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APRESENTACAO

O exercicio altera 0 metabolismo energético e induz a utilizacao de reservas e
a producdo de inumeros metabdlitos que podem ou ndo ser nocivos ao proprio
organismo. Entre estes metabdlitos a amonia vem sendo cada vez mais estudada.
As causas da toxicidade da amodnia ndo estdo bem elucidadas, mas sabe-se que
guando a concentracdo desta é elevada, inUmeros sdo os efeitos deletérios no
organismo, principalmente no SNC, ocasionando o desenvolvimento clinico de
doencas como a encefalopatia hepatica.

Exercicios de alta intensidade tém sido implicados com o desenvolvimento de
fadiga e exaustdo fisica pelo aumento nas concentracdes da aménia plasmatica.
Assim, o laboratério de bioquimica de proteinas tem se dedicado a pesquisa com
amonia e alguns estudos tém usado suplementacdo com objetivo de diminuir a
concentracdo desta durante os exercicios, promovendo melhor desempenho.

Desta maneira a suplementacdo com cetoanalogos associada ao exercicio
fisico, pode retardar ou superar o efeito toxico da elevacao da aménia. Este estudo
investiga a possivel protecdo causada pelo cetoanalogos a elevacdo da ambénia em
ratos durante modelo de exercicio.

Assim, o estudo foi compartimentalizado objetivando melhor entendimento:

No capitulo | encontra-se a fundamentacédo tedrica onde s&o descritas
consideracdes gerais sobre a amdnia, origem, fontes de geracdo, aménia e exercicio
e efeitos fisiopatolégicos, entre outros.

O capitulo Il tem por objetivo investigar como exercicios de forca e resisténcia
em ratos, modificam o metabolismo de aménia associada a suplementacéo
cetoanéloga.

O capitulo lll compara as implicacdes da suplementacdo de cetoanalogos
agregados com aminoacidos sobre a amonemia durante o exercicio propondo
investigar e comparar os resultados entre modelos humanos e animais.

O capitulo IV descreve o efeito da suplementacdo de cafeina sobre a

amonemia durante o exercicio prolongado em ciclistas.



CAPITULO I: Fundamentac&o Tebrica



RESUMO

A amobnia vem sendo estudada como indicador de diversas funcbes metabdlicas
durante o exercicio e deve ser considerada em exercicios prolongados e exaustivos
como um marcador de estresse energético. A amodnia elevada pode ser toxica para a
célula muscular e alterar o metabolismo cerebral, induzindo fadiga periférica e
central. Exercicios fisicos intensos podem promover faléncia na ressintese de ATP,
desencadeando maior deaminacdo da AMP, e consequiente aumento de amoénia. Alta
concentracdo de amoénia € toxica e prejudica o desempenho fisico. Desta maneira a
suplementacdo com cetoanélogos associada ao exercicio fisico, pode retardar ou
superar o efeito toxico da elevacdo da amodnia. Este estudo investiga a possivel
protecdo causada pelo cetoanalogos a elevacdo da ambénia em ratos durante
modelo de exercicio. O uso de cetoandlogos tem sido proposto para captar
compostos nitrogenados do sangue, tais como amonia, transformando-se em
aminoacidos correspondentes. Este estudo verificou o efeito protetor da
suplementacdo aguda de cetoanalogos contra compostos nitrogenados e

desempenho fisico, em ratos submetidos a exercicio de forca e resisténcia.

Palavras-chave: amonia, exercicio, cetoacidos.



ABSTRACT

Concentration of ammonia in blood increases during endurance exercise and can be
toxic for muscle cells and brain metabolism, potentially leading to both peripheral and
central fatigue. Intense exercise can promote failure in replace ATP leading to greater
deamination of AMP and consequent increase in blood ammonia. High concentration
of ammonia is toxic and harms the performance. Keto acids has been proposed to
capture the blood nitrogen compounds. Here we describe the protective effects of
acute and chronic keto acids supplementation on nitrogen metabolism and physical
performance in male rats submitted to a resistance training protocol. This study
investigated the protective effect of supplementation keto analogues against acute

nitrogen compounds and physical performance in rats submitted to exercise.

Keywords: ammonia, exercise, ketoacids.



Introducao

1.Amobnia

1.1.Consideracdes gerais, conceito e origem

A amoénia (NHs+NH,") é um produto de degradacéo de compostos nitrogenados
e é considerado um indicador de diversas funcbes metabdlicas. Refere-se a soma
total de amonia livre (NH3) e ions amonio (NH4"), ja que a amonia na forma de base
livre € gasosa e hidrofilica difundindo-se facilmente pelas células através das
membranas. O jon aménio NH," é formado a partir de NH3 na reacédo equilibrio NHz +
H" 7 NH4; e ndo é difundido com facilidade, necessitando de mecanismos de
transporte mediados (COOPER e PLUM, 1987; COOPER, 2001).

Este metabdlito dependendo do pH pode se apresentar como NH4" ou como
gas (NH3). Como o pK da aménia a 37° C é de 9,15, cerca de 98% desta se encontra
na forma ionizada nos fluidos fisiolégicos (FELIPO e BUTTERWORTH, 2002b;
BOSOI e ROSE, 2009).

A amobnia € encontrada em quantidades vestigiais na atmosfera, sendo
produzido a partir da putrefacdo dos animais nitrogenados e matéria vegetal. Amonia
e sais de amodnio também sdo encontrados em pequenas quantidades na agua de
chuva, enquanto no organismo humano a amoénia € absorvida a partir da via entérica
originaria de producédo da microbia e produzida pelas rea¢des de desaminacdo dos
aminoécidos e da adenosina de monofosfato (AMP) (HELLSTEN et al., 1999).

Seu excesso é extremamente toxico para os mamiferos que a excretam sob
forma de uréia, onde os niveis normais de amoénia sdo fundamentais para o bom
funcionamento do Sistema Nervoso Central (SNC). Sendo um metabdlito excretado
em sua maior parte pelo ciclo da uréia, este regula a concentracdo de amdnia na

circulacao sistémica.



1.2.Transporte e metabolismo de amonia

A amonia é um produto metabdlico importante final e intermediario de varias
vias metabdlicas no corpo, sua aparéncia na circulacao sistémica decorre de fontes
como: intestino, musculo, rim e cérebro (OLDE DAMINK et al., 2002). Em condi¢cbes
fisiolégicas, a maior parte da amoénia sistémica é liberada a partir do intestino ou
sistema gastrointestinal (SUMMERSKILL e WOLPERT, 1970; ROMERO-GOMEZ et
al., 2009). Proveniente de compostos nitrogenados da dieta, desaminacdo da
glutamina pela glutaminase e metabolismo de substancias nitrogenadas da flora do
cllon intestinal, a maioria da amdnia € metabolizada em uréia no figado. A atividade
bacteriana libera grandes quantidades de amoénia, que através de uma combinacao
de difusdo passiva e mecanismos de transporte ativo, como recentemente
identificado, sé@o transportados através da mucosa epitelial para a circulacdo portal
hepética. Tdo pouco como 1% da amonia permanece no trato gastrointestinal a ser
excretada na matéria fecal (WILKINSON, 2010) (Figura 1).

DerivacGes porto-sistémicas e insuficiéncia hepatica causam aumento da
amonia no sangue que podem afetar a funcdo cerebral, induzindo varios disturbios
em astrécitos, que podem prejudicar o trafico de glutamina mitocondrial e do
glutamato entre os neurdnios e astrocitos (MUTCH e BANISTER, 1983; CORDOBA e
MINGUEZ, 2008). Grandes quantidades de aménia circulam no organismo a partir
da veia porta vindo do sistema gastrointestinal, contudo, a concentracdo desta
molécula se mantém baixa em virtude de um eficiente mecanismo hepético de
remogéo (FELIPO e BUTTERWORTH, 2002b; BUTTERWORTH, 2002) (Figura 2).



Barreira Hematoencéfalica
Astrocito

—} an gy 5
£ Musculo 4

Figura 1. Transporte e metabolismo de aménia inter-6rgaos. Extraido e
Adaptado de CORDOBA e MINGUEZ, 2008.

A homeostasia do metabolismo de aminoacidos entre o figado, musculo
esquelético e intestino maximiza a disponibilidade de glutamina para amoniogénese
renal. A amodnia gerada do catabolismo dos aminodcidos intestinal ou entra no
sistema portal ou € utilizada localmente para a sintese de uréia. A presenca de um
ciclo da uréia funcional serve de primeira linha de defesa contra a toxicidade da
amonia em mamiferos (WU, 2009). Um complexo sistema de 6rgdos em intercambio
com os rins e trato gastrointestinal, promove eliminagdo para manter o equilibrio
acido-base e balanco de nitrogénio (WILKINSON, 2010). Este eficiente sistema de
desintoxicacdo pelo intercambio de 6rgdos garante que concentracdes plasmaticas
de amobnia sejam mantidas dentro de um baixo intervalo de ndo mais que 100 pmol/L
(FELIPO e BUTTERWORTH, 2002). Além destes, outros tecidos e érgdos, tais como
0 cérebro e o musculo esquelético também contribuem para metabolismo e
regulacdo da amoénia (OLDE DAMINK et al., 2002; OLDE DAMINK et al., 2009). O
musculo esquelético representa cerca de 40% do total de massa corporal e tem um
grande potencial de producdo, absor¢cdo e metabolismo da amoénia. Alguns estudos
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estimam que aproximadamente 50% da amoénia pode ser metabolizada no musculo
para formar glutamina, através da reacdo da glutamina sintetase (GS) (WILKINSON,
2010; WAGENMAKERS, 1998).

Metabolismo de amoénia em repouso € um processo ciclico, com entrada e
varios pontos de saida. Mesmo as menores alteracdes, em qualquer parte desse
processo podem afetar a homeostase, levando a necessidade de mudancas no
sistema para lidar com estas perturbacdes. A disfuncdo hepatica e o exercicio podem
provocar mudancas, quer por diminuicdo da capacidade de remog¢do ou aumento na
producdo de amobnia. Disfungcdo neurolégica é bem documentada em
doencas do figado (WILKINSON, 2010) e intimamente associada as alteracbes no
metabolismo da aménia (FELIPO e BUTTERWORTH, 2002).

Portal
NN, | e = = e e e e e e e s s -~
NH.“ \\‘
........................................................................................................................ (B) <
{ N-AcetylGlutamate NH," + HCOs Glutamate + NH,"
\ ATP
2ATP : GS
Acetyl-CoA CPS1 k ) K ADP+P,
+ 2ADP+P+2H
Glutamate Glutamine
Carbamoyl Phosphate i
R T Pk
UREA
i - OTC e b L
Ornithine :
I, TR S ; L-citrulline
Arg Aspartate + ATP
AS
L-Arginine S o PP LK ]

CPS1: carbamoil fosfato winosuccinam

Fumarate

Figura 2: Caminhos de detoxificagdo da amoénia no figado. Extraido e
Adaptado de WILKINSON, 2010.



1.3.Catabolismo de aminoéacidos, ciclo das purinas nucleotideos e aménia

durante o exercicio

Os aminoacidos livres sdo substratos para sintese protéica, para a anaplerose
e gligoneogénese. Durante o metabolismo os aminoacidos sdo desaminados ou
transaminados em reac¢fes que podem resultar na formacdo de cetodcidos
(cetoanalogos) e amodnia (SCHLOERB, 1966; FURST, 1989; KELLY e STANLEY,
2001, COOPER, 2001) (Figura 3).

1‘!|3'DD EIIDD
C=0 CO0O M(I—ll COO

| :
{lzu.. o H. N-| ci*.—n S CH; + {I‘:=m

CH R . CH R
COO CO0
a-cefoglutarato  L-aminoacido L-glutamatp a-celoacido

analogo
Figura 3. Reacdo de transaminacdo. PLP: piridoxal fosfato como co-fator;

grupo amino na cor verde. Extraido e adaptado de Nelson e Cox, 2005.

O exercicio é considerado indutor de estresse metabdlico e o
acompanhamento do “pool” de aminoacidos no sangue pode nos fornecer
informacBes sobre como o metabolismo esta sendo modificado (MacLEAN et al.,
1996). Aminoacidos na célula muscular podem ceder o grupamento amina a um
cetoacido ou glutamato gerando alanina ou glutamina (respectivamente), que sao
enviadas pela corrente sanguinea e novamente desaminadas no figado, onde sua
cadeia lateral pode servir como agente neoglicogénico e seu grupamento amina para
formacdo de uréia (GIBALA et al., 1997; GIBALA et al.,, 1998; BLOMSTRAND e
SALTIN, 1999).

