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E verdade que se podia criticar muita coisa no meu pai,
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iriase conterntar com uma vida de mecanico. Se dependesse de mim, =le teria
direito @ um salario do govemao como fildsofo. Certavez ele mesmo disse algo
nesse sentido: “Temos ministérios paratudo, mas ndo para afilosofia. E até os
paises grandes acham que podem dar coma de suastarefassem la”.

Com o peso daquela heranga que eu tinha sobre os
ombros, tenmtava participar das conwversas filosdficas qua meu pai ssmpre
comegava quando n3o estava falando de mam3e. Maquels momento, su
disse:

- O fato de o universo ser t3o wvasto n3o significa
necessariamente queanossaTerrasejaum grao de ervilha.

FMeu pai sacudiv osombros e acendeu outro cigamro. Mo
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que au sabiaque aquiloera o melhor.
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lido naBibliaqueDeusestalano céu eridaspessoas quen3o acreditam nele.
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facil do responder.

- Muito bem... - comegou meu pa. - S ha um Deus,
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Falamos besteira discutimose brigamos emtre nds. Depois nos separamos e
mamremos, compresnde? Somos  superinteligentes: sabemos construir
bombas atdmicas e foguetes parairalua. Masnenhum de nds s2 perguntade
onde wveio. A gente simplesmente se comenta em estar por aqui, dividindo
com osoutros este espago.

-E€ nessahoraque Deusride nas?

-Exatamente. Se nos fdssemos capazes de criar um ser
artificial, Hans-Thomas, nds tamb&m iriamos rachar o bico de rir s2 esse sar
artificial saisse por ai falando um monte de bobagens sobre os indices da
bolsa de valoresou sobre comidas de cavaos, por exemplo, sem se perguntar
acoisamaissimples e maisimportante detodas: “de onde & que euwvim?™.

E foi exatanente o que ele fez antes de prosssguirmos

wiagem:

- Deviamos ler mais a Biblia, meu caro. Depois que Deus
criou Ad3o & Eva, ele ficou andando pelo jardim da éden, obssrvando os dois.
Werdade... Be ficava atras dos arbustos e arvores observando direitinho tudo
o que os dois faziam, entende? Deus n30 conseguiatirar os olhos deles , de
t3o fascinado que estava com asuacriag o e N30 o critico porisso. N3o, ndo...
posso entendé-lo muito bem

MMeu pai apagou o cigarmro & com isso a pausa chegou ao
fim. Fquei pensando que apesar de tudo eu era uma garoto de sorte: afinal,
durante aquelaviagem a Gréciaia poder usufruir de umastrintaou quarenta
paradas como aquela.

Dentro do carro, tirei novanente alupa do estojo que
an3o misterioso tinha me dado decidi usa-la para examinar a natureza mais
de perto . Se me deitasse no chio e ficasse olhando um bom tempo uma
formigaou umaflor, talvez conseguisse descobrir alguns segredos Eent3o eu
poderiadarum poucode sossego de natal ao meu pai”

Hans-Thomas e seu pai, acaminho de Atenas, Grécia,

em D Diado Curinga, Parte Espogos,

Capitulo "Asde Espadas, ..Deusestdldno céu e ridas pessoas que ndo
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127 Se o senhor ndo-edificawr o cas, e vio-trabalhawm oy que ov edificam; se o
SENHOR ndo guardor o cidade; ew vio- viagiow av sentinela.

Ittt vos sevds levantowr de madrugaday, repousow towde; comer o-pio- que

penosamente granjeaste; aos seus aumados ele o- dd enquanto- dovmen.

BIBLIA SAGRADA, Salmos:



Thank You

Lookin at the devil
Grinning at his gun
Fingers start shaking
I begin to run

Bullets start chasing
I begin to stop

We begin to wrestle

I was on the top

(I wanna)
Thank you
Falletinme
Be Mice E1f
Agin

(...)

Stiff all in the collar

Fluffy in the face

Chit Chat Chatter tryin

I begin to run

Thank you for the party

I could never stay

Many things is on my mind

Words in the way

(I wanna)
Thank you
Falletinme
Be Mice E1f
Agin

Thank you
Falletinme
Be Mice E1f
Agin

Dance to the music
All night long
Everyday people
Sing a simple song

Mama's so happy
Mama starts to cry
Papa's still singin:

viii

"We can make it if we try"

(I wanna)
Thank you
Falletinme
Be Mice E1f
Agin

(.)

Flaming eyes

Of people fear
Burning into you

Many men
Are missing much
Hating what they do

Youth and truth
Are making love
Dig it for a starter

Dying young
Is hard to take
Selling out 1is harder

(I wanna)
Thank you
Falletinme
Be Mice E1f
Agin
SLY AND THE FAMILY STONE THANK
YOU FALETTINME BE MICE ELF AGIN

(1969, Epic Records)
by Dave Mathews Band

[ can sex clrarly now the

rain is gonglll

I#'s gonna be a bright,

bright, bright...

bright, sunshing day!!!
Jimmy LI
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RESUMO

A glutamato desidrogenase (GDH) € uma enzima mitochondrial que cataliza a reacio reversivel
de glutamato a a-cetoglutarato. Nas ilhotas pancredticas, estd associada com a secrecdo de
insulina por aumentar a concentracdo de ATP. Ratos alimentados com dieta hipoprotéica
apresentam secrecdo de insulina diminuida. A suplementacdo com leucina (LEU) aumenta a
secrecdo de insulina em resposta a agentes insulinotrépicos. O presente estudo investigou a
influéncia da suplementacdo com LEU na expressdo da GDH e seu envolvimento com a secre¢ao
de insulina em ratos desnutridos e suplementados com LEU. Ratos machos foram alimentados
com dietas normo- (17%, NP) ou hipoprotéicas (6%, LP) por oito semanas. Apds, foram
divididos e suplementados com LEU (1,5%) na agua de beber (NPL e LPL) pelas quatro
semanas seguintes. O contetdo protéico de GDH no cérebro, figado, rim e musculo esquelético
nao diferiu entre os grupos. Nas ilhotas LP, a expressio da GDH estava diminuida e a
suplementagdo com LEU aumentou a expressio de RNAm restaurando o conteudo protéico a
valores similares a NP. A secrecdo de insulina estimulada por agentes insulinotrépicos ou
inibidores, combinados ou ndo, estava diminuida em ilhotas LP comparada com NP. A
suplementacdo com LEU aumentou a secrecdo de insulina a valores similares a NP, exceto
quando as ilhotas LPL foram incubadas com EGCG. Ilhotas LP tiveram diminuicdo na [Ca2+]i
quando expostas a GLN+BCH. A suplementacdo com LEU restaurou esses parametros aos
valores de NP. Frente a esses resultados, podemos concluir que a diminuicdo na expressdo da
GDH induzida pela dieta LP foi central ao pancreas enddcrino e estd associada a reducdo da

secrecdo de insulina observada nas ilhotas LP. A suplementacdo com LEU foi capaz de restaurar

a expressao da GDH, contribuindo para o aumento da secrec@o de insulina observado nas ilhotas
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LPL. Além disso, a GDH pode, ainda, estar associada com a secrecdo de insulina pelo

acoplamento estimulo/secre¢do via regulacio da [Ca®™]..
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ABSTRACT

Glutamate dehydrogenase (GDH) is a mitochondrial matrix enzyme that catalyzes the reversible
reaction of glutamate to a-ketoglutarate. In the pancreatic islets, this enzyme is associated with
insulin secretion by augmenting ATP levels. Protein malnourished rats displayed reduced insulin
secretion. Leucine (LEU) supplementation augments the insulin secretion response to
insulinotropic agents. The present study investigated the influence of LEU supplementation on
GDH expression and its involvement with insulin secretion in malnourished rats supplemented
with LEU. Male rats were fed normal- (17%, NP) or low-protein diet (6%, LP) for eight weeks.
Half of rats of each group were supplemented with LEU (1.5%) in drinking water for the
following four weeks (NPL and LPL groups). GDH protein content in brain, liver, kidney and
skeletal muscles was not different in any group. GDH RNAm and protein content was reduced in
LP islets and LEU supplementation augmented RNAm expression restoring protein content
similar to NP. Insulin secretion was reduced in LP islets compared with NP when stimulated by
insulinotropics agents or inhybitors, combinaned or not. LEU supplementation augmented insulin
secretion to similar values as NP, an effect that was blunted when LPL islets were incubated with
EGCG. LP islets showed lower [Ca®]; when exposed to GLN+BCH. LEU supplementation
augmented these patterns similar to NP. Taken together, we may conclude that diminution in
GDH expression induced by LP diet was central to endocrine pancreas and was associated with
reduced insulin secretion observed in LP rats. LEU supplementation was able to restore GDH

expression and it was capable to restore insulin secretion via GDH restoration. Yet, GDH may

contribute to insulin secretion via Ca”" regulation stimulus/secretion coupling.
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Glutamato Desidrogenase e Secrecao de Insulina

A glutamato desidrogenase (GDH) é uma enzima homohexamera, com pelo menos duas
isoformas codificadas por genes distintos, GLUDI e GLUD2, e estd localizada na matriz
mitocondrial (Shashidharan et al., 1994; Mastorodemos et al., 2005; Maechler et al., 2006).
Ela catalisa a reacdo de deaminacdo do glutamato em a-cetoglutarato utilizando NAD e/ou
NADP como co-fatores (Shashidharan et al., 1994; Kelly & Stanley, 2001; Plaitakis et al.,
2003; Frigerio et al., 2008; Li et al., 2010). Essa enzima é expressa em altas concentragdoes no
figado, cérebro, pancreas e rins. No cérebro, onde € encontrado pelo menos duas isoformas da
GDH (Cho, et al., 1995; Plaitakis & Zaganas, 2001; Mastorodemos et al., 2005; Frigerio et
al., 2008), ela pode transformar glutamato (GLU) em glutamina (GLN) ou, ainda, realizar a
deaminagdo do glutamato (Yu et al., 1982; Anderson et al., 2000). No figado, onde a GDH ¢
proveniente do GLUDI (Plaitakis et al., 2003) e no rim, possui um importante papel no
metabolismo modulando a concentragdo de amonia (Nissim et al., 1999; Kelly & Stanley, 2001;
Frigerio et al., 2008; Li et al. 2010). No pancreas, a GDH é uma enzima chave no processo de
secre¢do de insulina (Sener & Malaisse, 1980; Bryla et al., 1994; Kelly et al., 2002), estando
envolvida no desenvolvimento da resposta secretéria (Gylfe, 1974; Sener & Malaisse, 1980;
Carobbio et al., 2004; Li et al., 2006b; Maechler et al., 2006; Carobbio et al., 2009). O
controle do mecanismo de acdo enzimética € efetuado via alostérica. Leucina (LEU) e ADP sao
uns dos principais efetores positivos e GTP, um modulador negativo (Sener & Malaisse, 1980;
Bryla et al., 1994; Kelly, 2002; Fang et al., 2002; Li et al., 2010).

A importancia fisiologica desta enzima tem-se demonstrado clinicamente através da

sindrome de hiperinsulinemia-hiperamonemia (HI-HA), a qual se caracteriza por mutagdes no



sitio de ligacdo para GTP da GDH, perdendo o controle inibitério da enzima provocando
hipoglicemia apds o consumo de refeic@o rica em proteina (Stanley et al., 1998, Yorifuji et al.
1999). Criancas que desenvolvem a sindrome congénita de HI-HA manifestam episddios
recorrentes de hipoglicemia e elevacdo nos fons amdnia no plasma (Stanley et al., 1998, Stanley
et al., 2004, Stanley et al., 2009, Stanley et al., 2010). O aumento da atividade da enzima eleva a
liberagdo de insulina em células B pancredticas e, concomitantemente no figado, hd aumento de
producdo de amoénia e reducdo de acetilglutamato, sendo este, um ativador alostérico dos
primeiros passos da ureagénese (Kelly & Stanley, 2001; Fang et al., 2002; Li ef al., 2003;
Stanley, 2004; Li et al., 2004; Hoe ef al., 2006; Frigerio et al., 2008).

