de artigo por ja ter sido publicado no peridodico Medicine &
Science in Sports & Exercise (2012).

Ao final desta tese esta a conclusao geral, na qual estdo apresentados 0s
achados de forma sintetizada, assim como a importancia destes estudos para
compreender o efeito da suplementacdo de cafeina e cetoanalogos no
metabolismo dos compostos nitrogenados e na peformance fisica, a fim de
divulgacdo cientifica dos seus beneficios na capacidade cognitivo-fisica em
humanos e murinos. Para assim, promover e dar suporte cientifico para novos

estudos na area.



RESUMO

A amonia (nesse trabalho descrito como sinénimo de NHs; + NH;") é toxica e
promove efeitos deletérios no sistema nervoso central de humanos e murinos. O
metabolismo da aménia e 0 aumento de sua concentracao nos tecidos podem ser
estudados pela realizacdo de exercicios fisicos. Os distlrbios temporarios no
sistema nervoso central causado pelo exercicio sdo similares aos observados na
doenca hepética e desordens neurodegenerativas. Desta forma, os exercicios de
alta intensidade tém sido implicados com o desenvolvimento de fadiga e exaustao
fisica devido ao aumento nas concentracdes da amonia plasmatica. A utilizacédo
da suplementacdo de cetoanalogos e/ou cafeina diminui a concentracdo de
amonia no sangue durante o exercicio para promover melhor desempenho. Desta
maneira, a suplementacdo de cetoanélogos e/ou cafeina associada ao exercicio
fisico podem retardar ou superar o efeito toxico da elevacdo da amébnia. Este
estudo verificou o efeito protetor das suplementacdes de cetoanalogos e cafeina
contra os compostos nitrogenados, e o desempenho fisico de humanos e ratos

submetidos ao exercicio fisico de alta intensidade e curta duracgéo.

Palavras-chaves: Amonemia, Cafeina, Cetoacidos.



ABSTRACT

Ammonia (described in this study as a synonym for NHz + NH4") is toxic and
promotes deleterious effects on the central nervous system of human and murine.
The ammonia metabolism and increase the concentration of ammonia in tissues
can be studied by physical exercises. The temporary disturbances in the central
nervous system caused by exercise are similar to those observed in liver disease
and neurodegenerative disorders. Thus, the high-intensity exercise has been
implicated in the development of fatigue and exhaustion due to increased plasma
ammonia concentrations. The use of ketoanalogues and/or caffeine
supplementation decreases the concentration of ammonia in the blood during
exercise to promote better performance. Thus, ketoanalogues and/or caffeine
supplementation combined with exercise can delay or overcome the toxic effect of
high ammonia. This study investigated the protective effect of ketoanalogues and
caffeine supplementation against nitrogen compounds, and the physical
performance in humans and rats subjected to physical exercise of high intensity
and short duration.

Key-words: Amonemia, Caffeine, Keto acids.
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PARTE 1: A cafeina

1. ORIGENS E HISTORIAS SOBRE O CAFE

Quando se fala em café, logo se lembra da cafeina, pelo fato dessa bebida
ser popularmente conhecida por conter essa substancia. Sobre a histéria do café
h& uma vasta trilha a ser percorrida, essa afirmacdo advém de proficuas leituras,
bem como de pesquisas cujo inicio se afigura a questdo central deste estudo.

A é&rvore do café selvagem que se encontra em diversas partes do
continente africano pode ter sido cultivada por inimeras tribos ao longo do
deserto do Saara estendendo até a Ardbia Saudita. Existem pouquissimas
evidéncias de que as pessoas desta época tinham conhecimento de que a
producdo da cafeicultura poderia produzir uma bebida tdo util nos tempos
islamicos e estenderia para todo mundo passando por geracfes e geracoes.
Desta forma, belissimas estoérias foram narradas pelos primeiros usuarios do café,
gue era uma bebida desconhecida, todavia, isto proporcionou inUmeras fabulas
mitologicas. Dentre as muitas fabulas existentes sobre a origem do café, nesta
tese, limitaremos apenas na qual o Arcanjo Gabriel ofereceu a Maomé um café,
segundo a lenda, fora preparado no céu e, assim, abencoado por Deus, pois
Maomé se encontrava sonolento para realizar sua meditacao diéria, proxima aos
montes de Meca. Conta-se que ao tomar a bebida sagrada, a sonoléncia foi logo
superada. Um gole desse café celeste foi suficiente para torna-lo tdo vigoroso,
gue o fez sair em profecia para unificacdo do povo arabe (Fredholm 2011).

De acordo com as lendas, 0 que se parece € que 0s primeiros graos de
café foram ingeridos (in natura), e também moidos e misturados com pasta de
gordura o que era servido como um lanche de viagem, o que era bastante
estimulante para os diversos povos que usavam as rotas arabes. Somente por
volta do ano 1000 a.C, os povos nbmades utilizaram os graos moidos que eram
deixados “torrar” no alto calor do deserto, e logo este processo ser concluido fazia
infusédo com agua fervente (Fredholm 2011).

A palavra "café" deriva da palavra gahva (ou gahwah), que é uma palavra
arabe que denota uma bebida feita a partir de plantas. A partir de culturas iniciais
na Etidpia, o cultivo de pés de café logo passou a ser dominado pelo 1émen. A
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cidade de Mocha se tornou um grande centro na producdo de café e seu nome
passou a designar a bebida. Agora, o café é cultivado em 50 paises diferentes ao
redor do mundo (Fredholm 2011).

Nas ultimas décadas, o uso de cafeina tem crescido, provavelmente nao s6
pelo consumo do café, mas sim devido ao aumento do consumo de refrigerantes
e derivados. Os espanhois e holandeses popularizaram a cafeina na Europa
durante o periodo de conquistas das rotas maritimas européias. Pode-se dizer
que, atualmente, a cafeina € mundialmente consumida, fazendo parte da cultura
de muitos paises e sendo vital para algumas economias, sendo a Gra-Bretanha, a
Escandinavia e os EUA, os maiores consumidores deste alcaldide do café (Choi e
Curhan 2007).

Os paises latinos tém tradicionalmente o habito de tomar o café mais
concentrado, com maior teor de cafeina, enquanto que os americanos preferem o
café bem mais diluido, de preferéncia descafeinado. Isto porque a bebida ndo é
tdo popular nos Estados Unidos como € no Brasil e em Cuba. Nossa cultura
adotou o habito de ingerir bebidas cafeinadas devido ao incremento mental e
retardo da fatiga (Burke 2008; Beedie e Foad 2009).

Por ser a substancia psicoativa mais consumida no mundo, 0 consumo
habitual da cafeina este associado a fatores demograficos, sociais e por ultimo a
componentes hereditarios. Através do genoma humano, em um estudo com a
participacdo com mais de 40.000 participantes, em sua maioria sendo formado
por pares de gémeos, descobriram dois possiveis genes que possam estar
associados com o consumo de cafeina, os quais sdo: AHR7p21 e CYP1A2150g24.
Ambos 0s genes sdo possiveis candidatos relacionados as propriedades
farmacocinética e farmacodinamica da cafeina. A abordagem através do genoma
vem ganhando destaque como um poderoso instrumento capaz de descobrir
novos loci relacionados aos efeitos benéficos e téxicos pelo uso da cafeina
(Cornelis et al. 2011).



2. CAFEINA

A cafeina (CAF) é uma metilxantina, que pertence a um grupo de
compostos lipidicos soluveis denominados de purinas, quimicamente conhecida

como 1,3,7-trimetilxantina (Figura 1) (Heckman et al. 2010).
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Figura 1. Cafeina. 1,3,7-Trimetilxantina (C8H10N402; 3,7-Dihidro-1,3,7-trimetil-
1H-purino-2,6-diona). Adaptado por Heckman et al. (2010).

As metilxantinas tém duas acdes celulares bem caracterizadas que sdo: a
grande habilidade em inibir as fosforilases do ciclo dos nucleotidios, aumentando,
desse modo, o adenosina monofosfato ciclico (AMPc) intracelular; e o
antagonismo a acdo de mediadores dos receptores de adenosina (ARs). As
metilxantinas provocam no organismo humano a¢des como relaxamento da
musculatura lisa, estimulacdo do sistema nervoso central (SNC) e do musculo
cardiaco (Debler et al. 1989; Davis et al. 2003; Deslandes et al. 2005).

2.1. ABSORCAO DA CAFEINA

A cafeina pode ser administrada via oral e absorvida pelo trato
gastrintestinal tendo aproximadamente 100% da sua biodisponibilidade, tendo um
pico plasmatico (Tuax) entre 30-45 min apds a ingestdo com clearance renal muito
rapido e meia-vida plasmatica por volta de 3 a 7 horas (Dash e Gummadi 2006).
Estudos mostram que menos de 5% de cafeina administrada é recuperada
inalterada na urina (forma de excrecdo) em humanos e murinos. A absor¢céao de

cafeina em alimentos e bebidas ndo parece ser dependente da idade, sexo,



genética e doenca ou consumo de drogas, alcool e nicotina (Fredholm et al. 1999;
Conway et al. 2003; Magkos e Kavouras 2005; Heckman et al. 2010).

Essas metilxantinas estdo distribuidas em todos os tecidos corporais
(plasma, fluido cérebro espinhal, saliva, bile, sémen, leite materno, cordéo
umbilical e sangue) em volumes similares de 0,4-0,6 L/kg, e ndo h& acumlo do
uso de cafeina por longo periodo nem os seus metabdlitos no corpo (Greer et al.
2000). Estudos mostram que as concentracdes de cafeina plasmatica diminuem
mais rapidamente do que as concentracdes dos seus metabdlitos como exemplo
a paraxantina, e desta forma, as concentragbes de cafeina podem ser utilizadas
para determinacdo da sua farmacocinética em humanos e ratos (Scott et al. 1984;
Turner et al. 2009).

2.2. FARMACOCINETICA DA CAFEINA

A cafeina € metabolizada no figado por desmetilacdo e oxidacdo na
posicao 8, pela remocao dos grupos metila 1 e 7, cuja reacéo sera catalizada pelo
citocromo P450, formando trés grupamentos metilxantina (Kot e Daniel 2007)
(Figura 2). Essa xantina é metabolizada de forma similar em humanos, bem como
em cachorros, coelhos e ratos (Arnaud 2011), sendo que, a maior parte dessa
metabolizagdo (84%) se processa na forma de paraxantina (1,7-dimetilxantina),
seguida de teofilina (1,3-dimetilxantina) e de teobromina (3,7-dimetilxantina), por
meio da mudanca na posicdo dos grupos metila 1,3,7 (Sinclair e Geiger 2000;
Lozano et al. 2007; Ashihara et al. 2008).

Oportuno destacar que, em humanos e outros mamiferos a
biotransformacédo da cafeina gera cooprodutos metabolicamente ativos, os quais
sdo: paraxantina, teobromina e teofilina. A poténcia farmacolégica das
metilxantinas cresce na ordem: teofilina > cafeina > teobromina (Graham 2001b;
McLean e Graham 2002; Heckman et al. 2010).
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Figura 2. Metabolismo da cafeina em humanos e outros animais. CYP1A2:
citocromo P450; NAT2: N-acetiltransferase; XO: xantina oxidase; AFMU: 5-

acetilamina-6-formilamina-3-metiluracil. Adaptado de Lozano et al. (2007).

O estudo de Arnaud (2011) mostrou que uma unica dose de cafeina de
4mg/kg, as concentracdes plasmaticas méaximas foram observadas entre 1 a 2
horas com meia-vida de 2,5 a 5 horas. As varia¢des plasmaticas de cafeina foram
relatadas com meia-vida de 2,3 a 10 horas, indicando variabilidade
intersubstancial na sua eliminacdo (Blanchard e Sawers 1983a). A meia-vida da

teofilina e teobromina s&o aproximadamente de 6,2 a 7,2 horas e foram
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significativamente maiores que os da cafeina e paraxantina 4,1 a 3,1 horas (Lelo
et al. 1986).

A toxicocinética de teobromina, cafeina, teofilina e paraxantina pela sua
biodisponibilidade, absor¢cdo e sua via de excrecdo pelas enzimas envolvidas
nesse processo sdo semelhante entre humanos e cées, coelhos, ratos e
camundongos (Walton et al. 2001). A enzima CYP1A2 tem sido detectada
somente no figado e representa cerca de 20% do total de citocromos P450 (CYP)
no figado humano, onde seu teor de proteina corresponde a 12,7, sendo 6,2% do
total de CYP responsével por mais de 90% da depuracado da cafeina (Shimada et
al. 1994; van Soeren e Graham 1998; Verbeeck 2008).

Estudos em in vivo e em in vitro sugerem que as isoenzimas CYPs
envolvidas nas vias de desmetilagdo, ao contrario das isoenzimas responsaveis
pela hidroxilagcdo, s&o reguladas por um mesmo fator comum (Dash e Gummadi
2006; Daly 2007).

A cafeina antagoniza os ARs provocando aumento da sintese de
neurotransmissores e a neurotransmissao dopaminérgica no SNC (Nehlig et al.
1992). Tais modificacdes nesses neurotransmissores poderiam em parte, explicar
0 uso abusivo da cafeina (Nehlig 1999). A intoxicacdo aguda nas pessoas nao
habituadas ao consumo da cafeina provoca inquietacdo, nervosismo, excitacao,
insbnia, rubor facial, diurese, alteracdes digestivas, contracdes musculares,
tremor, rapidez no pensamento, taquicardia ou arritmia cardiaca e sensacao de
infatigabilidade (Fredholm et al. 1999; Fredholm 2011).

Por outro lado, o uso cronico da CAF induz adaptacfes celulares que
provocam tolerancia e dependéncia fisica. Sintomas como cefaléia, irritabilidade e
sonoléncia sdo descritos na literatura (Shapiro 2007; Shapiro 2008). E postulado
que o efeito dose-dependente seja causado pelo aumento da sensibilidade dos
ARs (Antoniou et al. 2005; Solinas et al. 2005). A “up regulation” dos ARs é
considerada um dos possiveis mecanismos responsaveis por esta tolerancia
(Sahin et al. 2007; Jacobson 2009). A variacdo genética influencia na tolerancia e
dependéncia individual pela exposicdo a CAF (Sawynok e Liu 2003; Fisone et al.
2004; Li et al. 2008; Egawa et al. 2009; Jacobson 2009). Desta forma, o consumo

continuado de cafeina gera acentuado habito necessitando que o individuo
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aumente as doses para obter o mesmo efeito do uso agudo da substancia (Nehlig
e Boyet 2000; Sawynok e Liu 2003; Tunnicliffe e Shearer 2008).

3. VARIACAO FARMACOCINETICA DO METABOLISMO DA CAFEINA

Pode-se dizer que existem alguns determinantes que afetam o
metabolismo da cafeina nos organismos vivos, destacaremos neste trabalho
apenas trés destes determinantes, os quais sao: idade, acdo analgésica e

antiinflamatéria e exercicio fisico.

3.1. IDADE

Foram estudados parametros farmacocinéticos da cafeina em homens
jovens e idosos, nos quais, a administracdo de doses similares por via oral ou
intravenosa foi calculada pela taxa de excrecdo da cafeina na urina. Ndo houve
diferencas significativas na meia-vida do metabolismo da cafeina, e dessa forma,
de acordo com nossa investigacdo podemos afirmar que o envelhecimento nao
altera sua eliminacdo. Em contraste com seres humanos, o0 mesmo fato nao
ocorre com 0 modelo animal (rato) uma vez que tém observado um aumento da
idade-dependente de meia-vida da cafeina em seus organismos (Blanchard e
Sawers 1983b).

3.2. ACAO ANALGESICA E ANTIINFLAMATORIA

A cafeina é um antagonista dos recepetores de adenosina Al, A2A e A2B,
e € conhecida como um analgésico que em combinacdo com drogas nao
esterdides antiinflamatérias que produzem efeitos intrinsecos antinociceptivo em
humanos. Através de estudos em modelos animais, essa acdo conjunta € capaz
de inibir a atividade da prostaglandina H2 sintase também conhecida com
cicloxigenase (COX), podendo explicar o alivio aos sintomas da inflamacéo e dor
(Sawynok 2011).

A cafeina tem sido um componente importante nas formulacdes de

analgésicos contendo acido acetilsalicilico. Os estudos clinicos publicados nas
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décadas de 1960 e 1970 indicavam que o0s analgésicos que possuiam cafeina em
sua formula eram capazes de produzir os mesmos efeitos dos analgésicos,
porém, de forma individualizada. No entanto, na metade dos anos 80, uma analise
de 30 estudos clinicos comprovou a potente acdo da cafeina em conjunto ao
paracetamol e aspirina como analgésicos (Zhang 2001).

Os principais objetivos estabelecidos para a acdo da cafeina e suas
respectivas concentracfes se dao pelo antagonismo exercido nos ARs Al, A2A e
A2B (Fredholm et al. 1999; Antoniou et al. 2005). J& os ARs A2AAR e A3AR tém
baixa afinidade que necessitam tipicamente de concentracbes uM para serem
ativados, geralmente funcionando em condicOes de estresse celular. Os ARs
podem estar acoplados principalmente a proteina G inibitoria, por exemplo, os Al
e A3, ou estimulatoria, como os A2A e A2B (Antoniou et al. 2005) (Tabela 1).

Tabela 1. Caracteristicas dos receptores de adenosina. Distribuicdo e
afinidade dos ARs por acdo agonista em ratos. Os Al e A2A tem maior
localizagdo cerebral enquanto os A2B e A3 estdo distribuidos em tecidos

periféricos fora do cérebro. Adaptado de Bassini (2005).

Localizacao
Tipo  Afinidade Distribuigao no CNS Tecidos e orgaos
N Ate Cortex cerebral, hipocampo, corpo estiado, talamoe  Coracso, figado,
cerebelo adipocites
) ) Corpo estriado, n. Acumben, tuberculo olfstaric, Coragsgo, pulman,
o Al globulo palido, cortex cerebral & hipocampo adipocites
_ . Intesting delgade,
Az Baixa Hipocarmpo inferior, Blamo, hipotalamo, corpo estrisdo ) .
bexiga, pulmas
A, Baixa Hipocampe inferior, t8lamo, cortex cerebral e cerebels Pulmao, figado

A adenosina (ADO) esta envolvida em varios aspectos da regulacdo da
dor, e sua atuacdo em receptores especificos promovem acdes periféricas ou
centrais em diversos tecidos (Tabela 2) (Sawynok e Liu 2003; Shapiro 2007,
Sawynok 2011). O interesse em explorar o sistema de adenosina foi refletido no
desenvolvimento do potencial de novos agentes analgésicos (receptores
agonistas, antagonistas ou reguladores, como os inibidores da adenosina
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guinase). Além disso, é importante conhecer o impacto que a cafeina pode ter
sobre uma gama de agentes terapéuticos, nessa Otica, manteremos nossa

atencao para o antagonismo competitivo da cafeina.

Tabela 2. Identificacdo dos ARs Al, A2A e A2B em estruturas celulares
imunoreativas no musculo estriado de humanos por imunohistoquimica. A
intensidade da colorac&o foi marcada como: — nao coloracédo; + baixa intensidade
de coloracédo; ++ moderada intensidade de coloracéo; +++ alta intensidade de
coloracdo. Adaptado de Lynge e Hellsten (2000).