Durante o exercicio o musculo é a principal fonte de producdo de amoénia. A
elevacdo da amoénia induzida pelo exercicio é freqientemente associada a um maior
estresse energeético. A descoberta de producédo de amobnia pelo masculo foi relatado
por Parnas e colaboradores no final de 1920 (WILKINSON, 2010; MUTCH e



BANISTER, 1983). Foi descoberto que a reagdo, controlada através da enzima AMP
deaminase (AMPD), é responsavel pela produ¢do de amdnia observada no musculo.
Esta reacao foi mais tarde identificada como parte de um processo chamado de ciclo
das purinas (PNC), que envolve trés reacdes interligadas controlada pelas enzimas
AMPD, adenilossuccinato sintetase (AS) e adenilossuccinato liase (AL). Durante
exercicio intenso, quando a producdo de adenosina de monofosfato (AMP) e
desaminacdo sao elevados, a adenosina de difosfato (ADP) aumenta 0s niveis
também como o uso de adenosina de trifosfato (ATP) excede a refosforilacdo, o pH
muscular diminui significativamente (WILKINSON, 2010).

Um aumento nas concentracdes de ADP livre no citosol associado com
reducdo na sua refosforilacdo resulta em estimulo da mioquinase (MK), o que
provoca um aumento de AMP livre com reacdo catalisada pela adenilato quinase. Se
as concentracfes tornarem-se excessivas o AMP é desaminado a inosina de
monofosfato (IMP), hipoxantina e amoénia (Figura 4), pelo aumento da atividade do
PNC (SAHLIN, 1994). O PNC ¢ ativado pelo aumento das concentracdes de AMP,
ADP, H" e inibido por concentragdes normais de ATP, GTP e aumento na
concentracdo de Pi, eventos que estdo associados com a velocidade de
desaminacdao do AMP (GRAHAM e MacLEAN, 1992; ZIELIJSKI, 2009).
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Figura 4. Génese da amoénia a partir da degradacao de adenosina. A agéo

da mioquinase transfere um fosfato do ADP para outro com producao de
ATP e AMP. Reacg6es do PNC e a producédo de aménia pela AMP deaminase.
Extraido e adaptado de SAHLIN, 1994.

O PNC prové o caminho para a deaminacao dos aminoacidos, a conversao de

aspartato para fumarato e amoénia através do PNC, que consiste em reacdes
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catalisadas pela adenilato deaminase (ABERNETHY e WEHR, 1997),
adenilossuccinato sintetase e pela adenilssuccinase. O PNC possui outras funcgdes,
como: manutencdo da alta taxa ATP/ADP e reabastecimento dos intermediarios do
Ciclo de Krebs (SAHLIN, 1994).

Exercicios até exaustdo também podem levar a aumentos na concentracéo de
amonia no organismo (GUEZENNEC et al., 1998). A elevacdo da amobnia pode
ocorrer durante um exercicio intenso além da atividade aumentada da AMPD,
enzima que é grandemente ativada durante o exercicio, também por desaminacao
da glutamina (TULLSON, ARABADJIS et al., 1996). O urato resultante é filtrado pelos
glomérulos e reabsorvido em seguida pelos tabulos em proporcdo aproximada de
90%. Ele representa o produto final do metabolismo das purinas, acidos nucléicos e
nucleoproteinas. O teor de urato plasmatico € influenciado por fatores renais e extra-
renais (SAHLIN, 1994).

Acredita-se que a recuperacao de pool de adenina nucleotideos depois de um
exercicio intenso € alcancada primariamente pela reaminacao do IMP a AMP através
de reacbes do PNC. A AMPD é uma enzima controlada e relativamente inativa nos
musculos em repouso tornando-se intensamente ativa durante as contraces
musculares e quando ha deficiéncia energética (SAHLIN, et al., 1999;
CZARNOWSK]I, et al., 1995; SAHLIN, 1994).

A taxa de amonia produzida pelo musculo depende da composi¢do da fibra
muscular, intensidade e duracéo do exercicio. Dependendo da intensidade e duracao
do esforco, o tecido muscular pode difundir aménia para o plasma e outros érgaos. O
fornecimento de energia nos muasculos ativos promove aumento de amoénia,
sugerindo a ativagéo da via MK (SAHLIN, 1994).

O aumento da producdo, a acumulacédo e distribuicdo de amoénia durante o
exercicio exaustivo, podem levar a distlrbios na funcdo do SNC e contribuem para o
aparecimento da fadiga central e periférica e incapacidade de sustentar o
desempenho ou exercicio maximo. Durante o exercicio prolongado, a percepcédo de
esforco esta relacionada com a acumulacdo de amonia no SNC, onde é sustentado

pela deplecéo de glicogénio nos astrécitos o que limita a capacidade do cérebro para
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acelerar o seu metabolismo (BANISTER e CAMERON, 1990; NYBO et al., 2005;
WILKINSON, 2010).

A deficiéncia de energia periférica aumenta a producdo de amonia tanto pelo
PNC como pelo catabolismo de aminoacidos de cadeia ramificada (BCAASs), alanina
e glutamina (TULLSON,1999; WAGENMAKERS, 1999), visto que no exercicio
intenso, o figado parece ndo aumentar a extragdo da aménia, o que pode deixar o
organismo exposto a uma potencial elevado deste metabdlito (ERIKSSON, et
al.,1985; BUTTERWORTH, 2001).

Em exercicios de alta intensidade (90% VO,max), @ maior via para a ressintese
de ATP € a hidrdlise de creatina fosfato (CP), a degradacao de glicogénio muscular
para lactato e 0o PNC (HARGREAVES, MCKENNA et al., 1998). As unidades motoras
ativas promovem um aumento das demandas energéticas e da taxa de utilizacao de
ATP muscular guando comparada com a taxa de ressintese, o que leva a diminuicao
do ATP e ao acumulo de ADP e AMP, associado com a formag&o de IMP e aménia.
Isto é estabelecido pelas mudancas nas concentracfes de substratos (adenina
nucleotideos), produtos da reacdo (IMP e NH3) muscular e a baixa capacidade do
musculo encontrar uma demanda energética (TULLSON, ARABADJIS et al., 1996).
(Figura 4).

Aumento dos niveis de amobnia também s&o observados em exercicios
intermitentes, tais como o futebol (KELLIS, KATIS, VRABAS, 2006; BASSINI-
CAMERON et al., 2008).
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Figura 5: Possiveis vias dos aminoacidos de cadeia ramificada (BCAA).
TCA (acido tricarboxilico), OG (2-oxoglutarato), BCAA (aminoacido de
cadeia ramificada), BCOA (oxoacido de cadeia ramificada), GLU
(glutamato), Pyr (piruvato), Ala (alanina), NH3 (amdnia), Gln (glutamina),
NAD e NADH (adenina nicotinamida dinucleotideo oxidada e reduzida), AO
(oxaloacetato) ASP (aspartato) e PNC (ciclo das purinas nucleotideos).
Extraido e adaptado de GRAHAM e MACLEAN, 1992.

A amodnia pode atravessar a barreira hematoencefalica sob a influéncia de

gradientes de pH (BANISTER e CAMERON, 1990). Nesta condicdo pode ocorrer

deplecdo de ATP em regifes criticas do encéfalo, ja que durante o exercicio

exaustivo sustentado, a capacidade de detoxificacdo de érgaos periféricos pode ficar

saturada e provocar elevacdo da amoénia (SAHLIN, 1994). A amdnia aumentada no

SNC pode interferir com a concentracdo de metabolitos chave do ciclo de Krebs e do
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conjunto malato-aspartato que transporta equivalentes reduzidos do citossol para
cadeia transportadora de elétrons na mitocondria, o que provoca um desequilibrio na
producado de neurotransmissores (MONFORT et al., 2002).

Outro fator que pode alterar as respostas metabdlicas durante o exercicio € a
exposicdo ao calor que tem como resposta aguda uma redistribuicdo do fluxo
sanguineo levando a reducéo deste para 0 masculo o que pode promover aumentos
nas concentracdes intramusculares dos metabdlitos e influenciar no metabolismo e
na concentracdo da amoénia muscular, lactato e IMP (NIELSEN, SAVARD et al.,
1990; FEBBRAIO, SNOW et al., 2000; FEBBRAIO, CAREY et al., 1996; LINNANE,
BRACKEN et al., 2004; SAHLIN, TONKONOGI et al., 1999).

A taxa de formacdo de amdnia sanguinea durante o exercicio isométrico até a
exaustdo é mais elevada durante a acdo muscular isométrica quando comparada
com exercicio dindmico intenso e o repouso, isso devido ao processo de restricao
sanguinea que ocorre na isometria durante a contracdo muscular (KATZ, BROBERG
et al., 1986; ITOH e OHKUWA, 1991; SAHLIN e KATZ, 1989).

O metabolismo de amobnia no SNC esta diretamente ligado ao ciclo
glutamina/glutamato, essencial para os neurdnios glutamatérgicos. Este ciclo envolve
a sintese de glutamato no terminal pré-sindptico pela reacdo de desaminacao
oxidativa catalisada pela glutamato desidrogenase, glutamato este liberado na fenda
sinaptica para transmissao do impulso nervoso (KELLY e STANLEY, 2001; FELIPO e
BUTTERWORTH, 2002b).

A captacdo do glutamato se d& principalmente pelos astrocitos através de
transportadores. Assim que é captado € convertido a glutamina pela enzima
glutamina sintetase e liberado para o intersticio onde o neurbnio pré-sinaptico
captura-o novamente (SUAREZ et al., 2002) .

A atividade da GS é fundamental ndo s para o controle da concentragédo de
amOnia como também para manutencdo da concentracdo de glutamato intersticial,
prevenindo assim a excitotoxidade (SUAREZ et al., 2002). A concentracio arterial e
cerebral de aménia deve ser mantida em condi¢des normais, assim sendo, as células

gliais devem estar continuamente captando glutamato e gerando glutamina para que

15



os efeitos toxicos da amobnia ndo sejam evidenciados (COOPER, 2001,
BUTTERWORTH, 2002).

A producdo de amobnia no musculo sugere uma relacdo dependente da
intensidade do exercicio. Estudos em ratos e seres humanos relataram maior taxa de
amoOnia em exercicios de alta intensidade com valores entre (70-110% VOmax). Ja
em intensidades abaixo de 50% VO,max, pouca ou nenhuma acumulacdo é
observada (KATZ et al., 1986). Devido a esta relacdo, pesquisadores acreditavam
gue durante muitos anos foi a desaminacdo do AMP o Unico caminho através do
qual a amonia era formada durante o exercicio. Esta interpretacdo foi provavelmente
devido a metodologias limitadas utilizadas para investigar esse fendmeno
(WILKINSON, 2010). Muitos negligenciaram outras fontes potenciais de producédo de
amonia no musculo, ou seja, como a desaminacdo dos BCAA (GRAHAM et al., 1997,
1995a).

Os aminoacidos de cadeia ramificada, leucina, isoleucina e
valina, compdem aproximadamente 40% dos aminodacidos essenciais da dieta e
desempenham um papel vital devido a sua hidrofobicidade forte. Ao contrario de
outros aminoéacidos, BCAA sdo metabolizados em tecidos extra-hepéticos, como a
maioria desta ocorrendo nas mitocondrias do muasculo esquelético (BROSNAN e
BROSNAN, 2006). Através deste processo, os BCAAs sdo divididos por duas
reacdoes, aminotransferase dos aminoacidos de cadeia ramificada (BCAT) e
complexo enzimatico acetoacido de cadeia lateral ramificada (BCKDH) e a cetoacido
de cadeia ramificada (BCKA), para formar compostos que podem ser utilizados no
TCA para a producao de energia oxidativa (SHIMOMURA et al., 2006). Na reacéo
BCAT primario, o grupo amino do BCAA é utilizada para formar glutamato a partir de
2 - oxoglutarato, apGs o0 que este glutamato pode entdo formar glutamina via GS ou
alanina através da combinacdo com piruvato. Em alguns casos, o glutamato pode
reagir com o co-fator NAD" através da reacdo glutamato desidrogenase (GDH),
levando a formacdo de amoénia, identificando que AMPD n&o é o unico caminho no
musculo que a geracdo de amdnia pode ocorrer WAGENMAKERS et al, 1990).

A opinido consensual € que a producdo de amodnia durante o0
exercicio ocorre por meio de uma combinacdo de ambos, desaminacdo do AMP e
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metabolismo de BCAA, que sdo ativadas em intensidade e duracdo de forma
dependente (HELLSTEN et al., 1999; DALSGAARD et al., 2004; NYBO et al., 2005;
MOHR et al., 2006).

1.4 Efeitos Fisiopatolégicos da Amonia

Niveis elevados de amoénia tém origem congénita ou adquirida. Em sua forma
congénita estd normalmente relacionada a falhas no ciclo da uréia, mas
marcadamente na ornitina transcarbamilase (OTC ou ornitina carbamoil transferase)
responsavel pela etapa de conversédo de ornitina em citrulina. Ja a forma adquirida
estd relacionada a faléncia hepatica provocada por ingestdo de toxinas como
exemplo o etanol, infeccbes virais ou doencas auto-imunes (FELIPO e
BUTTERWORTH, 2002b).

A uréia constitui a fracdo de nitrogénio ndo protéico mais importante na
maioria dos liquidos biologicos. Ela € proveniente da conversdo da amonia na
mitocondria dos hepatocitos (MOOREN e VOLKER, 2004).