A atuacdo da GDH como enzima chave no controle do processo de secre¢do de insulina
tem sido estudada desde a década de 70. Estudos utilizando um andlogo ndo metabolizavel da
LEU, o 4cido 2-aminobiciclo[2,2,1]heptano-2-carboxilico (BCH), e que, portanto, tem agdo
alostérica sobre a GDH, demonstraram a contribuicdo desta enzima na estimulacdo da secrecao
de insulina (Gylfe, 1974; Sener & Malaisse, 1980) e sua importincia para manutencdo da
insulinemia no estado pds-absortivo (Gao et al., 1999). Foi demonstrado em camundongos que a
proteina sirtuina 4, uma ADP-ribosiltransferase mitocondrial, promove ADP-ribolizacdo da
GDH, reduzindo sua atividade enzimatica em cé¢lulas 3, limitando o metabolismo de GLN e GLU
em gerar ATP (Haigis et al., 2006; Ahuja et al., 2007). Estudos recentes com inibidores da
GDH, como o polifenol de ché verde, o epigalocatequina galato (EGCG) e o 5’-deoxipirodoxal,
assim como o knockout desta enzima, reduzem a secrecao de insulina (Li et al. 2006a; Yang et
al. 2003; Carobbio et al. 2009). J4 a superexpressao da GDH demonstrou aumentar a secre¢ao
de insulina, evidenciando seu papel chave na regulacdo metabdlica deste processo (Carobbio et

al. 2004). Em animais submetidos a restri¢do caldrica, verificou-se que a atividade da GDH foi



amplificada causando aumento na secrecao de insulina em resposta a GLN ou LEU (Haigis ef al.,
2006).

Embora bem estabelecido o papel da GDH no controle da secre¢do de insulina, ainda
faltam esclarecimentos sobre envolvimento na funcionalidade das células B (Maechler et al.
2010). Sugere-se que a GDH pode modular a secre¢do de insulina produzindo glutamato
(Maechler & Wollhein, 1999; Rubi ef al. 2001; Casimir et al., 2009), apontado como segundo
mensageiro necessdrio para secre¢dao de insulina estimulada por glicose, ou como formadora de
compostos anapleréticos que amplificam a resposta secretéria de insulina (Li ef al. 2004;
MacDonald et al., 2008; Carobbio et al., 2009; Odegaard et al., 2010).

De maneira geral, os aminodcidos de cadeia ramificada estimulam a secrecio de insulina
através da reacdo catalisada pela GDH (Anno et al. 2004; Yang et al., 2010), promovendo assim,
aumento de sinais metabdlicos importantes para o controle da secrecdo de insulina, dentre os
quais, ATP, NADPH e GLU (Maechler & Wollhein, 1999; Rubi et al. 2001; Li et al. 2004;
MacDonald et al., 2008; Casimir et al., 2009; Carobbio ef al., 2009; Odegaard et al., 2010).

Tem sido demonstrado que tratamentos com LEU aumentam a secrecdo de insulina
estimulada por glicose, aminodcidos e agentes potencializadores da secrecdo. Neste sentido, a
LEU aparece como principal secretagogo dentre os aminodcidos de cadeia ramificada
(MacDonald et al., 2008) e pode exercer seu mecanismo de acdo por duas vias distintas: a
primeira envolve a transaminagdo da LEU pela transaminase de aminodcidos de cadeia
ramificada mitocondrial (BCATm) em a-cetoisocaproato (KIC) e sua consequente oxidagao
mitocondrial e producdo de ATP (Gao et al. 1999; Gao et al. 2003); a segunda, promove
liberacdio de insulina por ativacdo alostérica da GDH, aumentando a concentracdo de

intermediarios do ciclo do acido tricarboxilico (ATC) (Li et al. 2004; MacDonald et al., 2008;



Odegaard et al., 2010) e resulta na producdo de ATP (Sener & Malaisse, 1980) ou, ainda, na
formacdo de glutamato (Maechler & Wollhein, 1999; Casimir et al., 2009).

O aumento de ATP gerado via metabolismo da glicose ou via metabolismo da LEU causa
a despolarizagdo da membrana da célula B, por inibir os canais de potdssio sensiveis a ATP
(Branstrom et al. 1998). A despolarizagdo leva a abertura dos canais de cdlcio voltagem
dependente aumentando a concentracdo de cdlcio intracelular ([Ca**]y), este participando do
processo de exocitose dos granulos de insulina (Ohara-Imaizumi & Nagamatsu, 2006;
Ashcroft, 2006).

Ainda, em relagdo a sua acdo na funcionalidade das células B pancreaticas, recentes
estudos indicam que a LEU ou seu produto transaminado, KIC, podem regular a secrecao de
insulina por inibir diretamente o canal de potdssio dependente de ATP, com magnitude idéntica
aquela observada por glicose. Porém, o mecanismo pelo qual LEU e KIC estimulam a secrecao

de insulina ainda permanece obscuro (Li et al., 2004; Zhou et al., 2010).

Funcido da GDH em outros tecidos

A funcdo mitocondrial no cérebro estd associada com o metabolismo do GLU. O GLU € o
principal aminodcido neurotransmissor excitatorio no sistema nervoso central (Baudry & Lynch,
1979). Ele é liberado por sinapses ativas e, entdo, despolariza os neurdnios alvo através de
receptores especificos. O GLU também € precursor do 4cido y-aminobutirico nos neurdnios e de
GLN nos astrécitos (Mayer et al., 1984; Spreafico et al., 1994; Johnson & Roberts, 1984). No
cérebro, a GDH ¢ altamente expressa nos astrécitos. Tal expressdo garante uma retirada eficiente
do GLU liberado pelos neurdnios e seu catabolismo (Aoki et al., 1987; Schousboe et al., 1977),

evitando a neurotoxicidade induzida por este aminodcido (Duchen, 2004). Em condicdes de



necessidade de energia, os astrécitos metabolizam o GLU primariamente via GDH e os
neurdnios, via aspartato aminotransferase. A oxidacao completa do GLU ocorre no ciclo do ATC,
onde, apés a acdo de deaminacdo oxidativa da GDH, o GLU entra no ciclo ATC como o-
cetoglutarato, produzindo ATP (Yu et al., 1982).

O figado é de fundamental importancia na homeostase glicémica, no metabolismo
energético e lipidico (Fritsche et al., 2008). Também é o 6rgdo central no metabolismo de
nitrogénio (Kelly & Stanley, 2001; Stanley, 2004; Frigerio et al., 2008).

O metabolismo de nitrogénio efetuado no figado tem como enzima chave a GDH, que
produz a-cetoglutarato e amdnia para a conversdo de uréia (Kelly & Stanley, 2001; Fang ef al.,
2002; Li et al., 2003; Stanley, 2004; Li ef al., 2004; Kawajiri ef al., 2006; Li et al., 2006b; Hoe
et al., 2006; Frigerio et al., 2008). A importancia desta enzima para a ureagénese ¢ demonstrada
pela sindrome congénita de HI-HA e pela deficiéncia de n-acetilglutamato sintase (Kelly &
Stanley, 2001; Stanley, 2004; Frigerio ef al., 2008). O o-cetoglutarato também pode ser
utilizado para a producdo de ATP (Shashidharan et al., 1994; Kelly & Stanley, 2001; Plaitakis
et al., 2003; Kawajari et al. 2006; Frigerio et al., 2008) ou gliconeogénse (Frigerio et al.,
2008).

No figado, a GDH ¢€ exclusivamente expressa nos hepatocitos € sua quantidade €
diferenciada nas regides do figado. A GDH estd mais expressa nas regides perivenais que nas
regides periportais (Geerts et al., 1996; Frigerio et al., 2008). O RNA mensageiro (RNAm) da
GDH ¢ expresso em quantidades diferenciadas entre machos e fémeas de ratos Wistar
dependendo da regido hepatica avaliada (Geerts et al., 1996).

O rim possui uma vasta gama de fungdes, dentre as quais: manuten¢do do metabolismo e



do equilibrio &4cido-base, balanco de eletrdlitos e fluidos; regulacio da hematopoiese e da
excrecao de produtos (Van de Poll, 2004). A GLN ¢ quantitativamente o mais importante doador
de grupamentos NH3 no rim (Newsholme et al., 2003). Ao contrario dos outros tecidos, nos quais
o metabolismo da GLN ¢ praticamente constitutivo, o catabolismo renal € ativado agudamente
em resposta a acidose metabdlica. Durante o balanco normal de dcido-base, o rim extrai e
metaboliza muito pouco da GLN plasmadtica (Curthoys, 2001). A utilizacdo da pequena fracao
extraida do plasma de GLN requer o seu transporte a matriz mitocondrial onde é deaminada pela
glutaminase e depois deaminada por oxidacdo pela GDH. Durante a acidose metabdlica cronica,
o aumento de amoniagénese renal de ratos € sustentado, em parte, por aumentar a expressao da
glutaminase mitocondrial e da GDH. O aumento dessas enzimas ocorre pela estabilizacdo de seus
RNAm (Schoroeder et al. 2003). Ja na acidose aguda, o fluxo através da glutaminase dependente
de fosfato (PDG) e da GDH ¢ estimulado. Aproximadamente, 60% da amonia sdao derivadas da
glutamina via fluxo PDG contra 15-25% da reacdo da GDH (Nissim, 1999).

O tecido muscular é o local de maior sintese de GLN e cont¢ém 90% de toda a GLN
corpérea. Estudos quantitativos realizados em humanos demonstraram que, no estado pés-
absortivo, alanina e GLN totalizam 60% dos aminodcidos liberados pelo tecido muscular
(Newsholme et al., 2003). Em um estudo realizado, hé evidéncias de que da mesma maneira que
no rim, a acidose metabdlica resulta em um aumento da atividade da GDH no musculo
esquelético de ratos (Zhou & Thompson, 1996). Hi ainda a sugestdo de que o miusculo
esquelético e os rins devem agir de maneira coordenada para garantir a retirada do H® durante a

acidose metabdlica (Zhou & Thompson, 1996).



Acoes Biolégicas da Leucina

Aminoécidos de cadeia ramificada que incluem LEU, isoleucina e valina sdo aminodcidos
essenciais que ndo podem ser sintetizados pelos vertebrados e, portanto, devem ser obtidos pela
dieta diariamente. Além de seu efeito descrito anteriormente sobre a estimulacdo da secrecdo de
insulina, a LEU desempenha um papel crucial no controle da sintese protéica, modulando a
iniciacdo da tradugdo em vérios tipos de células (Yang et al., 2010).

Na década passada, foi demonstrado que a LEU ativa a proteina alvo da rapamicina de
mamiferos (mMTOR), uma serina/treonina quinase sensivel a nutrientes que regula a sintese
protéica e o metabolismo celular (McDaniel ez al., 2002). Também foi demonstrado que a LEU ¢é
capaz de estimular a transcricdo de genes e a sintese protéica em células B pancredticas por vias
dependentes e independentes de mTOR (Kwon, 2004; Yoshizawa, 2004; Blomstrand et al.,
2006; Stipanuk, 2007).