Estruturss imunoreatives A, A, A
Capilares

Celuls endotelisis s et -
Vas0s Sanguinecs Maiores que Capilares

Celulss endoteliais : + +
Celulss do musculo lso + 3 +H
Fibras do Tipo |

Membrana plas mafica . ++ ++
Citosal - +4 .
Fibra do Tipo Il

Membrana plasmatica - ++ ++
Citosal - 4] +H

Nesse contexto, os efeitos antagbnicos da cafeina na ADO podem ser
descrito pela estimulacdo cardiaca e aumento da presséo arterial regulado pela
estimulacdo simpética. A ADO age como neurotransmissor promovendo a inibicdo
da liberacdo de noradrenalina no SNC (Daly 2007; Ribeiro e Sebastiao 2010). E
desta forma, a cafeina estimula o sistema simpatico aumentando a liberacao de
noradrenalina e a taxa de ativagdo espontanea dos neurénios noradrenérgicos. A
ADO inibe a liberacéo pré-sinaptica de dopamina no SNC (Tarnopolsky e Cupido
2000; Shapiro 2008). Os mecanismos de acdo central e periférica por competir
diretamente com os ARs (Figura 3) faz a CAF desencadear importantes
alteracdes metabdlicas e fisiolégicas, culminando na melhora do desempenho
atlético (Graham e Spriet 1995; Graham 2001a; Graham 2001b).
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Figura 3. Atividade modulatéria da adenosina e a cafeina no na atividade
neuronal. A cafeina compete com a adenosina pelos seus receptores. Adaptado
de Bassini (2005).

3.3. EXERCICIO FisICO

Todas as formas de exercicio fisico (agudo ou crbénico) produzem
modificacbes no organismo. Essas mudancas podem resultar em respostas
agudas e crbnicas, independentemente, do tipo de exercicio. O sistema
metabdlico sempre responde ao estimulo induzido pela intensidade do exercicio.
O estudo dos efeitos da cafeina no exercicio requer um conhecimento dos seus
mecanismos de acao a nivel celular e sistémico (Cox et al. 2002; Burke 2008;
Astorino et al. 2008).

Assim, existem pelo menos trés teorias que tentam explicar o efeito
ergogénico da cafeina durante o exercicio fisico postulado por Graham e Spriet
(1995).

A primeira envolve o efeito direto da cafeina no SNC, afetando a percepcao
subjetiva de esforco e/ou a propagacdo dos sinais neurais entre o0 cérebro e a
jungdo neuromuscular (Walton et al. 2001). A estimulacdo do ciclo das purinas
nucleotideos (PNC) pela cafeina aumentando a liberacdo de catecolaminas, em
particular a epinefrina (Graham 2001b; Battram et al. 2005). Essa xantina inibe as
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fosfodiesterases aumentando a concentragcao de AMPc, liberando os estoques de
Ca?* intracelular. Esse efeito provoca o aumento na exocitose de
neurotransmissores e secrec¢des enddcrinas, resultando em estimulacao psiquica
e motora, além de atuar sobre a contracdo muscular.

A segunda teoria a ser discutida € a acdo direta da CAF no mdusculo
esquelético. As alteragdes nos ions, particularmente Na* e K*; inibicdo da PDE,
levam a um aumento na concentracdo de AMPc; efeito direto sobre a regulacéo
metabdlica de enzimas semelhantes as fosforilases; e 0 aumento na mobilizacao
de Ca*" através do reticulo sarcoplasmatico. Além disso, a cafeina aumenta a
concentracio sérica de Na* apos 30 min de exercicio e atenua a saida de K* do
meio intra para o extracelular durante a contracéo intensa (Hawke et al. 1999; Jin
et al. 2009). A membrana € mantida por mais tempo excitada pela reducao do
potencial de membrana do sarcolema retardando o aparecimento da fadiga. A
cafeina por sua vez estimula a entrada de cations mono e divalentes modulando
canais nao-seletivos de cations (Posterino e Dunn 2008; Jin et al. 2009) e
aumentando o Ca*" liberado pelo reticulo sarcoplasméatico e inibindo sua
recaptacdo (Hawke et al. 2000; Sigalas et al. 2009). Assim, é provavel que a
cafeina possa influenciar na sensibilidade das miofibrilas ao Ca®* (Roy et al. 2001;
Rush e Spriet 2001; Tarnopolsky 2008). Esse pode ser outro mecanismo de acao
celular, capaz de explicar os efeitos ergogénicos da cafeina nos exercicios de
endurance (Tarnopolsky e Cupido 2000; Sahin et al. 2007).

E por dltimo compreende-se que a cafeina aumenta a oxidacdo das
gorduras e reducédo na oxidacdo de carboidratos (CHO), causando aumento na
mobilizacdo dos acidos graxos livres (AGL) e glicerol dos tecidos e/ou nos
estoques intramusculares (Hawley et al. 1998; Graham 2001b). Esse efeito
supostamente ocorreria de maneira indireta por meio do aumento na produgao de
catecolaminas na circulagdo (Graham 2001b), particularmente a epinefrina no
repouso e exercicio ou, diretamente, por antagonismo aos receptores de
adenosina, aumentando o consumo de glicose plasmatica e diminuindo o
consumo de glicogénio muscular (Chesley et al. 1998). A inibicdo da acdo da
enzima fosfodiesterase é responsavel pelo aumenta do tempo de meia-vida do
AMPc, e dessa forma, a cafeina incrementa a taxa de lipdlise (McLean e Graham
2002; Battram et al. 2005).
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A diminuicdo do estimulo da insulina provocada pela cafeina inibe a
atividade da glicogénio sintetase, assim, causando menor consumo de glicose
pelo masculo esquelético ativo (Jackman et al. 1996; Hawley et al. 1998; Greer et
al. 2000; Laurent et al. 2000; Magkos e Kavouras 2005). A soma dessas acodes
pode levar a uma maior economia do glicogénio, aumento na oxidagao das
gorduras e diminuicdo da oxidacdo de CHO (Hadjicharalambous et al. 2006;
Green et al. 2007; Tunnicliffe e Shearer 2008). Essas modificacbes no
metabolismo de CHO e AGL sao capazes de ativar o funcionamento cerebral, 0
gue de certa forma, retarda o aparecimento da fadiga central e periférica.

Nota-se que, a fadiga durante o exercicio fisico € um fenbmeno complexo
cujas causas parecem depender do tipo de esforco. Existe algum consenso
atualmente na distincdo entre esforgcos curtos e intensos, e esforcos prolongados
e moderados (Ataka et al. 2008; Glaister et al. 2008). A fadiga tem sido
caracterizada como a incapacidade de manter uma atividade fisica, o que causa
reducdo do desempenho ou paralisacéo da atividade. Devido a complexidade do
tema, houve uma divisdo didatica e metodoldgica, a fim de tornar mais facil a sua
utilizacdo. Assim, aparecem os termos fadiga cronica e aguda, sendo a primeira
um somatoério de processos de recuperacdo incompleto durante um periodo de
treinamento, e a segunda esta relacionada com a incapacidade de realizar uma
determinada atividade em uma Unica sessao de treinamento. Assim, essa ultima
pode ser subdividida em central e periférica (Hespel et al. 2002; Kalmar e Cafarelli
2004; Rosenthal et al. 2008).

Dessa forma, os efeitos da cafeina sobre a fadiga sé@o discutidos com
especial atencéo nas interactes entre ADO e dopamina. Ha indicacdes de que a
cafeina afeta o sistema de atencédo e os receptores D2 de dopamina também tem
demonstrado modular as redes neurais envolvidos na atencdo seletiva e
involuntaria (Tabela 3) (Davis et al. 2003; Daly 2007).
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Tabela 3. Receptores centrais de adenosina que sao afetados pela

exposicao a cafeina em humanos. Adaptado de Bassini (2005).

Receptor Tipos de new cnics Efeito da ADO Acdo
Todoss o tipss de  neurdnios Desinibigio da
A, [inespecificos), especisimente ligados Antagonista liberagao do
acs receptores D, de dopamina transmissor

Incremento da

Co-localizados com os receptooes Dy tramsmisdc  vis
I, I, H
P . AMEgonsLa
de dopamina receptores de
dopamina 02,

Essas modificacdes causadas pela cafeina nesses receptores (gréafico
acima) podem contribuir positivamente no desempenho esportivo em atletas de
diversas modalidades.

A utilizacdo da cafeina como recurso ergogénico durante os exercicios
fisicos € capaz de induzir as seguintes modificacdes: diminuir o tempo de reacao
e prolongar a fadiga pela acédo hipoanalgésica discutida anteriormente; tanto no
SNC como no musculo. A percepcéo subjetiva de esforco é afetada reduzindo a
dor muscular, pelo bloqueio dos ARs; o estado de agitacdo e alerta é aumentado
melhorando o desempenho em atletas que fazem o uso dessa substancia.
Portanto, a acdo ergogénica dessa xantina vem sendo utilizada em competicbes
h& quase trés décadas (Davis et al. 2003; Motl et al. 2003; Gliottoni e Motl 2008;
Gliottoni et al. 2009).

Em 2004, apds a exclusao da cafeina pela Agéncia Mundial de Anti-Doping
da lista de substancias restritas, ela e os suplementos 0s quais contém esse
composto na sua formulacdo vém sendo largamente utilizados no meio esportivo
(Figura 4) (Deldicque e Francaux 2008; Dascombe et al. 2010; Goldstein et al.
2010). Nesse contexto, fatores como condi¢cdo fisica do usuario, o modo
(intervalado ou continuo) e a intensidade (baixa, média e alta) na qual o exercicio

se realiza, vem ganhando destaque na literatura cientifica e ndo cientifica.
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Figura 4. Média * erro padrdo de suplementos nutricionais (eixo Y) utilizados
por atletas de diferentes modalidades (eixo X). Adaptado por Dascombe et al.
(2010).

Vérios estudos ja analisaram o efeito ergogénico da cafeina sobre a
peformance, pelas atividades de forga e endurance em diversos protocolos e
desenhos experimentais empregados a atletas (Kalmar e Cafarelli 2004). A
capacidade de realizar qualquer exercicio fisico é dependente da ativacdo do
musculo esquelético, e assim, com a progressdo do exercicio, seja pela
intensidade ou duracdo, a capacidade de gerar forca maxima voluntéria vai
diminuindo, dessa forma, manter-se na mesma intensidade com o passar do
tempo faz com que fibras nervosas do SNC sejam acionadas (Ataka et al. 2008).
Com isso, podera haver falhas na excitacdo do musculo esquelético para

sustentar ativagdo muscular durante o esforgo (Figura 5).
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Figura 5. Os efeitos da cafeina na fadiga central em humanos. A fadiga pode
ocorrer em varios pontos ao longo da via motora (cortex até o musculo). Adaptado

por Kalmar e Cafarelli (2004).

Nota-se que em seres humanos ndo € possivel medir as mudancas
ocorridas diretamente no cortex até o musculo. Portanto, estudos in vitro tentam
elucidar essa lacuna na literatura através de algumas respostas, por meio de
pesquisas, sobre acdo da cafeina em neurotransmissores (Figura 6). A literatura
indica claramente que as acfes da adenosina e da cafeina variam de acordo com
receptor-alvo e sua respectiva localizacdo no SNC. A relacdo entre a cafeina,

serotonina e fadiga € um bom exemplo dessa complexidade.
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Figura 6. Efeitos da cafeina sobre dois neurotransmissores. Os pré-sinapticos
e pos-singpticos tem sidos aplicados para compreender a fadiga central.
Adaptado por Kalmar e Cafarelli (2004).

Nas membranas pré-sinapticas (PRE), a adenosina impede a liberacéo de
neurotransmissores como dopamina no esquema A e serotonina no esquema B
pela ligagao dos receptores Al na figura acima. Este pode ser o resultado de uma
diminuicdo no influxo de fons Ca** gerando uns efeitos diretos na maquinaria do
neurotransmissor, ou pode ser uma via secundaria pela diminuicdo da AMPc. A
cafeina bloqueia a inibicdo da adenosina e aumenta a liberacdo desses
neurotransmissores pos-sinapticos (POST), a adenosina também se liga aos
receptores na membrana POS A2A e impede que a dopamina se ligue ao seu
receptor (Ferré 2008). A cafeina blogueia o receptor A2A e promove a
transmissdo dopaminérgica. Os efeitos serotoninérgicos nos POST podem
aumentar a excitabilidade espinal através de uma diminui¢do no influxo de ions K*
e a geracdo de uma corrente de fons Ca®" para dentro do neurotransmissor
mantendo hiperpolarizada a membrana do neurénio motor (Fredholm et al. 1999;
Hawke e Willmets 1999; Fredholm 2011). Embora os efeitos da cafeina sobre os

ARs terem sido simplificados a complexidade desses mecanismos nos d&do uma
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maior clareza de como pode funcionar o efeito ergogénico dessa substancia na
peformance humana.

Os efeitos da cafeina sobre a contratilidade muscular, usando o exercicio
fisico prolongado com intensidade de moderada a alta como modelo de entender
0 aparecimento da exaustdo e a peformance sdo bem descritos na literatura
(Hawley et al. 1998; van Soeren e Graham 1998; Roy et al. 2001; Bishop et al.
2005; Goldstein et al. 2010). Por outro lado, percebe-se que, os exercicios de alta
intensidade e curta duracdo comegam agora a ganhar destaque nessa literatura.

Os efeitos ergogénico da cafeina sobre o desempenho fisico em exercicios
de alta intensidade e curta duracéo (forca, velocidade e poténcia) nos primeiros
10 minutos tém sido poucos estudados (Astorino et al. 2010). Além disso, 0s
resultados encontrados até o momento sdo bastante controversos, o que
impossibilita conclusdes definitivas. As maiores dificuldades para interpretagéo
dos resultados produzidos por esses estudos concentram-se nos diferentes
delineamentos utilizados, nas diferentes doses de CAF administradas, nas
diferencas entre os protocolos e também na falta de maior rigidez metodologica
no trabalho com seres humanos, pois alguns trabalhos destacam o efeito placebo
da cafeina (Cox et al. 2002; Bell e McLellan 2003; Astorino et al. 2008; Beedie e
Foad 2009; Duncan et al. 2009; Woolf et al. 2009; Simmonds et al. 2010).

No entanto, novas pesquisas nos mostram os efeitos contrarios sobre a
suplementacao da cafeina nos exercicios de curta duracdo e alta intensidade. Na
crescente busca, verifica-se que, Simmonds et al. (2010) avaliaram oito ciclistas
profissionais, nos parametros de troca gasosa (cinética VO,;) como tempo de
exaustdo (TE) apOs realizarem exercicio com 120% de volume de oxigénio
maximo (VOzmax). Os resultados mostraram que a cafeina tem aumentado o
volume total de treinamento durante uma sesséo de exercicio. A média de TE foi
de aproximadamente 15% maior durante no grupo CAF comparado com o grupo
placebo (PLA).

Por meio do teste de percepcéo de dor em exercicio de alta intensidade no
musculo do quadriceps realizado no experimento com homens saudaveis
universitarios avaliou-se o volume de treinamento de curta duracdo e alta
intensidade com a suplementacdo de CAF antes do experimento. Assim, 0S

voluntarios da pesquisa realizaram 1 hora de sessdo de exercicio entre 75-80%
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VOouax € 0s resultados demonstram que o efeito da suplementacdo no grupo
CAF foi capaz de promover um efeito de hipoanalgesia comparado com o PLA.
Desta forma, nos testes de percepcdo de dor, o grupo CAF apresentou maior
tolerancia ao volume de treinamento em relagcdo ao grupo placebo (Gliottoni e
Motl 2008; Gliottoni et al. 2009).

Observa-se que, protocolos com animais experimentais tem se tornado
uma alternativa para tentar entender os efeitos da cafeina sobre as fadigas central
e periférica. Apesar de que a dependéncia pelo consumo da cafeina esteja bem
estabelecida em seres humanos, alguns resultados sdo questionaveis pelo seu
efeito placebo (Nehlig et al. 1992; Nehlig 1999; Nehlig e Boyet 2000; Pollo et al.
2008). No entanto, ao contrario dos humanos, os modelos experimentais animais,
em especial os ratos, vém ganhando certo destaque nas pesquisas com
suplementacdo de CAF (Jorda et al. 1988; Hongu e Sachan 2000; James et al.
2005). Vale dizer que a utilizagdo de animais experimentais, em especial Rattus
Novergicus, é capaz de permitir uma investigacdo mais direta para diversos
sistemas envolvidos na auto-administracdo da CAF, e dessa forma, esta se
tornando mais comum na literatura quando comparada ao consumo de cafeina
nos seres humanos (Dingle et al. 2008; Egawa et al. 2009).

Como foi evidenciado, a fadiga € a incapacidade de continuar uma acao
motora que ocorre em interferéncia direta no exercicio fisico. As utilizagdes de
exercicios fisicos de alta intensidade em modelos animais para quantificar a
fadiga através da mensuracdo de alguns padrfes bioquimicos e fisioldgicos sé&o
bem descritos na literatura cientifica (Totsuka et al. 2003; Davidson et al. 2006;
Booth et al. 2010).

No entanto, um protocolo de exercicio tao eficiente, para induzir fadiga em
roedores vem ganhando um enfoque em investigacbfes mais recentes, como 0
levantamento de peso com saltos verticais com estimulagdo elétrica ou nao
(Tamaki et al. 1992; Roy et al. 1997; Wirth et al. 2003; Barauna et al. 2005;
Haraguchi et al. 2010; Franco et al. 2011).

Cabe anotar que, estudos com musculos isolados de ratos submetidos a
diferentes concentragdes de cafeina mostraram aumento tanto na for¢ca quanto na
poténcia muscular (Rossi et al. 2001; Totsuka et al. 2003; James et al. 2005;

Wondmikun et al. 2006). Esses resultados mostram alteracées nos componentes

23



contrateis do musculo e assim, confirmam os estudos in vivo. Por sua vez
podemos propor em nosso estudo a utilizagdo dos modelos humanos e animais
(ratos) submetidos ao protocolo de exercicio com alta intensidade e curta
duracdo. Este modelo de exercicio faz parte da rotina de nosso trabalho em
laboratério o que nos serviu de base para estudarmos o metabolismo da amdnia
(Bassini 2008). Dessa forma, nossa énfase se concentra na suplementacdo de
cafeina em ambos modelos experimentais (humanos e ratos) e sua relacdo com
metabolismo de aménia que serd nossa fundamentacao evidenciada no seguinte

topico.
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PARTE 2: Metabolismo de Amodnia

1. AMONIA

O nitrogénio e o hidrogénio constituem os elementos quimicos para a
sintese da amodnia, que se apresenta na natureza, na forma gasosa (NH3), e em
solucéo, eminentemente, na forma de amonio (NH;"). Em agua o NH," é formado
a partir da NH3 na reacgéo de equilibrio NH; + H* (Bosoi e Rose 2009).

Apesar do nitrogénio ser essencial na producdo da amodnia, sua fonte mais
abundante encontra-se na atmosfera (N,) e poucos organismos vivos o utilizam
diretamente, necessitando para tal, de um evento, composto por varias etapas,
denominada de ciclo do nitrogénio. Uma dessas etapas, chamada de fixacao,
possibilita a transformacdo do N, em amonia, através de organismos autotrofos.
Por outro lado, organismos heterétrofos (animais multicelulares), ndo tém essa
habilidade e obtem o N, na forma de aminoacidos ou outros compostos organicos
produzidos por organismos autoétrofos (Bredemeier e Mundstock 2000).