Em mamiferos a amoénia é excretada sob a forma de uréia, cuja vantagem
evolutiva € o uso de um metabdlito menos tdéxico na corrente sanguinea. Este
processo acontece durante o ciclo da uréia, executado unicamente no hepatdcito. O
ciclo da uréia inicia-se no interior das mitocondria dos hepatocitos, porém trés de
seus passos ocorrem no citosol, abrangendo o ciclo os dois compartimentos
celulares. A liberacdo da uréia se da no passo de regeneracao da ornitina a partir da
arginina.

Este grupo amina é utilizado na sintese de carbamoil fosfato junto com o
HCO3; produzido pela respiracdo mitocondrial. O segundo grupo é fornecido pelo
aspartato gerado na mitocondria por transaminacdo e transportado para o citossol.
Antes que o ciclo possa prosseguir, a citrulina formada deve ser transferida ao
citossol e passada diretamente para o0 sitio ativo de uma molécula da
argininossuccinato sintetase. Isto indica que as enzimas mitocondriais e citosdlicas

envolvidas no ciclo estdo agregadas. Apenas a uréia € liberada na solucao geral no
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interior citosolico. O custo final é bastante alto, ja que sdo necessérios quatro ATPs,
produzindo apenas uma molécula de uréia (Figura 6).

Arginina Uréia
AS. L.

Arginino- Arginase |
Succinato Ornitina
CICLO DA UREIA

AR.S.
Citrulina

X
( Citrulina az\ Citossol

ocT Ormnitin

Carbamoil

ARS - ARGINOSUCSSINATO Fosfato
ARL — ARGINOSUCSSINATO LIASE
OCT — ORNITINA CARBAMOIL FOSFATO

\ Mitocondria )

Figura 6: Etapas do ciclo da uréia. Consiste em quarto passos. (1)
Formacao de citrulina a partir de ornitina e carbamoil fosfato; a citrulina
passa para o citossol (2) formacdo de argininosuccinato (3) fomacao de
arginina a partir de arininosuccinato e (4) formacdo de uréia. Extraido e
Adaptado de NELSON e COX, 2005.

Podemos ainda classificar a elevagdo da amoénia em aguda, geralmente
associada a rapida morte de pacientes ou animais, e crénica, associada a alteracoes
na funcdo cerebral como incoordenacdo neuromuscular, alteragcdes na cognicao e
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torpor entre outros (MONFORT et al, 2000; ROSE, 2006; CORDOBA e MINGUEZ,
2008).

Assim, a amonemia deve ser mantida no intervalo 50-100 umol/L e a reducéo
na capacidade hepatica para a sua remocao, pode provocar alteracdes encefalicas e,
consequentemente, um espectro neuropsiquiatrico e neuroldgico, sintomas que
incluem a memoria prejudicada, reduzida capacidade de atencéo, inversdes do ciclo
sono-vigilia, edema cerebral, hipertensao intracraniana, convulsdes, ataxia e coma.
Durante insuficiéncia hepatica, tem sido demonstrado em humanos que
concentracdo de amébnia no cérebro pode atingir 1-5 mM provocando morte
(CLEMMESEN et al. 1999) e o mesmo € observado em estudos com animais (ROSE
et al., 1999; BOSOI e ROSE, 2009). E fato que a amonia tem um papel importante na
neurotoxicidade. A evidéncia substancial apdia a idéia de que os astrocitos
constituem o alvo principal deste processo, levando a proposta de que ela representa
uma “Gliopatia” (NOREMBERG et al., 2009).

O aumento das concentracdes plasmaticas de amodnia tem efeitos deletérios
no SNC, e apresenta um importante papel no desenvolvimento da encefalopatia
hepatica (EH) com alteracdes no metabolismo que afetam regulamente atividades de
enzimas importantes (SCHLIESS, GORG e HAUSSINGER, 2009; TIMMERMANN et
al., 2005; BOSOI e ROSE, 2009).

A toxicidade provocada por uma elevacdo da amobnia no plasma resulta em
desequilibrio na reacao da glutamato desidrogenase em direcdo ao glutamato, o que
reduz intermediarios para o ciclo de Krebs, como o 2-oxoglutarato e diminui¢cdo da
sintese de ATP, deixando o cérebro mais vulneravel a elevacdo da aménia (MUTCH
e BANISTER, 1983; NYBO et al., 2005).

EH oriunda da elevacdo da amobnia define um amplo espectro de sintomas
neuropsiquiatricos associada a insuficiéncia hepatica aguda e crbnica, onde todos
sdo potencialmente reversiveis (SCHLIESS, GORG e HAUSSINGER, 2009;
HAUSSINGER e SCHLIESS 2008, HAUSSINGER, 2009). A associacdo entre a
neurotoxicidade da amoénia e EH foi sugerido por estudos em cdes submetidos a
anastomose porto-cava e desenvolvimento de manifestagbes neurolégicas quando

alimentados com carne (CORDOBA e MINGUEZ, 2008).
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1.5. Amoénia e Suplementacao

A utilizacdo de manipulacdes dietéticas e o consumo de substancias com o
propésito de aumentar a performance sdo um fendmeno 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 (SINCLAIR e GEIGER,
2000; SPRIET,1995).

Estratégias nutricionais sdo sugeridas para reduzir a deplecdo energética e a
elevacdo da amonemia aguda e transitoria, induzida pelo exercicio, por meio da
manipulacdo de dietas e suplementos, com o0 objetivo de aumentar a carga
energética celular e, portanto minimizar o aumento da amoénia (LANGFORT et al.,
2004; ANDREWS et al., 2003; MOURTZAKIS e GRAHAM, 2003; BRUCE et al.,
2001; MADSEN et al., 1996).

Estudos mostram que individuos treinados apresentam mecanismo de
detoxificacdo para aménia mais eficiente e, portanto menor elevacdo da aménia
guando comparados com néo treinados, fato explicado possivelmente, pela reducéo
da atividade das enzimas AMP desaminase e glutamato desidrogenase, relacionadas
com a producdo direta de aménia no muasculo e com o provavel aumento na
formacao de alanina e glutamina e de enzimas ligadas a transaminacao e oxidacao
de aminoacidos (GRAHAM et al., 1997; WAGENMAKERS, 1999; SAHLIN, 1994).

Dados obtidos em nosso laboratério demonstraram que a suplementacao de
carboidrato (CnH2nOn) e glutamina, isolados ou combinados, tém um efeito
semelhante na inibicdo da elevacdo da amonemia em corredores apds 60 min de
exercicio (CARVALHO-PEIXOTO et al., 2007).

A cafeina € um dos agentes farmacol6gicos mais consumidos no mundo,
podendo ser encontrado facilmente em varios produtos, seja na forma
medicamentosa ou alimentar como: chas, chocolate, refrigerante e café. Nas ultimas
décadas, o uso de cafeina tem crescido provavelmente devido ao aumento do
consumo de bebidas do tipo refrigerantes.

Classificado como um alcaléide, pertencente ao grupo das drogas
denominada metilxantina (1,3,7- trimetilxantina), que possui propriedades psico-
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estimulante, e é considerado um ergogénico. A xantina é encontrada na forma
natural em diversas plantas, sendo suas fontes as mais diversas torna-se dificil
qguantificar seu consumo (COSTIL et al, 1978). Pode ser ingerida e administrada de
diferentes maneiras, dentre as quais se destacam a via oral, intraperitoneal,
subcutanea ou intramuscular. A abstinéncia da cafeina por um longo periodo provoca
sintomas desagradaveis, como: dor de cabeca, sonoléncia, mau humor, fadiga,
diminuicdo da energia, da atencao, dificuldade de concentracéo e irritabilidade. Além
disso, apresenta os sintomas pseudogripais como, nauseas, dores musculares e
vomitos.

Para se discutir sobre os efeitos da cafeina se faz necessario um
conhecimento sobre os mecanismos de acdo a nivel celular. No exercicio fisico a
presenca de cafeina induz liberacéo de calcio [Ca®*] para o reticulo sarcoplasmatico
ativando os receptores de rianodina, aumentando a frequéncia e duracao dos canais
de [Ca®] abertos, reduzindo o tempo de relaxamento e aumentando o tempo de
contracdo do musculo esquelético (MAGKOS e KAVOURAS, 2005; FRYER e
STEPHENSON, 1996).

A cafeina é um antagonista dos receptores A; e A, de adenosina que
ultrapassa rapidamente a barreira hematoencefalica, agindo como estimulante
(STEPHERNSON, 1997; EVANS, 1999; DAGER, 1999; VARANI, 2000). A
suplementacdo de cafeina durante o esforco moderado eleva a atividade do eixo
hipotalamico-hipofisario-adrenal e o sistema nervoso autonémico (ADLER, 2000),
diminuindo o tempo de reacdo ao estimulo (KRUK, 2001) e reduzindo a percepcao
ao esforco (DENADAI e DENADAI, 1998). Estudos tém demonstrado a atividade
ergogénica positiva da cafeina no exercicio de resisténcia (TARNOPOLSKY, 1994,
2000; GREER, 2000), causada provavelmente pelo retardo do aparecimento da
fadiga e aumento do poder contratii dos musculos esqueléticos e cardiaco
(APPLEGATE, 1999; CLARKSON, 1996).

Os achados de Laurente et al. (2000) sugerem que a cafeina somada ao
exercicio estimula a liberagcdo mais rapida das B-endorfinas e cortisol. Outros estudos

demonstraram que a sensacgao de dor muscular diminuiu nos sujeitos que ingeriram
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cafeina (MOTL, 2003; 2004). Spriet (1995) observou a acdo da cafeina no SNC
afetando a percepc¢ao subjetiva ao esforgco e/ou a propagacao de sinais neurais entre
0 cérebro e a juncdo neuromuscular, aumentando a liberacdo de catecolaminas,
particularmente a epinefrina.

Ramanaviciene (2004) demonstrou que a cafeina inicia um importante papel
protetor na resposta immune. A liberacdo de epinefrina modulada pela cafeina induz

a leucocitose, linfocitose e neutrofilia.

2.Cetoacidos

Os aminoacidos livres sdo substratos para sintese protéica, para a anaplerose
e gligoneogénese. Durante o metabolismo, os aminoacidos sdo deaminados ou
transaminados em reacfes que podem resultar na formacdo de cetoacidos e a
amonia (SCHLOERB, 1966; FURST, 1989; KELLY e STANLEY, 2001, COOPER,
2001). Os aminoéacidos sdo um importante combustivel energético para ressintese de
ATP, principalmente durante o exercicio fisico intenso (BLOMSTRAND e SALTIN,
1999; GRAHAM e ADAMO, 1999).

O muasculo tem uma grande capacidade de producdo de amoénia durante o
exercicio, essa producdo é acompanhada pela génese concomitante de alanina,
glutamina e pela grande captacédo de glutamato (Figura 7) (GRAHAM e MacLEAN,
1992).
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Figura 7: Ciclo alanina/ glicose.

Os cetoacidos séo usados como substituicdo de seus respectivos aminoacidos
para manter o balanco de nitrogénio, onde, ao mesmo tempo em que supre as
necessidades de aminoacidos essenciais do organismo, o uso de cetoacidos
promove diminui¢cao da disponibilidade de nitrogénio, reduzindo assim a formagé&o de

compostos nitrogenados toxicos resultantes do metabolismo (Figura 8).
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Figura 8: Destino do cetoacido formado por desaminacdo oxidativa

Entre os possiveis beneficios do uso de cetoacidos associada a restricao

protéica convencional, estdo a diminuicdo mais acentuada de sintomas urémicos, da
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acidose metabdlica, da hiperfosfatemia e da resisténcia insulinica (LOFBERG et al.,
1997; TEPLAN et al., 2000).

Durante a atividade fisica, varios aminoacidos sdo recrutados em maior
velocidade, para obtencdo de energia e manutencdo 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. A genése da amdnia
esta intimamente correlacionada com o tipo de atividade fisica, treinamento prévio,
alimentacdo e heranca genética. E sabido que a producdo de aménia esta
relacionada ao sexo, sendo sua produgcdo maior em homens, provavelmente devido
a sua maior massa muscular (DERAVE et al., 1997).

O incremento da excrecdo de amodnia esta correlacionado ao aumento da
concentracdo de lactato no sangue (AMENT et al., 1999). A baixa producdo de
amonia, assim como a de lactato, tem sido considerada um fator de contribuicdo ao
melhor condicionamento fisico (SALTIN et al., 1995). Além disso, a elevacao da
amoOnia sanguinea com consequente elevagcao da concentracdo de glutamato leva ao
aumento da frequéncia respiratdria, acarretando uma maior demanda energética. O
aumento progressivo da amonemia observado durante a atividade fisica intensa é
um marcador do stress muscular correlacionado a utilizacdo de aminoé&cidos
metabolicamente (SNOW et al., 2000). A diminuicdo da amoniogénese é assim uma
das preocupac0es a ser estabelecida por profissionais que orientam atletas.

