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JANUARIO, Renata Selvatici Borges. Suplementacdo aguda de L-citrulina em
humanos: implicac6es na capacidade de realizar exercicio fisico maximo. 2018. 83
f. Tese (Doutorado em Educacdo Fisica) — Universidade Estadual de Londrina,
Londrina, 2018.

RESUMO

A citrulina (CgH13N303), aminoacido ndo protéico e neutro, tém despertado o
interesse da comunidade clinica e académica, devido aos seus efeitos de
importancia biolégica no ambito da saude. A citrulina tém despertado ainda o
interesse de pesquisadores no contexto do exercicio fisico. Atuando como agente
ergogénico, a suplementacao de citrulina parece otimizar a capacidade para realizar
exercicio fisico em humanos, primariamente por mecanismos de acdo associados
com a producéo de arginina e 6xido nitrico, o qual, por sua vez, regula vérios efeitos
fisioldgicos no organismo, como tonicidade vascular, contratilidade muscular,
biogénese e respiragdo mitocondrial, homeostase de célcio e glicose, entre outros.
Apesar de seus vantajosos mecanismos de acao, em certos casos, a citrulina parece
ndo otimizar a capacidade para realizar exercicio fisico em humanos. As razdes para
estas incertezas a respeito de seus efeitos ergogénicos no contexto do exercicio
fisico sdo, todavia, pouco claros, mas podem depender, pelo menos parcialmente,
das dosagens de citrulina usadas nos estudos precedentes. Para examinar tal
hipotese, elaborou-se a presente proposta, composta por dois manuscritos
cientificos originais. O primeiro manuscrito examinou os efeitos de diferentes doses
da suplementacdo aguda de citrulina sobre a capacidade de realizar exercicio fisico
— e suas respostas fisiologicas associadas - em adultos jovens, fisicamente ativos.
Em suma, os achados deste estudo mostraram que a suplementacdo aguda de
citrulina ndo afetou a capacidade de realizar exercicio fisico — e suas respostas
fisioldgicas associadas — em humanos, independentemente da dose administrada.
Mudancas na [arginina] plasmaética, todavia, parecem ser dose-dependente. O
segundo manuscrito, por sua vez, examinou, de modo detalhado, os efeitos
fisioldgicos associados com diferentes doses da suplementacéo de citrulina durante
exercicio fisico com cargas incrementais (rampa) em ciclo ergdbmetro, com énfase
em respostas dindmicas do consumo de oxigénio pulmonar e (des)oxigenacao
muscular. Em suma, a suplementacao aguda com citrulina foi incapaz de otimizar os
processos fisioldgicos entre disponibilidade e utilizacdo de oxigénio pela musculatura
ativa durante exercicio fisico com cargas incrementais (rampa) em humanos.

Palavras-chave: Oxido nitrico. L-citrulina. L-arginina. Exercicio fisico.



JANUARIO, Renata Selvatici Borges. Acute L-citrulline supplementation in
humans: effects on maximal exercise performance. 2018. 83 p. Thesis (Doctoral
Degree in Physical Education) — Universidade Estadual de Londrina, Londrina, 2018.

ABSTRACT

Citrulline (CgH13N303), a non-protein and neutral amino acid, has been focus of
basic, applied, and clinical research over the last few years. In the exercise context,
citrulline might have potential ergogenic effects in humans, probably because of its
mechanisms of action related to arginine and nitric oxide pathways, which, in turn,
are responsible to regulate, at least in part, a number of physiological processes such
as vascular tone, cellular calcium handling, skeletal muscle glucose uptake,
mitochondrial respiration, muscle contractilly and neurotransmission. Despite its
potential ergogenic effects, a number of studies have failed to report any changes in
physiological responses as well as improvements in exercise performance following
chronic or acute supplementation with citrulline. The reasons are unclear, but
obviously may be related to dose regimens. To examine this hypothesis, the current
doctoral thesis was composed by two original manuscipts. The first study was
designed to examine the acute effects of different oral doses of L-citrulline on plasma
L-arginine and L-arginine avaliability, physiological responses to exercise and
exercise performance, compared with energy-matched placebo, in a group of
moderately trained young adults. In summary, this study showed that acute
supplementation with L-citrulline does not modify physiological responses or improve
exercise tolerance during a non-steady-state, incremental ramp exercise in
moderately trained young adults. However, Wmax and time to fatigue were
significantly correlated with A in plasma [L-arginine], suggesting a potential indirect
role of plasma [L-arginine] avaliability on exercise performance in humans. The
second study, in turn, was designed to examine the acute effects of supplementation
with citrulline on the regulation of both Qn, and VO2, that across exercise intensities
in humans. In summary the results of this study showed that acute supplementation
with L-citrulline does not influence the dynamic adjustment of oxygen delivery and
oxygen utilization as well as on the pattern of deoxy-[Hb + Mb] during ramp or
incremental step exercise in humans.

Keywords: Nitric oxide. L-citrulline. L-arginine. Exercise.
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1 INTRODUCAO

Numerosas terapias capazes de estimular a producdo de o6xido
nitrico no organismo humano foram propostas nas ultimas décadas (VANHOUTTE et
al., 2016). O oxido nitrico, sintetizado pela conversao de nitrato e nitrito (LUNDBERG
et al., 2009) e/ou pela oxidacdo da arginina em uma reacédo catalisada por enzimas
oxido nitrico sintetase (ZHAO et al., 2015), controla numerosos efeitos fisiolégicos no
organismo, incluindo tonicidade vascular, contratilidade muscular, homeostase de
calcio e glicose, biogénese e respiracdo mitocondrial, dentre outros (STAMLER et
al.,, 2001; COOPER et al., 2007). A suplementacdo dietética com nitrato ou
compostos ricos em nitrato, como 0 suco de beterraba, por exemplo, estimula a
formacéo de Oxido nitrico e promove efeitos de importancia biologica (BAILEY et al.,
2012), como uma reducédo na tonicidade vascular (SIERVO et al., 2013), tornando-se
uma estratégia terapéutica de relevancia no ambito clinico. A suplementacao
dietética de nitrato - ou compostos ricos em nitrato - também promove efeitos
notaveis no contexto do exercicio fisico (JONES, 2014). De fato, a suplementacao
aguda ou crbnica de nitrato resulta em uma melhor eficiéncia e maior tolerancia ao
esforco fisico em humanos (LARSEN et al., 2007, 2011; BAILEY et al., 2009, 2010;
LANSLEY et al., 2011). A suplementacdo com arginina, um conhecido precursor do
oxido nitrico, opostamente, possui resultados contraditérios na literatura cientifica no
que se refere ao seu papel como agente preventivo (SHAH et al., 2007), terapéutico
(DONG et al., 2011), ou mesmo ergogénico (ALVARES et al.,, 2011). Embora as
razdes para tais achados constrastantes permanecam ainda incertas, sabe-se que,
particularmente no contexto do exercicio fisico, um aumento na formacdo de 6xido

nitrico estimulado pela suplementacédo de arginina causa uma melhora na eficiéncia



e na tolerancia ao esforco fisico (SCHAEFER et al., 2002; BAILEY et al., 2010);
contudo, a incapacidade de aumento na formacdo de Oxido nitrico torna a
suplementacédo de arginina indcua como um agente ergogénico (BESCOS et al.,

2009; KOPPO et al., 2009; LIU et al., 2009; VANHATALO et al., 2013).

Para exercer seus efeitos ergogénicos, a suplementacao de arginina deve enfrentar
uma seérie de obstaculos, incluindo os diversos processos de degradacdo e
eliminacdo pré-sistémicos e sistémicos. De fato, estima-se que ~40% da arginina
ingerida por via oral é catabolizada por bactérias e enzimas arginases no trato
digestorio (CASTILLO et al., 1993), enquanto ~10-15% da substancia sofre ainda
metabolizacdo pelo figado (O’SULLIVAN, et al., 1998; MORRIS JR 2016). Além dos
obstaculos referentes ao processo digestivo, outro desafio ocorre na circulacao
sistémica, onde a arginina compete pelo carreador y* com seus analogos e a
dimetilarginina assimétrica, reduzindo assim a sua captacéo tecidual (CLOSS et al.,
1997). Talvez por tais motivos, especula-se que apenas ~1% de uma dose oral de
arginina € usada como substrato para as enzimas 6xido nitrico sintetase (BAGER et
al., 2004). Dessa maneira, pode-se acreditar que a suplementacéo oral de arginina,
aguda ou crdnica, ndo é um tratamento eficaz para se estimular a formacéo de 6xido

nitrico em humanos.

Diferentemente da arginina, a suplementacao de citrulina, um aminoacido neutro e
nao protéico, € apontada como uma estratégia eficaz para aumentar a producao de
oxido nitrico em humanos. Especificamente, a citrulina € formada como um produto
final da atividade da familia de enzimas Oxido nitrico sintetase (MORRIS JR 2016); a

citrulina gerada, entdo, pode ser transformada em arginina na circulacdo sistémica



pelo ciclo do 6xido nitrico, em um processo denominado sintese de novo da arginina
(PASTOR et al., 1995). Cabe notar que, em termos metabdlicos, a citrulina possui
uma enorme vantagem sobre a arginina. Atuando como uma forma oculta de
arginina, a citrulina ultrapassa o figado, pois o tecido hepatico € incapaz de capturar
0 aminoacido na circulacdo porta (WINDMUELLER; SPAETH, 1981). A citrulina,
entdo, é convertida em arginina pelos rins, liberando-a na circulagdo sanguinea para
atuar nos diferentes tecidos corporais (MORRIS JR, 2016). Cabe notar ainda que a
citrulina possui carreadores genéricos, dessa maneira, ndo competindo pelo
carreador y* com dimetilarginina assimétrica e analogos de arginina (CLOSS et al,
1997). Tal vantagem metabdlica contribui para os achados de maior eficiéncia da
suplementacao oral de citrulina no aumento das concentragcfes plasmaticas (KUHN
et al., 2002; OSOWSKA et al, 2004) e teciduais (WIJNANDS et al., 2012) de
arginina, comparativamente a propria suplementacdo oral de arginina. De fato,
estudos recentes estimam que ingerir 3—6 g de citrulina resulta em um aumento de
cerca de 50% na concentracao plasmatica de arginina em adultos saudaveis e cerca
de 60% em pacientes hemofilicos (CURIS et al., 2007). Neste contexto, pode-se
assumir que suplementacdo oral de citrulina € um tratamento eficaz para se

estimular a formacéo de Oxido nitrico — e seu precursor, arginina - em humanos.

