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RESUMO

A regulacBo da secrecfio de insulina em resposta 3 alimentacio é determinada pela acio
direta de nuirientes sobre as células B pancreaticas e pelos efeitos indiretos mediados pela
ativagio hormonal e neural. Sabe-se que 50% da insulina secretada no periodo pos-prandial
imediato depende da estimulacio colinérgica e que no diabetes tipo 2, 2 fase ripida da
secrecio de insulina € a primeira a desaparecer. Tthotas de ratos desputridos também
apresentam perfil de secre¢io de insulina sem o padrio bifisico. Sabe-se quearegulacioda
secrecBo de msuling estimulada por glicose pode ser modulada pelas vias que envolvem a
ativagio das proteinas quinase C e A (PKC ¢ PKA).

Assim, o presente trabalho teve como obijetivo estudar a participaciio das proteinas
PKA e PKC na modulacio do processo secretdrio de insulina em ilhotas isoladas de ratos
submetidos i restricio protéica.

Os animais foram divididos em dois grupos experimentais, um grupo controle tmatado
com dieta normoprot¢ica (NP} (17%) e cutro grupo desmuirido tratado com dieta
hipoprotéica (LP) {6%). Apds dois meses de desnutrigio os animais foram sacrificados para
o ini¢io dos experimentos.

Iihotas isoladas do pincreas desies animais foram utilizadas pam protocolos de
secregdo estatica e dindmica de msuling, imunochistoquimica para as enzimas PKA e PKCe
analise da expressic génica para as proteinas em questfo.

Nossos resuitados demonstraram que a dieta LP reduziu a massa corpdrea e a
albuminerma dos amimais. O grupo de animais submetidos a dieta LP mostrou niveis

elevados de acidos graxos livies no plasme e redugio dos niveis de proteinas totais em



relagdo ao grupe NP, caractenizando o guadro de desnutricio. A insulinemia no periodo
alimentado apresentou-se reduzida nos animais LP e a glicemiz mantida, sugenindo uma
maior sensibilidade dos animais LP ao hormbnio msulina..

A resposta secretona de msuling pelas ithotas LP foi menor gue 2 resposta das ithotas
NP, guando estimuladas com o forbol éster (PMA}, um potente estimulador da PKC ¢
Forskolin, um potente estimulador da PKA.

Quando ilthotas foram estimuladas com PMA {400 M) ¢ aumento da secregio de
msulina foi significativamente maior no grupo NP quando comparado ao grupo 1P A
técnica de imunchistoguimica, revelou uma diminuicio na guantidade das enzimas PKA e
PEC, estes resultados foram confirmados utilizando-se a téenica de Western Blotting, onde
foram encontrados niveis reduzidos da PKC e PKA em aproximadamente 30% no grupo LP
(p<0.03).

RT-PCR mostrou uma diminuigio tambeém na quantidade de mRNA para ambas as
enzimas em estudo, o que nos sugeriu uma possivel relagio entre a restrigio protéica, a qual
¢ animal foi submetido, e alteracBes na transcricBo de genes que codificam enzimas
relacionadas com © processo secretorio.

Até o momento podemos concluir que, a alteracio no contetido destas enzimas neste
modelo experimental permite explicar, pelo menos em parte, a diminuigio na resposta
secretoria encontrada na estimulagio com glicose, PMA e Forskolin. Mais ainda, a restrigio
protéica no periodo pos-desmame induziu modificaces transcricionais pars enzimas chave

no processo secretério de mnsulina,



ABSTRACY

The effects of carbamylcholine (CCh) and phorbol 12-myristate 13-acetate
(PMA) on insulin secretion were studied in pancreatic islets from mats maimfained on a
normal (17%; MP) or low (6%; LP) protem diet. Isolated islets were incubated for 1 hin
Krebs-bicarbonate solution contamning 8.3 mmol/L glucose, with or without PMA (400
umol/L) and CCh. Increasing concentrations of CCh {0.1-1000 umol/L) dose-
dependentily increased the insulin secretion by islets from both groups of rats. However,
the dose-response curve to CCh was shifted o the right in LP islets with an ECsq of 2.15
+ 0.7 and 4.64 £ 0.1 umeol CCh/L in NP and LP islets, respectively (£ < 0.05). The
PMA-induced msulin secretion was three-fold higher in NP compared to LP islets.
Western bloting revealed that the PKCa and PLCB1 contents of LP isleis were 30%
lower than in NP islets (P <0.05). In addition, PKCoa mRNA expression was reduced
by 50% in islets from LP rats. In conclusion, a reduced expression of PKCo and PLCBI
may be involved in the decreased insulin secretion by islets from LP rats following
stimulation with CCh and PMA.