Atualmente, novas modalidades terapéuticas sdo estudadas com o objetivo de
atenuar alteracdes inerentes a complicacdes causadas pela elevacdo da amonemia
tais como a EH, doenca renal e no esporte 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

composicao (Tabela 1).
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Keto analogue or amino acid (mg)
Calcium 3-methyl-2-oxovaleric acid (a-

335
ketoanalogue of isoleucine)
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-(methyithio)-
butyric acid (a-hydroxyanalogue of 295
methionhine)

L-lysine acetate (= L-lysine 75 mg) 525
L-threonine 265
L-tryptophan 115
L-histidine 190
L-tyrosine 150
T otal nitrogen content per tablet 180

Tabela 1: Composicéo do Ketosteril ®,Fresenius Kabi.

25



Referéncias

Abernethy, P. J; M. Wehr. Ammonia and Lactate Response to Leg Press Work at 5
RM and 15 RM. J. Strength Cond. Res. 1997, 11(1):40-44.

Adler, G. K. Exercise and fatigue — Is neuroendocrinology an important factor? J.
Clin. Endo. & Metab. 2000, 85(6): 2167-2169.

Ament W, Huizenga JR, Mook GA, Gips CH, Verkerke GJ. Lactate and ammonia
concentration in blood and sweat during incremental cycle ergometer exercise. Int J
Sports Med. 1999 Jan;18(1):35-39.

Andrews, J. L, Sedlock, D. A, Flynn, M. G, Navalta, J. W, Hongguang, J.
Carbohydrate loading and supplementation in endurance-trained women runners. J
Physiol. 2003, 95:554-590.

Applegate, E. Effective nutritional ergogenic aids. Int J Sport Nutr. 1999, 9;(2) 229-
239.

Banister EW, Cameron BJ. Exercise-induced hyperammonemia: peripheral and
central effects. Int J Sports Med. 1990, May;11 Suppl 2:5129-42.

Bassini-Cameron A, Monteiro A, Gomes A, Werneck-de-Castro JP, Cameron L.
Glutamine protects against increases in blood ammonia in football players in an
exercise intensity-dependent way. Br J Sports Med. 2008 Apr;42(4):260-266.

Blomstrand E, Saltin B. Effect of muscle glycogen on glucose, lactate and amino acid

metabolism during exercise and recovery in human subjects. J Appl Physiol. 1999
Jan 1;514:293-302.

26



Bosoi CR, Rose CF. Identifying the direct effects of ammonia on the brain. Metab
Brain Dis. 2009 Mar;24(1):95-102.

Brosnan, J.T., Brosnan, M.E. Branched-chain amino acids: enzyme and substrate
regulation. J. Nutr. 2006, (136): 207-211.

Bruce, M.; Constantin-Teodosiu, D.; Greenhaff, P. L.; Boobis, L. H.; Williams, C.;
Bowtell, J. L. Glutamine supplementation promotes anaplerosis but not oxidative
energy delivery in human skeletal muscle. Amer J Physiol Endo Metab. 2001,
(280):669-675.

Butterworth, R. F. Glutamate transporter and receptor function in disorders of
ammonia metabolism. Ment Retard Dev Disabil Res Rev. 2001, (7)276-279.

Butterworth, R.F. Pathophysiology of hepatic encephalopathy: a new look at
ammonia. Metab Brain Dis. 2002; (17):221-7.

Carvalho-Peixoto J, Alves RC, Cameron LC. Glutamine and carbohydrate
supplements reduce ammonemia increase during endurance field exercise. Appl
Physiol Nutr Metab. 2007 Dec;32(6):1186-1190.

Clarkson, P. M. Nutrition for improved sports performance. Current issus on
ergogénic aids. Sports Med. 1996, 21(6): 393-401.

Clemmesen JO, Larsen FS, Kondrup J, Hansen BA, Ott P. Cerebral herniation in
patients with acute liver failure is correlated with arterial ammonia concentration.

Hepatology. 1999 Mar;29(3):648-53.

Cooper AJ, Plum F. Biochemistry and physiology of brain ammonia. Physiol Rev.
1987 Apr;67(2):440-519.

27



Cooper AJ. Role of glutamine in cerebral nitrogen metabolism and ammonia
neurotoxicity. Ment Retard Dev Disabil Res Rev. 2001;7(4):280-286.

Cordoba J, Minguez B. Hepatic encephalopathy. Semin Liver Dis. 2008
Feb;28(1):70-80.

Costill, D.L.; Dalsky, G.P.; Fink, W.J. Effects of caffeine ingestion on metabolism and
exercise performance. Med Sci Sports. 1978; (10):155-158.

Czarnowski, D., J. Langfort, et al. Effect of low-carbohydrate diet on plasma and
sweat ammonia concentrations during prolonged exercise. Eur J Appl Physiol.
1995, (70):70-74.

Dalsgaard, M. K., P. Ott, et al. The CSF and arterial to internal jugular venous
hormonal differences during exercise in humans. Exp Physiol. 2004 May (3):271-
277.

Darger S. R., M. E. Layton, W. Strauss, T. Richards, a. Heide, S. Friedman, A. Artru,
C. E. Hayes, S. Posse. Human brain metabolic response to caffeine and the effects of
tolerance. Am. J. Psychiatry. 1999 (156):229-237.

Denadai B. S., M.; L. D. R. Denadai. Effects of caffeine on time to exhaustion in
exercise performed below and above the anaerobic threshold. Braz. J. Med. Biol.

Res. 1998, 31(4): 581-585.

Derave, W.; Bouckaert, J.; Pannier, J.L. Gender differences in blood ammonia
response during exercise. Arch Physiol Biochem. 1997, (105):203-209.

Eriksson, L. S.; Broberg, S.; Bjérkman, O.; Wahren, J. Ammonia metabolism in man.
Clinical Physiology. 1985, (5)325-336.

28



Evans, S. M., R. R. Griffiths. Caffeine withdrawal: A parametric analysis of caffeine
dosing conditions. J. Pharm. Expe. Terapeutic.1999, 289(1): 285-294.

Febbraio, M. A., M. F. Carey, et al. Influence of elevated muscle temperature on
metabolism during intense, dynamic exercise. Am J Physiol. 1996 Nov (5):1251-
1255.

Febbraio, M. A., R. J. Snow, et al. Effect of heat stress on muscle energy metabolism
during exercise. J Appl Physiol. 1994 Dec; (6)2827-2831.

Felipo V, Butterworth RF. Mitochondrial dysfunction in acute hyperammonemia.
Neurochem Int. 2002 May;40(6):487-491.

Felipo, V. & Butterworth, R.F. Neurobiology of ammonia. Prog Neurobiol. 2002;
(67):259-279Db.

Fryer, M W, Stephenson, G. Total and sarcoplasmic reticulum calcium contents of
skinned fibres from rat skeletal muscle. J Physiol. 1996; (2):357-370.

Furst, P. Amino acid metabolism in uremia. J Am Coll Nutr. 1989, (8):310-323.
Gibala, M.J.; MacLean, D.A.; Graham, T.E.; Saltin, B. Anaplerotic processes in
human skeletal muscle e during brief dynamic exercise. J Physiol. 1997; 502:703-
713.

Gibala, M.J.; MacLean, D.A.; Graham, T.E.; Saltin, B. Tricarboxylic acid cycle

intermediate pool size and estimated cycle flux in human muscle during exercise. Am
J Physiol. 1998; (275):235-242.

29



Graham TE, Adamo KB. Dietary carbohydrate and its effects on metabolism and
substrate stores in sedentary and active individuals. Can J Appl Physiol. 1999 Oct;
24(5):393-415.

Graham TE, MacLean DA. Ammonia and amino acid metabolism in human skeletal
muscle during exercise. Can J Physiol Pharmacol. 1992 Jan;70(1):132-141.

Graham, T.E. & Spriet, L.L. Metabolic, catecholamine, and exercise performance

responses to various doses of caffeine. J Appl Physiol. 1995; 78:867-874a.

Graham, T.E.; Turcotte, L.P.; Kiens, B.; Richter, E.A. Effect of endurance training on
ammonia and amino acid metabolism in humans. Med Sci Sports Exerc. 1997; (29):
646-653.

Greer, F.; Friars, D.; Graham, T.E. Comparison of caffeine and treophylline ingestion:
exercise metabolism and endurance. J Appl Physiol. 2000; (89):1837- 1844.

Guezennec, C.Y.; Abdelmalki, A.; Serrurier, B.; Merino, D.; Bigard, X.; Berthelot, M.;
Pierard, C.; Peres, M. Effects of prolonged exercise on brain ammonia and amino
acids. Inter Sports Med. 1998,(19):323-327.

Hargreaves M, McKenna MJ, Jenkins DG, Warmington SA, Li JL, Snow RJ, Febbraio
MA. Muscle metabolites and performance during high-intensity, intermittent exercise.
J Appl Physiol. 1998 May;84(5):1687-1691.

Haussinger, D, Kircheis, G, Fischer, R, Schliess, F, Dahl, S.V. Hepatic
encephalopathy in chronic liver disease: a clinical manifestation of astrocyte swelling
and low-grade cerebral edema? J. Hepatol. 2009, (32):1035 —-1038.

Haussinger, D., Schliess, F. Pathogenetic mechanisms of hepatic encephalopathy.
Gut. 2008, (570):1156 —1165.
30



Hellsten Y, Richter EA, Kiens B, Bangsbo J. AMP deamination and purine exchange
in human skeletal muscle during and after intense exercise. J Physiol. 1999 Jan;
520:909-920.

Itoh, H.; T. Ohkuwa. Ammonia and lactate in the blood after short-term sprint
exercise. Eur J Appl Physiol Occup Physiol, 1991 (62):22-25.

Katz A, Broberg S, Sahlin K, Wahren J. Muscle ammonia and amino acid metabolism

during dynamic exercise in man. Clin Physiol. 1986 Aug, (4):365 -379.

Kellis E, Katis A, Vrabas IS. Effects of an intermittent exercise fatigue protocol on
biomechanics of soccer kick performance. Scand J Med Sci Sports. 2006 Oct,
16(5):334-344.

Kelly A, Stanley CA. Disorders of glutamate metabolism. Ment Retard Dev Disabil
Res Rev. 2001;7(4):287-295.

Kruk, B., J. Chmura, K. Krzeminski, K. Nazar, H. Pekkarien, H. Kaciuba-Uscilko.
Influence of caffeine, cold and exercise on multiple choice reaction time.
Psychopharmacoloy. 2001, (157):197-201.

Langfort J, Czarnowski D, Zendzian-Piotrowska M, Zarzeczny R, Gorski J. Short-term
low-carbohydrate diet dissociates lactate and ammonia thresholds in men. J
Strength Cond Res. 2004 May;18(2):260-265.

Laurent, D., Schneider, K.E.; Prusaczyk, W.K.; Franklin, C.; Vogel, S.M.; Krssak, M.;
Petersen, K.F.; Goforth, H.W.; Shulman, G.I. Effects of caffeine on muscle glycogen
utilization and the neuroendocrine axis during exercise. J Cli Endocrino &
Metabolism. 2000, (85):2170-2175.

Linnane, D. M., R. M. Bracken, et al. Effects of hyperthermia on the metabolic

31



responses to repeated high-intensity exercise. Eur J Appl Physiol, Oct, 2004,
93(12):159-166.

Lofberg, E.; Wernerman, J.; Anderstam, B.; Bergstrom, J. Correction of metabolic
acidosis in dialysis patients increases branched-chain and total essential amino acid
levels in muscle. Clin. Nephrol. 1997, (48): 230-237.

MacLean, D.A.; Graham, T.E.; Saltin, B. Stimulation of muscle ammonia production
during exercise following branched-chain amino acid supplementation in humans. J
Physiol. 1996; (493):909-922.

Madsen, K.; MacLean, B.K.; Christensen, D. Effects of glucose, glucose plus
branched chain amino acids, or placebo on bike performance over 100km. J Appl
Physiol. 1996; (81):2644-2650.

Magkos, F; Kavouras, S A. Caffeine Use in Sports, Pharmacokinetics in Man, and
Cellular Mechanisms of Action. Crit Rev Food Sci and Nutr. 2005; 45(7-8):535—
562.

Mohr M, Rasmussen P, Drust B, Nielsen B, Nybo L. Environmental heat stress,
hyperammonemia and nucleotide metabolism during intermittent exercise. Eur J
Appl Physiol. 2006 May;97(1):89-95.

Monfort, P.; Kosenko, E.; Erceg, S.; Canales, J.J.; Felipo, V. Molecular mechanism of

acute ammonia toxicity: role of NMDA receptors. Neurochem Int. 2002; (41):95-102.
Monfort, P.; Montoliu, C.; Hermenegildo, C.; Mufioz, M.; Felipo, V. Differential effects

of acute and chronic hyperammonemia on signal transduction pathways associated to
NMDA receptors. Neurochem Int. 2000; (37):249-253.

32



Mooren, F. C. e K. Volker. Molecular and Cellular Exercise Physiology: Human
Kinectis. 2004.