Nos ultimos anos, verificou-se um maior interesse da comunidade cientifica no
estudo — e uso - da citrulina como um potencial agente ergogénico no contexto do
exercicio fisico (BESCOS et al., 2012). De fato, a citrulina, pura ou combinado com
malato, um intermediario do ciclo tricarboxilico capaz de oxidar nutrientes para
formar ATP, pode otimizar a capacidade de realizar exercicio fisico em humanos

(BENDAHAN et al, 2002). Os mecanismos de acdo para os efeitos ergogénicos da
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substancia séo incertos, mas especula¢cdes existem (FIGUEROA et al., 2017). De
fato, as principais fontes para a citrulina plasmatica sdo, nomeadamente, arginina e
glutamina, ambas enormemente catabolizadas nos intestinos (BREUILLARD et al.,
2015), aléem da ingestdo exdgena de citrulina pelos alimentos (MOINARD et al.,
2008). Apods a formacgéo de arginina através da citrulina nos rins, parte da arginina
de novo é liberada na circulagdo sanguinea como um substrato para a formacéo do
oxido nitrico, o qual, conforme mencionado anteriormente, regula diversos efeitos
fisiologicos de relevancia impar no contexto do exercicio fisico (STAMLER et al.,
2001). Alem disso, sabe-se que a uréia € essencial na eliminacdo de nitrogénio
(amobnia) no figado. No ciclo da uréia, a arginina produzida através da citrulina é
catabolizada pela enzima arginase em dois compostos, ornitina e uréia. A
suplementacdo de citrulina parece aumentar a homeostase da amdnia
(BREUILLARD et al, 2015), causando, por conseguinte, um decréscimo na
concentracdo de amébnia na circulacdo sanguinea, um composto rotineiramente
associado com a fadiga muscular periférica — ocasionado por sua aumentada
ativacdo da glicélise anaerobica e producdo de &acido latico (SPRIET e

HARGREAVES, 2006; ALLEN et al., 2008).
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2 JUSTIFICATIVA

De modo surpreendente, a literatura cientifica possui achados contraditérios a
respeito dos potenciais efeitos ergogénicos da suplementacdo oral de citrulina em
humanos. De fato, em um estudo recente, CUTRUFELLO et al (2015) demonstraram
que a ingestdo aguda de citrulina (6 g) 1 - 2 horas antes de um teste de exercicio
fisico com cargas incrementais pouco afetou o consumo maximo de oxigénio
(VO2max) € 0 tempo até a exaustdo em adultos jovens, saudaveis. Ndo obstante,
verificou-se ainda nenhum efeito ergogénico da citrulina no limiar anaerobico,
sugerindo, por conseguinte, que o fornecimento de ATP para a demanda da
musculatura ativa através da glicolise anaerdbica pouco modificou-se, apesar do
especulado decréscimo na concentracdo de amoénia no sangue (BREUILLARD et al,
2015). Tais achados foram corroborados por outros estudos recentes (TARAZONA-
DIAZ, et al., 2013; CHURCHWARD-VENNE et al., 2014; KIM et al, 2015).
Opostamente, BAILEY et al. (2015) examinaram os efeitos de 7-16 d de
suplementacéo de citrulina (6g) sobre o consumo de oxigénio (VO,) e oxigenacio
muscular durante exercicio fisico moderado e vigoroso em homens adultos, ativos.
Os autores notaram que o VO, permaneceu inalterado durante exercicio fisico
moderado e vigoroso. Todavia, padrées diferenciados na oxigenacdo muscular,
mensurados por espectroscopia por infravermelho proximal, sugeriram potenciais
efeitos ergogénicos da suplementacdo de citrulina no desempenho fisico em
humanos (BAILEY et al., 2015), corroborando outros estudos recentes (BAILEY et

al., 2016; SUZUKI et al., 2016).
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A razao para tais achados contraditérios na literatura € incerta; contudo, obviamente,
diferencas na dosagem da administracéo da citrulina pode ter resultado em achados
controversos (MOINARD et al., 2008). Dessa maneira, a presente tese sera
elaborada para suprir tal lacuna literaria, determinando os potenciais efeitos de
diferentes doses de suplementacdo de citrulina sobre respostas dinamicas do
consumo de oxigénio pulmonar e oxigenacdo muscular durante esfor¢o fisico com

cargas incrementais em adultos jovens, fisicamente ativos.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Determinar os efeitos de diferentes doses da suplementacdo aguda de citrulina
sobre a performance e respostas dinamicas do consumo de oxigénio pulmonar e
oxigenacdo muscular durante exercicio fisico com cargas incrementais em adultos

jovens, ativos.

3.2 OBJETIVOS ESPECIFICOS

Estudo 1. Determinar os efeitos de diferentes doses da suplementacéo oral aguda
de citrulina sobre o desempenho (tempo até exaustdo e Wmax), respostas
metabolicas e de troca gasosa durante exercicio fisico com cargas incrementais em

adultos jovens, fisicamente ativos.

Estudo 2. Determinar os efeitos de diferentes doses da suplementacéo oral aguda
de citrulina sobre a relacdo entre disponibilidade e utilizacdo de oxigénio, via
respostas dinamicas do consumo de oxigénio pulmonar e hemodinamicos periféricos

em adultos jovens, fisicamente ativos.
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4 REVISAO DE LITERATURA

Nas ultimas décadas, a citrulina (CeH13N303) recebeu pouca atencéao
dos pesquisadores e profissionais na area da saude, muito provavelmente por nao
se tratar de um aminoacido proteico com reconhecidos efeitos preventivos e
terapéuticos. Mais recentemente, contudo, a citrulina vém despertando o interesse
da comunidade académica e clinica, revelando efeitos promissores no ambito da
saude em humanos. Neste sentido, a primeira parte desta revisédo de literatura busca
abordar as principais propriedades fisicas e quimicas da citrulina, proporcionando
uma maior compreensdo de seu metabolismo e mecanismo de acdo em sistemas
biolégicos em seres humanos e animais. As implicacdes deste aminoacido no
contexto das ciéncias da saude serdo brevemente destacadas. Finalmente, na
segunda parte desta revisédo de literatura, os efeitos da citrulina sobre a capacidade

para realizar exercicio fisico seréo elucidados.

4.1 PROPRIEDADES FiSICAS E QUIMICAS DA CITRULINA

A citrulina (registro CAS: 372-75-8) é um composto solido incolor em uma
temperatura e pressdo ambiente, com um ponto de fusdo registrado em 222°C.
Sendo um a-amino acido com um carbono assimetrico, possui dois enantiomeros.
Sua forma natural é a L (dextrogiro [0®°p] = 3.7°, com configuracdo absoluta S),
igulamente a muitos outros aminoacidos. A citrulina existe ainda como um sal, em
sua forma catiénica, como por exemplo o cloridrato de citrulina, outro composto em
dextrogiro [0?%] = 17.9° (TOFFOLI et al., 1987). Possui uma estrutura cristalina, com

complexas propriedades quimicas. De fato, possuindo uma massa molar de 175 g .
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mol™?, suas propriedades quimicas ndo resultam unicamente de sua funcdo
aminoacido, mas também do grupo ureido da cadeia alifatica que substitui o
carbono-a. Assim, devido a sua cadeia polar lateral, a citrulina é relativamente
hidrofilica, mas pouco solivel em metanol e etanol (possui um coeficiente de
particdo entre octanol e agua igual a log P =-3.19 + 0.11 (PLISKA et al., 1981). Em
termos de equilibrio acido-basico Brgnsted-Lowry, possui dois valores de pKa: 2,4
para o grupo acido carboxilico e 9,4 para o grupo amino, comuns a todos os
aminoacidos; o seu pKa, todavia, varia entre 2.1 e 2.4 para pKal e entre 8.6 e 9.7
para Pka2, dependendo das condicdes experimentais (STEGLISH et al., 2000).
Cabe notar que a citrulina é um diacido, e assim, considerando as suas micro-
acidezes, sua forma neutra predominante é a zwitteriana (> 99.9%; NOSZAL e
KASSAI-TANCZOS, 1991). Cabe notar ainda que em um pH alcalino, ambos os
grupos, acido carboxilico e amino, atuam como acido de Lewis, formando assim
complexos com cations metalicos, como o complexo ternario [Cu'(His)(Cit)]
(YAMAUCHI et al, 1979); o interesse biologico destes complexos, todavia, tem sido

questionado na literatura cientifica (CURIS et al., 2005).

A citrulina possui a reatividade comum de um membro da familia a-aminoacido,
sendo capaz de formar ligacbes peptidicas e incorporar-se em uma proteina,
tornando-a, por conseguinte, uma “proteina citrulinada”. A maior parte da reatividade,
contudo, deriva de seu grupo ureido terminal, o qual possui relacdo préxima com o
grupo funcional da arginina (TOFFOLI et al., 1987). A reatividade do grupo resulta de
seu atomo de carbono, fortemente eletrofilico, com eletrons atraidos pelos atomos
de nitrogénio e oxigénio na sua proximidade. Assim, um composto nucledfilo R,

relativamente fraco, reage com o carbono para formar um intermediario estavel,



16

N.C(R)O", o qual sera posteriormente estabilizado pela expulsdo de um de seus
quatro ligantes: NH3, R (nenhuma reacdo), R-NH2 (formando ornitina) ou agua.
Todas as reacdes ocorrem na presenca de ions doadores e aceitadores de prétons
(CURIS et al, 2005). Sob uma perspectiva biolégica, a reacdo mais importante
possui 0 aspartato como composto nucleofilico R, formando, assim,
argininosuccinato no ciclo da uréia (MORRIS 2006). As reac¢des citadas, contudo,
podem ocorrer na dire¢cao oposta, formando citrulina como um produto final. Este é o
modus operandi da preparacdo industrial da citrulina através da arginina, usando
agua como nucleodfilo e amoénia como grupo deslocado. Biologicamente, o grupo
deslocado pode ser um fosfato — no ciclo da uréia, apos condensacéo da ornitina via

carbamoil fosfatase — ou 6xido nitrico (MORRIS, 2007).

A quantificacdo da citrulina em tecidos biolégicos, atualmente, pode ser feita por
varias técnicas, as quais podem ser categorizadas em dois grupos: métodos de
quantificacdo de aminoacidos genéricos ou especificos para a citrulina (NEVEUX et
al, 2004). De fato, métodos genéricos de quantificacdo de aminoacidos
fundamentam-se na deteccdo da funcdo do aminoacido. Nao especificos por
natureza, tais métodos sdo agrupados por técnicas de separacdo de fluidos
biolégicos, como cromatografia liquida de eficiéncia alta (HPLC; MARTENS-
LOBENHOFFER; BODE-BYGER, 2003). Métodos especificos, por sua vez,
fundamentam-se na quantificacdo da uréia, onde a citrulina atua como uma ureia
substituida. Assim, mesmo residuos de citrulina em proteinas podem ser detectados
(SUGAWARA et al., 1998). A aparente vantagem técnica, porém, desaparece na
medida em que a diferenciacdo entre citrulina livre e residuos de citrulina torna-se

inexequivel, superestimando, por conseguinte, concentracdes de citrulina em células
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e tecidos. Os métodos mencionados acima, genéricos ou especificos, possuem
outra desvantagem, referente a uma visdo meramente estatica da quantidade de
citrulina em uma amostra, negligenciando, assim, fluxos de citrulina e taxa de
sintese de metabdlitos de citrulina, proporcionados pela técnica de marcacéo

isotopica (KEILHOFF; WOLF, 2003; CASTILLO, et al., 1993).

Independentemente do método de quantificacdo da citrulina, sabe-se atualmente
que a citrulina — devido a sua clara relacdo com a arginina — € encontrada em quase
todos os organismos vivos, diferenciando-se apenas em termos de concentracéo e
funcdes (WU; MEININGER, 2008). De fato, em microrganismos, como bactérias e
nematoides parasiticos, a citrulina € usada como fonte de carbono e energia. Como
em mamiferos, duas enzimas chave, ornitina carbamoiltransferase e
argininosuccinato sintetase, sdo responsaveis por regular vias metabdlicas da
citrulina nestes microrganismos. Porém, um estudo aprofundado destas enzimas
sera feito no proximo tépico desta revisdo de literatura. Cabe apenas salientar ainda
que a citrulina faz-se presente no reino plantae. Concentracdes altas de citrulina sao
encontradas em cucurbitaceas, como a melancia (citrullus vulgaris — origem do seu
nome), e certas algas, como a grateloupia vulgaris, atuando no transporte
nitrogenado (LUDWIG, 1993) e na protecdo ao estresse oxidativo (AKASHI et al.,

2001).

4.2 METABOLISMO DA CITRULINA

Duas enzimas sao responsaveis por regular a sintese da citrulina em seres

humanos: ornitina carbamoiltransferase (OCT; numero EC 2.1.3.3) e Oxido nitrico
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(NO) sintetase (NOS; numero EC 1.14.13.39, incluindo as suas isoenzimas)
(MORRIS, 2006). Somente uma enzima, argininosuccinato sintetase (ASS; numero
EC 6.3.4.5, conhecida ainda como citrulina-aspartato ligase), porém, cataboliza a
citrulina em seres humanos. Uma discussdo mais detalhada de cada uma destas

enzimas do metabolismo da citrulina € apresentada nos subtépicos a seguir.