We also mvestigated the effects of forskolin, a stimulator of adenylyl cyclase, on
msulin secretion by pancreatic islets from rats fed a normal {17%; NP) or low (6%; LP)
protein diet for 8 weeks. Isolated islets were incubated for 1 h in Krebs-bicarbonate
solution contaiming 8.3 mmol glucose/L, with or without 10 umol forskolin/L. The
forskolin-induced msulin secretion was higher in NP than in LP islets (P < 0.05). Western

blotiing revealed that the amount of the alpha catalytic subunit of protein kinase A (PKAq)



was 35% lower in LP compared with NP islets (P < 0.05). Moreover, PKAc mRNA
expression was reduced by 30% in islets from LP rats (P < 0.03). Qurresults indicated a
possible relationship between a low protein diet and 2 reduction of PKAx expression.

These alterations in PKAx may be partly responsible for the decreased insulin secretion by

islets from rats fed a low protein diet.

Kevwords: PEA; PRC; Islets; Insulin: Low protein diet

iV






1. Introducio
1.1 O Pancreas Endécring e g Secrecio de Insuling

E sabido gue todos os tipos celulares enviam e recebem mensagens guimicas, sendo
esta troca de sinais, muito importante para manter o bom funcionamento do organismo. O
sistema endéonno tem um papel primordial no controle destas atividades celularss e
portanto na manuiencio da homeostasia.

Em se tratando de péncreas, além da sua importante fungfo exéerina (digestio) este
6rgfio possui tambeém wna funcio endborina e, tal como as outras glindulas que constituem
o sistema endocrino (ex. hipdfise, tirbide, glindula adrenal e ghnadas), secreta horménios
{dentre os mais conhecidos, Insulina, Glucagon e Somatostatina) na corrente sanguines que
vE0 aluar em 61g808 ou tecidos distantes.

Uma das func8es essenciais do sistema endéerino é a manutencio de uma concentracio
razoavelmente constante de glicose no sangue. Esta manuiengio estrita é controlada pelo
balanco entre a absorgio de glicose pelo intestine, sua producgio no figado e rim, e sua
entrada e metabolizagio pelos tecidos periféricos.

A insulina € o Gnico hormédnio capaz de reduzir a concentraciio de glicose no sangue,
pois € capaz de aumentar a captacfio de glicose pelas células do misculo ¢ tecido adiposo.
Mais ainda 2 insulina ¢ capaz de inibir a producfio hepética de glicose e manter 2
homeostase glicémeia. A insuling estimula também o crescimento e diferenciagio celular,
promovendo a lipogénese, sintese de proteinas e glicogénic. Deficiéncias na predugio de
msulina ou resisténoia dos tecidos alvos 4 sua aco, pcden} resultar e uma profunda
alteraclo destes processos citados, com elevagBes dos niveis pos-prandiais de glicose e
lipidios {(GOODMAN & GILLMAN, 1996).

{thotas de Langerhans

A porcio endberina do péncreas representa apenas, 1% do peso total deste 6rgfio
(ORCI et al, 1988). E constituida por pequenas estruturas com formas variaveis

denominadas ilhotas de Langerhans, que devem o seu nome a0 autor gue primeiro as
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identificon em 1869, Paul Langerhans. Estas unidades celulares encontram-se rodeadas por
tecido exdorinoe e por algumas células isoladas espathadas pelos ductos pancreaticos.

As ilhotas de Langerhans, verdadeiros micro-6rgios com um didmetro entre 40 e 400
um, contém entre 500 e 5000 células, das quais cerca de 0% so células B produtoras de
insulina. Estas celulas ocupam a parte centzal homogénea da ilbota, sendo a zona periférica
da ithota mais heterogénea, constituida por outres irés tipos celulares: células o produtoras
de glucagon, células & produtoras de somatostatina e células PP secretoras de polipeptideo
Dancreatico.

As ilhotas de Langerhans encontram-se entre os OrgBos mais vascularizados do
organismo, possuindo uma microcirenlagio diferenciada. O sangue flui pela ithota e
percorre uma rede de pequenos capilares que irriga em primeiro lugar as células B centrais
e s6 depois as outras células periféricas da ilhota. A exisiéncia deste sistema de imrigagio
sanguinez mira-ithota tem consegiéncias no controle hormonal entre as diferentes células
da ilhota (interagBes paricrinas entre as células, podem regular as secrecdes umas das
outras através do fluido intersticial que todas compartilham). De fato, a secregio de
glucagon pelas células o parece ter um papel importante na determinagio da amplitude e da
velocidade da resposta msulinémica 2 certos firmacos e nutrientes (MARKS et al, 1992).