Motl, R.W. & Dishman, R.K. Effects of acute exercise on the soleus H-reflex and self-

reported anxiety after caffeine ingestion. Physiol Behav. 2004; (80): 577-585.

Motl, R.W; O'Connor, P.J.; Dishman, R.K. Effect of caffeine on perceptions of leg

muscle pain during moderate intensity cycling exercise. J Pain. 2003; (4):316-321.

Mourtzakis, M., Graham, T. E. Glutamate ingestion and its effects at rest and during
exercise in humans. J Appl of Physiol. 2003; (93):1251-1259.

Mutch BJ, Banister EW. Ammonia metabolism in exercise and fatigue: a review. Med
Sci Sports Exerc. 1983;15(1):41-50.

Nelson DL, COX MM. Lehninger: principles of biochemistry. 2005. 4" ed. New

York: Freeman.

Nielsen, B., G. Savard, et al. Muscle blood flow and muscle metabolism during
exercise and heat stress. J Appl Physiol, Sep 1990; (3):69, 1040 -1046.

Norenberg M D, Rama Rao K V, Jayakumar AR. Signaling factors in the mechanism
of ammonia neurotoxicity. Metab Brain Dis. 2009 Mar; 24(1):103-117.

Nybo L, Dalsgaard MK, Steensberg A, Mgller K, Secher NH. Cerebral ammonia
uptake and accumulation during prolonged exercise in humans. J Physiol. 2005 Feb;

563(15):285-290.

Olde Damink SW, Deutz NE, Dejong CH, Soeters PB, Jalan R. Interorgan ammonia
metabolism in liver failure. Neurochem Int. Aug-Sep 2002; 41(2-3):177-1788.

33



Olde Damink, S.W., Jalan, R., Dejong, C.H. Interorgan ammonia trafficking in liver
disease. Metab. Brain Dis. 2009, 24 ,169-181.

Ramanaviciene, A., J. Acaite, A. Ramanavicius. Chronic caffeine intake affects
lysozyme activity and immune cells in mice. J. Pharm. Pharmacol. 2004, 56(5): 671-
676.

Romero-Go mez, M., Jover, M., Galan, J.J., Ruiz, A.,. Gut ammonia production and
its modulation. Metab. Brain Dis. 2009, 24:147-157.

Rose, C, Michalak, A., Rao, K.V., Quack, G., Kircheis, G., Butterworth, R.F. L-
Ornithine- L-aspartate lowers plasma and cerebrospinal fluid ammonia and prevents

brain edema in rats with acute liver failure. Hepatol. 1999, 30:636—640.

Rose, C. Increased extracellular brain glutamate in acute liver failure: decreased
uptake or increased release? Metab Brain Dis. 2006; 17:251-261.

Saez, R.; Llansola, M.; Felipo, V. Chronic exposure to ammonia alters pathways
modulating phosphorylation of microtubule-associated protein 2 in cerebellar neurons
in culture. J Neurochem. 1999; 76:2555-2562.

Sahlin K, Tonkonogi M, Sdderlund K. Energy supply and muscle fatigue in humans.
Acta Physiol Scand. 1999 Mar; 162(3):261-266.

Sahlin K.  Ammonia metabolism in humans during exercise. In: Maughan RJ,
Shirreffs SM. Biochemistry of exercise. 1994, 40:497- 510.

Sahlin, K. e A. Katz. Hypoxaemia increases the accumulation of inosine
monophosphate (IMP) in human skeletal muscle during submaximal exercise. Acta

Physiol Scand, Jun 1989, 136:(2) 199-203.

34



Schliess F, Gorg B, Haussinger D. RNA oxidation and zinc in hepatic encephalopathy
and hyperammonemia. Metab Brain Dis. 2009 Mar; 24(1):119-134.

Schloerb, P.R. Essential L-amino acid administration in uremia. Am J Med Sci. 1966;
252:650-659.

Shimomura Y, Honda T, Shiraki M, Murakami T, Sato J, Kobayashi H, Mawatari K,
Obayashi M, Harris RA. Branched-chain amino acid catabolism in exercise and liver
disease. J Nutr. 2006 Jan;136(1 Suppl):250S-253S.

Shimomura, Y., Murakami, T., Nakai, N., Nagasaki, M., Harris, R.A.,. Exercise
promotes BCAA catabolism: effects of BCAA supplementation on skeletal muscle
during exercise. J. Nutr. 2004, (134):1583S —1587.

Snow RJ, Carey MF, Stathis CG, Febbraio MA, Hargreaves M. Effect of carbohydrate
ingestion on ammonia metabolism during exercise in humans. J Appl Physiol. 2000
May; 88(5):1576-1580.

Spriet, L.L. Caffeine and performance. Int J Sports Nutr. 1995; 5:84-99.

Stephernson, P. E. Phisiologic and psychotropic effects of caffeine on man. J. Am.
Diet. Assoc. 1997, 71(3): 240-247.

Suarez, |.; Bodega, G.; Fernandez, B. Glutamine synthetase in brain: effect of
ammonia. Neurochem Int. 2002; 41:123-142.

Summerskill, W.H.J., Wolpert, E.,. Ammonia metabolism in the gut. Am. J. Clin. Nutr.
1970, 23:633—-639.

Tarnopolsky M. Protein requirements for endurance athletes. Nutrition. Jul-Aug
2004; 20(7-8):662-668.
35



Teplan, B.; Schuck, O.; Horauova, M.; Skibova, J. Effect of a keto acid-amino acid
supplement on the metabolism and renal elimination of branched-chain amino acids
in patients with chronic renal insufficiency on a low protein diet. Wien. Klin.
Wochenschr. 2000, 112: 876-881.

Timmermann L, Butz M, Gross J, Kircheis G, Haussinger D, Schnitzler A. Neural
synchronization in hepatic encephalopathy. Metab Brain Dis. Dec 2005; 20(4):337-
346.

Tullson PC, Arabadjis PG, Rundell KW, Terjung RL. IMP reamination to AMP in rat
skeletal muscle fiber types. Am J Physiol. Apr 1996; 270:1067-1074.

Varani, K., A. Borea. Dose and time effects of caffeine intake on human pltelet
adenosine A2 A receptors, functional and biochemical aspects. Circulation. 2000,
18: 285-289.

Wagenmakers AJ. Muscle amino acid metabolism at rest and during exercise: role in
human physiology and metabolism. Exerc Sport Sci Rev. 1998; 26:287-314.

Wagenmakers, A.J. Tracers to investigate protein and amino acid metabolism in
human subjects. Proc Nutr Soc. 1999; 58:987-1000.

Wilkinson, D.J., Nicholas J. Smeeton, Peter W. Watt. Ammonia metabolism, the brain
and fatigue; revisiting the link. Prog. Neurobiol. (2010),
doi:10.1016/j.pneurobio.2010.01.012

Wu G. Amino acids: metabolism, functions, and nutrition. Amino Acids. 2009 May;

37(1):1-17.

36



Zielinski J, Rychlewski T, Kusy K, Domaszewska K, Laurentowska M. The effect of
endurance training on changes in purine metabolism: a longitudinal study of
competitive long-distance runners. Eur J Appl Physiol. 2009 Aug;106(6):867-876.

37



CAPITULO II: Acute supplementation with keto analogues and amino acids

in rats during resistance exercise.
38



NS British Journal of Nutrition

British Jowmal of Nurrition 2010), page 1 of 5 doi: 10101 7/S00071 14510002321

© The Authors 2010

Acute supplementation with keto analogues and amino acids in rats during
resistance exercise

Rosemeire Dantas de Almeida'*?, Eduardo Seixas Prado!?*% Carlos Daniel Llosa',
Anibal Magalhiies-Neto"?” and Luiz-Claudio Cameron':>%#

l.f_abora!.-nr)' af Protein Biochemistry, Federal University of State of Rio de Janeiro, Av. Pasteur, 296, Urca, Rio de Janeiro, Brazil
2 Institute of Genetics and Biochemistry, Federal University of Uberldndia, Av. Pard, 1720, Umuarama, Uberlindia, Brazil
381’0!‘03!’«:‘03 and Health Sciences Center, Tiradentes University, Av. Murilo Dantas, 5/N, Faroldndia, Aracaju, Brazil

*Poet Jodo Freire Ribeiro School, Sergipe Secretary of Education, Av. Nagdo, 5/N, Jardins, Aracaju, Brazil

SBe'm‘nge'cai and Health Sciences Institute — Federal University of Mato Grosso, Rodovia MT-100, Km 3,5, Pontal do Araguaia,
Mare Grosso, Brazil

SGraduare Program in Human Movement Science — University Castelo Branco — RJ — Brazil — Av. Salvador Allende, 6.700,
Recreio Rio de Janeiro, Brazil

(Received I7 November 2009 — Revised 17 May 2010 — Accepted 12 May 2010}

During exercise, ammonia levels are related to the appearance of both central and peripheral fatigue. Therefore, controlling the increase in ammao-
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 ammao-
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 ammaonia 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 twofold 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 (NHs + NH; ™) is a toxic metabolite with deleterious
effects on the central nervous system'". 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

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 tree ammonaemia*'?,
During metabolism, amino acids are deaminated or transami-
nated to form keto acids via release of the amino gmup'lm.

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 ammonia 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't'?) Free amino acids can be used as substrates for
ATP synthesis, which produces ammonia as a side pmduct'”].

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 biological wvalue, especially in CKD patients. Further-
more, it is acknowledged that resistance and aerobic exercise
programmes may serve important roles in the approach to the
reatment, prevention and slowed progression of CKD!"#®),
Although KAAA supplementation i1s effective in the treat-
ment of CKD, particularly for postponing the necessity for
dialysis, the use of KAAA 1s not popular due to its cost and

Abbreviations: CKD, chronic kidney disease; Cil group, control group (neither keto anzlogues gssociated with amino acids nor exercise); Ex group, exercise-only
group: KA group, keto analogues associzgted with amine acids-only group: KAAA, keto anslogues associated with amino acids; KAEx group, keto analogues

associated with amino acids and exercise group.

* Corresponding author: Professor L-C. Cameron, emaeil cameron@ uniriobr
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the requirement for a low protein intake''?". Thus, there has
been a lack of interest in studies involving KAAA due to
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
aimals each. The group that received only KAAA (KA
group) and the group that received KAAA and exercise
(KAEx group) received 0-1g Ketosteril ® (Fresenius Kabi,
Bad Homburg, Germany) in (-5 ml water (0-3 g’kg). The com-
position of the KAAA mixture per tablet was as follows:
o-keto analogues of isoleucine, 333mg: leucine, 505mg;
phenylalanine, 430 mg; valine, 340mg;: a-hydroxy analogue
of methionine, 295 mg: L-lysine acetate, 75 mg; L-threonine,
265 mg; L-tryptophan, 1 15 mg; L-histidine, 190 mg: L-tyrosine,
I150mg. The group that received neither KAAA nor exercise
(control (Ctl) group) and the group that received only
exercise (Ex group) received (-3 ml of (09 % NaCl, | 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 libinum (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
sLLu:l}-"mj atter 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 IRM test was
performed 1d before resistance exercise and determined the
heaviest weight that could be lifted. On the dav of the exper-
iment, fifty repetitions were performed with a load equal to
75 % of I1RM. The animals were stimulated to perform the rep-
etitions through sticker electrodes (Axelgaard WaluTrode
CF3200:; Axelgaard Manufacturing Co. Ltd, Fallbrook, CA,
USA) placed in the tail and connected to an electrostimulator
4mA to I5mA at | Hz for Is: Quark Dualpex 961; Quark
Medical Products, Sdo Paulo, Brazil).

Blood was collected through cardiac puncture before exer-
cise (Ctl and KA groups) or immediately after exercise (Ex
ad KAEx groups). The blood samples were immediately cen-
rifuged 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
anmonia were measured using an enzymic UV method
(Randox, Crumlin, Co. Antnim, UK) on a Dade Model Dimen-
sion RXL Automated Chemistry Analvzer (Dade Behring,
Eschborn, Germany), and haematological parameters were
analysed using a Sysmex SE-9300 Automated Hematology
Analvzer (TOA Medical Electronics, Kobe, Japan). Standard

R. D. de Almeida et al.

curves were taken at a minimum » value of (-98 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=2(-05) were confirmed using the Tukev test
as a post hoc analysis. Data are reported as mean values
with theilr standard errors.

Results

We used a weilght-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 ammeonia (A), urea (B) and urate (C) metabolism.
Ctl, control group (neither KAAA nor exercise); KA, KAAA-only group; Ex,
exgrcise-only group; KAEx, KAAA and exercise group. Values are means,
with standard errors represented by vertical bars. *7““Mean values with
unlike letters were significantly different (P<0-05). Inset of Fig. 1(A) shows
the increase in ammonia levels in experimental and control groups when
normalised against rest values.
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exercise. There was an increase of about 40 % in ammonia in
resting animals due to 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. 1(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 Citl group. However, with KAAA
supplementation, blood urea was reduced to 73% of the
pre-exercise values (Fig. 1(B)).