4.2.1 Ornitina Carbamoiltransferase (OCT)

OCT, ou ornitina transcarbamilase, € encontrada nos diferentes reinos bioldgicos,
pois € uma enzima chave para a sintese e degradacédo de arginina. Particularmente,
a OCT é uma enzima chave no ciclo da uréia, catalisando a conversédo de ornitina

em citrulina, conforme a reacéo a seguir (WU; MORRIS JR, 1998):

Ornitina + carbamoil fosfato — Citrulina + fosfato

R—-NH;+H;N-CO-Pi—-R—-NH-CO-NH; + Pi

Onde Pi é o fosfato e R € o radical comum da ornitina, citrulina, e arginina. A
chamada ‘OCT anabdlica’ atua no anabolismo da citrulina (via da sintese da
arginina), onde a citrulina é o produto. Termodinamicamente, a OCT favorece a
formacéao da citrulina, pois em um pH entre 6.7 e 7.4, com I =0.1 M e T = 38°C, AGn,

=-29.8 kJ. mol™, dando um K’ = 10° (REICHERD, 1957).

Em muitos procariontes e em alguns eucariontes, a OCT €& encontrada no
citoplasma. Entretanto, em eucariontes maiores, incluindo os mamiferos, a enzima é

encontrada na matriz mitocondrial (TAKIGUCHI, et al., 1989; WU; MORRIS JR,
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1998). Em humanos, a OCT é encontrada principalmente no figado e na mucosa
intestinal (TAKIGUCHI; MORI, 1995). Independente de sua localizacdo, OCT possui
estrutura cristalina e evoluida a partir da enzima aspartato carbamoiltransferase

(ATC; nimero EC 2.1.3.2; HOUGHTON et al., 1984).

4.2.2 Oxido nitrico sintetase (NOS)

NOS é uma familia de enzimas capazes de regular a sintese de 6xido nitrico a partir
da arginina. A familia NOS agrupa-se em trés isoformas, as quais diferem em termos
de expressao e localizacdo: nNOS (neuronal), INOS (induzivel), e eNOS (endotelial)
(MORRIS, 2016). Cada isoforma possui, obviamente, diferentes funcdes. Expressa
em neurdnios especificos no sistema nervoso central, NNOS é responsavel por
regular a plasticidade sinaptica, um processo associado a formacdo da memoria e
aprendizado (FGRSTERMANN; SESSA, 2012). O 6xido nitrico formado pela nNOS
regula a pressao arterial (MONCADA, 1997) e a atuacdo de neurotransmissores
capazes de controlar processos como a peristalse, vasodilatacéo, e erecao peniana
(BURNETT, 1995). iNOS, por sua vez sdo expressas em diferentes tipos celulares,
sendo essenciais no combate a bactérias intracelulares, como a parasite leishmania
(WEI et al, 1995). O oxido nitrico formado pela INOS regula ainda processos
inflamatorios (RAFIEE, et al., 2005) e atua no controle da vasodilatacdo e pressao
arterial em certos disturbios organicos severos como a sepse (WONG; BILLIAR,
1995). Por fim, eNOS, expressas na parede endotelial e capazes de produzir 6xido
nitrico via arginina, s&@o reconhecidas por sua importancia vasodilatadora e
vasoprotetiva em seres humanos. De fato, o 6xido nitrico liberado no limen vascular

inibe a agregacdo e adesdo de plaquetas na sua parede, protegendo, por
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conseguinte, disturbios organicos como a trombose (LI; FGRSTERMANN, 2000). O
oxido nitrico formado pela eNOS, por fim, regula a expressdo de genes associados
ao processo de aterogenése (VANHOUTTE et al., 2016), sendo, desse modo, um
importante agente antiaterosclerético no ambito clinico. Detalhes sobre a expressao
e atuagao da familia de enzimas NOS em humanos, ver FGRSTERMANN e SESSA

(2012).

4.2.3 Argininosuccinato sintetase (ASS)

Similarmente a OCT, a ASS é encontrada nos diferentes reinos biolégicos, pois &
uma enzima chave para o catabolismo da citrulina. Particularmente, a ASS é uma

enzima citosélica que catalisa a reacéo a seguir (WU; MORRIS JR, 1998):

Citrulina + Aspartato + ATP — Argininosuccinato + pirofosfato + AMP

Onde ATP significa adenosina trifosfato e AMP adenosina monofosfato. Em termos
termodinamicos, a ASS favorece a degradacéao da citrulina, pois em um pH 6.91,
com | = 001 M e T = 25°C, AGn = - 2.0 kJ . mol’, dando um K = 2.14

(SCHUEGRAF, et al., 1960).

Em eucariontes maiores, incluindo os mamiferos, a ASS é quase universal; contudo,
a enzima € encontrada em maiores concentracbes no figado e nos rins, e em
menores concentragcdes no intestino (HUSSON et al, 2003). Em humanos, a
expressdo génica da enzima varia conforme o tecido analisado, porém, parece ser
modulada por horménios e estado nutricional (CURIS et al., 2005). Ocupando o
cromossomo 9, a enzima ASS possui estrutura cristalina com sitios de ligagdo para

ATP, citrulina, e aspartato (LEMKE; HOWELL, 2002). Evidéncias cinéticas sugerem
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que o ATP é o primeiro substrato a ser ligado na ASS, seguido por citrulina, e por
fim, aspartato (RAUSCHEL; SEIGLE, 1983). A fixacdo do aspartato na enzima ativa
a formacéo do intermediario citrulina-adenilato. Quando a reacdo € completa, ASS
libera a argininosuccinato, seguido por pirofosfato, e por fim, AMP (RAUSCHEL e
SEIGLE, 1983; GHOSE; RAUSCHEL, 1985). A reacdo da ASS ainda envolve o

Mg*?, porém, até o momento, a sua atuacéo ainda é incerta.

4.3 MECANISMOS DE ACAO DA CITRULINA

4.3.1 Transporte da citrulina

Até o presente momento, nenhum transportador especifico de citrulina foi
identificado (LEE; KANG, 2017). A citrulina € conduzida para dentro de células por
transportadores genéricos de aminoacidos, e em certos casos, algumas células séo
capazes de captar ou liberar o aminoacido sem a presenca de transportadores
(HILDERMAN et al., 2000). Particularmente, todas as células no sistema nervoso
(células da microglia e macroglia e neurdnios) possuem um sistema de transporte de
citrulina (DEVES e BOYD, 1998), por mecanismos pouco claros, mas possivelmente
associados com carreadores L de aminoacidos de cadeia longa, independentes de
sédio (SCHMIDLIN et al., 2000). Em células adrticas endoteliais, similarmente, a
citrulina independe de sodio e é absorvida pela célula através de um sistema de
transporte pouco conhecido, porém claramente diferente do sistema de transporte da
arginina - carreadores y*, incapaz de transportar citrulina (HILDERMAN et al., 2000).
Opostamente, em células musculares lisas aodrticas, o transporte da citrulina parece

depender do sodio e ser insensivel ao pH. Enterdcitos, de modo similar, parecem
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também depender de sddio (VADGAMA; EVERED, 1992). Nos rins, infelizmente,
nenhum transportador especifico de citrulina foi identificado (LEE; KANG, 2017),
porém, a sua competicdo com aminoacidos dibasicos para o transporte, sugerido
pelo acumulo de citrulina na urina apos uma adicao de lisina (OYANAGI et al., 1981),
denotam a sua existéncia.

Conforme previamente mencionado, a citrulina € sintetizada pela OCT na
mitocondria, mas é catabolizada pela ASS no citosol da célula (MORRIS 2006).
Assim, um mecanismo de transporte intracelular parece existir em células capazes
de expressar OCT e ASS e que realizam um ciclo de uréia parcial ou completo
(PORTER, 2000). Esse mecanismo de transporte envolve um trocador citrulina-
ornitina, localizado na membrana interna da mitocondria, além de ions prétons e

Ca™ (POOLMAN et al., 1987).

4.3.2 Absorcéo, sintese, e catabolismo da citrulina

A citrulina contida no alimento é absorvida pelo intestino delgado em seres
humanos, primariamente nas por¢cfes mediais e finais do ileo. Caso presente no
espaco luminal, o aminoacido acumula-se nos enterdcitos, sugerindo assim a acao
de transportadores (VADGAMA; EVERED, 1992). Apesar disso, a citrulina ndo é
considerada um aminoacido essencial em condi¢fes fisiolégicas normais. De fato,
uma maior por¢ao da citrulina livre deriva da converséo de glutamina nos enterocitos
(WU e MORRIS JR, 1998). Outros aminoacidos podem ainda atuar como
precursores de citrulina, dentre eles, glutamato, prolina, e arginina (WU, 1998). A
glutamina, particularmente, deriva da alimentacdo e da circulacdo sanguinea

(PLAUTH et al., 1999). De fato, enterécitos metabolizam ~25-33% da glutamina
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arterial, 66% da glutamina luminal, e 96% do glutamato luminal (WU, 1998). Cabe
salientar que a sintese da citrulina no intestino delgado € crucial, e pode ser
demonstrado por seus efeitos nocivos na constipacdo intestinal (CRENN;
CYNOBER, 2009) e no retardo ao crescimento em animais (HOOGENRAAD et al.,

1985) e humanos (CASANELLO; SOBREVIA, 2002).

Caso a citrulina ndo seja usada no metabolismo do 6xido nitrico, ela é metabolizada
nos rins, sendo convertida em arginina nas células dos tubulos proximais dos
néfrons (LEVILLAIN et al, 1990). A conversao nos rins ocorre através de um ciclo da
uréia parcial, com a presenca das enzimas ASS e argininosuccinato liase (ASL;
namero EC 4.3.2.1), e a arginina sintetizada via citrulina € liberada na circulacéo
sanguinea, em quantidade suficiente para se atingir as necessidades diarias de
arginina em adultos. Proximo de 60% da sintese de novo de arginina nos seres
humanos ocorre pela conversado renal da arginina via citrulina (MORRIS, 2016).
Ainda, cerca de 83% da citrulina liberada pelo intestino € metabolizada nos rins,

representando apenas 35% da citrulina circulante (MORRIS, 2006).

A maior razdo para a divisdo de tarefas entre dois orgdos no metabolismo da
citrulina parece estar associada com a capacidade de captura de arginina pelo
figado. De fato, grande parte da arginina fornecida pela alimentacéo seria removida
pela circulacdo porta hepatica, deixando uma quantidade reduzida do aminoacido
para outros orgaos, caso hao houvesse a participacdo da citrulina no processo.
Atuando como uma forma oculta de arginina, a citrulina ultrapassa o figado, pois o
tecido hepético € incapaz de capturar o aminoacido na circulacdo porta

(WINDMUELLER; SPAETH, 1981). A citrulina, entdo, é convertida em arginina pelos
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rins e liberada na circulacdo sanguinea (MORRIS, 2016), atuando de modo singular
nos diferentes tecidos corporais. Cabe salientar, por fim, alguns poucos detalhes a

respeito das propriedades farmacocinéticas da citrulina.

Até recentemente, a disponibilidade do aminoacido no organismo humano era pouco
conhecida; entretanto, dois estudos (SCHWEDHELM et al., 2007; MOINARD et al.,
2008) revelaram que a ingestdo oral de doses diferentes de citrulina (2-15 g.dia™) foi
capaz de aumentar a concentracdo plasmatica de arginina, com valores pico do
aminoacido ocorrendo 1.1 - 2.2 h pés-ingestao. Doses maiores de citrulina causaram
um aumento na concentracdo plasmatica de citrulina, possivelmente gerado pela

saturacao renal da conversdo do aminoacido para arginina (MOINARD et al., 2008).