Além deste controle hommonal enddgeno, a atividade secretora da ithota é ainda
modulada por estimulos de origem nervosa ¢ hormonal externos a ilhota que provém da
extensa rede de fibras do sistema nervoso autdnomo que inerva as ilhotas (BONNER-
WEIR, 1991). Exemplos destes estimulos incluem os neurctransmissores classicos do
sistema nervoso simpatico (noradrenalina) e parassimpitico (acetilcolina {ACh)), bem
como o0s neuropeptideos co-secretados {peptideo liberador de gastrina, galanina,
neuropeptides Y, colecistoquinina {CCK) e substincia P) ¢ horménios do sistems
endbcrino gastrointestinal (Peptidec inibidor géstrico e glucagon like peptide-1). A
relevincia fisiolégica de algumas destas moléculas para 2 secrecio de insulina esta ainda
por ser estudada. No entanto, no case da acetilcolina, a importincia da inervagio
colinérgica para a potencializagio da resposta secretora as necessidades do organismo ja foi
amplamente estudada. A estimulagfo parassimpatica € responsavel pela fase cefalica da
secrecio de insulina (a resposta inicial de secregic de insulina anterior 4 ingestio de

alimentos} e encontra-se diminuida durante situacBes de hipoglicemia, de modeo que ocorre
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um aumento dos niveis de glucagon a fim de estimular a secrecio hepatica de glicose e

restaurar 2 eughocenua (DUNNING et al,, 1994).
Dmimica da secrecio de insulina

O controle dos nivess plasmaticos de glicose é exercido em uma escala temporal de
minutos atraves de uma resposta ripida de secregio de insuling, que apresenta um padrio
pulsanl complexo. O perfil temporal da secrecio de insulina em resposta a um pulso de
glicose aplicade por via intravenosa consiste num pico de secrecio, que surge durante ¢
tercelrs e o quinto minuto, podendo durar até dez minytos, seguido de umsz segunda fase
mais lenta (LEAHY et al, 1992). Durante esta tltima fise ocomem pulsos de peguens
amplitude em cada 5-10 minutos, que estio sobrepostos a oscilagdes mais lentas e de maior
amplitude que ocorrem a cada 1-2 horas (BELL & POLONSKY, 2001).

Flutuagbes plasmaticas de insulina foram detectadas em véarias espécies de mamiferos,
mctuindo o homem (LANG et al., 1982), macaco (GOODNER et al,, 1977}, cio (JASPAN
et al,, 1986) e rato (CHOU et al | 1991). Esta secregio oscilatdria foi também encontrada
em preparacOes de péncreas isolado (STAGNER & SALMOLS, 1985), em grupos de
ilhotas 1soladas (CHOU & IPP, 1990; LONGO et al, 1991) e, posteriormente, em uma
imica ilhota isolada (ROSARIO et al 1986, BERGSTEN & HELLMAN, 1993a;
BERGSTEN et al., 1994; BERGSTEN, 1995), sugerindo que 2 pulsatilidade da secreciio
de insulina € uma propriedade ntrinseca de cada ilhota. Esta hipétese é comprovada pelo
fato de, no homem, a freqiiéneia das oscilagbes de insulina medida a partir de grupos de
ithotas isolados (cerca de 0,1 min™") ser idéntica 2 observada no plasma in vivo
{(MARCHETTI et 21, 1994). Em modelos animais de roedores, no entanto, a periodicidade
das oscilagBes de insulina diminui a2 medida que a complexidade celular aumenta,
apresentando valores de freqiiéncia que vio de cerca de 0,07-0,1 min™ no plasma 2 0,3-0,5
min™ (ou mesmo 2-3 min™) em ilhotas isoladas (BERGSTEN & HELLMAN, 1993b). Nio
se pode, portanto, excluir um papel modulador por parte de fatores intra e extra-
pancreticos, 1ais como os sinais provenientes dos gnglios pancreaticos ou do nervo vago.

A sincronizacio existente entre as células da ithota, gue faz com que a ithota de

Langerhans se compotte como um sincicio, depende criticamente da comunicacio e
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acoplamenio entre as células. Ests bem estabelecido que as células B isoladas nfo exibem
oscilagBes. A medida que o nimero de células nas preparacBes experimentais aumenta,
favorecendo © aparecimento de agregados celulares & mesmo de pseudo-ilhotas, parece
também aumentar a funcionalidade das células e a regulanidade dos eventos oscilatorios
(GYLFE et al, 1991; JONKERS et al, 1999, HAUGE-EVANS et al, 1999). Est
sincronizacio € possivel devido a comunicacio entre as células através de jungbes
comunicantes (gap junctions), que permitem a transferéncia de ions £ pequenocs metabdlitos
entre as células (ORCI et al, 1973; MEDA et al., 1984). Pam além do acoplamento através
destas jun¢des, a propagacio dos sinais iniracelulares também pode ser mediada por um
componente de simalizacio extracelular (BERTUZZI et al , 1999). De fato, a existéncia de
oscilagBes extracehulares de K7, medidas com um microelétrodo sensivel a K colocado no
espaco extracelular da ithota (PEREZ-ARMENDARIZ et al, 1985}, levantou a hipGtese de
gue aguelas oscilagbes pudessem contribuir, juntaments com as juncdes comunicantes, para

a sincronizagio da atividade das células no ilhota mtacto (STOKES & RINZEL, 1993).