Igualmente, demonstrou-se que a suplementacdo com LEU em roedores induz
modulagdes sist€émicas que resultam na melhora do controle glicémico em diversos modelos
experimentais. LEU aumenta os niveis circulantes de insulina e melhora o controle glicémico em
camundongos dB/dB ou diabéticos induzidos por dieta rica em gordura, promovendo
restabelecimento da glicemia nestes animais (Rozance et al., 2006; Zhang et al., 2007; Nilsson
et al., 2007). Também, o aumento do consumo de LEU na dieta reduziu a obesidade induzida por
dieta, hiperglicemia e hipercolesterolemia em humanos e roedores por multiplos mecanismos
(Parker et al., 2002; Layman et al.,, 2006; Baum et al., 2006). A administracdo de LEU
aumenta a sintese protéica no musculo, no tecido adiposo e figado, além de inibir a protedlise
neste ultimo tecido (Tremblay & Marette, 2001). Portanto, a suplementagao com LEU parece

ser um importante aliado no combate a situa¢des que provoquem alteracio na homeostasia
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glicémica, devido a sua atuacdo multifatorial nas células dos diversos tecidos envolvidos neste

Processo.

Desnutricao e Secrecao de Insulina

A desnutricdo protéica atinge grandes contingentes populacionais, principalmente nos
paises em desenvolvimento. Apesar da tendéncia de queda nas taxas de desnutri¢do, uma alta
prevaléncia tem sido encontrada em criangas nascidas com baixo peso (Post et al., 1996).
Segundo Villar et al. (1982), nos paises em desenvolvimento, a mais importante causa de baixo
peso ao nascer € a desnutri¢do intra-uterina. A associagcdo entre desnutricdo e prevaléncia de
doencas durante a infincia, principalmente infeccdes, estd bem documentada (Pelletier, 1994).
No que se referem as repercussoes tardias da desnutri¢ao, estudos epidemioldgicos realizados na
Europa, América do Norte e em paises em desenvolvimento mostraram forte associacdo entre
baixo peso em criancas nascidas a termo e o desenvolvimento da sindrome plurimetabdlica
(Hales & Barker, 1992).

Em nosso ambito, temos estudado o papel da desnutricdo na determinacdo da sindrome
plurimetabdlica, usando o modelo experimental animal de restri¢do protéica na vida intra-uterina,
lactacdo e apds desmame, avaliando os seus efeitos sobre a secrecdo e ac@o da insulina na vida
adulta (Latorraca et al., 1998; Ferreira et al., 2003, Ferreira et al., 2004; Araujo et al., 2004;
Filiputti et al., 2008; da Silva et al. 2010, Amaral et al. 2010; Batista et al., 2010). Estudos que
avaliem o impacto imediato das repercussdes tardias da ma-nutricio sdo de interesse para a
medicina e podem também contribuir para a elaboragdo de estratégias de tratamento e de
prevencdo de doencgas cronicas.

A restri¢do protéica modifica o mecanismo de secrecdo de insulina alterando a resposta
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secretoria para diferentes agentes insulinotrépicos, tais como glicose, aminoécidos, potdssio e
também para agentes potencializadores da secrecdo de insulina (Ferreira et al., 2003; Araujo, et
al., 2004; Filiputti et al., 2008; da Silva et al. 2010, Amaral et al. 2010; Batista et al., 2010).
Esta mudanga no padrio de secrecao deve-se a alteracdes em proteinas envolvidas com o
mecanismo de secrecao, tais como proteina quinase C (PKC), proteina quinase A (PKA) e a GDH
(Ferreira et al., 2003; Ferreira et al., 2004; da Silva ef al. 2010, Amaral ef al. 2010; Batista et
al., 2010). Além disso, existe um conjunto de genes e proteinas que participam da produgdo e
secre¢do de insulina que estdo modificados neste modelo experimental (Ferreira et al., 2002,
Ferreira et al., 2003; Delguingaro et al., 2004; Filiputti et al., 2008; da Silva et al. 2010,
Amaral et al. 2010; Batista et al., 2010).

Igualmente, temos estudado a modulacdo do processo de secrecao de insulina em animais
desnutridos que foram suplementados com LEU. Observamos que este aminodcido aumenta a
secrecdo de insulina, estimulado por diferentes agentes insulinotropicos, tanto em animais
controle como em desnutridos. Os animais desnutridos suplementados com LEU apresentam
restabelecimento da secrecdo de insulina, voltando a apresentar niveis similares aos de animais
controle quando estimuladas por de arginina (Filiputti ef al., 2010), alta glicose, (Filiputti et al.,
2010; da Silva et al., 2010; Amaral et al. 2010), BCH, KIC (da Silva et al., 2010) e carbacol
(ativador do receptor muscarinico do tipo 3, M3) quando associado a de glicose (Amaral et al.

2010).
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Hipoéteses do Trabalho

Considerando os aspectos aqui levantados sobre GDH, secrecdo de insulina, LEU e
desnutri¢cdo protéica, testamos, neste estudo, a hipétese de que a desnutricdo pode alterar a
expressdo génica da GDH em ilhotas, o conteido protéico da GDH em cérebro, figado, rim,
musculo e ilhotas de ratos machos Wistar, além de modular a secrecao de insulina via GDH. De
igual forma, verificamos a hipdtese de que a suplementacdo com LEU pode restaurar as

alteracoes induzidas pela dieta hipoprotéica nos paramentros avaliados.
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Avaliar em ilhotas de Langerhans de ratos machos Wistar submetidos a restricdo protéica e

suplementados com LEU:

% A regulacdo, pela LEU, da expressao génica e protéica da enzima GDH e seu envolvimento
com o mecanismo de secrecao de insulina em ratos desnutridos e suplementados com LEU;

% O envolvimento da GDH com o controle de [Ca**]ie a modula¢do do mecanismo de secre¢do
de insulina em ratos desnutridos e suplementados com LEU;

.

** O mecanismo de acdo da LEU e do KIC sobre a secrecao de insulina em ratos desnutridos e

suplementados com LEU.
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Abstract

Low-protein diet impairs insulin secretion in response to nutrients and may induce several
metabolic disorders including diabetes, obesity, and cardiovascular disease. In the present study,
the influence of leucine supplementation on glutamate dehydrogenase (GDH) expression and
glucose-induced insulin secretion (GIIS) was investigated in malnourished rats. Four groups were
fed with different diets for 12 weeks: a normal-protein diet (17%) without or with leucine
supplementation or a low (6%)-protein diet without (LP) or with leucine supplementation (LPL).
Leucine (1.5%) was supplied in the drinking water. Western blotting analysis revealed reduced
GDH expression in LP, whereas LPL displayed improved GDH expression, similar to control.
The GIIS and leucine-induced insulin release were also enhanced in LPL compared with LP and
similar to those observed in rats fed a normal-protein diet without leucine supplementation. In
addition, GDH allosteric activators produced an increased insulin secretion in LPL. These
findings indicate that leucine supplementation was able to increase GDH expression leading to
GIIS restoration, probably by improved leucine metabolic pathways.

© 2010 Elsevier Inc. All rights reserved.
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BCH, 2-amino-2-norbornanecarboxylic acid; GDH, glutamate dehydrogenase; GIIS, glucose-
induced insulin secretion, KIC; o-ketoisocaproate; LP, low-protein; LPL, low-protein
supplemented with LEU; mTOR, mammalian target of rapamycin; NADPH, nicotinamide
adenine dinucleotide phosphate; NP, normal-protein; NPL, normal-protein supplemented with
LEU; PI3K, phosphoinositide 3-kinase; p70S6K, p70 S6 kinase; TCA, tricarboxylic acid cycle;

TTBS, TRIS-tween buffer saline
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1. Introduction

Protein malnutrition impairs glucose-induced insulin secretion (GIIS) by reducing the
transcription of several genes related to B-cell signaling [1]. Actually, it has been reported that the
insulin signaling pathway is impaired in protein-undernourished rats because of reduced PI3K
and p70S6k expression in pancreatic islets [2]. In this process, leucine was demonstrated to
improve insulin release [3], an effect that was associated with elevated mitochondrial energy
production [4]. Although the mechanism remains unclear, leucine metabolism might supply the
tricarboxylic acid cycle (TCA) with different anaplerotic substrates including a-ketoisocaproate
(KIC), which can be further metabolized to acetyl-coenzyme A and acetoacetate [5]. Leucine
may also allosterically activate glutamate dehydrogenase (GDH), the enzyme that converts
glutamate to a-ketoglutarate, an important anaplerotic substrate for the second span of TCA. The
observation that B-cells exhibit a high level of anaplerotic mitochondrial enzymes suggests that
this process is particularly important for the insulin secretion mechanism [5]. In addition, leucine
might activate mammalian target of rapamycin (mTOR) downstream events, affecting elongation
and translation of intracellular signaling proteins [6]. In the B-cell line RINmSF, the leucine-
induced GDH activation was shown to increase the p70S6k phosphorylation and mitochondrial
activity [4], suggesting that leucine might be directly associated with improvement of insulin
release. In addition, preliminary data from our group demonstrated that, after leucine
supplementation, undernourished rats exhibit an increased PI3K/mTOR pathway activation as
well as enhanced GIIS despite reduced glucose oxidation [7]. However, although leucine plays an
important function as an allosteric activator of GDH, whether this enzyme has a role in the

amelioration of islet function in malnourished rats has not been examined. Therefore, the purpose
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of this work was to test the hypothesis that, in undernourished rats, leucine supplementation

restores GIIS capacity via enhanced GDH expression.

2. Material and methods
2.1. Animals and treatment

The experiments were approved by the institutional Committee for Ethics in Animal
Experimentation-UNICAMP. Male Wistar rats (21 days old) from the breeding colony at
UNICAMP were housed at 24°C on a 12-hour light/dark cycle. Rats were separated into 4 groups
of isocaloric diets and treated for 12 weeks with the following: normoprotein diet (NP) (17%
protein), normoprotein diet plus leucine (NPL) (17% protein plus leucine supplementation during
the last 4 weeks), low-protein diet (LP) (6% protein), and low protein diet plus leucine (LPL)
(6% protein plus leucine supplementation during the last 4 weeks). The 2 isocaloric diets
compositions were previously described elsewhere [2]. Leucine (1.5%) was supplied in the

drinking water.

2.2. Insulin secretion

Islets were isolated by collagenase digestion of the pancreas [8]. For static incubation, 5
islets from each group were incubated with Krebs-Ringer-bicarbonate containing glucose 5.6
mmol/L for 45 minutes at 37°C as previously described [2]. This medium was then replaced with
Krebs-Ringer-bicarbonate with the following secretagogues: glucose (22.2 mmol/L), leucine (20
mmol/L), 2-amino-2-norbornanecarboxylic acid (BCH) (20 mmol/L), and KIC (20 mmol/L) for 1
hour. Samples from independent experiments were collected on different days and stored at

-80°C. Insulin concentration was determined by radioimmunoassay method.
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2.3. Western blotting assay

Isolated islets were pelleted and resuspended in buffer containing protease inhibitors, as
previously described [9]. Total protein content was determined by the Bradford method. Samples
were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes. Glutamate dehydrogenase was detected in the membrane after 12
hours of incubation at —4° temperature with a rabbit polyclonal antibody against GDH (Rockland
Immunochemicals, Gilbertsville, PA). Antibody was diluted in TRIS-Tween buffer saline
(TTBS) containing 30 g/L. dry skimmed milk. Detection was performed by chemiluminescence
(SuperSignal West Pico; Pierce, Rockford, IL) after incubation with a horseradish peroxidase—
conjugated secondary antibody. Band intensities were quantified by optical densitometry (Scion

Image, Frederick, MD).

2.4. Statistical analysis
Results are expressed as means + SEM of the indicated number (n) of experiments.
Analysis of variance for unpaired groups, followed by Newman-Keuls post hoc test, was used for

multiple comparisons of parametric data. The significance level adopted was P < .05.