4.4 SUPLEMENTAGAO DE CITRULINA COMO AGENTE TERAPEUTICO

Conforme mencionado anteriormente, o metabolismo da citrulina depende da acao
de trés enzimas chave: OCT, NOS, e ASS. Ainda, o trocador citrulina-ornitina,
localizado na membrana da mitocondria, tém papel importante no metabolismo do
aminoacido. Assim, mutacdes génicas, ndo letais, destas proteinas causarao
doencas hereditarias associadas a uma deficiéncia no seu metabolismo,
aumentando a vulnerabilidade do organismo para uma disfuncdo no ciclo de uréia,
seguido de acumulo exacerbado de aménia, coma, e morte (CURIS et al., 2005). De
fato, perda da funcionalidade de OCT evita a producédo de citrulina, causando, por
conseguinte, aumentos na concentracdo plasméatica de glutamina — precursor natural
da citrulina-, lisina, e serina. No sangue, a concentracdo de citrulina sera escassa,

pois a citrulina ndo pode ser sintetizada no intenstino delgado. Assim, a deficiéncia
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de OCT, rara (1 para 80 000 nascimentos) e associada com o cromossomo X,
ocorrera, causando efeitos deletérios no organismo (LICHTER-KONECKI et al.,
2013). A perda da funcionalidade da ASS causa, por sua vez, uma doenca
caracterizada pelo acumulo excessivo de citrulina no corpo, ocasionada por
problemas associados ao catabolismo do aminoacido. Assim, a citrulinemia, rara (1
para 100 000 nascimentos) é mais comum em povos orientais, caracteriza-se ainda
pelo acumulo de acido orotico, glutamina, e alanina, e pela diminuicdo de arginina no
sangue (QUINONEZ; THOENE, 2004). Por fim, a perda da funcionalidade do
trocador citrulina-ornitina causa uma doenca caracterizada por um aumento nas
concentracbes plasmaticas de ornitina e amoénia e presenca de homocitrulina na
urina. A disfuncdo, chamada sindrome do triplo H — hiperornitinemia,
hiperamoniemia, e homocitruliniria, € perigosa ao organismo humano pois causa o
aumento da concentracdo de aménia no sangue, seguido de coma, e ultimamente,

morte (MARTINELLI et al., 2015).

A periculosidade das doencas hereditarias associadas a deficiéncia no metabolismo
da citrulina mostraram a sua importancia para a sobrevivéncia humana
(KOBAYASHI et al.,, 1999). Neste contexto, verificou-se um maior interesse da
comunidade cientifica e clinica nas ultimas décadas no estudo — e uso - da citrulina
como um potencial agente terapéutico (BAHRI et al., 2013; ROMERO et al., 2006).
De fato, conforme mencionado anteriormente, a citrulina atua como uma forma
oculta de arginina, ultrapassando o figado, pois hepatdcitos sdo incapazes de
capturar o aminoacido na circulacdo porta (WINDMUELLER; SPAETH 1981). A
citrulina, entdo, é convertida em arginina pelos rins e liberada na circulagcéo

sanguinea, atuando de modo variado no organismo (MORRIS JR 2016).
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Opostamente a citrulina, a arginina é capturada e amplamente metabolizada no
figado, gerando, por conseguinte, uréia, e suscitando ressalvas médicas referentes

ao seu uso no contexto clinico (GRIMBLE et al., 2007).

Um exemplo de uso terapéutico da citrulina refere-se a constipacao intestinal severa,
uma condicao patolégica onde o principal sitio de producéo de citrulina faz-se indcuo
(CRENN; CYNOBER, 2010). Uma consequéncia 6bvia da reduzida producao de
citrulina no intestino delgado é o decréscimo da arginina no plasma, tornando o
aminoacido, por conseguinte, essencial (CRENN et al., 2000). Neste sentido, torna-
se inequivoca a especulacdo que a suplementacédo de citrulina causaria um aumento
na concentracdo de arginina no plasma, seguido de uma melhora no estado
nutricional do paciente com constipacdo intestinal severa (CRENN; CYNOBER,
2010). Tal hipotese foi comprovada por estudos anteriores de OSOWSKA, et al.
(2004, 2008), revelando que uma nutricdo enteral rica em citrulina (1 g . kg™ . dia-!)
foi capaz de promover a sintese de arginina em diversos tecidos e restaurar o

balanco nitrogenado em modelos animais.

Outro exemplo de uso terapéutico da citrulina refere-se a perda involuntaria da
massa muscular ocorrida com o avanco da idade, um processo denominado de
sarcopenia (ROUBENOFF; HUGHES, 2000). De modo prético, a sarcopenia —
pobreza de mdusculos, termo grego cunhado pioneiramente por ROSENBERG
(1989), aumenta o risco de queda acidental e incapacidade funcional no idoso,
tornando-o, por conseguinte, predisposto a doencas associadas a inatividade fisica e
a mortalidade prematura (SUZUKI et al., 1994; BROWN et al., 2016). Embora

enormemente complexa, a sarcopenia pode estar relacionada com um decréscimo
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na capacidade de sintese proteica apdés alimentacdo na populacdo idosa
(CASTANEDA et al., 1995). De fato, um aumento no metabolismo de aminoacidos
na area esplénica ocorre de modo substancial em idosos (BOIRIE et al., 1997),
revelando maior extracao esplénica e niveis inadequados de aminoacidos no plasma
no periodo pos-prandial (MOSONI et al., 1995). Concentracdes reduzidas de
aminoacidos no plasma no periodo pdés-prandial, obviamente, impedem aumentos
na sintese proteica (BOHE et al, 2003), exacerbando, assim, o processo de
sarcopenia na populacdo idosa. Portanto, poderia-se especular que a
suplementacdo de citrulina, um aminoacido incapaz de ser capturado na area
esplénica, causaria um aumento na disponibilidade de nitrogénio aos tecidos
periféricos, incluindo musculos esqueléticos, aumentando, por conseguinte, a
sintese proteica em idosos. Um estudo recente por JOURDAN et al.,, (2015)
comprovou tal hipétese, demonstrando que a suplementacdo aguda de citrulina foi

capaz de promover sintese proteica em humanos.

A suplementacdo de citrulina promove ainda efeitos terapéuticos como um
aminoacido precursor da arginina para o ciclo do oxido nitrico (PASTOR et al.,
1995). A citrulina, de fato, é facilmente convertida em arginina pelo ciclo da uréia
parcial via atividade das enzimas ASL e ASS, formando-se, assim, o precursor do
oxido nitrico. Logo, células capazes de produzir 6xido nitrico a partir da arginina sao
também capazes de capturar citrulina na circulacdo sanguinea, explicando as razdes
as quais o aminoacido induz, indiretamente, a certos efeitos do 6xido nitrico, como a
reduzida tonicidade vascular (VANHOUTTE et al., 2016). De fato, evidéncias
sugerem que a pressao arterial pode ser modificada apos suplementacéo de citrulina

(FIGUEROA et al.,, 2017). Decréscimos na pressdo arterial sistOlica e diastélica
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braquial (~7/3 mmHg) e aodrtica (~9/3 mmHg) sédo observados apdés 8 semanas de
suplementacdo de citrulina (6 g . dia®) em mulheres obesas, pré-hipertensas e
hipertensas (WONG et al., 2016). Similarmente, houveram decréscimos na pressao
arterial sistdlica e diastolica braquial em pacientes portadores de disturbios
coronarianos apés 8 semanas de suplementacdo com citrulina (OROZCO-
GUTIERREZ et al., 2010). Embora efeitos hipotensores apos suplementacéo cronica
de citrulina foram evidenciados em populagcdes com disturbios coronarianos e
vasculares, certa contradicdo parece existir a respeito de seus efeitos em adultos
normotensivos. De fato, em um estudo recente, ALSOP e HAUTON (2016)
demonstraram reducfes na pressdo arterial sistolica e diastolica braquial (~7/11
mmHg) em adultos normotensivos apés 7 dias de suplementacéo de citrulina (3 g .
dia™®). Opostamente, a suplementacéo de citrulina (5.8 g . dia™) por 7 dias causou
nenhum efeito na pressdo arterial sistdlica e diastolica braquial em homens
normotensivos de meia-idade (OCHIAI et al., 2012). Tais resultados foram
corroborados por outros estudos (FIGUEROA et al., 2010, 2016), reforcando, assim,
0 papel da citrulina como um agente terapéutico — e ndo preventivo — na regulacao
da tonicidade vascular (VANHOUTTE et al., 2016; FIGUEROA et al., 2017). Cabe
salientar, por fim, que a suplementacdo de citrulina pode atuar como um agente
terapéutico em outros distarbios, incluindo a hiperamonemia transitoria e
permanente, onde a citrulina combate o excesso neurotoxico de amobnia na
circulacdo sanguinea, indiretamente, como um precursor da arginina (CALLIS et al.,

1991).
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4.5 SUPLEMENTAGAO DE CITRULINA COMO AGENTE ERGOGENICO

Nos ultimos anos, verificou-se um maior interesse da comunidade cientifica e clinica
no estudo — e uso - da citrulina como um potencial agente ergogénico no contexto do
exercicio fisico (BESCOS et al., 2012; FIGUEROA et al., 2017). De fato, a citrulina,
pura ou combinado com outro aminoacido, malato, um intermediario do ciclo
tricarboxilico capaz de oxidar nutrientes para formar ATP, pode melhorar a
capacidade para realizar exercicio fisico em humanos (BENDAHAN et al., 2002).
Contudo, para atender o escopo da presente revisdo de literatura e isolar os
potenciais efeitos ergogénicos do malato per se, énfase sera dada aos estudos que
examinaram os efeitos da suplementacdo aguda e crbnica de citrulina pura - e sua

associacdo com o desempenho fisico-, em populacdes diversas.

4.5.1 Suplementacgéo aguda de citrulina e desempenho fisico

A suplementacdo de citrulina pode otimizar o desempenho fisico em humanos
através, primariamente, de dois mecanismos de acdo. Primeiro, as principais fontes
de citrulina plasmatica sdo, nomeadamente, arginina e glutamina, as quais sao
catabolizadas nos intestinos (BREUILLARD et al., 2015), e a ingestdo exdgena de
citrulina nos alimentos (MOINARD et al., 2008). Apés a producéo de arginina através
da citrulina nos rins, parte da arginina de novo é liberada na circulacdo sanguinea.
Assim, a suplementagao oral de citrulina aumenta a disponibilidade de arginina no
plasma como um substrato para a formacdo do 6xido nitrico, o qual, por sua vez,
regula numerosos efeitos fisiolégicos no organismo humano, como tonicidade
vascular, contratilidade muscular, respiracdo mitocondrial, homeostase de célcio e
da glicose, dentre outros (STAMLER et al., 2001). Segundo, a uréia é essencial para

a eliminacdo de nitrogénio (aménia) no figado. No ciclo da uréia, a arginina
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produzida através da citrulina é catabolizada pela arginase (ARG, numero EC
3.5.3.1) em dois compostos, ornitina e uréia. A suplementacdo de citrulina parece
aumentar a homeostase da amoénia (BREUILLARD et al, 2015), causando, por
conseguinte, um decréscimo na concentracdo de amonia na circulacdo sanguinea,
um composto comumente associado com a fadiga muscular periférica — ocasionado
por sua aumentada ativacdo da glicélise anaerdbica e producdo de acido latico

(SPRIET; HARGREAVES, 2006; ALLEN et al., 2008).

De modo surpreendente, a suplementacdo aguda de citrulina parece ter pouco efeito
ergogénico na capacidade para realizar exercicio fisico em humanos. De fato, em
um estudo recente, CUTRUFELLO et al (2015) demonstraram que a ingestdo aguda
de citrulina (6 g) 1 - 2 horas antes de um teste de exercicio fisico com cargas
incrementais pouco afetou o consumo maximo de oxigénio (VOzmax) € 0 tempo até a
exaustdo em adultos jovens, saudaveis. Nao obstante, verificou-se ainda nenhum
efeito ergogénico agudo da citrulina no limiar anaerdbico, sugerindo, assim, que o
fornecimento de ATP para a demanda da musculatura ativa via glicélise anaerébica
pouco modificou-se, apesar do especulado decréscimo na concentracdo de amonia

no sangue (BREUILLARD et al, 2015).

Tais achados confirmam estudos anteriores, realizados em adultos jovens,
saudaveis (TARAZONA-DIAZ, et al., 2013) ou idosos (CHURCHWARD-VENNE et
al., 2014; KIM et al., 2015), e reforcam a incapacidade da suplementacdo aguda de
citrulina para melhorar a capacidade de realizar exercicio fisico em humanos,
independentemente da maior sintese de novo da arginina (MORRIS JR., 2016).