Partindo dessa premissa, a amobnia pode ser originada de varios
compostos, assim como pode ser encontrada na atmosfera pela decomposicao de
animais nitrogenados e também de matéria vegetal. No ser humano, em primeiro
estagio, ela é absorvida a partir da via entérica originaria de producdo da microbia
e, em segundo, € produzida pelas reacdes de desaminag¢do dos aminoacidos e da
adenosina monofosfato (AMP) (Hellsten et al. 1999; Clay e Hainline 2007; Bosoi e
Rose 2009).

No organismo humano, a aménia pode se apresentar como NH;" ou como
gas NH; dependendo do pH. Como o pK da amoénia a 37°C é de 9,15; cerca de
98% da amonia se encontra na forma ionizada nos fluidos fisioldgicos (Felipo e
Butterworth 2002b; Bosoi e Rose 2009). Por nio se difundir facilmente o NH;"
necessita de mecanismos de transporte (Cooper 2001).

Diversos sistemas do organismo humano podem produzir aménia, entre
eles: 0 SNC, intestino, figado, rim e musculo (Olde Damink et al. 2002; Cordoba e
Minguez 2008) (Figura 7).
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Figura 7. Orgdos responsaveis pela producdo de amodnia. Adaptado de
Cérdoba e Minguez (2008).

A amonia por ser extremamente toxica nos mamiferos, tendo que ser
excreté-la de alguma forma, sendo assim as formas de excrecdo: amoniotélicos
(excretam na mesma forma), uricotélicos (excretam na forma de urato), e
ureotélicos (excretam na forma de ureia, no caso dos mamiferos) (Nelson e Cox
2010).

Nota-se que, como sua forma de base livre é gasosa e lipofilica, ela pode
difundir-se facilmente pelas células através das membranas e assim ser
considerada um indicador de diversas funcbes metabdlicas. Nesta tese
refereciaremos como amonia a soma total de aménia livre (NH3) e ion aménio
(NH").

Em condigbes fisiolégicas normais, a maioria da amonia sistémica é
liberada pelo intestino ou trato gastrintestinal, onde compostos nitrogenados,
principalmente glutamina (GIn) e ureia, além de restos bacterianos, sao
guebrados por uma combinacdo de atividades enzimaticas, tal como a
glutaminase, cuja atividade no trato gastrintestinal € muito alta, proporcionando a
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formacdo de grandes quantidades de amoénia, que é posteriormente, transportada
para a circulacéo portal hepatica. Essa por sua vez, fornece amonia para o figado,
onde podem sofrer acbes do ciclo da ureia para formar ureia ou, da glutamina
sintetase (GS) para formar GIn. Uma vez formados, ureia e GIn reentram na
circulagdo e através de um sistema de intercAmbio entre 6rgdos, ou sédo
eliminados do organismo pela urina, ou utilizados para manter o equilibrio acido-
basico e nitrogenado (Olde Damink et al. 2002; van de Poll et al. 2004; Cordoba e
Minguez 2008).

Percebe-se que, esse eficiente sistema de desintoxicacdo garante que
concentracbes plasmaticas de ambnia sejam mantidas dentro de um baixo
intervalo de ndo mais do que 50-100 umol/L (Felipo e Butterworth 2002b). O
intercambio entre o trato gastrintestinal, figado e rins, proporciona
significativamente a homeostase de amdnia, no entanto, outros tecidos e 6rgaos,
tais como o cérebro e o musculo esquelético também contribuem para o
metabolismo e regulacdo da aménia (Olde Damink et al, 2002).

Deve-se ressaltar que, as principais fontes geradoras de amodnia, S&o
provenientes da acéo putrefativa das bactérias sobre compostos nitrogenados do
conteudo intestinal, processos de desaminacdo oxidativa e transaminacdo dos
aminoéacidos da dieta e dos tecidos; e pelo ciclo das purinas nucleotideos, via
desaminagao da AMP (Mutch e Banister 1983; Huizenga et al. 1994).

1.1. METABOLISMO E TRANSPORTE DE AMONIA

Dentre as principais presunc¢des, a grande quantidade de amdnia produzida
e liberada pela atividade bacteriana € transportada através da mucosa epitelial
para a circulagdo portal hepética, por uma combinacdo de difusdo passiva e
mecanismos de transpote ativo, sendo posteriormente metabolizada no figado
onde podera sofrer acdes do ciclo da ureia, formado ureia ou da glutamina
sintetase para formar glutamina, esses metabdlitos reentram na circulacdo e
através de um sistema de intercambio entre 6rgdos, ou sdo eliminados do
organismo pela urina, ou utilizados para manter o equilibrio &cido-basico e
nitrogenado (van de Poll et al. 2004; Cérdoba e Minguez 2008) (Figura 8). Em
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torno de 1% da aménia permanece no trato gastrintestinal para ser excretada na

matéria fecal (Wilkinson et al. 2010).
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Figura 8. Transporte e metabolismo de amdnia inter6rgdos. Setas em laranja:
exportacdo de NHj pelos 6rgados; setas em azul: transporte de NH3; da corrente
sanguinea para 0rgaos; setas em verde: transporte de NH3; de forma néo toxica;
setas em vermelho: detoxicificacdo de NHgz via producdo de ureia. Adaptado de

Banister e Cameron (1990).

Nota-se que, o principal sistema de detoxicificacdo de amobnia em
mamiferos € o ciclo da ureia (Wu 2009), conforme demonstrado na figura 9. Um
bloqueio, uma insuficiéncia, deficiéncia ou alteragdes genéticas de enzimas desse
complexo pode resultar em consequéncias severas para 0s seres humanos como
danos hepéticos, hiperamonemia, encefalopatias e consequentemente efeitos

deletérios no SNC (van Hall et al. 1999; Olde Damink et al. 2002).
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Figura 9. Ciclo da ureia e rea¢cdes que levam aminoéacidos para o ciclo. As
enzimas catalisadoras dessas reacfes estdo distribuidas entre a matriz
mitocondrial e o citosol. Um grupamento amino entra no ciclo da ureia como
carbamoil fosfato, formado na matriz; o outro entra como aspartato, formado na
matriz por transaminacdo do oxaloacetato e glutamato, catalisado pela aspartato
aminotransferase. O ciclo da ureia consiste em quatro passos: 1- Formacgao de
citrulina a partir de ornitina e carbamoil fosfato; a citrulina passa para o citosol. 2-
Formacédo de argininosuccinato através do intermediario citruli-AMP (entrada do
segundo grupo amino). 3- Formacao de arginina a partir de argininosuccinato;
essa reacao libera fumarato, que entra o ciclo do &cido citrico. 4- Formacédo de

ureia; essa reacao também regenera ornitina. Adaptado de Nelson e Cox (2010).

1.2. EFEITOS PROVOCADOS PELA TOXICIDADE DA AMONIA

Ressalta-se, por oportuno, que a amonemia pode ser resultante de
desordens enziméticas do ciclo da ureia, tais como na ornitina transcarbamilase
(OCT), responsavel pela etapa de conversédo de ornitina em citrulina, ou ainda,
por lesdo hepética, provocada por ingestédo de toxinas (inclusive etanol), infec¢des
virais ou doengas autoimunes (Cooper 2001; Kelly e Stanley 2001).

O figado metaboliza ambénia em ureia e a reducdo da capacidade de

remocao do metabdlito toxico, associada a desordens do ciclo da ureia ou lesao
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hepética, resulta em amonemia elevada (Felipo e Butterworth 2002a; Walker
20009).

A elevacao nos niveis de amonia € desviada para outra via, quando esses
niveis aumentam também na corrente sanguinea a fungcdo cerebral fica
comprometida (Monfort et al. 2002). O metabolismo do SNC, a sua fungéo e
estrutura sao afetadas por multiplos caminhos (Albrecht e Wegrzynowicz 2005).
Por exemplo, a sintese de GIn nos astrécitos é associada a resposta neurotoxica
pela acdo da ambnia que ultrapassa a barreira hematencefalica (Nybo et al.
2005). De todo o exposto, pode-se afirmar que, as concentracdes elevadas de
NH3 no cérebro resultam em alteracdes no metabolismo que afetam a regulacéo
das atividades de enzimas importantes, como a glutaminase, glutamina sintetase
e glutamato desidrogenase (GDH) (Bosoi e Rose 2009).

Tradicionalmente, alguns dos efeitos deletérios incluem alteracbes no
metabolismo energético dos neurdnios, com menor capacidade de gerar
adenosina trifosfato (ATP); e no funcionamento dos astrdcitos (Chan et al. 2000;
Felipo e Butterworth 2002a). A hiperamonemia pode direcionar uma reducéo do
glutamato (Glu) e aumento de lactato e GIn no SNC (Odland et al. 2000).

No SNC, o metabolismo da amoénia esta diretamente relacionado ao ciclo
glutamina/glutamato, que € essencial para os neurbnios glutamatérgicos. Esse
ciclo envolve a sintese de glutamato no terminal pré-sinaptico pela reacdo de
desaminacdo oxidativa catalisada pela GDH, assim, esse glutamato liberado na
fenda sinaptica é responsavel pela transmissdo do impulso nervoso (Kelly e
Stanley 2001).

A alteracdo na regulacdo de neurotransmissores provocada pela
hiperamonemia ocasiona desequilibrio nos sistemas glutamatérgico, GABAérgico
e serotoninérgico que altera as vias de transducdo cerebral associadas a
diferentes tipos de receptores de Glu como os receptores N-metil-D-aspartato
(NMDA), provocando a hiperatividade desses receptores que funcionam como
canais de Ca?*, e dessa forma, aumentando a atividade da Na'/K*- ATPase que
levaria a uma maior deplecdo da ATP (Hertz et al. 2000; Cooper 2001), o que
pode ser suficiente para causar excitotoxidade neural e/ou morte (Brustovetsky et
al. 2001; Butterworth 2001) (Figura 10). Essas alteragcdes no SNC podem resultar

em ataxia, falta de coordenacdo, falta de concentracdo e diminuicdo da cognicdo
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(Nybo et al. 2005). Os astrdcitos seriam alterados morfologicamente, através do
inchamento (swelling) que provoca um aumento da presséo intracraniana (Chan
et al. 2000; Kelly e Stanley 2001).

CSF
/'

ASTROCITO

Neurdénio
Pré - sinaptico Glutamina

GS

Glutamato

Glutamina
NH;s‘%

Glutamato

NH,

Neurdnio NMDA-R

Poés - sinaptico

Figura 10. A sinapse do glutamato e "ciclo glutamina-glutamato”. O
glutamato € liberado na fenda sinaptica do neurdnio pré-sinaptico, onde atua os
receptores do neurbnio poés-sinaptico para simplificagcdo, somente o receptor
NMDA (NMDA-R) é mostrado. O excesso de glutamato é entdo captado pelos
astrocitos através de transportadores de glutamato EAAT-1 e/ou EAAT-2. A
exposicao do cérebro a elevacdo da amoénia resulta em uma expressao reduzida
de EAAT-1 e EAAT-2, aumentando as concentracfes extracelulares de glutamato.
Adaptado de Felipo e Butterworth (2002b).

Partindo dessa premissa, observa-se que 0S mecanismos pelos quais
concentracdes elevadas de amdnia exercem sua neurotoxicidade ainda néo estao
bem esclarecidos. Considera-se que, um aumento da amonemia desencadeada
por uma insuficiéncia hepatica contribui para o desenvolvimento de um edema
cerebral, assim, pacientes com cirrose e encefalopatia hepatica (EH),
normalmente nao apresentam sinais clinicos de um edema cerebral e ostensivo
aumento da presséo intracraniana (Schliess et al. 2009). Além disso, observacdes

clinicas ndo demonstram uma consistente correlacdo entre a concentracdo
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plasmatica de amoénia e a manifestagcdo dos sintomas da EH (Shawcross et al.
2005; Zwingmann 2007). No entanto, estratégias para reducdo de uma amonemia
elevada continuam a ser um processo chave de abordagem terapéutica (Bosoi e
Rose 2009; Norenberg et al. 2009).

A ambnia produzida é transportada entre os 0Orgdos pela corrente
sanguinea como descrito anteriormente (Cordoba e Minguez 2008). E oportuno
destacar que, individuos saudaveis e em repouso, apresentam uma concentracao
de amdnia relativamente baixa nos liquidos corporais e teciduais (Sahlin 1994). Ja
os portadores de doencas hepaticas crbnicas, com faléncia hepatica aguda ou
com grave pressao intracraniana, demonstram um aumento acentuado da
amonemia, conforme a tabela 4 (Clemmesen et al. 1999; Clemmesen et al. 2000;

Olde Damink et al. 2002).

Tabela 4. Concentracédo de amdnia no sangue arterial, venoso e em doencas
hepaticas. Adaptado de Prado (2010).

Amdnia | pmol/L} Referéncias
Sangue & Plasma 2-113 [Clemmes en, Kondrup ef al.,
[arterial) 2000}

[Dlde Damink , Deutz =f &i.,

Sangue e Plasma 20 — 259 (veno so) 20023

[Clemmes en, Kondrup ef al.,

Indriducs Saud aweis 45 (arterial) 2000}
Fluido cérebro [Clemmeasen, Gerbes =f &,
espinhal [T 5F} 20-100 19090

[Clemmes en, Kondrup ef s,

Cimose hepatica S0-80 2000
Dioenga aguda [Dlde Damink , Deutz =f &i.,
hepatica B0-120 2002)

[Clemmes en, Kondrup ef al.,

Faléncia hepatica 150-180 2000)
Falencia hepatica e (Clemmesen, Gerbes =f &/,
grawve pressaoc -~ 240 1990

intAcraniana

Nesse sentido, nota-se que pequenas concentracdes de amodnia acima do
nivel basal tém acéo toxica sobre o SNC, sendo a ela creditada a possibilidade de

ser um dos precursores chave da fadiga central e periférica, por alterar as
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concentracdes de neurotransmissores e a disponibilidade de ATP, ocasionando
entre outros fatores a perda da coordenacdo motora (Banister e Cameron 1990).
Assim, a elevacdo da amonemia pode causar uma série de danos tanto no
cérebro quanto nos musculos esqueléticos (Bachmann et al. 2004). A producéo
de amonia pela desaminacdo dos aminoacidos pode levar a niveis elevados
significativos de amonia sistémica (90 e > 200 pumol/L) (Hellsten et al. 1999; Nybo
et al. 2005). Esses séo niveis de trés a dez vezes maiores do que 0s comumente
observados em individuos saudaveis em repouso, que pode variar de 20-80
umol/L (van Hall et al. 1995). As uUnicas condi¢cbes semelhantes de niveis
elevados de amonemia somente sdo observadas na presenca de certas
complicacfes patolégicas, como a EH. Entretanto, niveis elevados do metabdlito
podem provocar efeitos negativos no desempenho fisico (Mujika et al. 2004; Nybo
e Secher 2004; Nybo et al. 2005). Assim, durante o exercicio fisico, mecanismos
de detoxicacdo devem ser utilizados (Hirai et al. 1995; Yuan et al. 2002). Em
razdo disso, durante o exercicio fisico, surgem varios produtos do metabolismo
energeético, entre os quais a elevacao da amonemia, que é tolerada devido a uma

protecao por mecanismos ainda desconhecidos (Sahlin 1994) (Tabela 5).

Tabela 5. Concentracdo de amonia em fluidos e tecidos corporais em

diferentes intensidades de exercicio fisico. Adaptado por Prado (2010).

Plasma Eritrécitos Midcitos Suor

Exercicio a 75-80% V0O.max até fadiga ou por 30min

Amdnia (umoliL) 170+ 29 337 ails] 7140+ 768
Exercicio a 100% VO,max até a fadiga
Amdnia (umollL) 120+ 18 392 1.254 X

2. EXERCICIOS FiSICOS E AMONIA

Nesse contexto, qualquer forma de exercicio fisico executado por um
individuo intensifica diferentes vias metabdlicas produtoras de ATP. Dessa forma,

0 préprio exercicio fisico pode favorecer a um aumento da amonemia, no qual a
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magnitude de sua producdo depende da intensidade do exercicio (Bangsbo et al.
1991; Graham e MacLean 1992).

Observa-se que, a descoberta de producdo de amoénia pelo musculo foi
relatada por Parnas e colaboradores no final de 1920. Sendo que a elevacao da
amonia induzida pelo exercicio é frequentemente associada a um maior estresse
energético. O trabalho mecanico aumenta a taxa de hidrélise de ATP excedendo
a velocidade de ressintese, 0 que acarreta aumento da concentracao intracelular
de AMP e amonia (Mutch e Banister 1983; Wilkinson et al. 2010).

No musculo esquelético existem duas grandes fontes de producdo de
amonia: o catabolismo de aminoacidos e o ciclo das purinas nucleotideos (PNC)
(Hellsten et al. 1999).

O catabolismo de aminoécidos, pode se tornar uma importante fonte
energética, principalmente se os estoques de carboidratos estiverem reduzidos
(Blomstrand e Saltin 1999). A degradacdo de aminoacidos eleva a producédo de
amonia, principalmente, se 0s niveis musculares e hepaticos de glicogénio
estiverem baixos (Figura 11) (Broberg e Sahlin 1988; Broberg e Sahlin 1989;
Snow et al. 2000).

O PNC é outra forma extrema de aproveitamento energético. O acumulo de
adenosina difosfato (ADP), AMP e H*, estimulam a AMP deaminase. Essa
enzima, através do processo de hidrolise, deamina a AMP, levando ao aumento
das concentracdes intracelulares de inosina monofosfato (IMP) e amdnia (Meyer e
Terjung 1980; Fischer et al. 2007). Em condi¢bes de concentracbes normais de
ATP, guanosina trifosfato (GTP) e aumento na concentracéo de fosfato inorganico
(Pi), o IMP é reaminado pela entrada de aspartato (Asp) e GTP catalizado pela
adenilsuccinato sintetase formando adenilsuccinato, podendo fornecer fumarato,
alimentando o ciclo do acido tricarboxilico (TCA). Tais eventos estdo associados
com a velocidade de desaminagao da AMP (Meyer et al. 1980; Meyer e Terjung
1980; Broberg e Sahlin 1989; Korzeniewski 2006).
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Figura 11. Catabolismo de aminoacidos no figado de vertebrados. Grupo

amino na cor rosa. Adaptado de Nelson e Cox (2010).

De tal forma, a AMP também pode ser desfosforilada a adenosina pela
acdo da enzima 5 nucleotidase, que é deaminada a inosina pela acdo da
adenosina deaminase. Devido a incapacidade do musculo reverter a sintese de
inosina, essa é transformada em hipoxantina, xantina e deixa o musculo para ser
metabolizado nos hepatodcitos formando urato (Hellsten et al. 1997; Hellsten et al.
1998; Hellsten et al. 2004). Vale ressaltar que, o PNC também possui outras
fungbes tais como: manutencdo da alta taxa ATP/ADP e reabastecimento dos
intermediarios do TCA (Tullson e Terjung 1991; Tullson e Terjung 1999) (Figura
12).
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A amoénia e seu ion amonio (NHz + NH;") sdo produtos da degradacéo de
compostos nitrogenados e sdo considerados indicadores de diversas funcdes
metabolicas durante o exercicio fisico a principal fonte de producado de aménia € o
musculo. Se o exercicio for prolongado, os aminoacidos podem contribuir com 5%
a 10% do total de energia utilizada proveniente de reacfbes anaplerdticas ou
neoglicogénicas (Wagenmakers et al. 1991; Wagenmakers 1998a; Wagenmakers
1998b). Assim, o musculo tem uma grande capacidade de producdo de amoénia
durante o exercicio e essa producdo € acompanhada pela génese concomitante
de alanina, glutamina e pela grande captacdo de glutamato como descrito

anteriormente.