3. Results

The LP group showed reduced GDH content (P < .05), whereas leucine supplementation
(LPL) restored its expression to the same levels observed for NP and NPL groups (Fig. 1).
Interestingly, LPL showed improved GIIS to the same level observed in NP. Fig. 2 presents
insulin secretion stimulated by several secretagogues and gives clues about the possible

metabolic pathways by which leucine supplementation could enhance GIIS. Although similar
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levels of GDH expression were observed in NP, NPL, and LPL groups, our findings showed
higher insulin release in response to glucose, leucine, and KIC in NPL (P < .05). In addition,
insulin release presented similar profiles among groups. The secretory response to allosteric GDH
activators such as leucine and BCH as well as KIC in LP was, as expected, significantly lower
(P <.05) as compared with control. Remarkably, LPL islets showed improved insulin secretion in
response to all other tested secretagogues compared with LP islets. Actually, the secretory
response of LPL in the majority of cases was similar to that observed in control NP. Thus, these
results indicate that leucine supplementation enhances GDH activity and leucine oxidation

pathway in LPL, which may lead to the increased GIIS during protein undernourishment status.

4. Discussion

Direct evidence linking GDH and GIIS was previously reported by using adenovirus-
mediated GDH overexpression and deletion, which increased and reduced GIIS, respectively
[10]. Likewise, we showed here in protein malnutrition rats that the reduced B-cell GDH
expression and GIIS were restored by leucine supplementation. Xu et al [4] demonstrated that the
leucine-induced effect on GDH activity is coupled with higher levels of GIIS and is associated
with mTOR pathway. Previous results from our group are in agreement with the aforementioned
report suggesting that the leucine-induced increase in PI3K/mTOR activity [7] might be directly
related to upper GDH expression also in protein-undernourished rats supplemented with leucine.
Given that the LPL group exhibited both an increased GDH expression and an augmented
secretory response to leucine, BCH, and KIC compared with islets from the LP rats, the improved
GIIS with leucine supplementation may imply an enhanced allosteric activation of GDH as well

as improved leucine oxidation pathway. Indeed, a previous study showed evidence for a possible



25

interaction between GDH and leucine oxidation pathways to enhance leucine induced insulin
secretion in pancreatic islets of BTBR mice [11]. Thus, leucine metabolism would provide higher
anaplerotic replenishment, supporting glucose metabolism to increase metabolic coupling factors
including adenosine triphosphate, malonyl-coenzyme A, and nicotinamide adenine dinucleotide
phosphate (NADPH) [5]. This statement is reinforced by previous results from our group that
demonstrated that leucine supplementation did not enhance glucose oxidation in protein-
malnourished rats [7]. Taken together, these data suggest that leucine might be the major
anaplerotic substrate supplying oxidative substrates to TCA under protein undernourishment. In
conclusion, our results showed that leucine supplementation could restore GIIS in low-protein-
fed rats by enhanced GDH expression, activating amino acid-dependent anaplerotic routes.
However, further studies are needed to also investigate leucine oxidation pathway alterations to

better understand the mechanisms by which leucine supplementation enhances GIIS.
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Figure Legends
Fig. 1. Increased levels of GDH protein in islets lysates from LPL rats. Western blotting analysis
of GDH expression in NP, NPL, LP and LPL. Values are means + SEM indicated by vertical

bars. Different letters indicate significant differences (P < .05) among all groups (n = 7-10).

Fig. 2. The LPL rats exhibited increased insulin secretion. Static insulin secretion in NP, NPL,
LP and LPL in response to glucose 2.8 and 22.2 mmol/L, leucine 20 mmol/L, BCH 20 mmol/L,
and KIC 20 mmol/L. Values are means + SEM indicated by vertical bars. Different letters
indicate significant differences (P < .05) among NP, NPL, LP and LPL in response to the same

secretagogue condition (n = 10).
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Abstract

Glutamate dehydrogenase (GDH) is associated with insulin secretion. Low-protein diet impairs
insulin secretion while leucine (LEU) supplementation seems to restore it. Herein, we studied the
role of GDH in response to LEU supplementation upon insulin secretion of malnourished rats.
Weaned male Wistar rats were fed normal (17%, NP) or low-protein diet (6%, LP) for eight
weeks. Half of rats of each group were supplemented with LEU (1.5%) in drinking water for the
following four weeks (NPL and LPL groups). GDH mRNA was 58% lower in LP islets and LEU
supplementation augmented it in 28% in LPL. LP islets showed lower insulin secretion when
exposed to LEU 20 mmol/L, LEU 20 mmol/L + GLN 2 mmol/L with or without AOA 5 mmol/L
(branched chain aminotranferase inhibitor) or EGCG 20 umol/L (GDH inhibitor), KIC 20
mmol/L (alpha-ketoisocaproate), GLN + BCH 20 mmol/L (GDH activator) and glucose 22.2
mmol/L (G22.2). LEU supplementation augmented insulin secretion to similar levels as NP 1n all
conditions, an effect that was blunted when islets were only incubated with GDH inhibitor. LP
islets showed lower [Ca2+]i amplitude and total [Ca2+]i when exposed to GLN+BCH. LEU
supplementation augmented these patterns similar to NP. Impaired GDH function was associated
with LP reduced insulin secretion and LEU supplementation was able to restore insulin secretion
via GDH restoration. Likewise, GDH may contribute to insulin secretion through Ca** handling

stimulus/secretion coupling.

Keywords: Low-protein diet, leucine, glutamate dehydrogenase, insulin secretion, calcium

handling
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List of Abbreviations:

[Ca2+]i, intracellular calcium concentration; ADP, adenosine diphosphate; Anova, analysis of
variance; AOA, aminooxyacetic acid; ATP, adenosine triphosphate; AUC, area under the curve;
BCATm, mitochondrial branched chain aminotransferase; BCH, B-2-
aminobicyclo[2.2.1]heptane-2-carboxylic acid; BSA, bovine serum albumin; BW, body weight;
CHOL, cholesterol; EGCG, epigallocatequin gallate; ER, reticulum endoplasmatic; FFA, free
fatty acids; GDH, glutamate dehydrogenase; GLN, glutamine; GLU, glutamate; GLUDI,
glutamate dehydrogenase 1 gene; GLUD?2, glutamate dehydrogenase 2 gene; GTP, guanosine
triphosphate; INS-1E, insulinoma-1E B cells; ip, intraperitoneal; ipITT, intraperitoneal insulin
tolerance test; KIC; a-ketoisocaproate; KITT, constant ratio for glucose disappearance; KRBB,
Krebs-Ringer bicarbonate buffer; LEU, leucine; LP, low-protein; LPL, low-protein supplemented
with LEU; mTOR, mammalian target of rapamycin; NAD, nicotinamide adenine dinucleotide;
NADP, nicotinamide adenine dinucleotide phosphate; NP, normal-protein; NPL, normal-protein
supplemented with LEU; RIA, radioimmunoassay; mRNA, messenger ribonucleic acid; RPS29,
ribosomal protein S29; SDS, sodium duodecil sulfate; TCA, tricarboxylic acid cycle; TG,

triglyceride

Introduction

Glutamate dehydrogense (GDH) is a homohexameric enzyme with two isoforms encoded
by two distinct genes, GLUDI and GLUD?2, and it is located in the mitochondrial matrix [1-3].
GDH catalyses the reversible reaction alpha-ketoglutarate + NH; + NAD(P)H < glutamate +
NAD(P)*[1, 4-6]. This enzyme is allosterically regulated by leucine (LEU) and ADP, as positive

effectors, whereas GTP acts as a negative allosteric modulator [7-10]. GDH is highly expressed
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in the brain by GLUD2, liver, kidney and pancreas by GLUDI [2, 5, 6]. In the brain, GDH plays
a key role in the cycling of the neurotransmitter glutamate (GLU) between neurons and astrocytes
[11]. GDH is also of major importance for ammonia metabolism and detoxification, mainly in the
liver and kidney [12]. In pancreatic B-cells, GDH is recognized as a key enzyme in the regulation
of insulin secretion [7]. Inhibition of GDH activity was shown to decrease insulin release [6, 8, 9,
13], while activating mutations have been associated with a hyperinsulinism syndrome [14, 15].

Pancreatic GDH role in the insulin secretion process has been well documented since
70’s. In this sense, in vitro studies with the non-metabolizable LEU analogue, beta-2-
aminobicyclo[2.2.1]heptane-2-carboxylic acid (BCH) provided some evidence for the
involvement of this enzyme with insulin secretion [7,16]. In addition, mutations in GDH
inhibitory GTP binding domain are associated with the hyperinsulinaemia-induced hypoglycemia
in children (hyperinsulinism/hyperammonemia syndrome) [14,15,17]. Recently, studies using
GDH inhibitors like green tea poliphenol, epigallocatechin gallate (EGCG), and 5’-
deoxypyridoxal showed reduced LEU or BCH-induced insulin secretion [13,18]. In the same
way, GDH knockout in mice pancreas was associated with lower insulin release stimulated with
glucose and BCH [19]. On the other hand, GDH superexpression in rat islets and INS-1E B-cell
line were associated with augmented glucose-induced insulin secretion [20].

Although it is widely accepted that GDH takes part of insulin secretion signaling, it still
remains unclear how this modulation occurs [21]. GDH may regulate glucose-induced insulin
secretion by generation of GLU [22, 23], pointed as a metabolic coupling factor, or by the
production of anaplerotic compounds that amplify the insulin secretion response [19, 24-26].

Branched chain amino acids stimulate insulin release through the reaction catalyzed by

GDH [27, 28] or by mitochondrial branched chain aminotransferase (BCATm) [30], producing
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important metabolic signals such as ATP and NADPH, which in turn, control insulin secretion
[19, 22-26]. Specifically, LEU is thought to perform its action by two different ways: the first
involves the transfer of the amino group to a-ketoglutarate resulting in the production of a-
ketoisocaproato (KIC) and GLU [31-33]; the second, promotes insulin secretion by GDH
allosteric activation augmenting the tricarboxylic acid cycle (TCA) intermediates [24, 26], ATP
[7] or GLU content [22, 23].

Early life protein restriction reduces insulin secretion [34-42]. Our group and others,
provided evidence that the lower insulin secretion observed in this model is related to a variety of
alterations in pancreatic islets secretory machinery. It was reported that proteins involved in
insulin secretion as glucokinase [35], protein kinase C a [38, 41], protein kinase A o [41] and
synapotosomal associated protein of 25 kDa [43] are altered in malnourished rodents. In addition,
we have recently showed that GDH content was reduced in islets from protein malnourished rats
[ protein content, as well as GDH content, leading to insulin secretion improvement, which was
formerly altered by protein malnutrition [40-42]. Keeping in mind that LEU could act by two
specific pathways upon insulin release, we hypothesized that protein restriction affects insulin
secretion by altering GDH function and LEU supplementation is capable to restore metabolic
GDH action and, therefore, insulin secretion. In this way we decided to investigate how LEU
supplementation exerts this effect upon insulin secretion control in protein malnourished rats

analysing the metabolic pathways by which LEU could act.
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Materials and Methods
Chemicals

Human recombinant insulin (1251) was purchased from PerkinElmer (Boston, MA, USA).
Human recombinant insulin Biohulin N was purchased from Biobrds (Montes Claros, MG,
Brazil). Standard commercial kits were used for measurement of plasma total proteins, albumin
(both from Laborlab, Guarulhos, SP, Brazil), total cholesterol (CHOL), triglycerides (TG) (both
from Roche Diagnostics; Mannheim, Germany) and free fatty acids (FFA; Wako Chemicals,
Neuss, Germany). GDH antibody was from Rockland Immunochemical (Gilbertsville, PA, USA).
Visualization of specific protein bands was obtained with SuperSignal West Pico from Pierce
(Rockford, IL, USA). TRIzol, horseradish peroxidase-conjugated secondary antibody and Fura-2
AM were purchased from Invitrogen (Carlsbad, CA, USA). Fast SYBR Green technology was
from Applied Biosystems (Foster City, CA, USA). Primers were purchased from Integrated DNA
technologies (Coralville, IA, USA). All others reagents were purchased from Sigma Chemical (St

Louis, MO, USA).