Cabe salientar, contudo, que os poucos estudos supracitados possuem limitacées,
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incluindo a ingestdo de uma dose genérica, ndo baseada em evidéncias, da

substancia (< 6 g. dia™; ver MOINARD, et al., 2008).

4.5.2 Suplementacao crbnica de citrulina e desempenho fisico

A suplementacdo crbnica de citrulina, opostamente, parece melhorar a capacidade
de realizar exercicio fisico em humanos (FIGUEROA et al., 2017). De fato, em um
estudo recente, BAILEY et al. (2015) examinaram os efeitos de 7 — 16 dias de
suplementacéo de citrulina sobre o VO, e desoxigenacdo muscular durante exercicio
fisico moderado e vigoroso em homens adultos, ativos. Os autores notaram que o
VO, permaneceu inalterado durante exercicio fisico moderado e vigoroso,
corroborando, assim, estudos anteriores, como SUZUKI et al. (2016), os quais
demonstraram nenhum efeito no VO, durante exercicio fisico com carga constante
(4-km time trial) ap6s suplementacéo de citrulina (2.4 g . dia*) por 7 dias. Os autores
notaram, todavia, padrbes diferenciados na desoxigenacdo muscular, medida por
espectroscopia por infravermelho proximal. Concentracbes menores de
hemoglobina/mioglobina desoxigenada e taxas maiores de saturacdo de oxigénio
tecidual foram reportadas durante exercicio fisico moderado e vigoroso (BAILEY et
al., 2015). Tais achados foram recentemente confirmados por BAILEY et al. (2016).
Usando uma amostra composta por adultos jovens, porém ativos, 0s autores
notaram um aumento nas concentracdes plasmaticas de citrulina, arginina, e nitrato
apos 14 — 16 dias de suplementacdo com suco concentrado de melancia (3.4 g
citrulina . dia™). Os autores notaram ainda taxas maiores de saturacdo de oxigénio
tecidual foram reportadas durante exercicio fisico moderado e vigoroso, contudo,

sem nenhum efeito no tempo até a exaustao durante exercicio fisico severo (BAILEY
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et al., 2016). Os estudos citados acima, portanto, sugerem potenciais efeitos
ergogénicos da suplementacdo crénica de citrulina no desempenho fisico em
humanos. Cabe notar novamente que 0s poucos estudos possuem limitacdes
inerentes, incluindo o periodo e a dosagem genérica usada para a suplementacao

(MOINARD et al., 2008).
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5 RESULTADOS

51 ESTUDO 1 - Effects of L-citrulline supplementation on exercise

performance in humans: A dose-response study

1. Manuscrito cientifico a ser submetido para publicagédo no periédico European Journal of Nutrition.

Resumo

A citrulina (CgH13N303), aminoacido ndo protéico e neutro, tém despertado o
interesse da comunidade clinica e académica, devido aos seus potenciais efeitos de
importancia bioldgica no ambito da saude e do esporte. Contudo, pouco ainda é
conhecido se tais efeitos séo de carater dose-dependente. Desse modo, 0 presente
estudo investigou os efeitos de diferentes doses da suplementacéo oral e aguda de
L-citrulina sobre a capacidade para realizar exercicio fisico — e suas respostas
fisiologicas associadas - em adultos jovens. Doze homens, moderadamente
treinados, com idades entre 18 e 30 anos, realizaram seis testes de exercicio fisico
incremental do tipo rampa em ciclo ergdmetro até exaustdo, com um intervalo de 7
dias entre testes. Em cada ocasiéo, os participantes ingeriram 6 g de L-citrulina pura,
12 g de L-citrulina pura, ou placebo ~ 90 min antes do comeco do teste. Parametros
bioquimicos ([L-citrulina] plasmatica), fisiolégicos (VO.max, GET, e ([lactato]
plasmético) e de performance (Wmax e tempo até a exaustdo) foram determinados.
Basicamente, os achados do presente estudo demonstraram que a suplementagao
oral aguda de L-citrulina parece exercer poucos efeitos na capacidade para realizar
exercicio fisico — e suas respostas fisiolégicas associadas — em adultos jovens,

independente da dose administrada, apesar de seus efeitos dose-dependente na ([L-
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citrulina] plasmaética.

5.1.1 Introducéo

Nitric oxide (NO) is a ubiquitous, water-soluble, gaseous signalling molecule that
plays a crucial role in a myriad of physiological functions including vascular tone,
cellular calcium handling, skeletal muscle glucose uptake, neurotransmission,
mitochondrial respiration and skeletal muscle contractilly (STAMLER; MEISSNER
2001). NO can be generated through the oxidation of the amino acid L-arginine, in a
process catalyzed by the NO synthase (NOS) enzymes (FGRSTERMANN; SESSA,
2012). Alternatively, NO can be generated via the one electron reduction of nitrite
(NO,-), a process that may be of importance in situations where oxygen (O,)
availability is low, and/or NOS function is impaired (DEJAM et al., 2004,
OSTERGAARD et al., 2007). The co-existence of these two complementary NO-
generating pathways facilitates NO synthesis across a diverse range of physiological

conditions.

It is well established that dietary supplementation with inorganic nitrate (NOs-), which
undergoes a stepwise reduction to nitrite (NO,-) and then NO (LUNDBERG et al.,
2008), can increase NO biomarkers, reduce blood pressure and the O, cost of
exercise and enhance exercise performance in healthy adults (BAILEY et al. 2009;
KELLY et al., 2013; LARSEN et al., 2010; VANHATALO et al., 2010). Some studies
have also reported increased NO biomarkers and enhanced exercise economy and
exercise tolerance following dietary supplementation with the NOS substrate, L-
arginine (BAILEY, et al., 2010; BUFORD; KOCH, 2004; STEVENS, et al., 2000).

Some other studies, however, have not identified any significant effects of L-arginine
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on exercise economy or exercise tolerance (BESCOS et al., 2009; KOPPO et al.,
2009; VANHATALO et al.,, 2013). These conflicting findings may be related to
differences in dose, timing and duration of supplementation (ALVARES et al., 2011).
The discrepancies between findings might also be related, at least in part, to
significant pre-systemic (CASTILLO et al., 1993) and systemic (O’'SULLIVAN et al.,
1998) elimination process of orally ingested L-arginine. Breakdown of L-arginine by
intestinal bacteria and arginase enzymes on the first pass (CASTILLO et al., 1993),
systemic extraction and catabolism by the liver (YU et al., 1996; O’'SULLIVAN et al.,
1998), and competition with asymmetric dimethylarginine and other L-arginine
analogs for the transporter y* carrier (CLOSS et al., 1997) are some of the
mechanisms involved in the down regulation of ingested oral L-arginine. It is
therefore difficult to suggest oral L-arginine supplementation as an attractive method
to stimulate NO synthesis though the NOS pathway and improve exercise

performance in humans.

Differently from L-arginine, L-citrulline, a nonprotein amino acid that is coproduced
with NO as an end product of NOS activity, is not metabolized in the intestine or liver
(MORRIS Jr et al., 2016) and has been reported to increase argininemia (KUHN et
al., 2002) and NO synthesis (WIINANDS et al., 2012) more effectively than L-
arginine. It has also been reported that L-citrulline supplementation can increase the
activity of NOS (WIINANDS et, 2012) and increase NO biomarkers
(SCHWELDHELM et al., 2008), and there is a growing body of evidence showing that
short term supplementation with L-citrulline can improve skeletal muscle metabolism
and/or contractile efficiency (BAILEY et al., 2015; GIANNESINI et al., 2011;

BENDAHAN et al., 2002) and enhance fatigue resistance (BAILEY et al., 2015,
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2016). Therefore, exogenous L-citruline administration might represent an attractive
alternative to increase the amount of L-arginine provided to NOS and to improve
exercise efficiency and exercise performance. However, since all exercise
performance studies completed to date with L-citrulline have administered doses < 6
g, it is unclear whether a greater dose of L-citrulline might further affect physiological
responses to exercise and exercise performance in healthy adults. The establishment
of the optimal L-citrulline dose for enhancing exercise performance is of importance
given the increasing popularity of L-citrulline supplementation in both basic research

and applied exercise settings (BESCOS et al., 2012).

Accordingly, the purpose of the present study was to examine whether oral ingestion
of two different doses of L-citrulline would enhance plasma L-arginine and L-arginine
avaliability as well as affect physiological responses to exercise and improve exercise
performance, compared with energy-matched placebo. It was hypothesized that the
effects of acute L-citrulline supplementation on plasma L-arginine concentration and
avaliability, physiological responses to exercise, and exercise performance would be

dose dependent (MOINARD et al., 2008).

5.1.2 Materiais e Métodos

Subjects

Twelve male adults between 18 and 30 yr of age were recruited to participate in this

study. A detailed written explanation of the experimental protocol was given to all

subjects before they be tested. None of them should smoke tobacco and use dietary
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supplementation or take any medication that could affect their cardiorespiratory or
metabolic responses to exercise. In the 24 h preceding the first exercise test, they
recorded their food intake, and this diet was replicated in the 24 h preceding
subsequent tests (please see Nutrient Intake section). Additionally, they were
instructed to arrive at the laboratory in a rested and fully hydrated state, =2 3 h
postprandial, and to refrain from caffeine and alcohol intake 6 and 24 h before each
test, respectively. Subjects were asked to avoid strenuous exercise in the 24 h
preceding each testing session. Finally, they were required to be in good health and
none of them could have medical contraindications for participation in the study. All
invited subjects had previously been involved in cycle ergometer studies at this
intensity in similar conditions, and are fully familiar with the study procedures. All

study procedures were submitted for approval by the Institutional Ethics Committee.

Experimental Overview

All subjects were required to report to the laboratory on seven separate occasions
over a period of 6 wk. Upon arrival to the laboratory, subjects rested for 10 min in a
seated position. After the rest period, the blood pressure was measured. Subjects
were then randomly assigned to ingest 6 g of pure L-citrulline, 12 g of pure L-
citrulline, or energy-matched placebo (see Supplementation protocol section) ~90
min prior to exercise. This approach is based on the findings of MOINARD et al
(2008) who reported that 2 - 15 g . day™ of oral L-citrulline elevated plasma L-
arginine concentration with the peak values being maintained between 70 to 140 min
post-ingestion. After the 90 min rest period, a replicated blood pressure

measurement was be taken. Subjects then performed a ramp incremental exercise
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test to the limit of tolerance on an electromagnetically braked cycle ergometer. In
each ramp exercise protocol, the work rate was increased linearly and continuously
with a rate of 35 W . min™ (~0.58 W min™). Previous studies (BOONE et al, 2009;
2010) have shown that this ramp slope would lead to exhaustion in ~12 min in a
group of moderately trained adults. The actual ramp increase in work rate was
preceded by 3 min of rest on the cycle ergometer and by 3 min of baseline cycling at
40 W. The baseline value of 40 W was used to ensure that possible changes in
mechanical efficiency at very low work rates would not interfere with the linear
increase in VO, (BOONE et al, 2008). The test was terminated when the subject
could no longer maintain the instructed pedal rate (75 rpm). The instantaneous pedal
rate was continuously visualized on a display connected to the cycle ergometer, so
that the subject were fully informed about the cadence throughout the exercise tests.
All subjects were asked to arrive in the laboratory in the morning (between 06:00 and
12:00 a.m.) and all exercise tests were performed at the same time (x 2 h) of the day
to avoid circadian variance. Of note, all tests were replicated twice by all subjects in

each supplement condition (pooled data).

Supplement Protocol

Subjects were randomly assigned to receive either 6 g of pure L-citrulline (Arboretum;
administered with 0.5 L of water), 12 g of pure L-citrulline, or energy-matched
placebo (starch) gelatinous capsules in a double-blind, crossover design, with a 7 d
washout period between the two conditions. A 7 d washout period is enough because
the elimination half-life of a single oral dose of 6 g of L-arginine is ~ 24 h

(SCHWEDHELM et al., 2012). Placebo capsules were at the same size, color, and
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flavor as the L-citrulline capsules.