To ditferentiate the ammeonia 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 % iIn 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. Qur 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 1).

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 widelv reported that ammonia production increases during
exercise and that ammonia could be a deleterious metabolite
that promotes fatigue'a'm'zl]. The production of ammonia
can lead to significantly elevated systemic ammonia levels
to levels between 90 and > 200 pmol/l. Patients with either
liver or kidney disease also show sharp increases in ammonia
levels that may range from 70 to 300 pmol/l in liver disorder
patients'l'n]. Patients with CKD have lower peak levels of
ammonia during exercise, but experience ammonia Increases

of about 30-60% compared with resting values'' 2324,

KAAA has been widely used as a supplement to treat
patients with kidnev failure and as a therapeutic agent for
liver tailure and cnccpha]opathy'lz]. Additonally, regular
physical activity and close clinical and dietary monitoring,
including the use of keto analogues, should be recommended
in patients with CKDZ,

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?®*?"". Increases in ammonia levels in response to
exercise can be managed through the use of amino acids or
carbohydrates that interfere with ammonia metabolism™®, 1t
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
B0 %. When compared with the non-supplemented exercise
group, the absolute decrease was 20 %. Previous data in our
laboratory showed that there 1s 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 urate 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
75 % 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 to 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 i1s known that during

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

(Mean valugs with their standard errars)

Group. .. Ctl KA Ex KAEx
Parameter Mean sE Mean sE Mean sE Mean s
Creatining (mmal/) 47.66° 091 28.89° o071 47.49° 076 27.76° 076
Glucose (mmalf) 6112 012 6.-64° o020 6-06° o012 6-81° 018
Lactate (mmal/) 2.66° 008 2.67% 007 4.18% o009 5.44% 0.09

Ctl, contral (no keto analogues assaciated with aming acids or exercise); KA, keto analogues associated with aming acids
anly; Ex, exarcise anly; KAEx, keto analogues associated with aming acids and exercise.
222Mean values within a row with unlike superscript letters were significantly differant (P< 0-05; ANOVA).
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high-intensity exercise such as resistance exercise, the largest
quantity of wurate is produced when the ATP:ADP ratio
decreases which leads to increases in both AMP deamination
and urate sy‘nthesis'mk It is possible that our resistance exercise
model with fiftv repetitions activates pathwayvs associated with
resistance and prolonged exercise. KAAA supplementation
promoted an increase in creatinine clearance. This is a well-
described effect of this supplement in chronically ill
paticnts'lzl. Taking these results together, we postulate that
the majority of ammonia production results from the deamina-
ton of amino acids instead of AMP7S30,

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 1s important to state that the
wse 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 attenuate lactate
levels during exercise, such as muscle glycogen dep]etion'ﬂ].
Thus, such alterations in the present study may be explained
bv KAAA providing glucose for exercise through gluconeogen-
esis. Since the central nervous system has no effective urea
cvcle and depends on the synthesis of glutamine for remowval
of the excess ammonia'g'B], high levels of blood ammonia
have been proposed to be related to the development of both
local and central fatigue'q'zl'yl. Here, we describe for the first
time that acute supplementation of KAAA can be used to
reduce the increase in ammonia levels caused by resistance
exercise. The practical significance of these findings may be
mportant for the individual exerciser and merits further
research to examine the efficacy of chronic KAAA intake.
Therefore, we believe that the present studv 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

Hyperammonaemia is related to both central and peripheral fatigue during exercise. Hyperammaonaemia in response to exercise can be
reduced through supplementation with either amino acids or combined keto analogues and amino acids (KAAA). In the present study,
we determined the effect of short-term KAAA supplementation on ammonia production in subjects eating a low-carbohydrate diet who
exercise. A total of thirteen male cyclists eating a ketogenic diet for 3d were divided into two groups receiving either KAAA (KEx) or
lactose (control group; LEx) supplements. Athletes cycled indoors for 2h, and blood samples were obtained at rest, during exercise and
over the course of 1h during the recovery perind. Exercise-induced ammonaemia increased to a maximum of 35% in the control group,
but no significant increase was observed in the supplemented group. Both groups had a significant increase (approximately 35 %) in uraemia
in response o exercise. The resting urate levels of the two groups were equivalent and remained statistically unchanged in the KEx group
after 90 min of exercise; an earlier increase was observed in the LEx group. Glucose levels did not change, either during the trial time or
between the groups. An increase in lactate levels was observed during the first 30 min of exercise in both groups, but there was no difference
hetween the groups. The present results suggest that the acute use of KAAA diminishes exercise-induced hyperammonaemia.

Key words: Ammonia: Uric acid: Ketogenic diet: Endurance

Ammonia (used here as a synonym for the sum of NHs
and f\'IL{‘"} is highly toxic to humans and can cross the
blood—brain barrier, which leads to a decrease in cerebral
function, neuropsychiatric disorders and dearh™+

nia-mediated excitotoxicity has been implicated in the
3,43

! Ammo-

mediation of central nervous system damage{

Data obtained from exercise studies have been used
0 elucidate the effects of hyperammonaemia. Several
investigations have demonstrated that increased ammonae-

i

mia occurs during various types of exercise 58}, During

prolonged submaximal exercise, an increase in ammonae-
(> 160 pmol/T
studies™?. The consensus view is that the production of

mia has been observed in wvarious
ammonia during exercise occurs via a combination of
both AMP deamination and catabolism of amino acids,
processes that are activated in an intensity- and duration-
dependent manner™. It has been suggested that ammonia
promotes both central and peripheral fatigue and that
better control of ammonia production will improve

exercise performance™ !,

Abbreviation: KAAA, keto analogue and amino acid.
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The increase in the ammonia levels in response to
exercise can be managed through the use of amino acids
or carbohydrates that interfere with ammonia metabo-
lism™. During metabolism, amino acids are deaminated
or transaminated to form keto acids via release of the
amino group{”}_ These reactions are reversible, and the
use of keto analogues could reduce blood ammonia con-
centration, resulting in the production of amino acids™ .
The long-term use of keto analogues associated with
amino  acids (KAAA) to provide amino add supple-
mentation has been described previously{m; w0 our
knowledge, the acute use of KAAA has never been studied.

Although ammonia has been shown to be produced by
branched chain amino acid catabolism, independent of
glycogen a\-‘ailabilit}-‘““}, various studies have linked
ammonia formation to carbohydrate availability™ ™. Adop-
ting a low-carbohydrate diet (termed a ketogenic diet)
combined with physical exercise can reduce glycogen
stores before exercise and induce h}-‘perammonaen‘lia{]5’”“.
We used this metabolic effect of a ketogenic diet to
enhance the effect of exercise on ammonia production.

In the present study, we evaluated the acute effect of
KAAA supplementation on ammonia production during
prolonged exercise. We hypothesised that acute KAAA sup-
plementation can prevent the increase in ammonaemia
during exercise owing to the function of keto analogues
as energetic substrates or as ammonia-chelating agents.

Materials and methods

A total of thirteen male endurance-trained cyclists (280 (sEm
1-0) years; 688 (sem 230 kg; 1-77 (sEm 0-01) m) with similar
exercise training levels (VOzpye 527 (sEm 28)mlfkg per
min and maximum heart rate 1914 (sem 1-6) beats/min)
participated in the swudy woluntarily. All subjects had
similar physical capabiliies and had a minimum of
3 years of training. They had not used ergogenic sub-
stances or any other drugs. The present study was
conducted according to the guidelines laid down in the
Declaration of Helsinki, and all procedures involving
human subjects were approved by the Ethics Committee
for Human Research at the Federal University of the State
of Rio de Janeiro; ethics number: 117/2007. Written
informed consent was obtained from all subjects.

Athletes reported to the laboratory 3 d before the start of
the experiment to become familiar with the cycle ergo-
meter and to optimise the power output Subjects
received an individualised ketogenic diet (Table 1; 129
(sEm 04)MJ; 35% of the recommended energy intake
from protein, 3-8 (sem 0-1) g/kg; 55% from lipids, 27 (sEm
0-1) g/kg; and less than 10% from carbohydrates, 1-1 (sEm
0-1) g/kg; see Westman et al "™ for a review of the effects
of a low-carbohydrate diet on metabolism) for 2d before
the experiment and during the day of the experiment.

Subjects were asked to maintain their normal training
schedule (approximately 70km/d) and to follow the

E. S Prado ef af.

Table 1. Metabolisable energy from a ketogenic diet*

Size Carbohydrates Lipids Proteins
Meat 400 0 42.0 135.4
Cheese 300 17.2 B3.2 282
Ham 300 22 227 483
Egyg 400 25 3941 532
Tangerine 200 196 o2 16
Orange 200 179 o2 20
Watermelon 200 166 01 1.8
Total 760 1875 2705

"Values are exprassed in g from prapared meals.

ketogenic diet up to 48h (normal training and a ketogenic
diet were used to reduce muscle glycogen stores and to
induce a higher increase in ammonaemia) before the day
of the experiment. On the day of the experimental
period, the subjects reported to the laboratory in a fasting
state and received breakfast and a light lunch. At 1h after
lunch, the subjects received either five tablets of a KAAA
mixture (experimental group (KEx), % 6 Ketosteril®; Frese-
nius, Bad Homburg, Germany) or five 200mg tablets of
lactose (control group (LEx), n 7; Via Farma, Sdo Paulo,
Brazil) in a randomised double-blind manner. The compo-
sition of the KAAA mixture/tablet was as follows: a-keto
analogues of iscleucine (335mg), leucine (505mg),
phenylalanine (430mg) and wvaline (340mg); c-hyvdroxy
analogue of methionine (295mg); t-lysine acetate (75mg
L-lysine); r-threonine (265mg); riryptophan (115mg);
L-histidine (190mg); ttyrosine (150 mg). Both supplements
were provided in indistinguishable capsules.

Before the experimental trial, initdal stretching was fol-
lowed by a warm-up of 10min at 50% of the maximum
heart rate. The experiment began 1h after supple-
mentation, and athletes cycled indoors for 2h at 80rpm
according to a metronome in a room with constant tem-
perature and relative humidity (23 £ 2°C and 60 £ 5%,
respectively). The subjects’ heart rates were recorded con-
tinuously throughout the exercise period using a heart
rate monitor (Polar C3200, Kempele, Finland). The power
output was modified for each individual every Smin so
that the athletes maintained 75-85% of their estimated
maximum heart rate (approximately 156-0 (sem 2:8)
beats/min with a work of 1800 (szm 1-4) W, respectively).

A catheter was placed into the median cubital vein.
Ar 1h after the supplementation, blood samples were
obtained at rest and ar 30min intervals throughout the
exercise period. Finally, blood samples were collected
during a 1h recovery period at 30 min intervals. Athletes
recetved water ad [ibitum during the trial.

Blood samples were analysed after collection. To avoid
the loss of volatile compounds, blood samples were
immediately centrifuged, and the serum was separated,
frozen in liquid N, and stored at —70°C for subsequent
biochemical analysis in a 24h period. Biochemical
determination of glucose, urea and urate concentrations
was performed in serum using commercially available
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spectrophotometric assays (Labtest, Minas Gerais, Brazil).
Lactate and ammonia concentrations were measured
using an enzymatic UV method (Randox, Crumlin, TUK)
on a Dade Model Dimension RXL Automated Chemistry
Analyzer (Dade Behring, Eschborn, Germany).

Statistical analyses were performed using SigmaStat
version 3.5 for Windows (Systat Software Inc., San Jose,
CA, USA). To decrease individual wariability, data were
normalised 0 Omin values. After testing for normality
(Kolmogorov—Smirnov) and equality test variance (Levene
median), the changes in the variables between time points
were analysed by a one-way ANOVA, and the group
changes were evaluated by a two-way ANOVA for repeated
measures. Significance (P<005) was confirmed using the
Tukey post boc test. Data are presented as means with
their standard errors. The area under the curve for blood
ammonia data for each individual in each treatment was
determined using the following equation:

AUC=4(Ti+=1=T) =054 =1 = ANT; = 1—=T;).

assuming that the ammonia level at baseline corresponds
o the resting ammonia level and where AUC is the area
under the curve, 4 is ammonia and T is time.

Results

A 120 min cycling session was employed to evaluate the
effect of KAAA on blood ammonia concentration. The
resting ammonaemia, before exercise and after supplemen-
mtion, was elevated (approximately 90 pmol/) in both
groups, and ammonia concentration increased up to a
maximum of 35% above baseline levels in response to
exercise in the LEx group (normalised values) at 60, 90
and 120min (P<0001). In contrast, ammonia concen-
tration was not increased (approximately 17%) in the
KEx group at 60, 90 or 120min. The KEx group actually
experienced an approximately 18% decrease in ammonia
concentration at 60 min (P=0-040) and 90 min (P=0049)
compared with the LEx group. The area under the curve
of the KEx group was 12% smaller than that of the LEx
group. Ammonia concentrations in the LEx group returned
to baseline levels at 150min (30 min into the recovery
period). The KEx group demonstrated a greater decrease
in ammonaemia (approximately 20%) compared with
the LEx group at 150min, reaching levels significantly
lower than those of the control after 1h of recovery
(P=0-022; Fig. 1(a)).