Animals, Diet and LEU Supplementation

All experiments were approved by the University’s Committee on Ethics in Animal
Experimentation (CEUA/UNICAMP). Weaned Male Wistar rats (21 day-old) from the breeding
colony at UNICAMP were housed in standard cages and maintained on a 12 h light/dark cycle
(lights on 06-18 h) and controlled temperature (22 + 1°C). The rats were fed a normal (17%, NP)
or low-protein isocaloric diet (6%, LP) for 60 days. Then, half of the rats of each group were
supplemented with LEU (1.5%) in the drinking water for the next 30 days (NPL and LPL

groups). The two isocaloric diets compositions were detailed elsewhere [39].
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Animals Features

Body weight and food intake were measured throughout experimental period (from 21 to
105 days of life). Food intake was expressed by feed efficiency (food intake/body weight) [44].
At the end of the diet treatment and supplementation period, rats were decapitated, their blood
was collected and plasma stored at -20°C. Heart, liver, spleen, kidney, perigonadal and
retroperitoneal fat pad weights were measured.

Blood glucose was measured using a handheld glucose analyzer (Accu-Chek Advantage,
Roche Diagnostic, Switzerland) and insulin was measured by radioimmunoassay (RIA) as
previously reported [45]. Total plasma protein, plasma albumin, cholesterol (CHOL),
triglycerides (TG) and free fatty acids (FFA) were measured using standard commercial Kits,
according to the manufacturer’s instructions.

For ip insulin tolerance test (ipITT), blood glucose (time 0) was measured as described
above in independent groups of 6 h fasted rats. The rats received 2 U/kg body weight of human
recombinant insulin in the peritoneal cavity. Blood glucose concentrations were then determined
at 4, 8, 12 and 16 min after insulin administration. The constant ratio for glucose disappearance
(KITT) was calculated using the analysis of the square fall of glucose concentration during the
linear phase decay, as detailed elsewhere [46].

Pieces of about 150 mg from brain, liver, kidney and muscles were solubilized in
homogenization buffer containing protease inhibitors, as previously described [47]. Total protein
content was determined by the Bradford method [48]. Samples with 30 ug of protein were
separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. Equal loading was
confirmed with Ponceau staining [37, 49]. The nitrocellulose membranes were treated overnight

with a blocking buffer (5% non-fat dried milk, 10 mmol/L Tris, 150 mmol/L NaCl, and 0.02%
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Tween 20) and were subsequently incubated with a polyclonal antibody against GDH (1:5,000).
Detection was performed using enhanced chemiluminescence after 2 h incubation with a
horseradish peroxidase-conjugated secondary antibody (1:10,000). Band intensities were

quantified by optical densitometry (Scion Image, Frederick, MD).

Islets isolation and insulin static secretion

Islets were isolated, as previously described, by collagenase digestion of the pancreas
[50]. For static incubation, five islets from each group were first incubated for 45 min at 37°C in
Krebs-Ringer bicarbonate buffer (KRBB) with the following composition (in mmol/L): 115
NaCl, 5 KCl, 2.56 CaCl,, 1 MgCl,, 10 NaHCOs3, 15 HEPES, supplemented with 5.6 glucose, 3
g/L of bovine serum albumin (BSA) and equilibrated with a mixture of 95% O,/5% CO; to give
pH 7.4. This medium was then replaced with fresh buffer and the islets were incubated for 1 h
with (in mmol/L): 2.8 and 22.2 glucose, 2 glutamine (GLN), 20 LEU, 10 2-amino-2-
norbornanecarboxylic acid (BCH), 20 alfa-cetoisocaproato (KIC). Aminooxyacetic acid (AOA) 5
mmol/LL was also used in combination with GLN + LEU. For the experiments with
epigallocatechin gallate (EGCQ), islets were pre-incubated with 20 pmol/L. EGCG, and then the
medium was replaced with 20 umol/L. EGCG plus some of the others compounds cited above. At
the end of the incubation period, samples from independent experiments were collected on
different days and stored at -80°C. Insulin concentration of the medium was determined by RIA

method.
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Cytoplasmatic Ca** Oscillations

Fresh pancreatic islets were incubated with fura-2/AM (5 umol/l) for 1 h at 37°C in
KRBB buffer containing 5.6 mmol/L glucose, 0.3% BSA and pH 7.4. After this period, the islets
were washed with the same medium and placed in a chamber that was thermostatically regulated
at 37°C on the stage of an inverted microscope (Nikon UK, Kingston, UK). Islets were then
perifused with Ca’*-free KRBB continuously gassed with 95% 0,/5% CO,, pH 7.4 containing
glucose 2.8 mmol/L, GLN 2 mmol/L and BCH 10 mmol/L.. A ratio image was acquired
approximately every S5s with an ORCA-100 CCD camera (Hammamatsu Photonics Iberica,
Barcelona, Spain), in conjunction with a Lambda-10-CS dual filter wheel (Sutter Instrument
Company, CA, USA), equipped with 340 and 380 nm, 10 nm bandpass filters, and a range of
neutral density filters (Omega opticals, Stanmore, UK). Data were obtained using the

ImageMaster3 software (Photon Technology International, NJ, USA).

Real-time PCR

Total cellular RNA was extracted from groups of 500 islets using TRIzol reagent. One
microgram of total RNA was reverse transcribed using a reverse transcriptase and random
hexamer primers. Real-time PCR reactions were performed in a total volume of 15 uL using the
Fast SYBR Green technology. Samples were denatured at 94°C for 10 min followed by 40 PCR
cycles at 95°C/60°C. PCR amplifications were performed in duplicate. The purity of the
amplified PCR products was verified by melting curves. The expression of the target genes was
normalized against the expression levels of the housekeeping gene RPS-29. Sequence of the

primers used were (5°-3°): GDH forward: GCCACTACAGCGAAGCGG, DH reverse:
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CGGGTCTTCAGGTCTTCCAC; RPS-29 forward: TTTTTCCTTGGGCGTCTG, RPS-29

reverse: ACGGAAGCACTGTCGGCACA.

Statistical Analysis

Results are expressed as means = SE of the indicated number (n) of experiments. Two-
way analysis of variance (two-way ANOVA) followed by Newmans-Kewels post hoc test was
used for comparisons among groups, one-way analysis of variance (one-way ANOVA) followed
by Newmans-Kewels post hoc test was used for multiple comparisons within a group and a two-
tailed nonpaired ¢ test was used to assess the difference between two groups. The significance

level adopted was P < 0.05.

Results
Characterization of malnourishment

Figure 1A shows that body weight in LP rats was significantly lower soon after 8 days of
the treatment onset, when compared to NP rats (P < 0.001). This difference was accompanied
throughout the period and LEU supplementation did not alter this parameter in both groups (P <
0.001). LP rats showed increased food efficiency compared with NP and LEU supplementation
did not change this parameter (Fig. 1C, P < 0.0002, P < 0.0003, respectively). This was expected
since the total body weight (BW) from LP rats was less than 50% from NP demonstrated by AUC
from BW (Fig. 1B, P < 0.0001).

Table 1 shows the weight of heart, liver, spleen, kidney, retroperitoneal and perigonadal
fat pads (RPF and PGF, respectively) corrected by body weight (BW). Since LP rats have almost

50% of the BW observed in NP rats, the weight presented by heart, liver, spleen and kidney and
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fat pads from LP rats were lower than in NP rats (data not shown). However, when we corrected
tissues weight with respectively BW, tissues showed similar values among groups, except heart
and fat pads that were higher and lower, respectively, when compared with NP rats (P < 0.004
and P < 0.04, respectively).

Rats that were fed with LP diet showed decreased fasted total protein, albumin and fed
insulin plasma levels, whereas fasted FFA plasma levels were significantly higher in LP
compared with NP rats (Tab. 2, P < 0.0003, P < 0.02, P < 0.02 and P < 0.01, respectively). LEU
supplementation augmented fasted albumin and fed insulin plasma levels in LP rats (Tab. 2, P <
0.004 and P < 0.02, respectively).

LP rats showed higher insulin sensitivity (Tab2). LEU supplementation diminished

insulin sensitivity in LP rats (P < 0.009).

Low protein Diet and LEU supplementation did not exert effects on tissues GDH protein content
Figure 2 illustrates GDH protein content in the brain (A), liver (B), kidney (C) and
skeletal muscles (D) in NP, NPL, LP, LPL rats. GDH content was not different in any of the
tissues evaluated. However, we have recently reported that GDH was lowered in LP islets and
LEU supplementation restored GDH to similar levels observer in NP islets [42]. Taken together,
these results indicate that the protein restriction effect to GDH was related only to endocrine

pancreas.
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Low protein diet disrupts GDH mRNA expression and LEU supplementation restores it
As we have previously shown with GDH protein content [42], GDH mRNA expression
was 58% lower in LP islets than with NP and LEU supplementation augmented it in 28% (Fig. 3,

P <0.0002 and P < 0.03, respectively).

GDH pathway activation is responsible for augmented insulin secretion observed in LP islets

To evaluate insulin secretion induced by LEU, that acts as a positive GDH allosteric
effector and can also be converted to KIC by BCATm, we incubated isolated islets with LEU 20
mmol/L plus GLN 2 mmol/L combined with AOA 5 mmol/L. or EGCG 20 pmol/L. AOA and
EGCG are respectively, BCATm and GDH inhibitors and were used to evaluate these two
pathways of LEU action, separately. Glutamine by itself does not induce insulin secretion [51].
However, it may be converted to GLU by a phosphate-dependent glutaminase in islets, acting as
a supply of GLU to GDH or BCATm reactions [31].

As we previously reported [40, 42], LEU 20 mmol/L induced higher insulin secretion in
NPL islets and LP islets showed lower insulin secretion as compared to NP (Fig. 4, P < 0.0001, P
< 0.005, respectively), whereas LPL showed similar levels of insulin secretion as NP. When islets
were incubated with LEU 20 mmol/L plus GLN 2 mmol/L, insulin secretion was augmented
approximately 2-fold compared with the levels induced only by LEU. Moreover, the insulin
secretion pattern observed by the groups’ islets was the same when using both incubations. When
we added AOA 5 mmol/L, the islets from all groups showed similar values of insulin secretion
observed in the last condition without this inhibitor. In addition, it was not observed differences
of insulin secretion in NP, NPL and LP islets when added EGCG 20 umol/L to LEU+GLN

compared with LEU+GLN U alone. However, LPL islets showed similar insulin secretion when
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exposed to LEU+GLN+EGCG compared with LP islets and diminished when compared with
incubation with LEU+GLN or LEU+GLN+AOA (P < 0.01). KIC-stimulated insulin secretion
was similar to LEU+GLN-stimulated insulin secretion in all groups. Taken together, these results
indicate that for NP rats, both metabolic pathways of LEU action are capable of induce similar
levels of insulin secretion. In contrast, it seems that for the LP rats both pathways of LEU action
are impaired and LEU supplementation improves the insulin secretion resulting from allosteric
GDH activation by LEU.

To access the GDH function specifically, we used GLN 2 mmol/L and, the non-
metabolizable LEU analogue, BCH (20 mmol/L) with or without EGCG (20 umol/L) (Fig.5).
GLN+BCH stimulated insulin secretion in the same pattern induced by LEU+GLN (Fig. 5 and
Fig. 4, respectively). LEU supplementation augmented insulin secretion induced by GLN+BCH
(Fig. 5, P < 0.009). Yet, in all groups, insulin secretion induced by GLN+BCH was 2-fold lower
than LEU+GLN secretion (Fig. 5 and Fig. 4, respectively). In opposite to the observed when
added AOA or EGCG to LEU+GLN condition, NP and NPL islets showed almost 50% reduced
insulin secretion when added EGCG 20 umol/L to GLN+BCH (Fig. 5, P < 0.05, P < 0.01,
respectively). LP insulin secretion was not reduced by the addition of EGCG, but LPL islets
showed similar reduction that was observed with NP and NPL rat islets and similar insulin levels
to LP (P < 0.01 and P > 0.05, respectively). It seems that LP loses GDH control of insulin
secretion and thus, the EGCG inhibitory effect is not observed in LP.