2.1. EFEITOS DO EXERCICIO FiSICO DE ALTA INTENSIDADE E CURTA
DURACAO SOBRE O METABOLISMO DA AMONIA

Percebe-se que, durante o exercicio fisico intenso, a elevacdo da
amonemia é frequentemente associada a um maior estresse energético causado
pelo desequilibrio entre o suprimento e a demanda de ATP (Hellsten et al. 1998;
Nielsen et al. 2003). Assim, parece que durante um exercicio de alta intensidade,
a maior fonte é dada pela desaminacdo do AMP, pois a taxa de utilizacdo de ATP,
no musculo esquelético, € maior do que a taxa de ressintese causando um
acumulo de ADP e AMP. Para evitar um acumulo de AMP dentro da célula, essa
¢ deaminada em IMP com liberacdo de NHz + NH,4" livre. O IMP resultante, como
ja comentado, sera degradado em hipoxantina e urato, representantes finais do
metabolismo das purinas (Hellsten et al. 1999; Zhao et al. 2000; Schulz e Heck
2003).

Assim, com a contragdo muscular intensa ocorre uma maior hidrolise da
ATP em ADP, Pi e H', podendo levar a uma menor ressintese da ATP pela
creatina fosfato (CP) (catalisada pelo creatina quinase) e um acumulo de ADP
(Banister e Cameron 1990). Uma concentracdo elevada de ADP promove a
ativacao da mioquinase, enzima responsavel pela sintese de ATP e AMP a partir
de ADP. A relacdo entre as concentragfes de ATP, ADP e AMP é importante na
regulacdo do metabolismo, sendo assim, a producao de AMP pela mioquinase

deve ser equilibrada, isso ocorre a partir da ativacdo da AMP deaminase que leva
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a uma maior producado de IMP, aménia e urato (Katz et al. 1986; Broberg e Sahlin
1989) (Figura 13). A fase de reaminacao ocorre durante o repouso, quando é
cessada a atividade intensa da hidrdlise da ATP (Graham e MacLean 1998).
Porém, outra possibilidade, € que no exercicio intenso, aproximadamente 50-60%
da AMP deaminase torna-se ligada a miofibrila, causando uma maior degradacao
de AMP para IMP. Tal reacdo estimularia a acdo da adenilato quinase
(mioquinase), favorecendo a formacdo de ATP pelo ADP para aumentar a
disponibilidade de energia e manter a contracdo muscular intensa (Wilkinson et al.
2010).

Nota-se que, a diminuicdo do pH da célula muscular durante um exercicio
intenso, também constitui um fator para a ativacdo da AMP deaminase. Este
efeito € pronunciado em fibras de contracdo rapida, pois essas sao mais sensiveis
as mudancas de pH e tem maior capacidade de desaminacdo de AMP (Meyer et
al. 1980; Dudley e Terjung 1985a; Dudley e Terjung 1985b).

Verifica-se que, parte da amodnia € incorporada ao Glu pela GS que o
converte em GIn e essa é liberada pela célula muscular (Wagenmakers 1998a;
Wagenmakers 1998b). Parte da amodnia difunde-se, livremente, através das
membranas celulares, participando em diversas reacfes enzimaticas nas células
do SNC (Felipo e Butterworth 2002a; Hellsten et al. 1996; Graham e MacLean
1998; Hellsten et al. 1998; Rafey et al. 2003; Hediger et al. 2005; Kaya et al.
2006).

Assim, a queda do desempenho com repetidos movimentos muscular é
causada pela reducdo de CP, aumento de H®, prejuizo na funcido do reticulo
sarcoplasmatico ou alguma fadiga induzida por um agente ainda desconhecido
(van Hall et al. 1999; Snow et al. 2000). Acredita-se que, 0 acumulo progressivo
de amobnia possa também causar fadiga (Banister e Cameron 1990).

Embora algumas questfes ndo estejam claras, o exercicio fisico também
pode promover um aumento da amonemia, aumentando a toxicidade cerebral e
muscular, induzindo fadiga central e periférica (Banister e Cameron 1990;
Wilkinson et al. 2010). Por outro lado, os exercicios de alta intensidade s&o
utilizados para estudar a amonemia, visto ser um bom modelo que induz a

amonemia in vivo (Guezennec et al. 1998).
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produzida em tecidos extra-hepaticos (musculo esquelético, por exemplo), esta
precisa ser transportada desses tecidos para o figado, através do sangue, para
detoxicacdo (Graham e MacLean 1992). As concentracdes plasmaticas de
amonia na circulagcédo sistémica sao controladas por processo coordenado, em
gue a maioria da aménia gerada nos tecidos extra-hepaticos é metabolizada a GIn
(Figura 14). Neste caso, a GIn pode ser o transportador de aménia na corrente
sanguinea (Holecek 2002; Wu 2009). Para isso, a ambnia € combinada com o
Glu, através da GS, para formar e liberar GIn. A Gln, uma forma n&o-toxica de
transporte da amobnia, é transportada pelo sangue para o figado e rins. No
hepatocito é convertida em Glu e amobnia, pela enzima glutaminase. O Glu
formado, também é trabalhado pela GDH, liberando mais amoénia e produzindo
esqueletos de carbono que sdo utilizados como combustivel metabdlico (Ament et

al. 1997; Wagenmakers 1998b).
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Figura 14. A glutamina transporta a amdnia na corrente sanguinea. Adaptado
de Nelson e Cox (2010).
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Vale ressaltar, que varios cetoanalogos (esqueletos de carbono), formados
apos remocgao do grupo amino de aminoacidos, podem fornecer intermediarios
para o TCA, ciclo que ocupa um papel central no metabolismo oxidativo. Este
fendbmeno metabdlico é denominado de anaplerose, que significa a entrada de
carbono no TCA por outras vias e nado pela reacdo da Acetil-CoA via citrato
sintase (Gibala 2003; Bowtell et al. 2007). Pelas vias anapleréticas, esqueletos de
carbono de aminoacidos glicogénicos e cetogénicos podem contribuir na
ressintese de ATP pelo fornecimento de intermediarios no TCA (Owen et al. 2002)
(Figura 15). A concentragdo desses intermediarios demonstra-se aumentada de 5
a 10 vezes mais no musculo esquelético, tanto de ratos como de humanos, dentro
de cinco minutos do inicio do exercicio, sugerindo que estes possam ser usados
para aumentar o fluxo do TCA e favorecer a ressintese de ATP via fosforilacédo
oxidativa (Wagenmakers 1998a).
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Acetil-CoA Succinato
7
Oxaloacetato I_Ll‘i Fenilalanina
Fumarato Tirosina
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Treonina Treonina Aspartato
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Figura 15. Destino catabdlico dos aminoéacidos via anaplerose. TCA: Ciclo do

acido tricarboxilico. Adaptado de Nelson e Cox (2010).
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Como os musculos em contracdo vigorosa operam em anaerobiose, ha
uma producdo, ndo apenas de ambnia da quebra de proteinas, mas também
piruvato e lactato da glicolise. Esses produtos precisam encontrar um caminho
para o figado (a amonia para ser convertida em ureia e excretada; o piruvato para
formar nova glicose; e o lactato para formar nova glicose por gliconeogénese)
(Desvergne et al. 2006; Mizushima 2007; Wu 2009).

Apesar do figado ser o principal 6rgdo envolvido no catabolismo de
aminoacidos, trés aminoacidos com cadeias laterais ramificadas (leucina,
isoleucina e valina), também denominados de BCAA, sdo oxidados como
combustiveis, principalmente nos tecidos musculares, adiposo, renal e cerebral.
Esses tecidos extra-hepéaticos tém uma BCAA aminotransferase (BCAT) e uma a-
cetoacido de cadeia lateral ramificada desidrogenase (BCKDH), que age em
todos os trés aminoacidos, contribuindo assim para a ressintese de ATP
(Hauschildt e Brand 1980; Holecek 2002; Layman 2002; Shimomura et al. 2006)

(Figura 16).

[I;.-.\'—ll'-—[l ll =0 (I.‘
Cl [,-.—(I‘.Il (?H:.;—(l‘.][ [fll,-.—lll‘.ll
CHy \ / CHy \, / CH,
i / . CoA-S 0, /
Valina \ / \ ( "\ H (3.-*.5 /
Ve \ / "y N, \\\.naDp_/// /
o0 . / Co0 \_\\NNAD 7/ [/ 0 S-CoA
e \\ /] NS
H,N—C—H (l'—o N\ (l'
CH,—CH (?[I;.;—ll'.]{ "-»,‘ NS (?I[_-,—ll'.ll
tl'.n, (l‘.][-z \ / (l'.ll2
CH,4 N CH. ) A N CH,4
' . / Cadeia ramificada \\ ! /,/ a-cetodcido de
Isoleucina /' .nminotransferase / cadeia lateral \.
cCOO ,/ \ coo / ramificada . _ .
vl / u / desidrogenase N {)\ /""('“‘\
H:N- (I' -H C=0 (l‘
(l'.ll2 (l'-l[J (l'.u2
Cl [_-|—(I'-I] CHy—CH (TI[_-;—(l'-Il
CH,4 CH, CH,4
Leucina | Cetoanélogos | Derivados
da Acil-CoA

Figura 16. Catabolismo dos aminoé&cidos de cadeia ramificada. Adaptado de

Nelson e Cox (2010).
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A capacidade de cetoanalogos de aminoacidos essenciais serem
transaminados por derivados de aménia foi confirmada proporcionando uma dieta
guase livre de proteinas na insuficiéncia renal cronica e diminuicdo na producdo
de substancias nitrogenadas toxicas, tais como a amoénia e ureia, e também
reducdes plasmaticas da creatinina (Chow e Walser 1974; Burns et al. 1978; Ell et
al. 1978; Giordano et al. 2000; Savica et al. 2005).

A utilizacdo de manipulacdes dietéticas e 0 consumo de substancias com o
propdsito de aumentar a peformance sdo um fenbmeno que cresce a cada dia, e
com a cafeina ndo poderia ser diferente ja que esta tem sido utilizada no sentido
de favorecer alteracdes organicas e melhorar o desempenho (Graham e Spriet
1995; Sinclair e Geiger 2000). Por outro lado, estratégias nutricionais sao
sugeridas para reduzir a deplecdo energética e a elevacdo da amonemia aguda e
transitéria, induzida pelo exercicio, por meio da manipulacdo de dietas e
suplementos, com o objetivo de aumentar a carga energética celular e, portanto
minimizar o aumento da aménia (Madsen et al. 1996; Bruce et al. 2001; Andrews
et al. 2003; Langfort et al. 2004).

Modificagdes dietéticas, especialmente uma reducdo da ingestdo de
proteinas, em individuos com insuficiéncia renal crénica sdo bem descritos na
literatura (Attman et al. 1979; Alvestrand et al. 1983; Garibotto et al. 1995). e a
possibilidade de usar cetoanalogos como suplemento em dietas pobres em
proteina na insuficiéncia hepatica, obesidade ou deficiéncia enzimatica no ciclo da
ureia gerou interesse pelas suas respostas metabdlicas obtidas (Hauschildt e
Brand 1980; Lofberg et al. 1997).

O uso de cetoanalogos foi sugerido pela primeira vez em 1967 durante um
curso de terapia na insuficiéncia renal crénica como suplemento dietético visto o
baixo contedudo de proteina dietética que deve ser ingerida na uremia elevada
cronica. A idéia é que o nitrogénio em excesso, causados por estas condigdes, na
forma de amoénia, poderia fornecer seu grupo amino para um cetoanalogo no
paciente com uremia elevada, mantendo o equilibrio nitrogenado e diminuindo as
concentracfes sanguineas de ureia, e ao mesmo tempo, produzir uma importante
fonte de aminoacidos essenciais para sintese de proteinas (Walser 1978a; Walser
1978b; Walser 1990; Masud et al. 1994).
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3. SUPLEMENTACAO DE CETOANALOGOS E EXERCICIO FiSICO

Os cetoanalogos sdo usados como substituicdo de seus respectivos
aminoacidos para manter o balanco de nitrogénio, onde, ao mesmo tempo em
gue supre as necessidades de aminoacidos essenciais do organismo, promove
diminuicdo da disponibilidade de nitrogénio, reduzindo assim a formacdo de
compostos nitrogenados toxicos resultantes do metabolismo (Almeida 2010)
(Figura 17).
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Figura 17. Destino do cetoacido formado por desaminacdo oxidativa.
Adaptado de Almeida (2010).

a2 - o -

Entre os possiveis beneficios do uso de cetoacidos associada a restricao
de protéica convencional, estdo a diminuicdo mais acentuada de sintomas
urémicos, acidose metabdlica, hiperfosfatemia e resisténcia insulinica (Teplan et
al. 2000). Sabe-se que no musculo, o BCAA e seus cetoanalogos sdo mantidos
em equilibrio por reacfes de transaminases reversiveis com o 2-oxoglutarato e
Glu. O Glu é subsequencialmente transaminado com piruvato para produzir
Alananina (Ala) e regenerar 2-oxoglutarato. A Ala sintetizada pelo musculo pode
ser substrato para gliconeogénese hepatica. A propor¢ao pelo qual o suplemento
de cetoanalogos de aminoacidos de cadeia ramificada € convertido para BCAA,
dependera do equilibrio dessas reacdes (Dalton e Chantler 1983).
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Os aminoacidos livres sdo substratos para sintese protéica, para a
anaplerose e gligoneogénese. Durante o metabolismo, os aminoacidos séao
deaminados ou transaminados em reacdes que podem resultar na formacéao de
cetoacidos e a amonia (Schloerb 1966; Cooper 2001; Kelly e Stanley 2001). Os
aminoacidos sdo um importante combustivel energético para ressintese de ATP,
principalmente durante o exercicio fisico intenso (Figura 18) (Blomstrand e Saltin
1999; Graham e Adamo 1999).
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Figura 18. Ciclo alanina-glicose. Adaptado de Desvergne et al. (2006).

Hauschildt e Brand (1980) investigaram a eficiéncia de converséao
(transaminagdo) dos cetoanalogos de aminoacidos de cadeia ramificada em seus
aminoacidos correspondentes em ratos submetidos a dieta pobre em proteina
pela atividade das trés enzimas que afetam o metabolismo dos cetoanalogos de
aminoacidos de cadeia ramificada: BCAT e BCKDH (figado, rim e cérebro); e
GDH (figado). Foi verificada uma diminuicdo drastica da BCKDH hepética,

favorecendo a transaminacdo. Sabe-se que uma ma nutricdo de proteina ativa a
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BCKDH (Kalantar-Zadeh et al. 2004). Além disso, o exercicio também aumenta a
atividade (desfosforilacdo) da BCKDH (van Hall et al. 1996).

Durante o exercicio fisico, varios aminoacidos sao recrutados em maior
velocidade, para obtencéo de energia e manutencéo da glicemia. Sempre que um
aminoacido deve ser utilizado para gerar energia ou em neoglicogénese, este é
desaminado para a sua entrada nas diversas vias metabdlicas, como foi discutido
anteriormente. A génese da amonia esta intimamente correlacionada com o tipo
de atividade fisica, treinamento prévio, alimentacdo e heranca genética. E sabido
gue a producdo de amonia esté relacionada ao sexo, sendo sua produ¢do maior
em homens, provavelmente devido a sua maior massa muscular (Derave et al.
1997). O incremento da excrecdo de amdnia esta correlacionado ao aumento da
concentracdo de lactato no sangue (Ament et al. 1997). A baixa producao de
amonia, assim como a de lactato, tem sido considerada um fator de contribuicado
ao melhor condicionamento fisico (Schulz e Heck 2003). O aumento progressivo
da amonemia observado durante a atividade fisica intensa € um marcador do
estresse muscular correlacionado a utilizagdo de aminoacidos metabolicamente
(Snow et al. 2000). A diminuicAo da amoniogénese € assim uma das
preocupac0Oes a ser estabelecida por profissionais que orientam atletas.

Atualmente, novas modalidades terapéuticas sao estudadas com o objetivo
de atenuar alteracdes inerentes as complicacbes causadas pela elevacdo da
amonemia tais como a EH, doenca renal e no esporte em geral com o objetivo de
reduzir a fadiga central e periférica. No Brasil esse suplemento ja esta disponivel
no mercado, embora limitado devido ao alto custo, o Ketosteril® Fresenius Kabi,

onde é descrito sua composicdo na tabela 6.
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Tabela 6. Composicao do Ketosteril® Fresenius Kabi.

Keto analogue or amino acid (mg)

Calcium 3-methyl-2-oxovaleric acid (a-

335
ketoanalogue of iscleucine)
Calcium -methyl-2-oxovaleric acid (a-

505
ketoanalogue of leucine)
Calcium -2-oxo-3-phenylpropionic acid (a-

430
ketoanalogue of phenylalanine)
Calcium -3-methyl-2-oxobutyric acid (a-

340
ketoanalogue of valine)
Calcium -DL-2-hydroxy-4-(methvithio)-
butyric acid (a-hydroxyanalogue of 295
methionine)
L-lysine acetate (= L-lysine 75 mqg) 525
L-threonine 265
L-tryptophan 115
L-histidine 190
L-tyrosine 150
Total nitrogen content per tablet 180

4. SUPLEMENTACAO E ESPORTOMICA

Estudos realizados no Laboratério de Bioquimica de Proteina (LBP), onde
esta tese foi realizada, utilizam o exercicio associado a manipulacdo dietética
como modelo experimental objetivando entender alteracdes metabdlicas que
provoguem um estado de hiperamonemia transitoria, para investigar os seus
efeitos sobre o metabolismo (Bassini-Cameron et al. 2007; Carvalho-Peixoto et al.
2007; Bassini-Cameron et al. 2008; Almeida et al. 2010; Prado et al. 2011).

Assim, estudar as possiveis modificagbes a partir da suplementacdo de
cafeina e cetoanalogos podem proporcionar novos alvos terapéuticos, além de

indicar caminhos para melhorar o desempenho atlético. E oportuno destacar que,
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em nosso trabalho investigativo, nossas reflexdes se pautaram no efeito da
suplementacdo de cafeina e cetoanalogos e suas provaveis protecdes contra a
elevacdo da amonemia. Sabe-se que, uma elevada concentracdo de amonemia &
capaz de promover fadiga central e periférica, e que um melhor controle na
producdo de amdnia melhoraria o desempenho do exercicio fisico.

O LBP também vem estudando novas técnicas analiticas com a finalidade
de diagnosticar o estado que encontra o metabolismo do atleta, em repouso,
durante o treinamento fisico, a prova olimpica, a recuperacdo e o descanso, para
dar possibilidades de intervencbes tanto nutricionais quanto de mudanca do
treino, para assim, transformar o atleta olimpico em campeéo. Entender como o
metabolismo do atleta funciona durante o exercicio fisico e quais as suas causas
e consequéncias sao fundamentais para a escolha das técnicas analiticas de
investigacdo do metabolismo do atleta olimpico. A proposta dessas técnicas
analiticas consiste em adotar a plataforma de espectrometria de massas para
realizar essas investigacoes, além das analises laboratoriais clinicas rotineiras.