To evaluate the effect of KAAA on urea synthesis, we
measured the blood urea concentration. Both groups had
a significant increase in blood urea levels in response to
exercise (approximately 35% at 120min; P<<0-001). Even
after a 60 min recovery period, the levels of urea remained
constant (Fig. 1(b)).

To differentiate the ammonia produced by AMP deami-
nation from that produced by amino acid deamination,
we measured blood urate levels. Resting urate levels

were equivalent in both groups and remained statistically
unchanged in the KEx group up to 90min. In contrast,
the blood urate levels increased by approximately 16% at
90 and 120min in the LEx group. Urate levels remained
constant from the end of the exercise period throughout
the recovery period (Fig. 1(c)).

To understand the role of KAAA in gluconeogenesis, we
measured the blood glucose level during the exercise and
recovery periods. No observable difference in glucose
levels was found during the trial time between the different
groups. An increase in the lactate level was observed
during the first 30min of exercise in both groups, with
no difference berween the groups (Fig. 1(d)).

Discussion

For several years, it has been accepted that KAAA are
able to prevent nephrotoxicity, delaying the necessity for
dialysis in patients with chronic nephropathies“j}.
Therefore, we investigated the effect of KAAA on exercise-
induced ammonia production.

Ammonia production in muscle may be due to the
depletion of glycogen stores and the deamination of both
AMP and amino acids™®'® A low-carbohydrate  diet
increases the production of ammonia during exercise”?’,
Furthermore, it is acknowledged that excessive protein
intake leads to increased ammonaemia, and ammonia is
metabolised o urea by the liver”™ " In the present
study, we used a ketogenic diet (with 10% of energy
from carbohydrates and 35% from protein) to decrease
the availability of glycogen in the liver and muscle and to
increase the availability of amino acids to supply energy.
Exercise intensity is the key point in this type of metab-
olism because increases in exercise intensity increase the
rate of AMP deamination, leading to the release of more
ammonia into the bloodstream.

Although both studied groups were ammonaemic at base-
line due to the ketogenic diet (approximately 90 pmol/1),
and although we know that ammonia is critical to the patho-
genesis of hepatic encephalopathy and brain oedema,
dinical observations have not shown a consistent corre-
lation between the concentration of ammonia in the blood
and symptoms of hepatic encephalopathy{z"“z]}_

NH; concentration increased in response to exercise in
the LEx group, and this effect was reduced by the admini-
stration of KAAA The supplement also kept the blood
ammonia level lower during the recovery period. These
effects may be due to the anaplerotic action of KAAA
entering directly into the Krebs cycle as intermediates or
due to the chelation of ammonia by the keto analogues.
Additionally, KAAA may increase glucose availability via
gluconeogenesis. In the present study, we did not
detect any changes in glucose levels during exercise
or as a result of KAAA supplementation. In addition,
blood lactate concentration fluctuated similarly in both
groups. These data may suggest that ammonia production
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Fig. 1. Acute keto analogue and amino acid (KAAA) supplementation affects the ammonia and urate levels but not the urea level, the glucose level or lactate
metabolism. Athletes exercised for 2h after KAAA supplementation (experimental group (KEx), O) or contral supplementation (LEx, ®). Mote that the lactate
values were KEx (J) or LEx (M). (a) Ammaonia: resting values were KEx 84.31 (sem 6-86) pmoll and LEx B4.36 (sem 5-06) umoll; (b) urea: resting values wera
KEx 17-25 (zew 1.84) mmoll and LEx 1647 (=zew 1.78) mmol'; (c) urate: resting values were KEx 285.51 (sew 20.47)pmol/l and LEx 283.25 (senw 18.24) pmoll;
(d) glucose: resting values were KEx 4.72 (sex 0.17) mmoll and LEx 524 (zew 0.-18) mmol'l; lactate: resting values were KEx 1.70 (gem 0.08) mmoll and LEx
182 (sEm 0-15) mmol/l. The Omin values for the five metabolites did not differ between the two groups. Values are means, with standard errors represented
by vertical bars; data were normalised to individual Omin values (100%:). * Mean values ware significantly different fram Omin within the group. T Mean values
were significantly different fram 30 min within the group. 1 Mean values were significantly different from 150 min within the group. § Mean values were significantly
different fram 180 min within the group; || Mean values were significantly different between treatments (P=<0.05).

related to the ingestion of KAAA is not decreased by
gluconeogenesis.

Previous studies have shown that KAAA supplemen-
tation can effectively decrease blood urea levels after
long-term usage"in}_ In the present study, in which
acute supplementation of KAAA was used in the presence
of a high basal concentration of urea, exercise increased
blood urea levels similarly in both groups. During a low-
energetic state, the ATP:ADP ratio decreases in muscle,
and myokinase is activated to synthesise ATP. This process
leads to an increase in both AMP deamination and urate
synthesis rates®, However, while AMP
appears to be inhibited during the initial phase of intense
exercise, it is pronounced during the recovery period{z“}.
In the present study, acute KAAA supplementation delayed
the increase in blood urate concentration during prolonged
exercise. Our data suggest that the effect of KAAA during
exercise is not primarily due to ammonia removal via the
synthesis of urea but rather to the carbon bodies used to
produce ATP.

The KAAA supplement is a mixure of glucogenic and
ketogenic amino acids. Thus, this supplement may

deamination

promote anaplerosis via different Krebs cycle intermediates.
In addition, it has been described previously that KAAA
supplementation does not increase the insulin response,
an important goal in exercise supplementation 0,

In a recent study, we emploved KAAA as a supplement
to modify amino acid metabolism and ammonia biogenesis
during resistance exercise in an animal model® . In the
present study, we confirmed that when using a ketogenic
diet to promote metabolic stress, the acute use of a mixture
of amino acids and keto acids in acute supplementation
can diminish the increase in ammonaemia caused by
endurance exercise in humans. Due to the high amount
of amino acids in the diet used in the present study, this
effect seems to be due more o the presence of keto
acids in the supplement than o a contribution from an
acute intake of additional amino acids.
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CAPITULO IV: Caffeine affects the ammonemia response in athletes during

prolonged exercise under ketogenic conditions.
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both groups at rest and during exercise. Our results suggest that the use of caffeine may
attenuate the increased ammonemia that occurs during exercise and ketogenic diet because
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Introduction

Caffeine is a 1,3,7-trimethylxanthine metabolised in the liver and the primary metabolic
pathways involve demethylation reactions to form three dimethylxanthines: paraxanthine,
theobromine, and theophylline [1]. The xanthine is a psychoactive drug and probably one of
the most commonly used stimulants in sports because of its low cost and minimal side
effects [2,3]. The performance improvement occurs with administration of oral doses ranging
3-9 mg.Kg™', especially in prolonged exercise, which can be explained, for various organic
mechanisms [4,5]. The most physiologically relevant mechanism of action is probably the
blockade of adenosine receptors, but evidence suggests that, at least under certain
conditions, other biochemical mechanisms may also be operational, such as: mobilization of
free fatty acids (FFA) from adipose tissue, resulting in higher rates of fat oxidation and
sparing of muscle glycogen [1,5].

Ammonia (used here as a synonym for the sum of NHz and NH.") is highly toxic to humans
and can cross the blood-brain barrier, which leads to a decrease in cerebral function,
neuropsychiatric disorders, and death [6,7]. Ammonia-mediated excitotoxicity has been
implicated in the mediation of central nervous system damage [8]

Data obtained from exercise studies have been used to elucidate the effects of
hyperammonaemia. Several investigations have demonstrated that increased ammonaemia
production occurs during various types of exercise [9-12]. During prolonged sub-maximal
exercise a rise in ammonaemia concentration (160 pmol/L) was observed in various studies
[13,12] The consensus view is that the production of ammonia during exercise occurs via a
combination of both AMP deamination and catabolism of amino acids, which are activated in
an intensity and duration dependent manner [7] It has been suggested that ammonia
promotes both central and peripheral fatigue and that better control of ammonia production
will improve exercise performance [14]. The relationship between the effects of caffeine on
performance and amonemia not been studied.

Furthermore, although ammonia has been shown to be produced by BCAA catabolism,

independent of glycogen availability [15] various studies have Inked ammonia formation to
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carbohydrate availability [9,16] A low carbohydrate diet (termed a ketogenic diet) combined
with physical exercise can reduce glycogen stores and induce hyperammonaemia [17,18]
We used this metabolic effect of a ketogenic diet to enhance the effect of exercise on
ammonia production.

In the present study, we evaluated the effect of caffeine supplementation on ammonia

production during prolonged exercise.
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Materials and methods

Thirteen male endurance-trained cyclists aged 18 to 36 years (27.8 £ 2.3 years; 7042 £ 1.9
kg; 1.77 £ 0.01 m; VOsmay 54.6 = 1.8 mL/kg™/min™' and maximum heart rate (HRma,) 192.14 =
2.35; mean t SE) participated in the study woluntarily. All subjects had similar physical
capabilities and a minimum of three years of training. They had not used ergogenic
substances or any other drugs. This study was approved by the Ethics Committee for Human
Research at the Federal University of the State of Rio de Janeiro.

Athletes reported to the laboratory three days before the experimental trial (D-3) to become
habituated with the cycle ergometer and to optimize the power output. Subjects received an
individualized ketogenic diet (35% of the recommended energy intake frem proteins; 55%
from lipids; and less than 10% from carbohydrates; see [19] for a review on the effects of a
low carbohydrate diet on metabolism) for two days before (D-2; D-1) and during the
experimental day (DQ) .

Subjects were asked to maintain their normal training schedule (~70 km per day) and to
follow the ketogenic diet up to 48 h (normal training and ketogenic diet was used to reduce
muscle glycogen stores and induce ammonaemia) before the experimental day. On the
experimental day, the subjects reported to the laboratory in a fasting state and received
breakfast (T-360) and a light lunch (T-120). One hour after lunch (T-80), the subjects
received either 5mg.Kg” body weight of caffeine (CEx; n = 7) or lactose (LEx; n=7) in a
random double-blind manner. Each of the two types of supplement was provided in
indistinguishable capsules (Figure 1).

Before the experimental trial, initial stretching was followed by a warm-up of 10 minutes at
50% of the HRmax. The experiment began one hour after supplementation and athletes
cycled indoors for two hours at 80 revolutions per minute (rpm) according to a metronome in
a room with a constant temperature and relative humidity (23 + 2 °C and 60 + 5%,
respectively). HR was recorded continuously throughout the exercise using a HR monitor

(Polar CS200, Kempele, Finland). The power output was modified for each individual every 5
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min so that the athletes maintained 75% to 85% of their estimated HR .o, (~180.15 £ 1.13 W,
~157.35 + 2.41 beats.min”'; mean + SE, respectively).

A catheter was placed into the medial cubital vein. Blood samples were obtained at rest (TO)
and at thirty-minute intervals throughout the exercise period (T30, T80, T90, T120). Finally,
blood samples were collected during one hour of recovery period every thirty-minute intervals
(T150, T180). Athletes received water ad libitum during the trial.

Blood samples were analyzed after collection. To avoid the loss of volatile compounds, a
portion of the blood samples were immediately centrifuged, and the sera was separated,
frozen in liquid nitrogen, and stored at -70°C for subsequent biochemical analysis. The
remaining blood sample was stored for hematological analysis. Biochemical analyses of
glucose, urea and urate concentration were performed using commercially available
spectrophotometric assays {(Labtest, Minas Gerais, Brazil). Lactate and ammonia were
measured using enzymatic UV method {(Randox, Crumlin, United Kingdom) on a Dade Model
Dimension RXL Automated Chemistry Analyzer, and hematologicals were analyzed using a
Sysmex SE-9500 Automated Hematology Analyzer.

To decrease individual variability, the data were normalised to the 0 min values. The data
changes between time points were analyzed by one-way ANOVA. Group changes were
evaluated by two-way ANOVA for repeated measures. Significance (P<0.05) was confirmed
using the Tukey post hoc test. The data are presented as the mean £ SE. The area under
the curve (AUC) for the blood ammonia data for each individual in each treatment was
determined using the following equation:

AUC = Ai (Ti+1 — Ti) + 0.5(Ai+1 — Ai) (Ti+1 — T)

assuming resting ammonia data as the baseline, and where A is ammonia and T is time.
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Results

A 120-min cycling session was employed to evaluate the effect of caffeine on blood ammonia
concentration. Ammonemia rest was high (~90 pmol/) in both groups and increased up to
35% in response to exercise in LEx. No significant increase in ammonemia was detected in
the CEx group. The CEx group showed a significant decrease ammonemia 60 min (P =
0.001), 90 min (P = 0.013), 120 min (P = 0.004) and 180 min (P = 0.045) compared with
group LEx. The AUC from the supplemented group was 14% smaller than the control group.
The ammonia concentrations in the LEx group returned to the baseline levels at 150 min.
The CEx group demonstrated a significantly greater decrease in ammonemia (~20%)
compared to LEx at 150 min, reaching levels significantly lower after 1 h of recovery (Figure
2A).