To evaluate whether GDH content and GDH pathway activation were significantly
important to glucose stimulated insulin secretion, we combined this nutrient to EGCG 20 umol/L
(Fig. 6). As previously described [40, 42], LP islets insulin secretion was lower and LEU

supplementation augmented insulin secretion (P < 0.0001 and P < 0.005, respectively). When
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added EGCG, nor NP and NPL, neither LP insulin secretion was affected, however LPL group
showed almost 40% lower insulin secretion (P < 0.0001) becoming similar to LP. In this way,
GDH pathway activation seems to be important for insulin secretion when stimulated by glucose

as well.

LEU supplementation augments intracellular Ca’* handling in LP islets

Figure 7 shows the involvement of GDH pathway activation in the Ca®™ handling in NP,
NPL, LP and LPL islets stimulated with BCH 10 mmol/L.

LP islets showed lower intracellular Ca** concentration ([Ca2+]i) amplitude compared with
NP islets (Fig. 7E, P < 0.007) and LEU supplementation augmented [Ca™]; amplitude similar to
NP islets (P < 0.04). Regarding [Ca®*]; curve profile, between 0-10min of perfusion it was
showed a reduction in [Ca2+]i islets of all groups studied (Fig. 7A, 7B, 7C e 7D). This reduction is
resulting from cation sequestration by endoplasmatic reticulum (ER) stimulated by ATP
production [52]. Total [Ca2+]i in this period (demonstrated by AUC, Fig. 7E) was higher in LP
islets indicating that ER from LP islets was not able to sequester the cation or maybe producing
less ATP than NP islets (P < 0.001). However, LPL islets showed similar levels of [Ca2+]i to NP
islets. After 10 min of perfusion, total [Ca2+]i was lower in LP islets (P < 0.02) and LEU

supplementation augmented the total [Ca®*]; to similar NP levels.

Discussion
In agreement with previous studies [34-40, 42, 43], LP rats showed reduced plasma total
protein, albumin and fed insulinemia; augmented FFA and insulin sensitivity; and reduced insulin

secretion. Moreover, we enlarged the evidences about pancreatic function impairment in LP
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animals and showed that LEU supplementation restores plasmatic albumin and fed insulinemia,
insulin secretion response to nutrients, Ca** handling and GDH mRNA expression.

It is well established that LEU is an insulinotropic agent [25, 53], and stimulates insulin
secretion by its metabolism via BCATm or by allostericaly activating GDH. To date, there are
several metabolic intermediates thought to amplify insulin secretion signaling, the so called
metabolic coupling factors. Among others, the main proposed factors are ATP, NADPH, reactive
oxygen species, GLU and long chain acyl-CoAs [54]. It is still under discussion which compound
resulting from LEU metabolism is more important to insulin secretion signaling, and
consequently the main LEU-induced insulin secretion pathway.

There are evidences that GDH reaction modulates insulin release preferentially through
the production of GLU, which might be exported from mitochondria as a coupling factor.
Maechler and Wollhoeim (1999) [22] showed that in permeabilized INS-1 cells, under conditions
of fixed [Ca™];, GLU addition directly stimulates insulin exocytosis, independently of
mitochondrial function. Moreover, rat islets knockdown for mitochondrial glutamate carrier 1 had
reduced insulin secretion when stimulated with glucose [23]. However, some authors suggest that
GLU would not be a second messenger to insulin secretion [55, 56]. In this sense, experiments
performed elsewhere did not find an increase in cellular GLU content upon glucose stimulated
insulin secretion in either INS-1 cells or isolated rat islets [55]. In addition, rat islets cultured for
4-5 days with glucose 10 mmol/L showed higher GLN oxidation when incubated with BCH 10
mmol/L plus AOA 5 mmol/L than just with BCH or AOA [33]. In the same way, rat islets
incubated with GLN 10 mmol/L and LEU 10 mmol/L. or BCH 10 mmol/L. augmented GLN
oxidation [25]. Furthermore, GDH transgenic mice were generated to express the human GDH

H454Y mutation that causes significant perturbations in enzyme kinetics and manifests clinically



48

as a severe form of hyperinsulinism/hyperammonemia syndrome. Stimulation of insulin released
by the H454Y GDH mutation or by LEU activation is associated with increased oxidative
deamination of GLU via GDH [57].

Besides GDH activation, LEU catabolism producing KIC is considerate the major
direction of the reaction catalyzed by BCATm [31]. KIC may be converted to acetyl-CoA and
acetoacetate by branched-chain ketoacid dehydrogenase complex signaling insulin secretion [25].
KIC and glucose have similar effects upon insulin secretion. Nevertheless, there are studies
showing the importance of alpha-ketoglutarate production by BCATm to insulin secretion.
Rabaglia et al. (2005) [51] showed that increased transamination of GLU to a-ketoglutarate leads
to hyperinsulinemia. Mice islets knockout to BCATm showed reduced insulin secretion when
stimulated with KIC+GLN and normal levels of insulin secretion when stimulated with dimethyl-
a-ketoglutarate + GLN or LEU+GLN [31]. Furthermore, a-ketoglutarate production is associated
with NADPH and malonyl-CoA increase, regarded as important metabolic coupling factors for
insulin secretion [54].

In our study, we reported that NP islets exhibit similar insulin secretion when stimulated
with LEU+GLN even at the presence of AOA or EGCG. Thus, GDH activation by LEU is
capable to induce insulin secretion as LEU catabolism. This result is in agreement with others
that show the importance of GDH activation and a-ketoglutarate production, enhancing the TCA
flux, for insulin secretion [13, 31, 57]. In addition, we observed that when LPL islets were
stimulated with GLN+BCH, the addition of EGCG resulted in insulin secretion reduction, similar
to LP islets levels. It was expected, since LP diet disrupted GDH islets mRNA and protein

content [42] and LEU supplementation restored it, allowing GDH inhibition by EGCG.
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When we exposed LPL islets to high glucose in addition to EGCG, we observed that
insulin secretion was inhibited. Previous report showed impairment of fully insulin secretory
response to high glucose in mice islets with specific GDH knockout [19]. In agreement, we
reported here for the first time, that insulin secretion impairment induced by LP diet when
stimulated by high glucose is also due to GDH control of insulin secretion disruption. In addition,
it was reported by our results that LPL islets insulin secretion restoration to both LEU and
glucose stimuli arises from LEU supplementation-induced improved GDH function.

In addition, our findings concerning Ca®™ handling corroborate the GDH metabolic
control of insulin release data. In this sense, it was previously reported that mice islets cultivated
with AOA showed higher [Ca2+]i when perifused with the combination LEU+GLN [32].
Moreover, hyperinsulinemic mice with GDH mutation in the inhibitory GTP binding domain
showed higher [Ca2+]i compared with control islets when stimulated with GLN [57]. Therefore,
such evidences suggest that GDH may modulate the Ca®* handling. Besides, there are reports
showing that LP islets had reduced [Ca®*]; when stimulated with glucose and other insulinotropic
agents [43, 59, 58]. Broadening these studies, we also found that LP islets when perifused with
GLN+BCH had also reduced Ca** oscillation amplitude, ER Ca®* sequester capacity and [Ca'];.
Moreover, we observed that LPL islets showed similar Ca** handling to NP and NPL islets when
stimulated with GLN+BCH. Thus, it seems that GDH and, LEU supplementation are relevant in
this process since we were specifically stimulating GDH and LEU supplementation restored the
pattern of Ca®* oscillation that was altered by LP diet.

In conclusion, LP diet affects islets GDH content and function, reducing insulin secretion

signaling (Fig. 9 A). Probably, lowered GDH function reduces a-ketoglutarate, ATP production
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and Ca** handling. LEU supplementation restores insulin secretion to nutrients by restoration of

GDH function (Fig. 9 B).
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Table 1 Body weight (BW) and tissues weight at the end of 105 day old NP, NPL, LP and LPL

rats

NP (n=12) NPL (n=11) LP(n=11) LPL (n=12)

BW (g) 466,4£9,2°  467,5+13,0° 299,5+11,83" 301,9+13,8"
Heart (mg/g of BW)  2,5+0,06°  2,8+0,1° 3,3+0,2° 3,240,1°
Liver (mg/g of BW)  32,5+1,1 32,041,2 30,6%1,3 30,9+1,7

Spleen (mg/g of BW)  2,0+0,06 2,2+40,1 2,4+0,1 2,240,1

Kidney (mg/g of BW)  5,6+0,1 5,740,2 5,5+0,2 5,6+0,2
RPF (mg/g of BW)  21,4#1,3* 19,9435 13,041,4°  13,5+1,4°

GPF (mg/g of BW)  209+1,1°  18,0+2,1° 12,5¢1,2°  13,7+1,5"

Data are means = SEM. Different letters indicate significant difference (P<0.05).



Table 2 Total plasma protein, albumin, glucose, insulin, triglyceride (TG), cholesterol (CHOL)
and free fatty acids (FFA) concentrations and the kITT from fasted and fed (*) 105 day-old NP,
NPL, LP and LPL rats

NP (n) NPL (n) LP (n) LPL (n)
Total protein, g/dL. 7.6 £0.3 (14)"  7.6£0.15 (14)* 6.3£0.2 (1 P 6.2+0.2 (11)°
Albumin, g/dL 2.6 £0.04 (12)* 2.7+0.1 (13)* 2.440.1 (9)° 2.6+0.1 (10)*

Glucose, mg/dL

Glucose*, mg/dL.

Insulin, ng/mL

Insulin®*, ng/mL

TG, mg/dL

CHOL, mg/dL

FFA, mmol/L

KITT (%/min)

87.3+2.6 (15)
102.7£3.1 (13)
1.1+0.2 (14)
2.9+0.3(8)"
74.6x£13.9 (4)
78.90+4.24 (4)

0.64+0.08 (5)"

85.7+3.3 (14)
99.1+£3.7 (11)
1.2+0.3 (12)
2.9+0.5 (8)*
60.50+5.33 (4)
83.0+2.72 (4)

0.68+0.07 (4)*

87.3%3.1 (12)
96.3+ 1.9 (17)
0.9+0.1 (14)
1.1+ 0.1 (12)°
76.50+7.84 (5)
87.402.63 (5)

1.10+0.09 (6)°

1,95£0,33 (7)™ 1,39 £0,42 (6)° 3,91+0,24 (8)°

81.9+3.1 (13)
100.3+2.4 (13)
0.9+0.1 (11)
2.5+0.6 (7)°
97.80+7.31 (4)
87.0£2.06 (4)
0.97+0.09 (5)°

2,7240,21 (7)*

Data are means = SEM. Different letters indicate significant difference (P<0.05).
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Figure Legends

Figure 1. Body weight (A and B) and food efficiency (C) during the period were measured
weekly in rats fed on a NP or a LP diet without or with LEU supplementation. Values are means
+ SEM; n = 15 rats. *Significant difference of LP and LPL compared with NP and NPL groups,
P < 0.05. Different letters over the bars represent significant differences among the groups, P <

0.05.

Figure 2. GDH protein expressions in brain (A), liver (B), kidney (C) and muscle (D) from NP,
NPL, LP and LPL rats. The bars represent the means + SEM of the values, determined by optical

densitometry; n=4. Different letters indicate significant difference, P < 0.05.

Figure 3. Real-time PCR determination of GDH mRNA expression in isolated islets from NP,
NPL, LP, LPL rats. The data were corrected for RPS-29 expression and are shown as relative to
NP. Values are means = SEM; n = 5. Different letters over the bars represent significant

differences among the groups, P < 0.05.