Nutrient Intake

Subjects were instructed to record their food intake for 24 h before the first exercise
test and were asked to replicate the same diet before subsequent tests. Under the
supervision of nutritionists, they were advised to follow a diet rich in carbohydrate (>
4 g . kg'l) body weight, which, in combination with light training or rest, would allow
subjects to start the tests with adequate glycogen stores (PFEIFFER et al, 2010).
Diet was assessed with 24 h recalls the days before the tests, and carbohydrate
intake of all subjects was confirmed to be - or not to be - > 4g . kg™ body weight. The
participants were also instructed to report in the dietary records any adverse events

from the dietary supplementation with L-arginine or placebo on their health status.

Gas exchange and heart rate measurements

During all exercise tests, pulmonary gas exchange and ventilation were measured
continuously on a breath-by-breath basis by means of a portable gas analysis system
(K4b,, Cosmed srl, Rome, Italy). A turbine digital transducer measured inspired and
expired airflow; otherwise, an electrochemical cell O, analyser and infrared CO,
analyser simultaneously measured expired gases using a capillary line connected to
a mouthpiece. The analyser was calibrated before each test with gases of known

concentration, and turbine volume transducer was calibrated using a 3 L syringe
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(Hans Rudolph, Kansas City, MO). The analyser was previously validated for
measuring gas exchanges over a wide range of exercise intensities (MCLAUGHLIN
et al, 2001). Heart rate was recorded by means of the K4b, system from a chest belt

transmission (Polar Electro, Kempele, Finland).

Data Analysis

VO,max was defined as the highest 10 s mean value attained before the subject’s
volitional exhaustion in the test (BAILEY et al, 2010). The gas exchange threshold
(GET) was defined as the point at which CO, production (VCO;) began to increase
out of proportion in relation to VO, with a systematic rise in minute ventilation (Vg)-to-
VO, ratio and end tidal VO,max PO,, whereas Ve-to-VO, ratio and end tidal PCO; is
stable (BEAVER et al., 1981). Both VO,max and GET were described as a function
of body mass. Maximal power output (Wmax) was determined by the following
formula: Wmnax = Wout + [(1/60)35], where W, is the power output (W) during the last
completed stage and t is the time (s) in the final stage (PFEIFFER et al, 2010). The
slope of the time averaged VO, to work rate profiles for ramp exercise test [reflecting
the functional VO, gain (AVO,/AW)] was determined using linear regression analysis

(y = ax + b) (BOONE et al, 2012).

Statistical Analysis

The mean values + SD were analysed for time of exhaustion, VO,max, GET, Wmax,

and functional VO, gain in each supplementation condition and these parameters

were further compared using one-way ANOVA. Significance was set at P < 0.05.
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5.1.3 Resultados

Acute ingestion of different doses of L-citrulline was tolerated well by all participants.
None of them reported any negative side effects, consistent with previous studies

(BAILEY et al., 2015; GIANNESINI et al., 2011; BENDAHAN et al., 2002).

The effects of different doses of L-citrulline on plasma [L-arginine] are shown in Fig.
1. There were significant main effects by dose and time and an interaction effect for
plasma [L-arginine] (P < 0.05). At resting baseline, before the ingestion of L-citrulline,
plasma [L-arginine] was not significantly different between doses (P < 0.05). ANOVA
analyses shown significant dose-dependent increases in plasma [L-arginine]

following acute L-citrulline supplementation (P < 0.05).

*** |Insert Figure 1 ***

The ramp exercise protocol lasted, on average, 847 + 16 sec and 856 * 21 sec in
both 6 g and 12 g L-citrulline supplementation conditions, whereas the ramp protocol
lasted 856 + 17 sec in placebo condition (Fig. 2A). As unexpected, participants
reached a similar Wmax in both 6 g and 12 g L-citrulline supplementation conditions
(312.2W = 10 and 316.6W * 14) compared with placebo condition (313.3W + 10)

(Fig. 2B, P > 0.05).
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*** Insert Figure 2 ***

VO,max did not differ significantly between the three conditions (49.6 + 2.6, 49.2 +
4.1, and 50.1 £+ 3.2 mL.kg-1.min-1 for both 6 g and 12 g L-citrulline supplementation
and placebo conditions, respectively). The GET, determined during the ramp
exercise test, occurred on average at a same intensity for both L-citrulline
supplementation and placebo conditions, respectively (P > 0.05). There were no
between-group difference in the blood [lactate] at any time point in the L-citrulline

supplementation and placebo conditions (P> 0.05; Figure 3).

*** Insert Figure 3 ***

Fig. 4 shown the relationship between changes (A) in plasma [L-arginine] following L-

citrulline supplementation and placebo and maximal power output (Wmax; W) and time

to exhaustion (TTF; sec). As expected, there were a significant association betweeen

relationship between A in plasma [L-arginine] and both maximal power output (Wnax;

W) and time to exhaustion (TTF; sec) (P < 0.05).

*** Insert Figure 4 ***

5.1.4 Discussao

To the authors’ knowledge, this is the first investigation that

examined the acute effects of different oral doses of L-citrulline on plasma L-arginine
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and L-arginine avaliability, physiological responses to exercise and exercise
performance, compared with energy-matched placebo, in a group of moderately
trained young adults. Previous studies have focused on administered doses of L-
citrulline < 6 g, which might not be enough to affect physiological responses to
exercise and exercise performance in humans (BAILEY et al., 2015; GIANNESINI et
al., 2011; BENDAHAN et al., 2002), and little is known about the effects of greater
doses in this condition. The establishment of the optimal L-citrulline dose for
enhancing exercise performance is of importance given the increasing popularity of
L-citrulline supplementation in both basic research and applied exercise settings

(BESCOS et al., 2012).

The main findings of this study were that plasma [L-arginine] and plasma [L-arginine]
avaliability increased dose dependently up to ~110.0 mmol . mL-1. Dose-dependent
effects of L-citrulline were not enough to elicit any significant impact in the exercise
performance to ramp, incremental exercise test on a cycle ergometer, although there
were a significant correlation between A in plasma [L-arginine], maximal power output
and time to exhaustion, both broadly used as indicators of exercise performance.
Dose-dependent effects of L-citrulline were also not sufficient to elicit any influence
on physiological responses to submaximal or maximal exercise. These findings
reinforce that acute supplementation with L-citrulline does not modify physiological
responses or improve exercise tolerance during a non-steady-state, incremental

ramp exercise in moderately trained young adults.

The results of Figure 1 demonstrated that acute supplementation of L-citrulline

causes dose-dependent increases in plasma [L-arginine]. Plasma [L-arginine]
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increased by up to ~110.0 mmol . mL-1 by approximately 1.5 h after the ingestion of
12 g of L-citrulline.

These findings emphasize that differently from L-arginine, L-citrulline, a nonprotein
amino acid that is coproduced with NO as an end product of NOS activity, is not
metabolized in the intestine or liver (MORRIS Jr et al., 2016) and has been reported
to increase argininemia (KUHN et al., 2002) and NO synthesis (WIJINANDS et al.,
2012) more effectively than L-arginine itself. These changes in plasma [L-arginine]
responses may have a clear, substantial impact on exercise performance. In fact,
there is a body of evidence showing that short term supplementation with L-citrulline
improved skeletal muscle metabolism and/or contractile efficiency (BAILEY et al.,
2015; GIANNESINI et al., 2011; BENDAHAN et al., 2002) and enhanced fatigue
resistance (BAILEY et al., 2015, 2016). In the current study, supplementation with
different doses of L-citrulline did not result in significant effects on exercise
performance to incremental exercise test on a cycle ergometer. However, significant
correlation was found between A in plasma [L-arginine], maximal power output and
time to exhaustion, which might suggest both that A in plasma [L-arginine] are
needed to cause A in exercise performance following an acute supplementation with
L-citrulline, regardless of administered dose, and that there were responders and
non-responders to the substance (Figs. 2 and Fig. 4). Both speculations, however,

should be further examined in future studies.

As previously mentioned, supplementation with L-citrulline did not elicit any
significant changes in physiological responses to exercise. Both VO.max and GET
did not differ significantly between the conditions. There were also no between-group

difference in the blood [lactate] at any time point in the L-citrulline supplementation
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and placebo conditions (P> 0.05; Figure 3). Therefore, it can be hypothesized that
any potential change in exercise performance might be related, at least in part, to
skeletal muscle muscle metabolism and/or contractile efficiency more than central
factors, reflected by changes in gas exchange parameters. These results are in line
with previous studies using short term supplementation with L-citrulline (BAILEY, et

al., 2015) or watermelon juice, a beverage rich in L-citrulline (BAILEY, et al., 2015).

5.1.5 Conclusao

In summary, the present study shown that acute supplementation with L-citrulline
does not modify physiological responses or improve exercise tolerance during a non-
steady-state, incremental ramp exercise in moderately trained young adults. Contrary
to our hypothesis, these responses were poorly influenced by different doses of the
acute supplementation with L-citrulline. However, it should be noted that Wmax and
time to fatigue were significantly correlated with A in plasma [L-arginine], thus
suggesting a potential indirect role of plasma [L-arginine] avaliability on exercise
performance in humans. From a practical standpoint, the findings from this study
reinforced the role of L-citrulline supplementation as a poorly effective dietary

intervention for improving exercise performance in moderately trained young adults.
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5.2 ESTUDO 2 - Effects of acute L-citrulline supplementation on adjustments of
pulmonary O, uptake and muscle deoxygenation during ramp incremental

exercise in young adults ?

2. Manuscrito cientifico a ser submetido para publica¢éo no periédico European Journal of Applied Physiology.

Resumo

A citrulina (CgH13N303), aminoacido ndo protéico e neutro, tém despertado o
interesse da comunidade clinica e académica, devido aos seus potenciais efeitos de
importancia biolégica no ambito da saude e do esporte. Contudo, pouco ainda é
conhecido se tais efeitos sdo de carater dose-dependente e podem otimizar
processos organicos como a disponibilidade e utlizagdo de oxigénio na
microcirculacdo muscular. Desse modo, usando a técnica de espectroscopia por
infra-vermelho proximal (NIRS), o presente estudo investigou os efeitos de diferentes
doses da suplementacdo aguda oral de L-citrulina sobre a relagcdo entre
disponibilidade (Qm) e utilizagdo de de oxigénio (VO.m) em adultos jovens. Doze
homens, moderadamente treinados, com idades entre 18 e 30 anos, realizaram seis
testes de exercicio fisico incremental do tipo rampa em ciclo ergbmetro até
exaustdo, com um intervalo de 7 dias entre testes. Em cada ocasido, 0s
participantes ingeriram 6 g de L-citrulina pura, 12 g de L-citrulina pura, ou placebo ~
90 min antes do comeco do teste. ParAmetros respiratérios (VOzn) € de oxigenagéo
muscular (via Qm e C(a-v)O,) foram determinados. Os resultados do presente estudo
demonstraram que a suplementacéo oral aguda de L-citrulina parece exercer efeitos
minimos na relacdo entre disponibilidade (Qm) e utilizagdo de oxigénio (VO2m) em

adultos jovens, independente da dose administrada.
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5.2.1 Introducéao

The study of the physiological response of humans to a ramp or step incremental
exercise test to exhaustion has revealed much about both the mechanisms governing
the cardiovascular adjustments with exercise and of factors of intracellular loci of
metabolic regulation of oxidative phosphorylation. Although comprehensive reviews
have discussed the factors controlling the dynamic adjustment of oxygen delivery and
oxygen utilization during ramp or step incremental exercise test (BOONE;
BOURGOIS, 2012; MURIAS et al., 2014), debate still remains about the mechanisms
governing the control of both muscle microvascular blood flow (Qm) and muscle
oxygen utilization (VO,,) across exercise intensities. This can predominantly be
attributed, at least in part, to methodological constraints since measurements of Qn
and/or VO, in humans are invasive and/or are typically made in larger conduit
vessels in the exercising limbs, which may not reflect the dynamic changes in the
capillaries, where gas exchange occurs (HARPER et al., 2006). Lately, near-infrared
spectroscopy (NIRS) has been introduced as an attractive alternative that allows non-
invasive registration of muscle oxygenation and hemodynamics at the level of the
microcirculation. On the basis of the different absorption spectra of the near-infrared
light at different wavelengths, NIRS can differentiate between the two major forms of
hemoglobin (Hb) and myoglobin (Mb), i.e., oxy-[Hb + Mb] and deoxy-[Hb + Mb] (VAN
BEEKVELT et, 2001). Deoxy-[Hb + Mb] can be considered a proxy for microvascular
oxygen extraction and arteriovenous oxygen difference (C(a-v)O,) (DELOREY et al,
2003), and according to the Fick equation [C(a-v)Oz = VOun/Qn], it can be assumed
that the pattern of deoxy-[Hb + Mb] during exercise can provide insight into the

relationship between Qp, and VO, especially because deoxy-[Hb + Mb] seems to be
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less affected by changes in blood volume under the NIRS probe during exercise
compared with oxy-[Hb + Mb] (GRASSI et al, 2003; FERREIRA et al, 2006).
Therefore, NIRS can provide unique, noninvasive insight into the factors controlling
the relationship between Qp, and VO, during dynamic exercise that is a major
determinant of the exercise capacity in both healthy subjects and patients (BOONE et

al, 2012).