To evaluate the effect of caffeine on urea synthesis, we measured the blood urea
concentration. Both groups showed a significant increase (~ 35%) of blood urea levels in
response to exercise after 120 min of exercise, but with a higher concentration of blood urea
LEx apparent in the group, with 60-80 min of exercise (Figure 2B).

To differentiate the ammonia produced by AMP deamination from amino acid deamination,
we measured blood urate levels. Resting urate levels were equivalent in both groups and
remained statistically unchanged in the KEx group throughout of the exercise period (Figure
2C).

To understand the effect of caffeine on glycemia maintenance, we measured glycemia during
the exercise and recovery pericds. Glucose was not altered either during exercise or
between groups (Figure 3A). An increase was observed in blood lactate during the first 30
min of exercise in both groups, but group CEx showed higher lactate production during

exercise, especially after 60 min of exercise (P = 0.026) (Figure 3B).
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Discussion

The benefits of caffeine on endurance performance are well established in human models,
even under adverse conditions [20,21]. Of the mechanisms purported to explain the
beneficial effects of caffeine supplementation, recent findings support a CNS response
mediated by antagonism of adenosine receptors, but other biochemical mechanisms may
also be operational [1,5]. On the other hand, it is widely reported that ammonia production
increases during exercise and that ammonia could be a deleterious metabolite that promotes
fatigue [14,7]. Further, a low carbohydrate diet increases the production of ammonia [22].
Therefore, we investigated the effect of caffeine on exercise-induced ammonia production.
The relationship between ammonia formation and carbohydrate availability has been
investigated [17]. Ammonia production in the muscle may be due to the depletion of glycogen
stores and the deamination of AMP [17,23]. Furthermore, it is acknowledged that excessive
protein intake leads to increased generation of ammonaemia, and ammonia is metabolized
to urea by the liver [B]. In this study, we used a ketogenic diet (with 10% from carbohydrates
and 35% from proteins) to decrease the availability of glycogen in the liver and muscle and
increase the availability of amino acids to supply energy. The coingestion of caffeine (5.3
mg.kg™") with carbohydrate during exerdse enhanced time trial performance lasting
approximately 45 min by 4.6% compared with only carbohydrate and 9.0% compared with
water placebo. However, caffeine did not influence exogenous carbohydrate oxidation or
glucose kinetics during 105-min steady-state cycling at 62% VOz,..[24].

Although basal ammonaemia was high in both studied groups due to the ketogenic diet (~80
pmol/L) and we know that ammonia is critical to the pathogenesis of hepatic encephalopathy
and brain edema, clinical observations did not show a consistent correlation between the
concentration of ammonia in the blood and symptoms of hepatic encephalopathy [25]. The
levels are higher than levels commonly seen in healthy subjects at rest (20-80 pmol/L) [15].
The ammonia concentration increased in response to exercise in the control group, and this
effect was reduced by administration of caffeine. The supplement also increased ammonia

clearance in the blood during the recovery period. These effects may be due to the
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mobilization of free fatty acids from adipose tissue, resulting in higher rates of fat oxidation
and sparing of muscle glycogen.

In the present study, we did not detect any changes in glycemia during exercise or as a
result of caffeine supplementation. In addition, the blood lactate concentration, fluctuated
similarly in both groups but caffeine group showed higher lactate production during exercise.
These data demonstrate that caffeine can promotes higher rates of sparing of muscle
glycogen and and consequently decreases ammonemia during exercise.

Although there is very little evidence to support the hypothesis that caffeine has effects as a
result of enhanced fat oxidation [26], it is has been commonly proposed to enhance exercise
capacity, among others, by promoting fat oxidation and inhibiting carbohydrate oxidation.
This action has been suggested to result in a reduced dependence on muscle glycogen
stores, and the glycogen sparing then promotes increased endurance (5,20).

It seems that caffeine promotes an inhibition of conversion of glycogen phosphorylase b
(inactive form) to glycogen phosphorylase a (active form), resulting in less degradation of
glycogen in both muscle and in liver glycogen resulting in higher rates of sparing of muscle
glycogen. Furthermore, caffeine appears to inhibit the activity of phosphodiesterase
isoenzymes, producing an accumulation of intracellular cAMP and thereby potentiating the
stimulation of adenylyl cyclase. This action, stimulate protein kinase A to promote cellular
responses such as fat oxidation[5].

In the study, even in the presence of a high basal concentration of urea, exercise increased
blood urea levels similarly in both groups. This result elucidates the source of ammonia
production because urea is the primary route of ammonia excretion in humans. An increase
en urea synthesis has been found in rats administered large doses of caffeine, but this
increase appeared only after some days of caffeine treatment [27,28]..

Our data suggest that the effect of caffeine as a ergogenic aid during exercise may be due to

reduction amonemia and consequent reduction in central fatigue and/ or peripheral.
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Figure 1. Experimental design. Cyclists were subjected to habituation and received an
individualized dietary prescription (D-3). Two days before the experimental day (D-2; D-1),
the subjects followed a ketogenic diet and normal training. On the experimental day (DQ),
cyclists received breakfast (T-360) and lunch (T-120) in accordance with the ketogenic diet.
Supplement (CEx or LEx) was administered 60 min before the trial (T-60), and the athletes
exercised for two hours (TO to T120) and recovered for 60 min (T150 and T180). Blood was
collected before, during, and after exercise.

Figure 2. Acute caffeine supplementation affects ammonia, urea and urate
metabolism. Athletes exercised for two hours after caffeine supplementation (CEx, o) or
control supplementation (LEx, »). Note that graph values were normalized (mean + SE) to
the pre-exercise values (0 min; 100%). (A) Ammonia: resting values were CEx = 96.33 &
9.30 pmol/L and LEx = 84.36 + 9.06 pmol/L; (B) Urea: resting values were CEx = 18.46 t
0.83 mmol/L and LEx = 16.47 + 1.79 mmol/L; (C) Urate: resting values were CEx = 293.25 +
24.65 pmol/L and LEx = 293.25 + 19.24 pmol/L. 0 min values for the three metabolites did
not differ between the two groups. * denotes a difference from O min within the group; t
denotes a difference from 30 min within the group; 1 denotes a difference from 150 min
within the group; § denctes a difference from 180 min within the group; || denotes a
difference between treatments (P<0.05).

Figure 3. Acute caffeine supplementation affects glucose and lactate metabolism.
Athletes exercised for two hours after caffeine supplementation (CEx, <) or control
supplementation (LEx, e). Note that lactate values were CEx (o) or LEx (m) and graph values
were normalized (mean + SE) to the pre-exercise values (0 min). (A) Glucose: resting values
were CEx = 5.16 + 0.25 mmol/L and LEx = 5.24 + 0.18 mmol/L; and (B) Lactate: resting
values were CEx = 1.97 + 0.14 mmol/L and LEx = 1.92 + 0.15 mmol/L. 0 min values for the
two metabolites did not differ between the two groups. * denotes a difference from 0 min
within the group; T denotes a difference from 30 min within the group; T denotes a difference
from 150 min within the group; § denctes a difference from 180 min within the group; ||

denotes a difference between treatments (P<0.05).

64



*Title page (including all author details and affiliations)

Caffeine affects the ammonemia response in athletes during prolonged exercise under
ketogenic conditions

Running head: Caffeine reduce ammonemia in exercise

Eduardo Seixas Prado'?%*

José Melqguiades de Rezende Neto?
Rosemeire Dantas de Almeida'?*

Marcela Garcez Déria de Melo®

Luiz-Claudio Cameron'2¢

1Laboratory of Protein Biochemistry — Federal University of State of Rio de Janeiro - RJ

Av. Pasteur, 296, Urca, Rio de Janeiro, Brazil

“Institute of Genetics and Biochemistry — Federal University of Uberlandia — MG

Av. Para, 1720, Umuarama, Uberlandia, Brazil

*Biological and Health Sciences Center - Tiradentes University — SE

Av. Murilo Dantas, S/N, Farolandia, Aracaju, Brazil

“Poet Jo#o Freire Ribeiro School — Sergipe Secretary of Education— SE

Av. Nacdo, S/N, Jardins, Aracaju, Brazil

sDepartment of Clinical Biochemistry — Govemor Jo&o Alves Filho Hospital

Av. Presidente Tancredo Neves, 7501, Novo Paraiso, Aracaju, Brazil

®Graduate Program in Human Movement Science — University Castelo Branco — RJ — Brazil
Rua da Quitanda, 71, Centro, Rio de Janeiro, Brazil

Mailing Address:

Prof. L. C. Cameron

Laboratory of Protein Biochemistry

Federal University of State of Rio de Janeiro.

Av. Pasteur, 296, Urca, Rio de Janeiro, Brazil

Telephone: +55 21 25425280

CEP 22290-240

cameron@unirio.br

65



Cover Letter

Professor Gregory Kolt
Editor-in-Chief

Journal of Science and Medicine in Sport

Dear Editor,

Please find enclosed the manuscript entitled “Caffeine affects the ammonemia response in
athletes during prolonged exercise under ketogenic conditions” by Prado et al. for
publication in Journal of Science and Medicine in Sport. This manuscript contains original
material that has not been previously published and is not currently under consideration
elsewhere. In addition, the manuscript will not be submitted elsewhere until a final decision has
been made by the journal.

We studied a low-carbohydrate ketogenic diet and exercise as a hyperammonaemia model in
order to understand the role of the association of caffeine supplementation in ammonia
metabolism.

Previous results from our laboratory showed that both glutamine and carbohydrates protect
against an increase in ammonia levels in the blood (Carvalho-Peixoto et al., 2007 - Appl
Physiol Nutr Metab), and that glutamine and alanine function distinctly in metabolism in an
exercise intensity-dependent way (Bassini-Cameron et al., 2008 - Br J Sports Med). In parallel,
we attempted to clarify the kinetics of muscle injury and its relation to white blood cells
(Bassini-Cameron et al., 2007 and Bessa et al., 2008 — Br J Sports Med; Lazarim et al., 2007 -
J Sci Med Sport; Gongalves et al., 2010 — Amino Acids - submitted). Indeed two of our papers
were recently quoted in a Wilkinson and colleagues review (Ammonia metabolism, the brain
and fatigue; revisiting the link. Wilkinson DJ, Smeeton NJ, Watt PW. Prog Neurobiol. 2010).

“Since the publication of the original ideas by Banister and colleagues, few
researchers have attempted to fully substantiate this theory. Of the studies which
have been performed, the majority have either investigated the production and
metabolism of ammonia within the periphery (Spodaryk et al., 1990; Graham et al.,
1993, 1995b; Rush et al., 1995; Esbjornsson-Liljedahl and Jansson, 1999; Snow
et al., 2000; Mohr et al., 2006), or investigated the link between attenuation of
ammonia production during exercise and performance (Denis et al., 1991; Eto et
al., 1994; Carvalho-Peixoto et al., 2007; Bassini-Cameron et al., 2008). In light
of this, it is unsurprising that the ammonia fatigue theory has not remained at the
forefront of research interest. However, the findings presented in some more
recent literature may warrant the link between ammonia, the brain and fatigue to
be revisited.”

Here, we attempted to elucidate caffeine supplementation and the protection it confers in
ammonia production. Since ammonia is toxic to the nervous system, studying protection
against increases in ammonia due to exercise can identify ways to improve athletes’
performance and facilitate the elucidation of therapeutic targets. Therefore, we believe that the
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present study contributes important data to our understanding of metabolism, and that these
findings could be helpful for the development of future therapies. This knowledge could also be
used for caffeine supplementation during hyperammonaemic states.

The present research was conducted with written consent from the subjects, who were
instructed about the nature of and the procedures used in this study, thus meeting the
requirements for carrying out research in human subjects (National Health Council, Brazil,
1996), and was approved by the Human Research Committee of the Universidade Castelo
Branco. The manuscript meets all points of the Journal's guidelines and has not conflict of
interest. In addition, we declare that the manuscript has not been submitted to any other
journal and that all authors have read and approved the final version of the manuscript and
made significant contributions to the study.

We sincerely believe that our work is in accordance with the scope of Journal of Science and
Medicine in Sport and that it is acceptable for publication as a original research papers due to
the importance of these findings.

Sincerely yours,
L. C. Cameron, Ph.D.

Professor
cameron@unirio.br
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Consideracgdes Finais

Os achados encontrados neste estudo, demostraram que a suplementacéo de
cetoanalogos, interfere na amoniogénese reduzindo a velocidade de aparecimento
da aménia no exercicio de forca e resisténcia. Portanto o0 aumento da sintese de
ATP, promovendo maior carga energéetica celular minimizando os riscos de
desencadeamento de fadiga periférica e central. Além disso, alterou as
concentracbes de metabdlitos associados a amoénia, sugerindo novas perspectivas

de estudos para alvos terapéuticos.
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