Figure 4. Insulin secretion induced by LEU 20 mmol/L, LEU 20 mmol/L plus GLN 2 mmol/L
with AOA 5 mmol/L or EGCG 20 pmol/L and KIC 20 mmol/L in islets from NP, NPL, LP and
LPL rats. All stimuli had glucose 2.8 mmol/L. Each bar represents means + SEM from 12-24

groups of islets. Different letters over the bars represent significant differences, P < 0.05.

Figure 5. Insulin secretion induced by GLN 2 mmol/L plus BCH 20 mmol/L with or without

EGCG 20 umol/L in islets from NP, NPL, LP and LPL rats. There was no addition of glucose.
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Each bar represents means + SEM from 12-24 groups of islets. Different letters over the bars

represent significant differences, P < 0.05.

Figure 6. Insulin secretion induced by glucose 2.8 mmol/L (G2.8), glucose 22.2 mmol/L (G22.2)
with or without EGCG 20 umol/L in islets from NP, NPL, LP and LPL rats. Each bar represents
means + SEM from 12 groups of islets. Different letters over the bars represent significant

differences, P < 0.05.

Figure 7. Representative curves of BCH 10 mol/L induced internal Ca®* mobilization in islets
isolated from NP (A), NPL (B), LP (C) and LPL (D) rats. (E) Amplitude and AUC during 0-10
min of stimulation (F) and after 10 min of stimulation (E) of the [Ca2+]i in response to BCH. The
experiments were performed with a Krebs buffer containing: 2.8 mmol/L (G2.8), GLN 2 mmol/L.
Values are the ratio of F340/F380 registered for each group. Data are means + SEM obtained

from 3 independent experiments. Different letters indicate significant differences (P < 0.05).

Figure 8. Overview of insulin secretion mediated by GDH in LP (A) and LPL (B) B cells. LP diet
diminished GDH content, Ca®* handling and impaired insulin secretion (A). LEU
supplementation restores insulin secretion to nutrients by restoration of GDH function (B).
Dotted arrows indicate impaired mechanisms by LP diet. Full arrows indicate restored
mechanism by LEU supplementation. LEU in large letters in the panel indicate the LEU
supplementation. LEU: leucine; GLN: glutamine; TCA: tricarboxilic acid; GDH: glutamate

dehydrogenase.
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Iniciamos o trabalho caracterizando nosso modelo de estudo, avaliando a influéncia da
restricdo protéica sobre parametros biométricos, consumo alimentar e hidrico, parametros
bioquimicos plasmadticos, tolerancia a glicose, sensibilidade a insulina e ainda, avaliamos se a
suplementagao com LEU alteraria os padroes induzidos pela restri¢ao protéica.

A restricdo protéica influenciou a evolu¢do do peso corpéreo dos animais. Trabalhos
anteriores ja caracterizaram bem as alteragcdes corpdreas que a desnutricao protéica pds-desmame
causa nos animais, ou seja, reducdo dos parametros biométricos quando comparados aos animais
controle (Okitolonda et al., 1987; Ferreira et al., 2003; Ferreira et al., 2004; Filiputti ef al.,
2008; Amaral ef al., 2010; Batista ef al. 2010; Soriano et al., 2010). Existem ainda outros
modelos de desnutricdo (intra-uterina e durante a lactacdo) que relatam efeitos ainda mais
marcantes sobre o peso corpéreo de animais submetidos a restricao protéica (Latorraca ef al.,
1998; Zambrano et al., 2006; Fagundes et al., 2007; Chen ef al. 2009). Ainda, nossos
resultados sugerem que a suplementacio com LEU ndo € capaz de reverter os padrdes
biométricos induzidos pela restricdo protéica.

Estudo realizado em animais que receberam dieta LP (4,5% de proteina) mostrou que os
animais apresentaram massa relativa do coracdo aumentada quando comparada com animais que
receberam dietas normais (20% de proteina) (Debski ef al., 2006). Cunha et al. (2002) realizaram
estudos com humanos com ma-nutricdo cronica, relatando que a massa relativa do coragdo esta
aumentada quando comparada com humanos que possuem nutricdo normal. Esse estudo sugere
que isso ocorra como uma possivel preservacao do miocdrdio com relagdo a intensidade de perda
de peso associado com o provadvel aumento de tecido conectivo cardiaco e de veias. Da mesma
maneira, o coracdo dos animais desnutridos, aqui estudados, apresenta massa relativa aumentada

quando comparada com os animais controles e a suplementacdo com LEU ndo altera esse
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parametro. Este efeito observado no corag¢do, da mesma maneira que o observado no estudo
acima citado, talvez seja uma forma de preservar o miocardio da perda de massa. Porém, se faz
necessario, ainda, avaliar o tecido conectivo e as veias para verificar se hd contribuicdo destes
para esse aumento.

Estudos realizados com humanos ingerindo dietas hiperprotéicas comparadas com dietas
isocaldricas de carboidratos ou de gordura indicam que as hiperprotéicas oferecem maior
sensagdo de saciedade. No entanto, os mecanismos pelos quais a dieta hiperprotéica aumenta a
saciedade ainda ndo estdo bem estabelecidos (Kushner & Doefler, 2008; Halton & Hu, 2004;
Paddon-Jones et al., 2008). Sabe-se também que a diminui¢do do tecido adiposo pode contribuir
com o aumento da ingestdo, pois o tamanho do tecido adiposo afeta a producdo de leptina, que
contribui na regulacdo do comportamento de ingestdo ao interagir com sistema neuroendocrino
(Trayhurn & Beattie, 2001). Nossos animais desnutridos apresentaram consumo alimentar
aumentado (indicado pelo indice de eficiéncia alimentar) quando comparado com 0s animais
controles. A alteracdo no comportamento alimentar dos animais desnutridos pode estar sendo
ocasionado pela ingestdo de dieta LP, que ndo deve produzir saciedade da mesma maneira que a
dieta normoprotéica. Além disso, a diminui¢do da gordura retroperitonial e perigonadal pode
estar contribuindo na diminui¢do da produgdo de leptina, levando a uma alteracdo do controle
relativo do consumo alimentar.

A avaliacdo do estado nutricional € realizada clinicamente pela andlise da albumina
circulante (Pencharz, 2008). A redugdo de seus valores em modelos de desnutricdio em animais
ja foi verificada e estabelecida (Ferreira et al., 2003; Ferreira et al., 2004; Filiputti et al.,

2008). Em nosso estudo reproduzimos esses dados, em adi¢do, demonstramos que a
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suplementagao com LEU restabelece os niveis de albumina plasmatica de animais desnutridos,
melhorando, desta forma, o estado nutricional dos animais.

Ja foi descrito que a glicemia de animais de jejum e alimentados ndo apresentam
diferencas entre animais controle e desnutridos; isso fica demonstrado em nossos dados e a
suplementagao com LEU ndo os altera. Por outro lado, os animais desnutridos apresentam menor
insulinemia no estado alimentado e a suplementacao com LEU restabelece os niveis de insulina
circulante neste estado. Essas modificagdes ja haviam sido observadas em outros estudos
indicando a importancia da suplementacdo com LEU para o restabelecimento da insulinemia em
animais desnutridos (Filiputti et al., 2010; Amaral et al., 2010). Também demonstramos que a
desnutri¢do protéica altera os niveis circulantes de dcidos graxos livres, porém a suplementacao
com LEU, em nosso estudo, ndo foi capaz de normalizar esses niveis.

Em acordo com estudos anteriores (Levine et al., 1983; Okitolonda et al., 1988; Escriva
et al., 1991; Picarel-Blanchot ef al., 1995; Reis, et al., 1997; Giozzet et al. 2008; Filiputti et al.
2010; Amaral ef al. 2010), no presente trabalho, também observamos que a desnutri¢do aumenta
a tolerancia a glicose e a sensibilidade a insulina. Este efeito é decorrente da adaptagdo ao pobre
ambiente nutricional que resulta em aumento da fosforilacdo em tirosina do receptor de insulina
(IR), do substrato do receptor de insulina - 1 (IRS-1) (Filiputti et al., 2008), bem como da maior
associacdo da subunidade de 85kDa (p85) da PI3K com o IRS-1 no miusculo, figado e adipdcitos
de ratos desnutridos (Ozanne et al., 1997; Reis et al., 1997; Latorraca et al., 1998). Além disso,
demonstramos que a suplementacdo com LEU ndo afeta a tolerancia a glicose, porém diminui a
sensibilidade a insulina nos ratos desnutridos. Esta diminuicao de sensibilidade demanda maior
liberacao de insulina pelas células B para que a glicemia se mantenha em niveis de normalidade.

De fato, alguns estudos mostraram que a LEU induz hiperinsulinemia e resisténcia a insulina em
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musculo esquelético de humanos (Schwenk & Haymond, 1987; Krebs et al., 2002; Drummond
et al., 2008) e a suplementacdo com LEU em animais desnutridos aumenta a secre¢ao de insulina
frente aos nutrientes (Filiputti ef al., 2010; da Silva et al. 2010; Amaral et al. 2010).

Estd bem estabelecido que a GDH exerce funcgdes essenciais no cérebro, figado e rim.
Entretanto, em nosso modelo animal, nés nao observamos diferencas no contetido protéico da
GDH nesses tecidos e no musculo, diferentemente do que observamos com relagdo as ilhotas,
onde a GDH foi alterada pela desnutricdo e pela suplementacdo com LEU. Portanto, podemos
sugerir que a desnutricao protéica altera focalmente o pancreas enddcrino, semelhante a modelos
de knockdown (Carobbio et al., 2004).

Sabe-se que a secrecdo de insulina estimulada por glicose estd prejudicada em animais
desnutridos. Propostas de nosso grupo de pesquisa e outros laboratérios sdo feitas para tentar
explicar a causa da menor sensibilidade dessas ilhotas frente a glicose. Dentre estas propostas
estdo: menor capacidade de metabolizacdo da glicose (Dixit & Kaung, 1985), diminuicdo na
mobilizacdo do fon célcio (Latorraca et al., 1999), menor expressao de diversas proteinas como:
PDX-1 (Arantes ef al., 2002; Martin et al., 2004), do transportador de glicose GLUT-2 (Dixit &
Kaung, 1985), da glicoquinase, da glicerolfosfato desidrogenase (Rasschaert et al., 1995), da
PKCa (Ferreira et al., 2004), da PKAa (MilanskKi et al., 2005), S6K-1(Filiputti et al., 2008).

Além disso, estd bem estabelecido ser a LEU, um agente insulinotrépico (Fahien et
al.,1988; MacDonald et al., 2008), estimulando ou potencializando a secre¢dao de insulina por
sua transaminagdo ou pela ativagdo alostérica da GDH. Estudos anteriores relataram que a
suplementacdo com LEU em ratos desnutridos restabelece a secre¢do de insulina aos niveis do
controle quando as ilhotas isoladas foram estimuladas com glicose e outros agentes

insulinotrépicos (Filiputti et al., 2010; da Silva et al. 2010; Amaral et al. 2010). Da mesma
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maneira, nés observamos que animais desnutridos secretavam menos insulina frente a alta glicose
e quando suplementados com LEU, apresentavam niveis similares ao do controle. Considerando
que a LEU possui duas vias de atuagao direta na secrec@o de insulina e as evidéncias da relagao
da GDH com a secrecdo de insulina, procuramos, neste trabalho, estudar o papel da GDH em
ilhotas isoladas de animais submetidos a restri¢do protéica e suplementados com LEU. Para tal,
analisamos a expressdo génica e protéica da GDH, realizamos secrecdes estdticas de insulina
utilizando um ativador ndo metabolizavel especifico da GDH, o BCH, na combinacao ou ndo de
GLN (da Silva et al., 2010; da Silva et al., 2011, submetido), pois este dltimo aminodcido é
convertido em glutamato aumentando, assim, a disponibilidade de substrato para a GDH (Fahein
et al.,1988). Além disso, investigamos o efeito do inibidor especifico da GDH, o EGCG, sobre a
secrecdo de insulina e avaliamos o manejo do célcio estimulado com GLN+BCH.