A espectrometria de massas é uma técnica analitica instrumental utilizada
para identificar compostos desconhecidos, para quantificar compostos conhecidos
e para identificar a estrutura e propriedades quimicas das moléculas. No principio,
era utilizada somente na determinacdo de massas atbmicas, porém com O
aprimoramento dessa técnica, ela ja vem sendo empregada na busca de
informacdes sobre a composicdo elementar das amostras; a composi¢cdo das
moléculas inorganicas, organicas e bioldgicas; a composi¢cdo qualitativa e
guantitativa de misturas complexas; a estrutura e composicdo de superficies
sélidas; e as relacdes isotOpicas de atomos nas amostras. A deteccdo dos
compostos pode ser obtida com pequenas quantidades de amostra, e 0 espectro
de massas gerado de cada composto é Unico e pode ser utilizado como uma
identidade especifica para caracteriza-lo (Baran et al. 2009).

Desta forma, a genbmica, a transcriptbmica, a protedmica e a
metabolémica sdo cascatas integradoras das ciéncias “omica”, para melhor
compreender e descrever as respostas dos mecanismos bioquimicos e biolégicos
do metabolismo de um individuo (Boccard et al. 2010), conforme ilustrado na

figura 19.
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Figura 19. Cascata “Omica” e seus pontos de regulacdo. Adaptado de
Resende (2010).

Nota-se que o metabolismo celular € integrado, e que sao varios 0s
metabdlitos que participam em diversas reac¢des bioquimicas diferentes. O
metaboloma de uma célula tem capacidade de responder rapidamente a qualquer
alteracdo ambiental, de doenca e/ou genética, porém os dados metaboldmicos
estdo associados a complexidade quimica e a variacdo da concentracdo, o que
dificulta a sua compreenséao global (Dettmer et al. 2007; Baran et al. 2009).

Comparando diversos dados de atletas que realizaram exercicio fisico e
foram suplementados com cetoanalogos ou ndo, em ambiente controlado ou nao,
surgiu a necessidade de adaptacdo dos protocolos classicos de estudo a
realidade do atleta de alto rendimento. Nestes experimentos, o sujeito € avaliado
no seu ambiente de treinamento diario, com as condigbes ambientais e adversas
Unicas implicadas a ele. e nessa concepcao, voltada ao alto rendimento se firmou
o conceito denominado Esportémica (Resende, 2010).

As andlises da esportbmica tém por finalidade compreender o
comportamento das vias metabdlicas durante o exercicio e a recuperagdo, nos
quais, os resultados dos metabdlitos permitem avaliar o atleta tanto na prescri¢cao

nutricional (alimentacdo e suplementacdo), quanto no seu treinamento,
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prevenindo exercicios de overtraining (excesso de carga), subtreinamento e
utilizacdo inadequada de suplementos. Vale ressaltar, que durante o processo de
avaliacdes dos parametros clinicos do atleta, faz-se necesséario, estabelecer um
protocolo de avaliagdo metabdlica individualizada (Resende 2010).

Portanto, as técnicas analiticas, como o0s exames laboratoriais e a
espectrometria de massas, podem ser utilizadas para a avaliacdo metabdlica,
permitindo investigar e intervir de maneira cientifica, na prescricdo, controle e
acompanhamento dos processos de treinamento desse atleta, auxiliando-o com
intervencdes para a sua adaptacdo ao exercicio fisico na melhoria da sua

peformance atlética.
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During exercise, ammonia levels are related to the appearance of both central and peripheral fatigue. Therefore, controlling the increase in ammo-
nia levels is an important strategy in ameliorating the metabolic response to exercise and in improving athletic performance. Free amino acids can
be used as substrates for ATP synthesis that produces ammonia as a side product. Keto analogues act in an opposite way, being used to synthesise
amino acids whilst decreasing free ammonia in the blood. Adult male rats were divided into four groups based on receiving either keto analogues
associated with amino acids (KAAA) or a placebo and resistance exercise or no exercise. There was an approximately 40 % increase in ammo-
naemia due to KAAA supplementation in resting animals. Exercise increased ammonia levels twofold with respect to the control, with a smaller
increase (about 20 %) in ammonia levels due to exercise. Exercise itself causes a significant increase in blood urea levels (17 %). However, KAAA
reduced blood urea levels to 75 % of the pre-exercise values. Blood urate levels increased 28 % in the KAAA group, independent of exercise.
Supplementation increased glucose levels by 10 % compared with control animals. Exercise did not change glucose levels in either the control
or supplemented groups. Exercise promoted a 57 % increase in lactate levels in the control group. Supplementation promoted a twolold exer-
cise-induced increase in blood lactate levels. The present results suggest that an acute supplementation of KAAA can decrease hyperammonaemia
induced by exercise.

Ammonia: Urate: Urea: Resistance exercise

Ammonia (NHy + NH, ™) is a toxic metabolite with deleterious
effects on the central nervous syslemm. Exercise can be used
as a model to study ammonia metabolism in an intensity-
dependent way'>~*". During prolonged exercise, ammonia is
mainly produced by the catabolism of amino acids'. On the
other hand, during high-intensity exercise, the largest source
of ammonia production is from AMP deamination'”’. Ammonia
levels are related to the appearance of both central and periph-
eral fatigue'™’. Therefore, controlling increases in ammeonia is an
important strategy in ameliorating the metabolic response to
exercise and in improving athletic performance'”'"”,

The combination of keto analogues with amino acids has
been used to treat patients with chronic Kidney disease
(CKD), portal systemic encephalopathy and hyperammonae-
mia'"""'®. Free amino acids can be used as substrates for
ATP synthesis, which produces ammonia as a side product' ™,

In an opposite manner, the use of keto analogues associated
with amino acids (KAAA) has been proposed as a way to syn-
thesise amino acids whilst decreasing free ammonaemia'' '
During metabolism, amino acids are deaminated or transami-
nated to form keto acids via release of the amino gl'oup“"'_
These reactions are reversible, and the use of keto analogues
could reduce the blood ammonia concentration, resulting in
the production of amino acids''”. Thus, keto analogues may
serve as nutritional supplements to synthesise amino acids of
high biclogical value, especially in CKD patients. Further-
more, it is acknowledged that resistance and aerobic exercise
programmes may serve important roles in the approach to the
treatment, prevention and slowed progression of CKD'"¥,
Although KAAA supplementation is effective in the treat-
ment of CKD, particularly for postponing the necessity for
dialysis, the use of KAAA is not popular due to its cost and

Abbreviations: CKD. chronic kidney disease; Ctl group, control group (neither keto analogues associated with amino acids nor exercise); Ex group, exercise-only
group; KA group, keto analogues associated with amino acids-only group; KAAA, keto analogues associated with aminoe acids; KAEx group, keto analogues

associated with amino acids and exercise group.

* Corresponding author: Professor L.-C. Cameron, email cameron@unirio.br
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the requirement for a low protein intake''”. Thus, there has
been a lack of interest in studies involving KAAA due 1o
the lack of cost effectiveness in its use as a therapeutic
agent. This lack of interest has limited the number of new
papers published on the mechanism of action of KAAA.
In the present study, we evaluated the effect of KAAA
supplementation on ammonia production and blood urea
levels during resistance exercise, showing metabolic effects
that can enhance performance and post-exercise recovery,

Materials and methods

Male Wistar rats (12 weeks of age and body mass ranging
from 280 to 350 g) were divided into four groups of twelve
animals each. The group that received only KAAA (KA
group) and the group that received KAAA and exercise
(KAEx group) received (:-1g Ketosteril™ (Fresenius Kabi,
Bad Homburg, Germany) in 0-3 ml water (0-3 g/kg). The com-
position of the KAAA mixture per tablet was as follows:
w-keto analogues of i1soleucine, 335mg; leucine, 505 mg;
phenylalanine, 430mg; valine. 340 mg: a-hydroxy analogue
of methionine, 295 mg; L-lysine acetate, 75 mg; L-threonine,
265 mg; L-tryptophan, 115 mg; L-histidine, 190 mg; L-tyrosine,
150 mg. The group that received neither KAAA nor exercise
(control (Ctl) group) and the group that received only
exercise (Ex group) received (-5 ml of 09 % NaCl, 1 h before
exercise by oral administration. The animals were maintained
in collective cages (four per cage) at 22 + 2°C with a photo-
period of 12h and fed ad libitum (diet and water). The study
was approved by the Ethics Committee in Research of the
University of Tiradentes, and followed the Guiding Principles
for Research Involving Animals and Human Beings,

Resistance exercise was performed according to a previous
study™™ after familiarisation and determination of the load
that was to be applied according to the one repetition maximum
(1RM) test. Familiarisation consisted of attaching the animal to
the exercise device daily without stimulating the animals to
exercise, starting 6 d before the experiment. The 1RM test was
performed 1d before resistance exercise and determined the
heaviest weight that could be lifted. On the day of the exper-
iment, fifty repetitions were performed with a load equal 10
75 % of 1RM. The animals were stimulated to perform the rep-
etitions through sticker electrodes (Axelgaard ValuTrode
CF3200; Axelgaard Manufacturing Co. Ltd, Fallbrook, CA,
USA) placed in the tail and connected to an electrostimulator
(4mA to 15mA at 1 Hz for 1s; Quark Dualpex 961; Quark
Medical Products, Sao Paulo, Brazil).

Blood was collected through cardiac puncture before exer-
cise (Ctl and KA groups) or immediately after exercise (Ex
and KAEx groups). The blood samples were immediately cen-
trifuged to obtain sera, which was subsequently frozen and
stored at — 70°C for future biochemical analysis. Biochemical
analyses of glucose, urea, urate and creatinine concentrations
were performed using commercially available spectrophoto-
metric assays (Labtest, Minas Gerais, Brazil). Lactate and
ammonia were measured using an enzymic UV method
(Randox, Crumlin, Co. Antrim, UK) on a Dade Model Dimen-
sion RXL Automated Chemistry Analyzer (Dade Behring,
Eschborn, Germany), and haematological parameters were
analysed using a Sysmex SE-9500 Automated Hematology
Analyzer (TOA Medical Electronics, Kobe, Japan). Standard

curves were taken at a minimum »r value of 098 and the
experimental points were always within the calibration curve
and at least 20% above the lower limit of detection.

Statistical significance was evaluated by one-way ANOVA,
Significances (P<<0-05) were confirmed using the Tukey test
as a post hoc analysis. Data are reported as mean values
with their standard errors,

Results

We used a weight-lifting exercise to evaluate the effect of
KAAA on blood ammonia concentration after resistance
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Fig. 1. Acute supplementation of keto analogues associated with amino
acids (KAAA) affects ammonia (A), urea (B) and urate (C) metabolism.
Cfl, control group (neither KAAA nor exercise); KA, KAAA-only group; Ex,
exercise-only group; KAEx, KAAA and exercise group. Values are means,
with standard errors represented by vertical bars. *™°9Mean values with
unlike letters ware significantly different (P<-0:05). Inset of Fig. 1(A) shows
the increase in ammonia levels in experimental and control groups when
normalised against rast values.
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exercise. There was an increase of about 40 % in ammonia in
resting animals due 10 KAAA supplementation. Compared
with unsupplemented controls, exercise resulted in a twofold
increase in ammonia levels in the animals. However, the sup-
plemented group had a much smaller increase (about 20 %) in
ammonia levels after exercise (Fig. [{A)). Since KAAA is
proposed to decrease blood urea levels, we evaluated the
response of blood urea to acute KAAA supplementation
during exercise. We did not measure the effect of supplemen-
tation on blood urea at rest. With no supplementation, exercise
significantly increased blood urea levels by 17 % compared
with the levels in the Cil group. However, with KAAA
supplementation, blood urea was reduced to 75% of the
pre-exercise values (Fig., 1(B)).

To differentiate the ammonia production derived from AMP
deamination from that derived from amino acid deamination,
we measured urate, the end metabolite of inosine monophos-
phate. Blood urate levels increased 28 % in the group sup-
plemented with KAAA, independent of exercise. This effect
was enhanced in the supplemented group after exercise.
There was no change in blood urate levels in the control
group in response to exercise (Fig. 1{C)).

KAAA supplementation has been shown to increase creati-
nine clearance. Our study model did not detect a change in
blood creatinine in response to exercise. However, blood
creatinine decreased by 40% in the groups supplemented
with KAAA, independent of exercise (Table ).

To understand the effect of KAAA on glucose maintenance,
we measured glucose levels after exercise. Supplementation
increased glucose levels in resting animals by 10 %. Exercise
did not change glucose levels in either the Ctl or KAEx groups
(Table 1).

Blood lactate is an indicator of glucose utilisation during
exercise. Exercise promoted a 57 % increase in blood lactate
in the Ctl group. The supplementation promoted a twofold
exercise-induced increase in blood lactate (Table 1).

Discussion

It is widely reported that ammonia production increases during
exercise and that ammonia could be a deleterious metabolite
that promotes fatigue'™*™*", The production of ammonia
can lead to significantly elevated systemic ammonia levels
to levels between 90 and = 200 wmol/l. Patients with either
liver or kidney disease also show sharp increases in ammonia
levels that may range from 70 to 300 wmol/l in liver disorder
patients''**", Patients with CKD have lower peak levels of

ammonia during exercise, but experience ammonia increases

R. D. de Almeida et al.

of about 30-60% compared with resting values'' %,

KAAA has been widely used as a supplement to treat
patients with kidney failure and as a therapeutic agent for
liver failure and encephalopathy''™. Additionally, regular
physical activity and close clinical and dietary monitoring,
including the use of keto analogues, should be recommended
in patients with CKD"*,

One of the problems associated with human studies has
been ensuring that subjects have adhered to the recommended
diet and have properly taken the supplements. Here, we used a
previously described resistance exercise animal method"™ to
investigate a possible ammonia-chelating effect of KAAA
during exercise in rats. The production of ammonia during
exercise occurs via both AMP deamination and branched-
chain amino acid metabolism'"".

The use of KAAA increased ammonaemia during the rest-
ing state, demonstrating that amino acid metabolism during
exercise is associated with anaplerosis of Krebs cycle inter-
mediates*®?7 Increases in ammonia levels in response to
exercise can be managed through the use of amino acids or
carbohydrates that interfere with ammonia metabolism™®. It
is possible to propose that the amino acids in the supplement
are being using either as carbon skeleton donors to obtain
energy or as gluconeogenic precursors. Even with an increase
in ammonia levels at rest, KAAA supplementation was able to
reduce the exercise-induced increase in blood ammonia by
809%. When compared with the non-supplemented exercise
group, the absolute decrease was 20 %. Previous data in our
laboratory showed that there is a habituation of basal ammonia
levels in response to amino acid supplementation, since the
resting ammonia level decreases with an increase in basal
blood urea levels correlated to supplementation time"™. On
the basis of these data, we postulate that the effect of
KAAA supplementation on basal ammonia levels can be
diminished by chronic KAAA use.

Our exercise model increased ammonia and urea levels in
animals without any changes in wrate levels. It has been
pointed out that excess ammonia is metabolised to urea by
the liver for excretion to minimise toxicity'®. During exercise,
KAAA was able to decrease the blood urea concentration to
759 of the resting urea level. This finding is related to the
widely described therapeutic effect of KAAA (for a review,
see Savica er al.'"™). Urate appears more quickly in blood in
response {0 exercise compared with urea™. KAAA sup-
plementation increased resting urate levels. However, we
detected changes in blood urate in the supplemented exercise
group when compared with the non-supplemented exercise
group after resistance exercise. It is known that during

Table 1. Creatinine, glucose and lactate as obtained from the four supplementation protocols

(Mean values with their standard errars)

Group... ctl KA Ex KAEX
Parametar Maan SE Mean SE Mean SE Mean SE
Creatinine (mmol) 47.66% 081 28.89" 0.71 47-49% .76 27.76"° 0-76
Glucose (mmol) 6-11% 012 6-64" 0-20 6-06" 012 5-81° 0-16
Lactate (mmaol/) 2-66" 0-08 2-87° 0-07 418" 0-09 5-44° 0-09

Cil, contral {no kete analegues associated with amina acids or exercise); KA, keto analogues asscciated with amina acids
only; Ex, exarcise anly; KAEx, keto analogues associated with amino acids and exarcise.
ab% pean values within a row with unlike superscript letters were significantly different (P-=0.05; ANOVA),
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high-intensity exercise such as resistance exercise, the largest
quantity of urate is produced when the ATP:ADP ratio
decreases which leads to increases in both AMP deamination
and urate synthesis'®. Tt is possible that our resistance exercise
model with fifty repetitions activates pathways associated with
resistance and prolonged exercise. KAAA supplementation
promoted an increase in creatinine clearance, This i1s a well-
described effect of this supplement in chronically ill
patienis*'®, Taking these resulis together, we postulate that
the majority of ammonia production results from the deamina-
tion of amino acids instead of AMP53

Some studies have shown that amino acid supplementation
increased the pool of Krebs cycle intermediates during exer-
cise™*", KAAA supplementation produced a 10 % increase
in resting glucose levels that were maintained even after exer-
cise, Since KAAA is a mixture of ketogenic and glucogenic
keto analogues and amino acids. we postulate that KAAA
provide glucose for exercise. It is important to state that the
use of the amino acids from KAAA as carbon skeleton
donors augments the net ammonia release. On the other
hand, the anaplerosis using the keto analogues does not
increase ammonia release. However, both situations increase
ATP synthesis, leading to a decelerating ammonia production
due to AMP deamination.

The results of the present study showed that KAAA sup-
plementation exacerbated blood lactate levels after exercise.
It is known that lactate is formed during glycolysis in active
skeletal muscles and many conditions can attenuvate lactate
levels during exercise, such as muscle glycogen dep]e[ion'm.
Thus, such alterations in the present study may be explained
by KAAA providing glucose for exercise through gluconeogen-
esis. Since the central nervous system has no effective urea
cycle and depends on the synthesis of glutamine for removal
of the excess ammonia'™, high levels of blood ammonia
have been proposed 1o be related to the development of both
local and central fatigue™ """, Here, we describe for the first
time that acute supplementation of KAAA can be used 1o
reduce the increase in ammonia levels caused by resistance
exercise. The practical significance of these findings may be
important for the individual exerciser and merits further
research to examine the efficacy of chronic KAAA intake.
Therefore, we believe that the present study contributes
important data to our understanding of metabolism and
that these findings could be helpful for the development of
future therapies.
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Abstract

Physical exercise affects hematological equilibrium and metabolism. This study evaluated the biochemical and
hematological responses of a male world-class athlete in sailing who is ranked among the top athletes on the
official ISAF ranking list of windsurfing, class RS:X. The results describe the metabolic adaptations of this athlete
in response to exercise in two training situations: the first when the athlete was using the usual training and
dietary protocol, and the second following training and nutritional interventions based on a careful analysis of
his diet and metabolic changes measured in a simulated competition. The intervention protocol for this study
consisted of a 3-month facility-based program using neuromuscular training (NT), aerobic training (AT), and
nutritional changes to promote anabolism and correct micronutrient malnutrition. Nutritional and training
intervention produced an increase in the plasma availability of branched-chain amino acids (BCAAs), aromatic
amino acids (AAAs), alanine, glutamate, and glutamine during exercise. Both training and nutritional inter-
ventions reduced ammonemia, uricemia, and uremia. In addition, we are able to correct a significant drop in
potassium levels during races by correct supplementation. Due to the uniqueness of this experiment, these
results may not apply to other windsurfers, but we nonetheless had the opportunity to characterize the meta-
bolic adaptations of this athlete. We also proposed the importance of in-field metabolic analyses to the under-
standing, support, and training of world-class elite athletes.