Previous studies have reported the occurrence of a linear steady state relationship
between systemic blood flow [cardiac output (Q)] and whole body oxygen uptake
(VO.m) during constant load exercise performed across a wide range of exercise
intensities. As a consequence, when plotted as a function of work rate, the profile of
fractional oxygen extraction or C(a-v)O; across the same range of exercise displays a
hyperbolic pattern, since VO, = Q x C(a-v)O, (ROWELL, 1974; PROCTOR et al,
1998; BARKER et al, 1999). If deoxy-[Hb + Mb] is proportional to fractional oxygen
extraction or C(a-v)O,, a similar hyperbolic pattern would be expected for deoxy-[Hb
+ Mb] as a function of work rate (DELOREY et al, 2003; FERREIRA et al, 2005).
Several studies, however, demonstrated that a sigmoid rather than a hyperbolic
model provides a better fit to the deoxy-[Hb + Mb] response to steady state,
incremental step exercise test (GRASSI et al, 2003; BOONE et al, 2010) or non-
steady state, ramp exercise test (FERREIRA et al, 2007; BOONE et al, 2009, 2010,
2012). This sigmoid pattern indicates a dynamic nonlinear relationship between Qn,
and VO, that is, a faster increase in Q, compared with VO, at the onset of the
ramp followed by a progressive slower increase in Qp, relative to VO, at the end of
exhaustive exercise. This sigmoidal increase in deoxy-[Hb + Mb] response as a

function of work rate could be, at least in part, explained by central and/or local
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factors such as (1) the mechanical effects of muscle contraction (i.e., muscle pump
and rapid vasodilation) in the early phase of a ramp exercise test; (2) the Bghr effect
and the appearance of a lactic acidosis as work rate increases; (3) changes in
sympathetic—parasympathetic balance in cardiovascular control; and (4) muscle fibre
characteristics and changes in recruitment as work rate increases (ROWELL, 1974;
BEHNKE et al, 2003; FERREIRA et al, 2007). From a practical perspective, this
sigmoid pattern of the deoxy-[Hb + Mb] response could be used as a suitable tool to
assess changes in the nonlinear relationship between Qp, and VO,, and to detect

early stages of microvascular dysfunction during clinical exercise testing.

As previously mentioned, the information obtained from deoxy-[Hb + Mb] response
provides insights into the relationship between Q. and VOa,. For instance, a
rightward shift of the pattern of deoxy-[Hb + Mb] during ramp exercise test may be
reflective of better perfusion and balance between Q, and VO,n,; however, this may
also indicate a reduced need for Qn and VO, that occurs with lower muscle
activation (FERREIRA et al, 2007; CHIN et al, 2011). Chronic exercise training
(SHOEMAKER et al, 1996; FERREIRA et al, 2007; BOONE et al, 2009) and/or
pharmacological treatment (DREXLER et al, 1995) are examples of interventions that
are associated with a rightward shift in the pattern of deoxy-[Hb + Mb] during
dynamic exercise; however, it seems logical to speculate that other approaches could
have a similar impact on the dynamic adjustment of oxygen delivery and oxygen
utilization as well as on the pattern of deoxy-[Hb + Mb] during ramp or incremental
step exercise. For instance, nitric oxide (NO), a ubiquitous, gaseous signalling
molecule generated through the oxidation of amino acid L-arginine, in a process

catalyzed by the NO synthase (NOS) enzymes (FORSTERMANN; SESSA, 2012) or
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via the one electron reduction of nitrite (NO2-) (LUNDBERG et al., 2009), has been
reported to contribute to vasodilation that increases Q, and enhances oxygen
delivery to the active musculature in humans (COOPER; GIULIVI, 2007). Dietary
supplementation with L-citrulline, a nonprotein amino acid that is coproduced with NO
as an end product of NOS activity, is thought to increase NO bioavailability in
humans (SCHWELDHELM et al., 2008), and would elicit similar responses. Most
studies (BAILEY et al., 2015, 2016; GIANNESINI et al., 2011; BENDAHAN et al.,
2002), but not all (TARAZONA-DIAZ et al., 2013; CHURCHWARD-VENNE, et al.,
2014; CUTRUFELLO et al., 2015), have shown reduced systemic blood pressure and
improved exercise efficiency and exercise tolerance following dietary L-citrulline
supplementation in healthy. While the mechanisms responsible for the latter effects
are poorly understood, they likely involve an increased Q, and direct effects of NO
on muscle contractile efficiency or mitochondrial function (STAMLER; MEISSNER,
2001; ALVARES et al., 2012). Therefore, dietary supplementation with L-citrulline
could be a valid approach to further elucidate the mechanisms governing the

regulation of both Q,, and VO, that across exercise intensities.

Therefore, the purpose of this study was to gain better insight into the underlying
mechanisms of the sigmoid pattern of deoxy-[Hb + Mb] response to incremental ramp
exercise by means of an acute oral L-citrulline supplementation. Using changes in
NIRS-derived deoxy-[Hb + Mb] and breath-by-breath pulmonary VO, measurements,
we hypothesized that the pattern of deoxy-[Hb + Mb] would follows a sigmoid profile
in response to the non-steady state ramp exercise test and that this profile would be
rightward shifted in response to the acute dietary supplementation with L-citrulline.

From a practical standpoint, the results from this study would reinforce that the
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sigmoid profile of the deoxy-[Hb + Mb] response to incremental ramp exercise test
could be used as a suitable tool to assess changes in the nonlinear relationship
between Qn, and VO, and to detect effective dietary interventions for adjusting the

oxygen delivery and oxygen utilization within exercising muscles in humans.

5.2.2 Materiais e Métodos

Subjects

Twelve male adults between 18 and 30 yr of age were recruited to participate in this
study. A detailed written explanation of the experimental protocol was given to all
subjects before they be tested. None of them smoked tobacco and used dietary
supplementation or taken any medication that could affect their cardiorespiratory or
metabolic responses to exercise. In the 24 h preceding the first exercise test, they
recorded their food intake and this diet was replicated in the 24 h preceding
subsequent tests (please see Nutrient Intake section). Additionally, they were
instructed to arrive at the laboratory in a rested and fully hydrated state, =2 3 h
postprandial, and to refrain from caffeine and alcohol intake 6 and 24 h before each
test, respectively. Subjects were asked to avoid strenuous exercise in the 24 h
preceding each testing session. Finally, they were required to be in good health and
none of them could have medical contraindications for participation in the study. All
invited subjects had previously been involved in cycle ergometer studies at this
intensity in similar conditions, and are fully familiar with the study procedures. All

procedures were approved by the Institutional Ethics Committee.
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Experimental Overview

All subjects were required to report to the laboratory on seven separate occasions
over a period of 6 wk. Upon arrival to the laboratory, subjects rested for 10 min in a
seated position. After the rest period, the blood pressure was measured. Subjects
were then randomly assigned to ingest 6 g of pure L-citrulline, 12 g of pure L-
citrulline, or energy-matched placebo (see Supplementation protocol section) ~90
min prior to exercise. This approach is based on the findings of MOINARD et al
(2008) who reported that 2 - 15 g . day™ of oral L-citrulline elevated plasma L-
arginine concentration with the peak values being maintained between 70 to 140 min
post-ingestion. After the 90 min rest period, a replicated blood pressure
measurement were taken. Subjects then performed a ramp incremental exercise test
to the limit of tolerance on an electromagnetically braked cycle ergometer. In each
ramp exercise protocol, the work rate increased linearly and continuously with a rate
of 35 W . min™ (~0.58 W min™). Previous studies (BOONE et al, 2009; 2010) have
shown that this ramp slope would lead to exhaustion in ~12 min in a group of
moderately trained adults. The actual ramp increase in work rate was preceded by 3
min of rest on the cycle ergometer and by 3 min of baseline cycling at 40 W. The
baseline value of 40 W was used to ensure that possible changes in mechanical
efficiency at very low work rates would not interfere with the linear increase in VO,
(BOONE et al, 2008). The test was terminated when the subject could no longer
maintain the instructed pedal rate (75 rpm). The instantaneous pedal rate was
continuously visualized on a display connected to the cycle ergometer, so that the

subject were fully informed about the cadence throughout the exercise tests. All



55

subjects were asked to arrive in the laboratory in the morning (between 06:00 and
12:00 a.m.) and all exercise tests were performed at the same time (x 2 h) of the day
to avoid circadian variance. Of note, all tests were replicated twice by all subjects in

each supplement condition (pooled data).

Supplement Protocol

Subjects were randomly assigned to receive either 6 g of pure L-citrulline (Arboretum;
administered with 0.5 L of water), 12 g of pure L-citrulline, or energy-matched
placebo (starch) gelatinous capsules in a double-blind, crossover design, with a 7 d
washout period between the two conditions. A 7 d washout period is enough because
the elimination half-life of a single oral dose of 6 g of L-arginine is ~ 24 h
(SCHWEDHELM, et al., 2012). Placebo capsules were at the same size, color, and

flavor as the L-citrulline capsules.

Nutrient Intake

Subjects were instructed to record their food intake for 24 h before the first exercise
test and were asked to replicate the same diet before subsequent tests. Under the
supervision of nutritionists, they were advised to follow a diet rich in carbohydrate (>
4 g . kg'l) body weight, which, in combination with light training or rest, would allow
subjects to start the tests with adequate glycogen stores (PFEIFFER et al, 2010).
Diet was assessed with 24 h recalls the days before the tests, and carbohydrate
intake of all subjects were confirmed to be > 4g . kg™ body weight. The participants

were also instructed to report in the dietary records any adverse events from the
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dietary supplementation with L-arginine or placebo on their health status.

Gas exchange and heart rate measurements

During all exercise tests, pulmonary gas exchange and ventilation were measured
continuously on a breath-by-breath basis by means of a portable gas analysis system
(K4b,, Cosmed srl, Rome, Italy). A turbine digital transducer measured inspired and
expired airflow; otherwise, an electrochemical cell O, analyser and infrared CO,
analyser simultaneously measured expired gases using a capillary line connected to
a mouthpiece. The analyser was calibrated before each test with gases of known
concentration, and turbine volume transducer was calibrated using a 3 L syringe
(Hans Rudolph, Kansas City, MO). The analyser was previously validated for
measuring gas exchanges over a wide range of exercise intensities (MCLAUGHLIN
et al, 2001). Heart rate was recorded by means of the K4b, system from a chest belt

transmission (Polar Electro, Kempele, Finland).