Observamos que o conteudo protéico da GDH estd diminuido nas ilhotas de ratos
desnutridos e a suplementagdo com LEU restabelece os niveis protéicos da enzima. Além disso, a
secrecdo de insulina dos animais desnutridos estd diminuida quando estimulada com 20 mM de
LEU, 20 mM de BCH e 20 mM de KIC, semelhante ao que ocorreu quando as ilhotas foram
estimuladas com 22,2 mM de glicose. J4 a suplementacdo com LEU restabelece a secrecao de
insulina aos niveis do controle em resposta a todos esses estimulos. Estes dados estao de acordo
com estudo de silenciamento da GDH (Carobbio et al., 2009) que demonstrou que a GDH ¢é
importante para a resposta de insulina estimulada com GLN+BCH. Porém, nés evidenciamos
pela primeira vez que animais desnutridos suplementados com LEU recuperam a secrecdo de
insulina ndo s6 por melhorar a via da PI3K/mTOR (Filiputti et al., 2010) ou o contetdo protéico
de M3, PKCa, entre outras (Amaral et al., 2010), mas também por recuperar o contetido protéico

da GDH (da Silva et al., 2010). Em adi¢do, é provavel, ainda, que a melhora na atividade da
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GDH seja através da ativag@o da via da mTOR, tendo em vista os dados apresentados por Xu et
al. (2003). Neste trabalho, os autores demonstraram que o efeito induzido pela LEU na atividade
da GDH estava associado com a via da mTOR. Além disso, pudemos sugerir que a via de
oxidacdo da LEU no grupo suplementado também possui importincia no restabelecimento da
secrecdo de insulina em ratos desnutridos. De fato, nossos dados estdo de acordo com estudo
prévio, o qual mostrou evidéncias de uma possivel interacdo entre as vias da GDH e da oxidagao
da LEU para aumentar a secrecdo de insulina estimulada por LEU em ilhotas pancredticas de
camundongos BTBR (Rabaglia et al., 2005).

Para investigarmos melhor a importincia da GDH e da oxida¢do da LEU na secrecdo de
insulina em animais desnutridos e suplementados com LEU, decidimos entdo utilizar inibidores
especificos para enzimas chaves das vias envolvidas. Escolhemos o0 EGCG, pois foi demonstrado
recentemente que este composto inibe a secrecdo de insulina por inibir a GDH (Li et al., 2006),
por permitir o trabalho com as ilhotas intactas e por ser um composto que estd sendo muito
estudado devido as suas supostas propriedades benéficas para o organismo (Butt & Sultan,
2009). Ja para inibir a BCATm, foi utilizado um inibidor classico, o AOA, empregado desde a
década de 80 para estudos de secrecdo de insulina estimulada com aminoécidos ramificados
(Malaisse et al., 1982).

A secrecdo de insulina estimulada com LEU+GLN ou GLN+BCH apresentou padrio
semelhante ao que haviamos observado quando as ilhotas de todos os grupos foram estimuladas
com LEU, BCH e KIC. Porém, a incuba¢ao com LEU+GLN estimulou uma libera¢cdo maior de
insulina quando comparada as secre¢des estimuladas somente com LEU e BCH. De fato, esse
aumento na secre¢do de insulina era esperado uma vez que haviamos utilizado a GLN, precursor

do glutamato, substrato da GDH e estimuldvamos a via da oxida¢do da LEU, aumentando assim o
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fluxo de ambas vias. Essa diferenca na capacidade estimulatéria da secre¢ao de insulina entre
LEU e BCH, combinados ou nio, foi demonstrada também por MacDonald et al. (2008) em
células INS-1 e ilhotas pancreaticas de ratos.

Ao incubarmos as ilhotas com AOA, inibindo, portanto, a oxida¢ao da LEU, verificamos
que a secre¢do de insulina n@o era inibida em nenhum dos grupos, apresentando um padrio
semelhante a LEU+GLN. J4 ao incubarmos com EGCG, a secrecdo de insulina era inibida
somente no grupo LPL. Quando incubamos as ilhotas com GLN+BCH+EGCG, verificamos que
a secrecao de insulina era inibida em todos os grupos, menos no LP, sendo tal inibi¢cdo mais
eficiente no grupo LPL. Estes resultados nos permitem sugerir que a ativagdo da GDH ¢é capaz de
induzir a secrecao de insulina similarmente a oxidacdo de LEU, pois, mesmo havendo a inibi¢ao
da via da oxidagdo de LEU, a secrecdo de insulina ocorreu eficientemente. Este resultado esta de
acordo com anteriores que demonstraram a importincia da ativacdo da GDH e da produgao de a-
cetoglutarato, aumentando o fluxo do ciclo do ATC para a mitocondria e, conseugentemente,
para a secrecdo de insulina (Rabaglia, ef al., 2005; Li et al., 2006a; Li et al 2006b; Odegaard
2010; Zhou et al., 2010). Além disso, este resultado confirma os nossos resultados anteriores (da
Silva et al., 2010), pois evidencia que a secre¢@o de insulina estimulada com LEU é dependente
da GDH em animais LP suplementados com LEU .

Estudos anteriores relataram a diminui¢do da secre¢do de insulina em ilhotas de animais
knockout ou em células INS-1 silenciadas para GDH quando expostas a glicose (Carobbio et al.,
2004). Porém sugere-se que a GDH seria importante somente para que a resposta secretoria fosse
completa ndo comprometendo a homeostase glicEmica em camundongos tratados com dietas
isocaldrica (Carobbio et al., 2009). Desta forma, o passo subsequente foi investigar se a GDH

estava relacionada com a melhora da secrecdo de insulina observada quando estas ilhotas de
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animais LPL eram incubadas com alta glicose. Para tal, associamos a glicose com o EGCG e
verificamos que a secre¢do de insulina foi inibida nos animais LPL. Nossos resultados estao de
acordo com Li et al. (2006b), onde houve a combinacdo de EGCG com glicose em ilhotas
pancredticas de ratos e verificaram que o EGCG ndo € capaz de inibir a secre¢do de insulina
estimulada por glicose. Desta maneira, podemos sugerir que a secre¢do de insulina estimulada
por glicose observada nas ilhotas de animais LP suplementados com LEU € dependente da GDH,
corroborando nossos dados previamente publicados (da Silva et al., 2010).

A secrecdo de insulina é dependente ainda, do manejo de Ca®. Foi demonstrado que
ilhotas de camundongos cultivadas com AOA apresentaram maior [Ca™); quando perfundidas
com LEU+GLN. Além disso, ilhotas de camundongos hiperinsulin€micos com muta¢do na GDH
no sitio de ligacio do GTP possuem maior [Ca™); comparadas com ilhotas controle quando
estimuladas com GLN (Li ef al., 2006a). Portanto, tais evidéncias sugerem que a GDH pode
modular o manejo de Ca®*. Além disso, estudos anteriores demonstraram que ilhotas de roedores
LP possuem reducdo do [Ca®]; quando estimuladas com glicose ou outros agentes
insulinotrépicos (Latorraca et al., 1999; Carneiro, ef al., 2008; Batista et al., 2010; Soriano et
al. 2010; Oliveira et al., dados nao publicados). Semelhantemente a esses estudos, nés também
evidenciamos que ilhotas LP quando perfundidas com GLN+BCH também possuem diminuidos
a amplitude da oscilacdo de Ca**, o sequestro de Ca®* pelo reticulo endoplasmético e a [Ca**];.
Além disso, a suplementagdo com LEU foi capaz de restaurar todos esses parametros. Desta
forma, é provavel que tanto a reagdo catalisada pela GDH quanto a suplementacdo com LEU
sejam relevantes para o manejo de Ca”*.

Em resumo, podemos concluir que dieta hipoprotéica afeta a expressdo e

consequentemente a fun¢do da GDH, prejudicando a secrecdo de insulina. Provavelmente, isto é
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causado pela diminui¢do na producdo de a-cetoglutarato e do manejo de Ca™ (Fig 1A). Por outro
lado, a suplementacdo com LEU restaura a secrecdo de insulina frente a nutrientes, restaurando o

contetido protéico, bem como a funcionalidade da GDH (fig. 2B).
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Figura 1. Esquema simplificado de mecanismos de secrecdo de insulina por célula B pancredtica de animais desnutridos (A) e

suplementados com LEU (B). As setas pontilhadas indicam os mecanismos que estdo diminuidos com a desnutricdo e as setas
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82



83

CONCLUSOES




84



85

Com este trabalho, podemos concluir:

X/
L X4

X/
°

X/
L X4

X/
L X4

A desnutricdo protéica modula a expressdo gé€nica e protéica da GDH somente no
pancreas endocrino permitindo o estudo desta enzima e de sua importancia
especificamente para a secrecdo de insulina;

A suplementagdo com LEU € capaz de modular a expressdo de genes e proteinas no
pancreas enddcrino, incluindo a expressao da GDH, restaurando o seu contetdo protéico a
valores do controle;

A restauracdo da secre¢do de insulina em animais LPL frente a diferentes secretagogos €
dependente da expressao e fun¢do da GDH e de seu conteudo protéico;

A ativacdo da GDH ¢é capaz de induzir a secrecdo de insulina similarmente a
transaminacdo da LEU.

A GDH parece estar envolvida com o manejo de Ca®' intracelular e, portanto, a
suplementacio com LEU é capaz de reverter os padroes de manejo de Ca®* intracelular

alterados pela dieta LP.
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Abstract

Low-protein diet impairs insulin secretion in response to nutrients and may induce several metabolic disorders including diabetes, obesity,
and cardiovascular discase. In the present study, the influence of leucine supplementation on glutamate dehydrogenase (GDH) expression and
glucose-induced insulin secretion (GIIS) was investigated in malnourished rats. Four groups were fed with different diets for 12 weeks: a
nomal-protein diet (17%) without or with leucine supplementation or a low (6%)-protein diet without (LP) or with leucine supplementation
(LPL). Leucine (1.5%) was supplied in the drinking water. Western blotting analysis revealed reduced GDH exp in LP, wh LPL
displayed improved GDH expression, similar to control. The GIIS and leucine-induced insulin release were also enhanced in LPL compared
with LP and similar to those observed in rats fed a normal-protein diet without leucine supplementation. In addition, GDH allosteric
activators produced an increased insulin secretion in LPL. These findings indicate that leucine supplementation was able to increase GDH
expression leading to GIIS restoration, probably by improved leucine metabolic pathways.
© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Protein malnutrition impairs glucose-induced insulin
secretion (GIIS) by reducing the transcription of several
genes related to B-cell signaling [1]. Actually, it has been
reported that the insulin signaling pathway is impaired in
protein-undernourished rats because of reduced PI3K and
p70S6k expression in pancreatic islets [2]. In this process,
leucine was demonstrated to improve insulin release [3], an
effect that was associated with clevated mitochondrial
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energy production [4]. Although the mechanism remains
unclear, leucine metabolism might supply the tricarboxylic
acid cycle (TCA) with different anaplerotic substrates
including a-ketoisocaproate (KIC), which can be further
metabolized to acetyl-coenzyme A and acetoacetate [5].
Leucine may also allosterically activate glutamate dehydro-
genase (GDH), the enzyme that converts glutamate to
a-ketoglutarate, an important anaplerotic substrate for the
second span of TCA. The observation that -cells exhibit a
high level of anaplerotic mitochondrial enzymes suggests
that this process is particularly important for the insulin
secretion mechanism [5]. In addition, leucine might activate
mammalian target of rapamycin (mTOR) downstream
events, affecting clongation and translation of intracellular
signaling proteins [6]. In the f-cell line RINmSF, the
leucine-induced GDH activation was shown to increase the
p70S6k phosphorylation and mitochondrial activity [4],
suggesting that leucine might be directly associated with
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