Introduction

PI{YSICAL EXERCISE AFFECTS hematological equilibrium and
metabolism (Ament and Verkerke, 2009; Rose and
Richter, 2009). When energy demands increase, muscle gly-
cogen, free amino acids, and fat are used as substrates to
maintain muscle contraction (Westerterp, 2010). Blood me-
tabolites have been used to understand exercise intensity and
muscle injury (Bassini-Cameron et al., 2007, 2008). Both the
amount and the kinetics of the blood levels of these bio-
markers and molecules are correlated with the damage
caused by physical exercise (Bessa et al., 2008; Burd et al,,
2009). Indeed, these responses together can be used as a tool to
manage training, thereby increasing metabolic adaptation to
exercise stress (Coffey and Hawley, 2007).

Some theories have suggested that the metabolism of
amino acids plays an important role in producing central
fatigue (for an elegant review, see Wilkinson et al., 2010). At
the end of the 1980s, Blomstrand and colleagues (1988)
proposed in a series of articles that central fatigue could be
related to the plasma concentrations of aromatic (AAA) and
branched-chain (BCAA) amino acids, their ratio and their
relationship with tryptophan availability and serotonin
production. However, some data have shown that trypto-
phan supplementation can extend exercise (Javierre et al.,
2010; Segura and Ventura, 1988). In the 1990s, Banister and
Cameron (1990) proposed that the increase in ammonia
during exercise could lead to central fatigue. Because hy-
perammonemia has been linked to several central nervous
system (CNS) conditions, it is probably linked to the
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glutamatergic system (Cauli et al., 2008). It is likely that
adequate training and diet can improve the cellular ma-
chinery, thereby expanding chemical energy accumulation
and transduction. These improvements can lead to better
energy metabolism by decreasing the deleterious effects of
metabolites and increasing both physical and mental per-
formance (de Almeida et al., 2010; Prado et al., 2011).

Windsurfing is a water sport that mixes surfing and sailing
(Sedlaczek, 2009). Its practice depends on three basic condi-
tions: the athlete, environment, and equipment. Little is
known about metabolism in windsurfing athletes because
most articles in this area have focused on physiological pa-
rameters (Campillo et al., 2007; Castagna et al., 2007, 2008;
Chamari et al., 2003; Melis et al.,, 2003; Pérez-Turpin et al,,
2009; Vogiatzis et al., 2002) and injuries (Dyson et al., 2006;
Hetsroni et al., 2006; McCormick and Davis, 1988; Nathanson
and Reinert, 1999; Nathanson et al., 2008; Neville and Folland,
2009; Nickel et al., 2004; Orchard et al. 2002; Petersen et al.,
2003).

The tactical and strategic decisions needed during a
windsurfing competition require a mixture of force and re-
sistance training. In this study, we evaluated a world cham-
pion windsurfer who is ranked among the top athletes by the
official International Sailing Federation (ISAF) ranking. We
investigated metabolic changes in response to a simulated
competition in an in-field investigation and metabolic re-
sponses to a nutritional and training intervention.

Materials and Methods
Subject

This study evaluated a male world-class athlete in sailing
from the windsurfing discipline, class RS:X. The athlete was
well instructed regarding the procedures and signed a written
informed consent. The study was approved by the Ethics
Committee for Human Research of the Federal University of
State of Rio de Janeiro and conformed to the requirements and
guidance for carryving out research in human subjects (Health
National Council, Brazil, 2010). During the trials, the athlete
did not have health problems or use ergogenic substances or
any other drugs. In addition, clinical examinations, anthro-
pometric measurements, and laboratory tests were per-
formed. Laboratory tests included hematological and
biochemical analyses, which allowed any metabolic anoma-
lies that could affect the results or impair their interpretation
to be diagnosed.

Experimenial design

We simulated a typical Olympic regatta. The athlete per-
formed a race, rested for 30 min, and then competed in an-
other race. Each race lasted 30min. Blood samples were
collected both before and after the races (T1-T4). An addi-
tional sample was collected after 120 min of rest (T5). Note
that the experimental design provides information regarding
the athlete’s metabolic condition before and after the first
exercise bout (T1-T2), before and after resting (T2-T3), before
and after the second exercise bout (T3-T4), and before and
after metabolic recuperation (T4-T5).

Figure 1 shows that blood was collected following in-field
situations. The experimental time line and blood collection
times (T1-T5) are shown.
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FIG.1. Experimental design. Blood was collected following
in field situations. The experimental timeline and blood
collection times (T1-T5) are shown.

Two trials (A and B) were conducted under similar
environmental conditions ("C; % relative humidity; wind
velocity in km/h). The first trial was conducted using regular
training and a regular diet. After analysis of the results, diet
and training were modified, and the second trial was con-
ducted.

Training interventions

The exercise program was constructed according to the
American College of Sports Medicine Guidelines (ACSM
Position Stand, 1998). The intervention protocol for this study
consisted of a 3-month facility-based program using neuro-
muscular training (NT) and aerobic training (AT).

The training protocol was designed to strengthen the most
important large muscle groups for windsurfing-specific ac-
tivities and to improve cardiorespiratory capabilities. The
athlete was asked to perform the NT twice weekly for 3h each
session for a total of 36 training sessions, and the AT twice
weekly for 30 min each session for a total of 24 training ses-
sions on different days from the NT. During each training
session, the athlete was under direct supervision from a
physical therapist and a trained exercise instructor.

The volume and intensity of the intervention protocol was
controlled by oxygen uptake and by a cardiofrequency GPS
{Garmin Forerunner” 405CX) that continuously recorded
time, distance, pace and heart rate during the training.

Nutritional intervention

We suggested that the athlete should keep his regular di-
etary habits during the trials. During the intervention, we
suggested nutritional changes to promote anabolism,
achieving an intake of 16 MJ] (20% from proteins, 60% from
carbohydrates). The athlete was instructed to increase the
number of meals to a minimum of six per day. We instructed
the athlete to consume high biological-value proteins and
carbohydrates in all meals, combining different absorption
times from both nutrients (e.g., casein vs. whey protein; starch
vs. maltodextrine). We also prescribed an intake of multivi-
tamins and multiminerals to reload micronutrients, especially
potassium, immediately before and after training,.

Laboratory analysis

Samples for biochemical assays were collected from the
antecubital vein and centrifuged (3,000 g; 10 min). All of the
blood sampling procedures, centrifugation, and blood storage
were carried out immediately after collection to avoid the loss
of volatile compounds. Serum and plasma were aliquoted,
frozen in liquid nitrogen, and stored at —80°C for later anal-
ysis. The blood, serum, and plasma were analyzed in dupli-
cate or triplicate, when necessary, and corrected against a
standard curve with no fewer than five points.
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Biochemical analyses were conducted using an auto-
matic analyzer (ADVIA® 1200 Chemistry System, Siemens,
USA). Alanine aminotransferase (ALT), alkaline phospha-
tase (ALP), aspartate aminotransferase (AST), creatine
phosphokinase muscle-brain fraction (CKMB), lactate de-
hydrogenase (LDH), ;'-glutamyltransfemse (yGT), creati-
nine, glucose, urate, and urea were measured by enzymatic
methods. Chloride, phosphate, serum iron, transferrin sat-
uration, and total iron-binding capacity were quantified by
colorimetric methods. Sodium and potassium were mea-
sured by the ion selective electrode method. Creatine phos-
phokinase (CK) was measured using a kinetic method, and
a-1-acid glycoprotein (AGP) was measured using a turbidi-
metric method. Albumin and total protein were evaluated by
an electrophoretic method. Amino acids were measured by
an high-performance liquid chromatography (HPLC)
method, and free testosterone was quantified by a radioim-
munoassay method. Total testosterome and insulin were
assessed by electrochemiluminescence. Erythropoietin, fer-
ritin, and myoblobin were measured by chemiluminescence
methods. Total cholesterol, phospholipids, high-density
lipoprotein (HDL}, low-density lipoprotein (LDL), very-low-
density lipoprotein (VLDL), and total lipids and triacylgly-
cerols (TG) were measured by the Charbroll & Charonnat
method.

Samples for hematological assays were collected into a tube
with K3-EDTA (Vacuette, Greiner Bio-One, Germany) and
stored at 4°C for later automated analysis (COULTER"
STKS™ Hematology Flow Cytometer, Beckman Coulter,
Fullerton, CA). White cell counts (total and differential) were
performed, and red blood cells and platelets were also mea-
sured. We also analyzed coagulation, bleeding time, capillary
fragility, clot retraction, platelet count, prothrombin time, and
activity by coagulometric methods.

Data presentation

To facilitate visualization and comparison, some data were
normalized to the T1 measurement of each trial (absolute
values are referenced in each figure). All other data are given
as an absolute value.

Results
Branched chain amino acids

Plasma branched chain amino acids (BCAA) were assessed
because they play important roles in protein synthesis and are
used as a primary energy source by muscles, Our results
showed that during trial A, isoleucine decreased by 23% after
the first race and did not change thereafter. The plasma amino
acid concentration reached 32% of the original level after the
second race and remained at this value until after recupera-
tion. The plasma concentration of valine decreased by 21%
after the first race and did not change until the second race,
during which it decreased an additional 41% (62% total). We
were not able to measure a recovery until after recuperation.
A similar curve was measured for leucine. Nutritional and
training intervention produced a change in BCAA plasma
availability. During trial B, isoleucine decreased by 42%
during the first race and maintained the same concentration
until the end of the second race. After recuperation, the
plasma amino acid concentration returned to almost the T1
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value. The same happened with both valine and leucine
plasma concentrations (Fig. 2).

Aromatic amino acids

Aromatic amino acids (AAA) are ketoglucogenic and can
directly be used by hepatocytes for gluconeogenesis. During
trial A, our results showed that AAA decreased by nearly 15%
after the first race, did not change during the rest period, and
then decreased again by approximately 40% after the second
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FIG. 2. Intervention decreases BCAA consumption during

the second regatta followed by faster restoration of plasma
amino acid levels. Trial A (O) and trial B (@) plasma bran-
ched chain amino acid (isoleucine, valine, and leucine) levels
normalized (%) to the T1 value. T1 values are shown in the
inset.



race. We did not measure an increase in the plasma amino
acid pool after recuperation. After intervention, the plasma
tyrosine concentration remained constant during the trial.
Both plasma tryptophan and phenylalanine fluctuated almost
15-20% during the races, never dropping below 100%. Their
concentration increased to levels ~30% greater than the
pretrial conditions (Fig. 3).

Glutamine, glutamate, and alanine

The measurement of glutamine, glutamate, and alanine
concentrations in plasma is important because of their roles in
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FIG. 3. Intervention decreases the consumption of aromatic

amino acids during exercise. Trial A (O) and trial B (@)
plasma aromatic amino acid (tyrosine, tryptophan, and
phenylalanine) levels normalized (%) to the T1 wvalue. T1
values are shown in the inset.
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energy production in metabolism. The plasma concentrations
of both glutamine and alanine decreased by more than 50%
during trial A and failed to recover during the recuperation
period. Plasma glutamate levels fluctuated less (up to 70% of
rest). During trial B, no changes were observed in plasma
glutamine or alanine levels, In contrast, glutamate showed
opposite plasma concentration kinetics when compared to
trial A (Fig. 4).

Meatabolic pathways

Ammonia is a waste product from the metabolism of amino
acids and other nitrogenous compounds. In trial A, ammo-
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FIG. 4. Both training and diet decrease the use of glutamine
and alanine. Trial A () and trial B (@) plasma amino acid
concentrations normalized (%) to the T1 value. T1 values are
shown in the inset.
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nemia increased in response to exercise 20-30% more than it
did in trial B. In both trials, exercise promoted approximately
a sixfold rise in ammonemia after the races, and this refurned
to initial levels at rest (Fig. 5).

Urate is the final catabolite from purines and is an indicator
of the rate of IMP production. To indirectly evaluate the
contribution of myokinase to ATP production, we measured
plasma urea concentrations. Urate rose nearly 20% more
during trial A compared to trial B. During trial A, urate in-
creased by up to 35%, reaching a 60% increase when com-
pared with the prerace value. During trial A, urea consistently
rose by approximately 20% with a slower increase during
recuperation, reaching a final elevation of 25%. After inter-
vention, the average increase in urea during the entire trial
was 5% (Fig. a).

Gluconeogenesis is one of the destinations of amino acid
metabolites. To understand the effects of windsurfing exercise
on amino acid metabolism, we measured the changes in both
serum glucose and insulin. During trial A, glycemia rose by
~ 70% after the first race and decreased after the 30-min rest.
In the secand race, glycemia rose again, reaching a value 43%
greater than the prerace value. During trial B, plasma glucose
did not change in response to the first race and had a delayed
increase compared to trial A. Glucose reached the pretrial
values in both trials. Insulin decreased in both trials in re-
sponse to the two races. In the first race of trial A, insulin
decreased by 35% compared to preexercise levels. During the
second race, insulin dropped by 55% compared with T1. In-
sulin returned to the initial concentration after recuperation.
During trial B, a similar pattern was observed with a smaller
variation when compared with trial A (Fig. 7).

Muscle stress biomarkers

Creatinine, an indicator of exercise muscle injury, increased
in both trials. During trial A, the basal plasma creatinine
concentration was 10% lower than in trial B, and it increased
by ~15-30% during the trial. AST increased by 15-20%
during trial A and demonstrated a small fluctuation during
trial B. However, the ALT plasma concentration fluctuated by
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FIG. 5. Intervention does not affect exercise-induced am-
monemia. Trial A (O) and trial B (@) ammonia concentra-
tions normalized (%) to the T1 value. T1 values are shown in
the inset.
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FIG. 6. Interventions reduce both uremia and uricemia in-
creases due to exercise. Trial A (O) and trial B (@) plasma
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5-10% in both trials. Other hepatic injury biomarkers, such as
ALP, yGT, and AGP, did not change during either trial (data
not shown).

The classic muscle injury marker CK increased by ap-
proximately 150% during trial A. During trial B, basal CK was
almost sevenfold higher than in trial A. However, the plasma
concentration of this enzyme showed a 30% fluctuation dur-
ing trial B. CKMB is a very specific muscle injury marker and
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FIG.7. Intervention decreases glycemic fluctuations. Trial A
(O)and trial B (@) plasma insulin and glucose concentrations
are shown as absolute values (mUI/mL and mmol/L).
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acutely responded to exercise in both trials, with a much
greater response in trial A.

LDH is a well-known delayed muscle injury marker, and it
increased by up to 40%. In trial B, even with higher basal
concentrations of CK and LDH, we observed a much smaller
increase in these three markers than what was observed in
trial A (Figs. 8 and 9).

During trial A, blood leukocytes increased by approxima-
tely 300% after the races and did not change after recupera-
tion. The neutrophil count contributed the most to this
increase. Lymphocytes in blood increased in response to ex-
ercise and decreased after resting (Fig. 10).
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FIG. 8. Changes in stress markers between trials. Trial A
(O) and trial B (@) plasma creatinine, aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) levels nor-
malized (%) to the T1 value. T1 values are show in the inset.
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Hydroelectrolytic status

No changes in erythrocyte count or hematocrit were found
at any time point during either trial (data not shown). Even
without signals of dehydration, tropical windsurfing athletes
can lose water and electrolytes due to sweating and low re-
hydration. To evaluate the athlete’s blood mineral composi-
tion, we measured the main inorganic electrolytes. We did not
detect any changes in sodium or chloride during either trial
(data not shown). In trial A, phosphate increased by 50-70%
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creatine phosphokinase (CK), creatine phosphokinase mus-
cle-brain fraction (CKMB) and lactate dehydrogenase (LDH)
levels normalized (%) to the T1 value. T1 values are shown in
the inset.
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el Rodrigues et al., 2010; Shave et al., 2002). Acute metabolic
stress was clearly much greater in trial A than in trial B. In
_ addition, the basal levels of both CK and LDH were higher in
& 300 4 trial B. These results suggest that adaptation occurred due to
= exercise-induced muscle injury during training, resulting in
an adjustment of the muscles to exercise-linked stress. In fact,
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compared with increases in yGT and alkaline phosphatase

0 30 80 80 120 150 180 210
Time (min)

FIG. 10. Intervention changes the neutrophil response.
Trial A {C) and trial B (@) plasma white blood cell (leuko-
cytes, neutrophils, and lymphocytes) numbers normalized
(%) to the T1 value. T1 values are shown in the inset.

in response to exercise; it decreased after rest but never
reached the basal level. This effect was mitigated by the in-
tervention. Potassium levels decreased during trial A to
33mmol/L and slowly recovered during the experimental
period without reaching basal levels. These changes were
abolished by the intervention (Fig. 11).

Discussion

Windsurfing competitions require that physical prepara-
tion be combined with tactical and strategic decision making.
Due to the need for rapid CNS responses, it is important to

{Bassini-Cameron et al., 2007).

It is a well-documented fact that white blood cells are re-
leased in response to exercise, and neutrophil release is linked
to exercise intensity and duration (Bessa et al., 2008). This
effect seems to be regulated by differential cytokine release
{Giraldo et al, 2009; Li and Gleeson, 2004). In our study, leu-
kocytes increased by almost 300% in response to trial A, an
effect mostly due to the increase in neutrophils (=400%). After
intervention, leukocyte and neutrophils response increased
by approximately 200 and 250%, respectively, compared with
rest levels. Neither leukocytes nor neutrophils returned to
their basal levels.

The response of white blood cells (WBCs) to exercise seems to
depend on both cytokine and myokine regulation (Haugen et al.,
2010; Mathur and Pedersen, 2008; Pedersen et al., 2007). In this
study, we measured an acute increase of lymphocytes in re-
sponse to each exercise bout, which returned to basal levels after
exercise stress. Metabolic stress is correlated with the increase in
WBCs in response to exercise. In fact, increases in carbohydrate
availability and cortisol response, a gluconeogenic hormone,
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have been used as a link in integrated WBC and metabolic
pathways (Peake et al,, 2005). Some of our results suggest an
increase in metabolic reserves after the intervention, measured
as a decrease in gluconeogenesis.

Alanine, glutamine, and BCAA levels in the blood were
severely depleted during the first trial. In fact, even after re-
cuperation, their levels remained low. BCAAs have different
oxidation rates in liver and muscle (for a review, see Harper
et al., 1984). Isoleucine seemed to be somewhat more affected
than valine and leucine, which can be explained by the fact
that isoleucine is a precursor of glutamine and alanine, which
are the most important gluconeogenic amino acids. Similarly,
AAAs, which are generally metabolized in hepatocytes, were
consumed less during the first exercise bout of trial A and then
decreased quickly after the second bout. Phenylalanine and
BCAA were similarly consumed in both trials, but with a
different pattern regarding recuperation. However, the plas-
ma concentration of Tyr and Trp did not change after the
intervention. These data fit the current understanding of the
interorgan metabolism of the BCAAs glutamine and arginine
proposed by Wu's group (Lietal., 2007; Wu, 2009). In fact, it is
reasonable to suppose that because the concentration of an
amino acid in blood affects its ratio in the brain (Crowell et al.,
1990), it is very important to establish training goals that lead
to the maintenance of plasma amino acid levels.