Near Infrared spectroscopy

Deoxy [Hb + Mb] profiles of the quadriceps vastus lateralis muscle was measured by
means of a commercially available data acquisition and analysis NIRS system
(Portamon, Artinis Medical Systems BV, The Netherlands). A detailed explanation of
the principles of operation and algorithms utilized by the system is described
elsewhere (ELWELL, 1995; VAN BEEKVELT, 1995). Briefly, the system consists of a
small portable unit that contains a light source, which emits near-infrared

wavelengths of 750 and 850 nm and a detection probe (30mm away) to measure the
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returning signals. The intensity of incidence and transmitted light is transmitted in real
time via Bluetooth to a laptop computer and recorded continuously at 10 Hz and used
to assess concentration changes from the resting baseline for deoxy-[Hb + Mb] and
oxy-[Hb + Mb] hemoglobin and myoglobin. Although the contribution of deoxygenated
myoglobin to the NIRS signal is unclear, the terms deoxy-[Hb + Mb] and oxy-[Hb +
Mb] referred to the combined concentrations of hemoglobin and myoglobin
(KENJALE et al, 2011). The NIRS data represent a relative change based on the
optical density from the resting baseline measure for deoxy-[Hb + Mb] and oxy-[Hb +
Mb]. Since deoxy-[Hb + Mb] is essentially blood volume insensitive during exercise
(GRASSI et al, 2003; FERREIRA et al, 2006), the parameter was assumed to provide
an estimate of changes in the fractional O, extraction in the area of interrogation

(DELOREY et al, 2003).

The Portamon unit was positioned longitudinally on the distal section of vastus
lateralis muscle of the left leg and secured in place using an elastic wrap/stocking
around the thigh, which was tight enough to avoid probe movement but not to restrict
leg blood flow or venous return. The NIRS unit and the skin was covered with a
black, light-absorbing cloth to minimize the possibility that extraneous light could
influence the signal. Prior to the placement of the NIRS unit, however, the system
was calibrated and the skin was shaved. Pen surgical marks were made on the skin
to indicate the margins of the unit to check for any downward sliding during the
exercise and for accurate repositioning of the unit on the subsequent visits to the
laboratory. Skinfold thickness at the site of application of the NIRS unit were
determined before the testing trials using Harpenden skinfold caliper. NIRS data was

recorded throughout the ramp exercise test. The resulting NIRS data then was
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reduced to a 1 Hz Excel data file and stored for later analysis.

Data Analysis

VO,max was defined as the highest 10 s mean value attained before the subject’s
volitional exhaustion in the test (BAILEY et al, 2010). The gas exchange threshold
(GET) was defined as the point at which CO, production (VCO;) began to increase
out of proportion in relation to VO, with a systematic rise in minute ventilation (Vg)-to-
VO, ratio and end tidal VO,max PO,, whereas Ve-to-VO, ratio and end tidal PCO; is
stable (BEAVER et al., 1981). Both VO,max and GET were described as a function
of body mass. Maximal power output (Wmax) was determined by the following
formula: Wmnax = Wout + [(1/60)35], where W, is the power output (W) during the last
completed stage and t is the time (s) in the final stage (PFEIFFER et al, 2010). The
slope of the time averaged VO, to work rate profiles for ramp exercise test [reflecting
the functional VO, gain (AVO,/AW)] was determined using linear regression analysis

(y = ax + b) (BOONE et al, 2012).

Breath-by-breath pulmonary gas exchange data was filtered by removing aberrant
data that lay outside 4 standard deviation (SD) of the local mean, as they did not
conform to a Gaussian distribution as previously described by LAMARRA, et al
(1987). The gas exchange profile then was further time averaged into 5 s bins to
provide a single time averaged response for each subject in each dose of L-citrulline
and placebo. The second-by-second Adeoxy-[Hb + Mb] was time aligned and

ensemble averaged in the same manner. The ensemble averaged Adeoxy-[Hb + Mb]
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was then normalized (%Adeoxy-[Hb + Mb]) to the total amplitude of the response in
the placebo and L-citrulline conditions, such that 0% represents the average value of
the final 60 s of the 3 min cycling period at 40 W and 100% represents the average
value of the final 15 s of the exercise test (i.e., Adeoxy [Hb + Mb]peak). The %Adeoxy
[Hb + Mb] was time aligned with VO, by left-shifting the VO, profile data back by 20 s
to account for the circulatory transit delay between muscle and lung; this was
undertaken so that changes in ‘VO.m’ (represented by VO,) aligned with changes in
the %Adeoxy-[Hb + Mb] signal (BOONE et al, 2010; MURIAS et al, 2014). If this 20 s
value may not precisely match the circulatory time lag in all subjects is unknown;
however, this 20 s value has been proposed as a reasonable estimate for the
circulatory time delay occurred in the onset of exercise (MURIAS et al, 2013;

SPENCER et al, 2012).

The normalized deoxy-[Hb + Mb] was plotted as functions of both work rate and of
percentage of Wmax. This normalization procedure implies that only qualitative
comparisons can be made. As proposed by BOONE (2010, 2012), the deoxy-[Hb +

Mb] data from the ramp exercise test were fitted by a sigmoid model, as follows:

F(x) = fO + A/(1+exp —(-c+dx))

where fO represents the baseline, A is the amplitude, d is the slope of

the sigmoid, and c/d is the x value corresponding to 50% of A.
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Statistical Analysis

The mean values + SD were analysed for time of exhaustion, VO,max, GET, Wmax,
and functional VO, gain in each supplementation condition and these parameters
were further compared using one-way ANOVA. The sigmoid model for the pattern of
deoxy[Hb + Mb] was calculated by means of fit curve in Sigmaplot 10.0. From the
output file, the R? values, the residual sum of squares, and the F-value were
calculated to determine the best fitting model for each individual test. The mean
values £ SD for the parameters in the best fitting model were determined and
compared between the supplementation conditions using one-way ANOVA.

Significance was set at P < 0.05.

5.2.3 Resultados

The ramp exercise protocol lasted, on average, 847 + 16 sec and 856 + 21 sec in
both 6 g and 12 g L-citrulline supplementation conditions, whereas the ramp protocol
lasted 856 + 17 sec in placebo condition (Fig. 1A). As unexpected, participants
reached a similar Wmax in both 6 g and 12 g L-citrulline supplementation conditions
(312.2W + 10 and 316.6W + 14) compared with placebo condition (313.3W % 10)

(Fig. 1B, P > 0.05).

*** Insert Figure 1 ***

In Figure 2, the deoxy [Hb + Mb] response for the ramp protocol in the distal section
of the musculus vastus lateralis is presented for a representative subject. In Table 1,
the means values + SD for the parameters of the sigmoid model of three

supplementation conditions are presented. The baseline (f0), amplitude (A) and the
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slopes of the sigmoid (d) did not differ significantly between the three
supplementation conditions. The c/d point of the sigmoid, that is, the work rate
corresponding to (f0O + A)/2 was also similar between the three supplementation
conditions, when described as a function of relative (%opeakP) work rate for each

supplementation condition.

*** Insert Figure 2 ***

*** |Insert Table 1 ***

5.2.4 Discussao

The purpose of this study was to gain better insight into the underlying mechanisms
of the sigmoid pattern of deoxy-[Hb + Mb] response to incremental exercise by
means of an acute oral L-citrulline supplementation. Using changes in NIRS-derived
deoxy-[Hb + Mb] and breath-by-breath pulmonary VO, measurements, we
hypothesized that the pattern of deoxy-[Hb + Mb] would follows a sigmoid profile in
response to the non-steady state ramp exercise test and that this profile would be
rightward shifted in response to the dietary supplementation with L-citrulline. As
expected, the pattern of deoxy [Hb + Mb] followed a sigmoid profile in response to
the non-steady state, ramp exercise test; however, it should be noted that the
sigmoid profile was not shifted in response to the acute dietary supplementation with
L-citrulline. This finding indicates that L-citrulline administration was not able to affect
NIRS-derived deoxy [Hb + Mb] and breath-by-breath pulmonary VO, measurements

during a ramp exercise test.
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The findings of this research are in agreement with previous studies (TARAZONA-
DIAZ et al., 2013; CHURCHWARD-VENNE et al., 2014; CUTRUFELLO et al., 2015)
and reinforce that oral supplementation with L-citrulline might not be able to cause a
better regulation of the relationship between Qm and VO, during dynamic exercise
in healthy subjects. The reasons for these findings are yet unclear; however, it could
be speculated that an acute dose of L-citrulline (6 g and 12 g) might not be enough to
proportionate any change in cardiovascular and/or metabolic responses during
aerobic exercise in healthy adults. A plausible reason is related to the degradation of
L-arginine in the systemic circulation. Although the supplementation with L-citrulline
increased the plasma [L-arginine] in a dose-response manner, it should be noted that
plasma [L-arginine] is rapidly down regulated by systemic extraction and catabolism
by the liver (YU et al., 1996) and by competition with asymmetric dimethylarginine
and other L-arginine analogs for the transporter y* carrier (CLOSS et al., 1997).

However, this hypothesis is more exploratory in nature.

Previous studies have shown the occurrence of a linear steady state relationship
between Qm and VO, to constant load exercise performed across a wide range of
exercise intensities (DELOREY et al, 2003; FERREIRA et al, 2005; BOONE et al,
2008, 2009, 2010). As a consequence, when plotted as a function of work rate, the
profile of fractional oxygen extraction or C(a-v)O2 across the same range of exercise
displays a hyperbolic pattern, since VO, = Q x C(a-v)02 (ROWELL, 1974;
PROCTOR et al, 1998; BARKER et al, 1999). If deoxy [Hb + Mb] is proportional to
fractional oxygen extraction or C(a-v)O2, a similar hyperbolic pattern would be
expected for deoxy [Hb + Mb] as a function of work rate (DELOREY et al, 2003).

Most studies, however, demonstrated that a sigmoid rather than a hyperbolic model
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provides a better fit to the deoxy [Hb + Mb] response to steady state, incremental
step exercise test (GRASSI et al, 2003; BOONE et al, 2010) or non-steady state,
ramp exercise test (FERREIRA et al, 2007; BOONE et al, 2009, 2010, 2012). The
rapid increase followed by a slowing effect of Qm could be related to muscle fiber
recruitment. In this context, different profiles of C(a-v)O2 as a function of Qm
between slow twitch and fast twitch muscles have been reported in rats (FERREIRA
et al, 2006). However, in the present investigation, no EMG measurements were
carried out. Further studies are encouraged to examine the relationship between type
fiber recruitment, changes in sigmoid pattern of deoxy [Hb + Mb] curves, and

nutritional interventions, such as L-citrulline.

5.2.5 Conclusao

In conclusion, the present study demonstrated that the deoxy [Hb + Mb] response
follows a similar sigmoid pattern to non-steady-state, incremental ramp exercise in a
group of moderately trained adults. Contrary to our hypothesis, this sigmoid profile
was not right shifted in response to the acute dietary supplementation with L-
citrulline. From a practical standpoint, these results reinforced the role of L-citrulline
supplementation as a poorly effective dietary intervention for adjusting the oxygen

delivery and oxygen utilization within exercising muscles in humans.



64

5.2.6 Legendas Tabelas/Figuras

Figure 1. Group mean (A and C) and individual (B and D) responses of Wnax and
time to exhaustion during a ramp incremental exercise until volitional exhaustion,
following Pla (white bar), Cit6 (gray bar), and Cit12 (black bar). Values are shown as

means * SE.

Figure 2. Deoxy [Hb + Mb] response as function of absolute work rate for a

representative subject.

Table 1. Mean £ SD values for the baseline (fO; %), amplitude (A;%), and slope (d) of
the sigmoid model fitted to the deoxy [Hb + Mb] response for ramp protocols as

functions of relative work rate (%peakP™).
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Placebo L-citrulline 6 g L-citrulline 12 g
M SD M SD M SD
f0 (%) 5.7 3.2 5.8 3.1 5.7 3.9
A (%) 1021 8.0 1053 9.2 1033 117
d (% peakP™) 7.1 4.6 6.6 4.1 6.9 4.2
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