In the first race of trial A, even with an ~70% increase in
glycemia, insulin decreased to 35% of its preexercise levels,
This is a well-described metabolic effect that occurs during
exercise in the presence of catecholamines (Bangsbo et al,
2007; Kraemer and Ratamess, 2005). In fact, in trial A, glucose
increased during exercise in a typical gluconeogenic response.
After the intervention, BCAAs, which are still being con-
sumed during exercise, reacted better to the recuperation step.
In addition, alanine, glutamine and AAA plasma concentra-
tions were almost unaffected. These data suggest that in trial
A, amino acids were being used by the muscles as an energy
source and by the liver to produce glucose. A similar result
showing that carbohydrate availability and insulin secretion
are linked to training conditions was recently reported {Mi-
kulski et al.,, 2010). These data reinforce the idea of a greater
metabolic stress in trial A than in trial B.

Multiple studies have shown that various diet adequacies
and supplementations can decrease ammonia production in
response to exercise (Bassini-Cameron et al., 2008; Carvalho-
Peixoto et al., 2008). This decrease in ammonemia is mainly
due to decreased myokinase demand, which is in turn is due
to an increase in ATP production from other metabolic sour-
ces (Almeida and Cabral, 2010). In both trials, ammonia in-
creased after exercise bouts and returned to basal levels
during rest and recuperation. To reinforce these analyses, we
were able to show that urea increased in trial A, but we saw
only a small increase in trial B. Urate levels also showed a
smaller increase in trial B compared with trial A. Because urea
is the final product of ammonia metabolism and urate is the
final product of purine metabolism, it is reasonable to propose
that the intervention could promote a metabolic adaptation
that decreased the amount of ATP generated by myokinase by
the use of amino acids.

Our data suggest that the intervention abolished the po-
tassium response to exercise observed in trial A. Phosphate
levels were also moderated by the intervention. These min-
erals participate in many metabolic processes, including
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muscle contraction, normal heart rhythm, nerve impulse
conduction, oxygen transport, oxidative phosphorylation,
enzyme activation, immune functions, antioxidant activity,
bone health, and regulating blood pH. An adequate amount
of minerals is necessary for optimal functioning of processes
that are accelerated during exercise (Dressendorfer etal., 2002;
Speich et al., 2001; Williams, 2005).

In this study, we evaluated metabolic adaptation in a world
champion windsurfer in two different training situations: the
first when the athlete was using the usual training and dietary
protocols, and the second after a careful analysis of his diet and
in-field metabolic changes as measured in a simulated com-
petition. To summarize, we propose that, in response to the
dietetic and training intervention, BCAA consumption was
decreased during the second race and AAA, Ala, Glu, and Gln
blood consumption was protected. It seems that the interven-
tion also promoted a decrease in ammonemia, uricemia, and
uremia in response to exercise. As a corollary to the diminished
metabolic stress, inflammatory and muscle injury markers also
decreased, which could show that the intervention had a pos-
itive effect on the athlete’s response to exercise.

During the last decade in our laboratory, we have used
exercise together with dietary modifications to cause meta-
bolic stress in our studies of metabolism. Qur studies are
conducted in the field to mimic the real challenges faced
during sports situations. Due to the uniqueness of this ap-
proach and the differences between it and standard experi-
mental protocols, we call this approach “sportomics.” In this
sense, sportomics is the use of “-omics” sciences together with
classical clinical laboratory analysis (e.g., enzymatic determi-
nations, ELISA, Western blotting, and other analytical pro-
cedures) to understand sport-induced modifications. Due to
the uniqueness of this experiment, these results may not apply
to other windsurfers, but we nonetheless had the opportunity
to characterize the metabolic adaptations of this athlete. We
also propose the importance of in-field metabolic analyses in
the understanding, support, and training of elite athletes.
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Abstract

Purpose: We investigated the effects of caffeine on the ammonia and amino
acid metabolism of elite soccer players. Methods: In the double-blind,
randomized study, the athletes (n=19) received 5 mg-kg™ caffeine or lactose
(LEX, control) and performed 45 min of intermittent exercise followed by an
intermittent recovery test (Yo-Yo IR2) until exhaustion. The caffeine-
supplemented athletes were divided into two groups (CEx and SCEX)
depending on their serum caffeine levels (< 900% and > 10,000%,
respectively). The data were analyzed by ANOVA and Tukey’s post hoc test
(p < 0.05 was considered to be statistically significant). Results: Caffeine
supplementation did not significantly affect the performance (LEx, 12.3 £ 0.3
km-h™, 1449 + 378 m; CEXx, 12.2 + 0.5 km-h™*, 1540 + 630 m; SCEXx, 12.3 +

0.5 km-h*, 1367 + 330 m). Exercise changed the blood concentrations of
several amino acids and increased the serum concentrations of ammonia,
glucose, lactate, and insulin. The LEx group showed an exercise-induced
increase in valine (~ 29%), which was inhibited by caffeine. Higher serum
caffeine levels abolished the exercise-induced increase (~ 24-27%) in
glutamine but did not affect the exercise-induced increase in alanine (~110-
160%) and glutamate (42-61%). In response to exercise, the SCEXx subjects
did not exhibit an increase in uremia and showed a significantly lower
increase in their serum arginine (15%), citrulline (16%), and ornithine (ND)
concentrations. Conclusion: Our data suggest that caffeine might decrease
systemic urea by decreasing the glutamine serum concentration, which

decreases the transportation of ammonia to the liver and thus urea synthesis.

Keywords: valine; arginine; citrulline and ornithine
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Introduction

Paragraph Number 1 Athletes have increasingly used caffeine as an
ergogenic supplement because it increases the blood epinephrine
concentrations, which leads to an increase in the metabolism and promotes a
greater power output during high intensity exercise. This effect is associated
with increased glucose levels both at rest and during exercise (2). Caffeine
also changes the metabolism through the mobilization of free fatty acids and
the sparing of glycogen (12). Although several studies have attempted to
elucidate the amino acids metabolism during exercise, the combined effects
of caffeine and exercise on the amino acid metabolism remain obscure (6, 20,
36, 37).

Paragraph Number 2 In the human body, ammonia (NHs) is mostly present
in its ionized form ammonium (NH,.); hereafter, "ammonia" refers to the
combination of NH; and NH,.. At rest, most of the body’s ammonia is
produced by enteric microbiota and, to a smaller extend, by either amino
acids or the deamination of purine derivatives, mostly AMP (1). The ATP/ADP
ratio reflects the energy state of the cell and is effectively regulated by the rate
of enzymatic ATP synthesis. During exercise, a decrease in the stored ATP
and a transient increase in the ADP levels activate myokinase, which leads to
the formation of AMP (3). Both AMP deamination and, to a lesser amount,
branched-chain amino acid deamination lead to an increase in the intracellular
ammonia, which requires active transport to leave the cytoplasm. The
ammonia leaves the cells, enters the blood for further detoxication, and is
excreted mostly as urea. Ammonemia increases during exercise in an
intensity-dependent manner (5, 7). A hyperammonemic state changes the
function of the blood-brain barrier and is postulated to cause different cerebral
dysfunctions (8) and central fatigue during exercise through the engagement
of the metabotropic glutamate receptors (34, 38).

Paragraph Number 3 We previously proposed that exercise can be used as
a tool to study metabolic stress. Also, intermittent exercise, in addition to a
continuous exercise protocol, provides invaluable data that can be used to
understand metabolic changes (5, 6, 11, 32). We recently proposed a

sportomics approach to mimic both the real challenges and the conditions that
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are faced during sports situations (10,17,33). Sportomics combines the use of
"-omics" sciences with classic clinical laboratory analyses to understand
sport-induced modifications.

Paragraph Number 4 In this manuscript, we describe the changes in the
concentrations of amino acids and other metabolites in the blood of elite
soccer players during caffeine supplementation using a sportomics-designed
study. Based on our previous findings, we hypothesize that caffeine might
affect both ammonia genesis and metabolism during exercise and thus

evaluated the effect of this supplement during exercise.

Methods

Subjects

Paragraph Number 5 This double-blind, randomized study was conducted
according to the guidelines dictated by the Declaration of Helsinki. All of the
procedures involving human subjects were approved by the Ethics Committee
for Human Research at the Federal University of the State of Rio de Janeiro
(117/2007, renewed in 2011) and met the requirements regulating research
on human subjects (Health National Council, Brazil, 1996). The nature of the
study and the procedures involved were described to all of the subjects, and
written informed consent was obtained from all of the subjects. The
experiment was conducted as described in a previous study (6). Briefly,
professional soccer players (n = 19) from a major league team affiliated with
the Confederacdo Brasileira de Futebol (CBF, Brazilian Soccer
Confederation) voluntarily participated in the study. To maximize the control
over the large number of experimental variables that can potentially influence
the results, we conducted the experiment during the preparation phase
training for the Brazilian Soccer Championship to ensure that all of the
athletes had similar diets, training regimes, and resting and sleeping
conditions.

Paragraph Number 6 None of the subjects had a medical history of health
problems or were using ergogenic substances or any other drugs. In addition,

the athletes were subjected to clinical examinations, anthropometric
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measurements, and laboratory tests to ensure homogeneity among the

groups. The initial laboratory tests included hematological and biochemical
analyses, which allowed the diagnosis of any metabolic anomalies that could
affect the results or impair their interpretation. As previously described, the 85
biochemical analyses that were conducted allowed us to select individuals
with the following conditions: a similar carbohydrate, lipid, and protein
metabolism; a similar oxygen transport efficiency; similar macronutrient
anabolism and catabolism indicators; a normal water and electrolyte
metabolism; no infection or parasitic infestation; a well-balanced body water
content; and undisturbed hepatic and renal function (6). All of the subjects
exhibited normal metabolic functions, and no differences between the
subjects were detected before the experiment (data not shown). In addition,
the athletes exhibiting biochemical outliers in the results were removed from
the experimental procedure (data not shown). Furthermore, we did not find
evidence of hemoconcentration (i.e., < 2%) during the exercise protocol (data

not shown).

Experimental design

Paragraph Number 7 Caffeine, xanthine, or any other substance that could
mask the results were not ingested by the athletes for 72 h prior to the blood
collection. On the day of the experiment, blood was collected from fasting
soccer players, i.e., before breakfast (PRE). The players were randomly
divided into two groups and provided with a specific breakfast supplemented
with either caffeine or lactose.

Paragraph Number 8 After receiving breakfast and the supplements, the
subjects were driven to the testing location, which required 15 min. After 20
min of warm up (exercises for articular movement and elongation), the
subjects performed the intermittent exercise test protocol under the heart rate
accompaniment (Figure 1).

Paragraph Number 9 All of the subjects had previously performed the test
twice during the general preparation phase training to ensure their familiarity
with the testing procedure. On the day of the test, each subject performed an
intermittent exercise protocol. Briefly, this protocol included two sessions of a

45 min variable distance run protocol (VDR) with a 15 min interval in a 50 x 50
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m court marked with a 5 x 5 m grid. After finishing the VDR (5 min), the

athletes executed the Yo-Yo Intermittent Recovery Test level 2 (Yo-Yo IR2)
(4, 27) until exhaustion, finishing 190-200 min after the beginning of the
exercise protocol; the test duration depended on the athlete. The athletes
received a drink containing electrolytes and glucose (Gatorade®) ad libitum
throughout the study. Each athlete completed the exercise protocol at
different times. The exercise test was immediately followed by the collection

of blood, which was then used for the laboratory analyses (POST).

Caffeine supplementation

Paragraph Number 10 As previously described, anthropometric, hormonal,
hematological, and biochemical evaluations were performed to guarantee
homogeneity among the participants enrolled in the study (6). We randomly
divided the soccer players into two groups and measured the urinary amino
acids (lle, Leu, Met, Phe, Tyr, and Val), which were normalized to the
creatinine clearance rate. The different supplements were provided in
indistinguishable capsules to ensure that the subjects were not aware of their
group assignment. Caffeine (Purifarma, China) was orally administered at a
dosage of 5 mg-kg™*, whereas the control group received lactose (Via Farma,
Brazil). The lactose content (1 g total) in the capsules was not sufficient to
provide a significant amount of metabolizable energy (< 4.2 kJ) that could

influence the study results.

Blood sampling

Paragraph Number 11 The venous blood samples were collected from an
antecubital vein. Immediately after collection, the blood samples were
centrifuged to separate the serum, which was quickly frozen and stored at -70
°C. Due to the nature of the study, we used four phlebotomists to ensure that
the blood collection occurred within 2 min of the completion of the exercise
protocol. As previously described, distinct biochemical and hematological
analyses (biomarkers of hepatic and renal function; evaluations of
carbohydrate, lipid, and protein metabolism; indicators of oxygen transport

efficiency, macronutrient anabolism and catabolism and water and electrolyte
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metabolism) were performed to identify any variables that could affect the

metabolic interpretation of the results (data not shown) (6).

Serum caffeine measurement

Paragraph Number 12 Caffeine was identified and measured in the serum
through gas chromatography/mass spectrometry (GC/MS) using B-naphthoic
as an internal control, as previously described (25). The caffeine extraction
was performed at a basic pH, and the samples were centrifuged and
subjected to solid phase extraction. After elution with chloroform, the solvent
was evaporated and the residue was resuspended in dichloromethane. The
samples were then dried with nitrogen and resuspended in ethyl acetate. The
alkaline extraction (1 pyL) was then analyzed by gas chromatography using a
mass selective detector with a 5% phenylmethylsiloxane column, VB-5
crosslinking and a 0.25-mm thick, 30-m long film. Due to the nature of the
investigation, we used the World Anti-Doping Agency (WADA) guidelines for
the analysis: SCAN mode, injector temperature of 280 °C, detector
temperature of 295 °C, and initial column temperature of 60 °C. The column
temperature was increased at a rate of 22 °C/min to 200 °C, then at a rate of
10 °C/min to 270 °C, then at a rate of 30 °C/min to 305 °C, and maintained at
305 °C for 6 min.

Caffeine absorption and group assignment

Paragraph Number 13 To evaluate the available caffeine concentration
during the experiment, we measured the serum levels of caffeine. No
differences were detected in the serum caffeine level among any of the
groups before the experiment. In addition, the levels of serum caffeine in the
non-supplemented group before and after the test (LEx, n = 8) were
compared, and no differences were found. The observed increases in the
serum caffeine after supplementation followed two significantly different
patterns, which were evaluated as described under the statistical analyses
section. Therefore, we divided the supplemented athletes into two different
groups: CEx (< 900% increase, n = 5) and SCEx (> 10,000% increase, n = 6).
(Figure 2).
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Serum amino acid determination

Paragraph Number 14 The concentrations of the amino acids were
measured through high-performance liquid chromatography, as previously
described (23).

Statistical Analyses

Paragraph Number 15 The data were analyzed by ANOVA using the test
condition and the time as the repeated measure variables, which were
confirmed using Tukey’s post hoc test. Differences with a p-value of less than
0.05 were considered to be statistically significant. The data are expressed as

the means + standard error.

Results

Effect of caffeine effect on performance

Paragraph Number 16 The VDR and Yo-Yo IR2 tests were used to simulate
an exercise state similar to that obtained in a soccer match and to induce
exhaustion, respectively. Our assumption that these tests generated a similar
exercise intensity in the three studied groups was confirmed through the
measured cardiac frequency and the blood lactate concentration, which can
be used as an indicator of consistent glucose metabolism. All of the athletes
in the three groups showed similar results at the end of the Yo-Yo IR2 test. In
addition, we were not able to measure any significant caffeine-induced

difference in the athletes’ performances (Tables 1 and 2).

Effects of caffeine on metabolism

Paragraph Number 17 Exercise increased the serum concentrations of
glucose in the LEx group by 26%. In addition, the experimental protocol
significantly increased glycemia by 43% in the CEx group and by 53% in the
SCEx group. The insulin concentration followed the rise in glycemia: 54%
increase in the control group and 72% and 84% increases in the caffeine-
supplemented groups (CEx and SCEXx, respectively). In our protocol, the

caffeine supplementation did not affect the exercise-induced increase in the
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glucose, insulin and lactate levels (Table 2).

Paragraph Number 18 Exercise produced similar increases in the serum
levels of ammonia (5- to 6-fold) in all three groups. No significant difference
was measured in the exercise-induced increase in ammonemia between the
groups. However, a significant dose-dependent effect was observed with
uremia. The amount of urea rose by 10% in the LEx and CEx groups due to
exercise, whereas the subjects with the highest serum caffeine concentrations
(SCEX) did not exhibit an exercise-induced increase in uremia. The creatinine
concentration in the blood increased due to exercise in all three groups;
however, caffeine supplementation was not found to have a significant
difference in the creatinine concentration (Table 3).

Paragraph Number 19 Urate is an important metabolite that indirectly
measures the level of ammoniagenesis due to AMP deamination. In all three
groups, the urate concentration in the blood remained unaffected by either

exercise or caffeine supplementation (Table 3).

Effects of caffeine on the serum amino acids

Paragraph Number 20 Caffeine and exercise demonstrated different effects
on the serum amino acid concentrations.

Paragraph Number 21 The exercise-induced increases in the serum
concentrations of Gly (LEx 26%, CEx 28%), Ser (LEx 27%, CEx 27%) and His
(LEx 34%, CEx 36%) were inhibited by the high serum caffeine concentration
measured in the SCEx group. The serum Pro concentration increased due to
exercise, as measured in the LEx group (38%). This increase was inhibited by
caffeine because the two groups that received caffeine did not exhibit a
significant increase in the concentration of this amino acid (CEx 26%, SCEX
25%). The serum concentrations of Lys, Thr, Tau, Asn, Asp, and Met were not
affected by either exercise or caffeine (Table 4).

Paragraph Number 22 Exercise increased the total serum concentration of
the branched-chain amino acids (BCAA) by 28%. This increase was inhibited
by caffeine, as demonstrated with both caffeine-supplemented groups (CEx
16%; SCEx 4%). The analysis of the serum Val levels showed that this amino
acid was the only BCAA that was significantly affected by caffeine. The
control group showed an exercise-induced increase in Val of 29%, which was
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dose-dependently repressed by caffeine supplementation (CEx 16%; SCEXx
0%). No significant differences were measured in the concentrations of either
Leu (LEx 29%; CEx 18%; SCEx 19%) or lle (LEx 27%; CEx 12%; SCEx 0%)
in response to exercise, and no differences in these amino acids were
detected among the groups.

Paragraph Number 23 The serum concentration of Trp was not affected by
either exercise or caffeine. The Tyr concentration increased in the three
groups (LEx 78%; CEx 77%; SCEx 35%) in response to exercise, and
caffeine supplementation was not found to have a significant effect. In
contrast, the exercise-induced increase in the level of Phe was significantly
inhibited by high serum concentrations of caffeine (LEx 53%; CEx 36%; SCEXx
11%). GIn and Ala are the major amino acid sources for neoglucogenesis.
Higher serum caffeine levels abolished the exercise-induced increase in Gin
(LEx 27%; CEx 24%; SCEx 0%) but did not significantly affect the
exerciseinduced increase in the levels of Ala (LEx 118%; CEx 160%; SCEx
110%) and Glu (LEx 61%; CEx 42%; SCEx 51%) (Table 4).

Paragraph Number 24 Caffeine affected the serum concentrations of the
three urea cycle intermediates: Arg, Cit, and Orn. The SCEx group showed a
significant attenuation of the exercise-induced increases in the serum levels of
Cit (LEx 37%; CEx 48%; SCEx 16%) and Orn (LEx 53%; CEx 47%; SCEX
0%). The serum Arg concentrations were also affected by caffeine (LEx 26%;
CEXx 7%; SCEx 15%) (Table 4).

Paragraph Number 25 The analyses of the exercise-induced increases in the
serum amino acids revealed two effects of caffeine. The serum lle, Trp, Val,
and BCAA concentrations were affected in both caffeine-supplemented
groups. However, the serum Orn, Gin, Gly, His, Phe, Ser, and Tyr levels were
not strongly affected by the lower caffeine concentration that was used (Table
4).
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Discussion

Paragraph Number 26 In the present study, we used a previously published
protocol (6) that combines intermittent and exhaustion exercise to determine
the effects of caffeine on the serum amino acid levels and the ammonia
metabolism of elite soccer players. The interest in our study lies in the fact
that we analyze a small portion of the population (those who have achieved a
world-class sports level as professional soccer players from a major league
team affiliated with the Brazilian Soccer Confederation, i.e., the top athletes in
Brazilian soccer) and follow the metabolic changes in response to
modifications in both training and diet using an in-field sportomics protocol. To
the best of our knowledge, this study is the first investigation to examine the
effects of caffeine on human amino acid metabolism during exercise. It is
important to reinforce that further studies and observations are required to
extrapolate our interpretations due to the number of subjects who were
analyzed in this study.

Paragraph Number 27 Based on previous data on the pharmacokinetics and
dose-dependence of caffeine during rest and physical exercise (6, 14, 19), a 5
mg-kg™* dose of caffeine was used in the present study. Our assumption that a
similar exercise intensity was achieved by the athletes in the three studied
groups was confirmed through the lactate concentration changes, which were
not different under caffeine supplementation (15), and the measured cardiac
frequency. Although athletic performance was not the focus of the study, we
did not find a significant difference in performance due to caffeine
supplementation. We believe that either the small number of subjects in the
study or the different soccer positions that are played by the athletes can
explain this result. In addition, the biochemical analyses that we used have a
greater sensitivity than the performance measurement tools, which might also
account for the lack of the difference in performance found.

Paragraph Number 28 Our protocol was designed based on the previously
described caffeine absorption curve, which led to the assumption that the
serum caffeine level peaks approximately one hour after oral supplementation
(18). Using the gold standard GC/MS technique to measure caffeinemia after
caffeine supplementation, we showed that the serum caffeine level increased
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in two different patterns. The statistical analysis, which was performed using
ANOVA followed by Tukey's post hoc test, showed a ~ 25-fold significant
difference (p < 0.001) in the blood caffeine concentration between the SCEx
and CEx groups (41.19 + 2.72 versus 1.69 = 0.02, median + SEM). Based on
the two caffeine levels in the blood and the significant difference in the
caffeinemia of the subjects, we divided the caffeine-supplemented subjects
into two groups according to their serum caffeine levels. This division allowed
us to detect distinct amino acid metabolism profiles in response to the
different serum caffeine concentrations, which would not have been observed
in the absence of the serum caffeine analysis. Further studies should take into
account that caffeinemia may differ even between subjects receiving the
same doses of caffeine.

Paragraph Number 29 In the present study, we subjected the subjects to a
high-intensity exercise session after an intermittent exercise period. Caffeine
has been shown to decrease the exercise-induced reduction in glycogen and
increase the amount of exercise-induced gluconeogenesis (21). In addition,
during recovery, caffeine increases both insulin-independent glucose
transport and glycogen resynthesis (31). In our study, the serum
concentrations of both glucose and Leu increased in all groups in response to
exercise; this finding can be explained by the breakfast, access to a glucose
drink ad libitum throughout the training the exercise-induced glycogenolysis
and gluconeogenesis, or the combination of these factors (13, 16). Also,
caffeine ingestion has been shown to impair insulin-mediated glucose
disposal, which can be attributed to either B-adrenergic stimulation or
adenosine receptor-antagonized elevations of insulin and glucose (35).
Therefore, due to the increased concentration of Leu that was observed, we
hypothesize that the rise in insulin can be explained by an additive effect of
the increases in amino acid levels and glycemia because insulin secretion is
primarily stimulated by glucose and amino acids (26).

Paragraph Number 30 BCAAs can be oxidized and used as an alternative
source of energy by muscles or to provide tricarboxylic acid cycle
intermediates (22). Increases in serum BCAAs during or after exercise may
indicate the mobilization of BCAAs from either the liver or muscle (28). The

changes observed in our study indicated that the intensity and duration of the
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intermittent exercise induced a significant utilization of BCAAs for energy
generation. In our protocol, the total BCAA concentration increase due to
exercise was diminished by caffeine supplementation. The serum levels of
BCAAs (lle, Leu and Val) exhibited no significant differences between the two
caffeine-treated groups (SCEx and CEx). The serum caffeine levels inhibited
the Val concentration increase in a dose-dependent manner. A similar effect
was observed with Leu and lle, although this effect appears to be hidden due
to subject variations. Moreover, the serum concentrations of the amino acids
related to the urea cycle (Arg and Orn) were unaffected by exercise in the
SCEx and CEx groups. Furthermore, the serum concentration of citrulline did
not change significantly in the SCEx group. The serum concentrations of Cit,
Arg and Orn may also be dependent on urea and ammonia metabolism. The
other amino acids evaluated in our study (Asp, Asn, Lys, Met, Tau, Thr) did
not show any changes due to either exercise or caffeine supplementation. Our
data suggest that, in addition to the effects on performance enhancement,
caffeine modifies the concentrations of blood amino acids during exercise.
However, the translation of these findings to the athletic performance requires
further investigation.

Paragraph Number 31 The level of ammonemia increased in all three tested
groups in response to exercise. However, even with the approximately 600%
increase in ammonemia observed in the SCEx group, no increase in uremia
was detected. Muscle and other tissues are widely known to respond to
increased levels of ammonia by synthesizing and releasing GIn into the
serum. We thus measured increases in the serum concentrations of GIn, Ala,
and Glu in response to exercise. These amino acids are metabolized in
muscle, thereby providing the amino groups and, most likely, the ammonia
required for the synthesis of glutamine and alanine (37). In addition, previous
studies have shown that Ala, GIn, and Glu increase the levels of tricarboxylic
acid cycle intermediates during exercise and contribute to the increase in
glycemia (9). In our study, higher concentrations of serum caffeine prevented
the exercise-induced increase in the serum Gin level but did not affect the
exercise-induced increases in Ala and Glu. Given that GIn is the major
ammonia transporter to the liver, caffeine may decrease urea synthesis via a

decrease in the blood GIn concentration.
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Paragraph Number 32 The effects of the physiological responses to caffeine
supplementation on the urea cycle intermediates in humans are not well
understood. High caffeine concentrations (4 mM) do not cause changes in
urea synthesis or in the levels of its intermediates (ornithine, citrulline and
arginine) in murine hepatocytes (24). Previous studies have shown an
inhibitory effect of caffeine on urea synthesis; this effect is demonstrated
through the in vitro inhibition of a number of urea cycle enzymes, such as
arginase (29, 30). During this experiment, the CEx group exhibited serum
urea levels that were 10% higher than those of the LEx group. However, the
concentration of urea in the serum of the SCEx group was reduced by 16%
compared with the non-supplemented group.

Paragraph Number 33 In this study, we measured a caffeine-induced
decrease in the blood concentrations of both urea and the urea cycle
intermediates (Cit, Orn, and Arg) in response to exercise. Our data suggest
that that caffeine might decrease systemic urea by decreasing the
concentration of glutamine in the serum, which in turn decreases the amount
of ammonia transported to the liver and subsequently decreases urea
synthesis.

Paragraph Number 34 There were no conflicts of interest in this study. The
results of this study do not constitute an endorsement by the American

College of Sports Medicine.
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FIGURE LEGENDS

Figure 1. Experimental design.

Professional soccer players (n = 19) from a first-division team affiliated with
the Confederacdo Brasileira de Futebol (CBF, Brazilian Soccer
Confederation) participated in the study. On the day of the experiment, blood
was collected from fasting soccer players, i.e., before breakfast (PRE). The
subjects were randomly divided into two groups and provided with a specific
breakfast supplemented with either caffeine or lactose. The subjects were
then driven to the testing location. After warming up, the subjects briefly
performed two 45 min sessions of a variable distance run protocol (VDR) with
a 15 min interval in a 50 x 50 m court marked with a 5 x 5 m grid. After
finishing the VDR (5 min) protocol, the athletes executed the Yo-Yo
Intermittent Recovery Test level 2 (Yo-Yo IR2) until exhaustion. Each athlete
completed the test at different times. The completion of the test was
immediately followed by the collection of blood, which was then used in the
laboratory analyses (POST). The athletes received a drink containing
electrolytes and glucose ad libitum throughout the exercise protocol. The
theoretical caffeine absorption peak time is shown for comparison.

Figure 2. Serum caffeine concentration one hour after supplementation.

The supplemented group was administered caffeine at a dosage of 5 mg-kg™,
whereas the control group received lactose, as indicated in the materials and
methods. Blood was collected after the exercise protocol and used to
determine the caffeine level. The figure shows the individual measurements
for each athlete (some data are indistinguishable). *Significant difference
between pre- and post-exercise (p < 0.05). Significant differences relative to

SCEXx for 2CEx and "LEXx. ° Significant differences relative to the CEx vs. LEX.
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Table 1. Performance indicators and heart rate measurements in the three different studied groups.

Yo-Yo IR2 Heart Rate
Velocity (km/h) Distance (m) |Average (beats-min-) Peak (beats-min-t)
SCEx 12305 1367 £330 1697 198+8
CEx 12.2+0.5 1540+ 330 164+8 199 +5
LEx 12.3+0.3 1449 + 378 160 + 4 197 + 4

The values representthe mean + SE. No significant difference was found between the three groups

(p > 0.05).
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Table 2. Changes in serum glucose; insulin and lactate in response to the exercise protocal.

LEx (n=8) CEx (n=6) SCEx (n=3)
PRE | POST PRE | POST PRE | POST
Glucose (mmol/L) 46+01 58204* 4601 66=x04* 45201 69=x03*
Insulin (umolU/L) 52+02 80x07* 5301 91x07* 51202 94x03*
Lactate (mmol/L) 1902 17.0=16* 19+02 232+32* 21+04 155+36*

Values represent the mean =+ SE. *Significant difference after exercise (p = 0.03).
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Table 3. Nitrogen metabolites changes in response to caffeine supplementation.

LEx (n=g) CEx (n=6) SCEx (n=3)
PRE | POST PRE | POST PRE | POST
Ammonia (umolL) 10.7=16 706=248* 106=23 546=160* 143=45 888=307*
Creatinine (umolL) 103.9+43 1182+50* 93.7+22 140.7=68* 943+60 1164=90*
Urate (umol/L) 4269£27.03780+2374169+2114896=451434323594400 447
Urea (mmol/L) 77+05 84=x06*» 8509 95+10%*: 65205 67+052"

Values represent the mean = SE. *Significant difference after exercise (p < 0.03). Significant differences
relative to SCEx for: *CEx and *LEx. Fepeated measures ANOVA were used to compare the changes
after exercise for all variables. Multivariate ANOVA was used to compare changes in metabolic

measurements according to supplementation condition and time.
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Table 4. Summary of serum amino acids levels pre- and post-exercise.

LEx (n=8) CEx (n=6) SCEx (n=3)
FRE | POST PRE | POST PEE | POST
Ala 28752086265 £433%  2625+£153  6BOT=T40% INEBx131 6314+£475%
Arg 408+31 62.6+£3.0%: 65.6 = 6.6 T0.2£55=¢ 54537 63.1£52=
Asn 363x32 75051 61362 72278 68026 64630
Asp 18004 236213 21318 224+13 21620 19812
Cit 24519 333+£246% 20610 31.0£3.7F 20.8+2.0 24.1+£2.00
Gln 4826+£250616.7+£263% 48613090 o602.3+£472% 52222220 088314
Glu 645+42 1035x468% SBEBx55 843x102* 63652 07 0x70*
Gly 1940115 2440+£00* 1885120 2401+£223* 2174113 207876
His 62335 Rigx3iF 64.7£23 88 3x75* ni5=24 74 7+30
Ile 753408 055x03 82560 02 7+x04 05736 B80x10.06
Leu 137584  177.0+£8.46 153382 18132013 1488+7%8 1782137
Lys 1613£120 2146+£128 1923+£26.1 2384163 2228+£153 2141+101
Met 27017 420227 w524 412513 0517 621
Om 44.7+45 686580« 34859 51.1+7.8¢ 43.6 6.6 381+41¢
Phe 61553 810x46* 300x+51 815xp8* 65900 73550
Pro 17291532307 x193* 155.0+8.1 1960246 156.6=13.0 1972262
Ser 66537 830x£34* 71940 01 5£70%* T41+£20 Ta.8x42
Tau 63302 B2 4+03 60080 073+£150 82340 BOE£100
Thr 110798 1420104 1180=1028 136 9+13.8 115652 1140+41
Tp B2 8 51234 412+£31 414102 40830 473x41
Tvr 0128 80 0xp(4* 53535 042+81* 62218 83 7xp2*
WVal 2388 £ 1573074+ 148 * 2580+1573 020+£252 2800+ 10.8 2001+204

BCAA 4517286 537909=207* 4947304 376.0+ 3549 5343+223 5572 + 537
TAA 2486.8=+170.2 3544 12112 25512+ 101.0 35371 £ 351.1% 27853+ 141.0 32404 £ 251.2

Multivariate ANOVAs were performed according to supplementation condition and time followed by post
hoc tests. Values represent the mean

= 5SE. *Significant difference after exercise (p < 0.03); Statistically significant differences inthe means of
Arg Cit, and Om according to the

condition are shown in bold; His (in italics) indicates an interaction with time and condition. Statistically

significant differences relative to SCEx for: *CEx; and *LEx. “Differences in the means for CEx vs. LEx.
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Conclusao Geral

Esta tese teve como foco de estudo, o uso da suplementacdo de
cetoandlogos e cafeina na amonemia induzida pelo exercicio fisico tanto em
modelo de experimentacdo humano quanto em animal (rato). Nos artigos

produzidos neste estudo podemos concluir que:

e A suplementacdo de cetoanalogos aumenta os niveis de lactato no sangue
apos o exercicio fisico em ratos, devido os cetoanalogos ser o0s

fornecedores de glicose pela gliconeogénese para o musculo em exercicio.

e A suplementacdo de cetoanalogos aguda pode ser utilizada para reduzir o

aumento da amomenia induzida pelo exercicio fisico.

e O estudo do metabolismo de atleta olimpico e a analise do metaboloma
sdo particularmente desafiadora devido a dindmica das respostas dos
metabolitos na interacdo do genoma com sua respectiva expressao génica
e modificacdes fenotipicas. Desta forma, a esportdbmica € uma Otima
ferramenta para as analises em campo da real resposta metabdlica ao

exercicio fisico, para possiveis intervencées nutricionais e de treinamento.

e A suplementacdo de cafeina diminui as concentragfes de ureia, assim
como 0s aminoacidos citrulina, ornitina e argina (intermediarios do ciclo da

ureia) no sangue em resposta ao exercicio fisico em humanos.

e A suplementacédo de cafeina diminui os niveis de glutamina no plasma, que
por sua vez, diminui a quantidade de amoénia transpostada para o figado, e

desta forma, diminui a sintese de ureia em humanos.
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COMITE DE ETICA EM PESQUISA — CEP-UNIRIO
UNIVERSIDADE FEDERAL DO ESTADO DO RiO DE JANEIRO - UNIRIO

ATA DE PARECER CONSUBSTANCIADO

PROTOCOLO CAAE N°0053.0.313.000-07  CEP : 11712007

PESQUISADORA RESPONSAVEL.: Prof. Prof. Luis Claudio Cameron — Instituto Biomédico

DATA DE ENTRADA NO CEP : 21 de dezembro de 2007

PROJETO: “Metabolismo de aminoacidos e amdnia em situacdes de stress metabélico”
INSTITUIGAO DE REALIZAGAO DA PESQUISA: instituto de Genética e Biologia Molecular - UNIRIO

SUMULA DO PROJETO: Uma primeira fase do estudo utiizara animais de laboratdrio, que servirdo para comparagdes.
Esta parte ndo é motivo desta avaliagio. Os seres humanos serdo submetidos a avaliagéo clinica prévia, e estes atletas
serdo submetidos a diversos protocolos de treinamento fisico baseados em suas especificidades de exercicio. Serdo
criados dois grupos de atletas: grupo com treinamento de alta intensidade e curta duragéo, enquanto o outro sera de longa
duracgo e intensidade moderada. Para estes dois grupos sera administrada uma suplementagdo balanceada de nutrientes -
aminoécidos, vasodilatadores, lactato e amodnia. Cada sub-grupo tera 15 atletas, homens, maiores de 18 anos que
obrigatoriamente assinardo o TCLE.

Durante os exercicios de alto impacto ser&o colhidas amostras de sangue no pré, per e pos-exercicio, alem de biopsias
musculares quando necessarias (dados no sangue). O projeto mostra a série de dosagens que serdo feitas. As biopsias
serdo realizadas em ambiente hospitalar com médico habituado ao exame.

O projeto apresenta cronograma para 3 anos, e os recursos financeiros serdo dos pesquisadores envolvidos no projeto

PARECER : O Comité de Etica em Pesquisa da Universidade Federal do Estado do Rio de Janeiro — CEP-UNIRIO
analisou e aprovou ad referendum no dia 13/02/2008, o projeto com protocolo CAAE N° 0053.0.313.000-07, referente a
pesquisa: “Metabolismo de aminoacidos e amdnia em situagbes de stress metaboiico” que foi considerado um projeto de
grande interesse afrelado a criag@o de um curso de especializagdo em Bioguimica do Exercicio e que sera extremamente
importante para o desenvolvimento da pesquisa em nossa Universidade. Além disso trara conhecimentos fundamentais
para melhor rendimento dos atletas de competicao. O projeto apresenta TCLE Claro e compativel com o perfil cultural dos
entrevistados. Obedece a resolugao 196 quanto a confidencialidade e os beneficios das informagdes .

Emitimos, portanto, parecer que classifica o projeto APROVADO.

Rio de Janeiro, 13 de fevereiro de 2008.

m Card
oordenador do CEPZUNIRIO

Comité de Etica em Pesquisa CEP-UNIRIO RICARDO CARDOSO
Universidade Federal do Estado dq Rio de Janeiro - UNIRIO COORDENADOR
Avenida Pasteur, 296 — Urca — Rio de Janeiro — RJ — Cep: 22290-240. CEP - UNIRIO
Telefones: 21- 25427796 E-mail: cep.unirio@gmail.com e cep-unirio@unirio.br PROPG - DPD
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