Desnutricio ¢ Diabetes.

A desnutnigio € um problema em todas as populagdes do mundo, onde criangas com
baixo peso ao nascer correspondem a 15% do total da taxa de nascimento (DAHRI,
SNOECK et al., 1991).

Em nove paises da América Latina, onde fo: efetnado um levantamenio
populacional, 3 desnutricZo foi um dos fatores responsaveis pela elevada mortalidade em
criancas abaixo de 5 anos de idade (ANGELIS, 1977).

Deficiéncias protéicas & energéticas normalmente ocorrem juntas, embora possa
haver a predominéncia de uma sobre a ouira. Quando se manifestam de forma severa,
podem desencadear sindromes clinicas denominadas * Kwashiorkor ” e “ Marasmo 7.
Kwashiorkor resultante de ingestfo insuficiente de proteinas € 0 marasmeo resultante de
deficiéncia energética (SHILS et al., 1994).

Desde 2 antiguidade reconhece-se a importinciz do habito slimentar no
desenvolvimento do diabetes mellitus. Reducio do peso e a baixa ingestdo de energia foram

associados 2 uma menor incidéncia e prevaléncia do diabetes. Nos paises desenvolvidos, o
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sedentarismo associado 3 alimentacio hipercaldrica, pobre em fibras e rica em proteinas,
gorduras saturadas e carboidratos simples, ém contribuido para o ripido aumento do
desenvolvimenio do diabetes mellitus do tipo 2 (RAQ, 1988). Esta €, geralmente,
acompanhada de obesidade, hipertensio arterial sistiémica, dislipidemia e resisténcia &
insulina. O conjunto dessas anomalias foi designada de Sindrome X7 {ZAVARONI et al,
1994) ¢ sua etiopatogenia sinda njo esta totalmente elucidada.

HALES & BARKER (1992) formularam a hipdtese do “thrifly phenotype ™ pama
explicar a etiopatogenia do diabetes mellitus tipo 2 ¢ da “Sindrome X”. De acordo com essa
hipitese, estas duas patologias sio determipadas por fatores ambientais, inclusive
putricionais, & sho originadas in utero ou dumante a infincia. Presume-se que a desnutrigdo
infra-utering e durante o primeiro ano de vida produz mudangas morfoldgicas e funcionas
no pancreas, figado, € no tecidos muscular e adiposo, traduzidas em insulinopenia e
resisténeia 4 insulina. Quando a resisiéneia 4 insuling é agravada pela obesidade,
inatividade fisica ou idade, o pAncreas nfio consegue suprir a demanda de insulina ¢ o
diabetes se instala. O padrio de anormalidades metabolicas e funcionais depende da fase da
vida em que a desnuirigio ocorre, do tipo e da intensidade da caréncia nutricional.

Antigamente, havia evidéncia de que a desnutrigo poderia ser diabetogénica, pois
foram realizados estudos que mostraram intolerdncia & glicose, insulinopenia e resisténcia &

insulina em animais (HEARD & TURNER, 1967, SWENNE et al. 1987) ¢ em seres

humanos desnutiidos {COOK 1967, BECKER et al. 1971, SMITH et al, 1975). Duas
formas de diabetes foram associadas 3 desnutrigBo crbnica: 1) diabetes do tipo J,
semelhante ao diabetes tipo 1 pelo seu inicio abrupto e em uma idade bastante precoce,
caracterizado por deficiéncia de insulina, resisténcia periférica a esse horménio e auséneia
de cetose; 2) diabetes pancredtico tropical, presente em individuos severamente
desnutridos, acompanhado por sinais de pancreatite, cam macrocalcificacdes pancreaticas e
faléncia na produgio de insulina (RAQO, 1988).

Mais recentemente a Organizacio Mundial de Saide (OMS) apresentou sua nova
classificacio para o diabetes mellitus. Nesta nova classificagio a desnutrigio nfo € indicada
como um fator disbetogénico (The expert Committee on the Diagnosis and Classification of

Digbetes Mellitus, 2003), E possivel, baseado em resultados do nosso grupo de pesquisa e



da literatura, verificar alieracfes no padrBo secretério de insuling em ilhotas isoladas de
animais submetidos 2 desnutrigio.

Como no diabetes tipo 2, o comprometimento da secregio de msulina parece
desempenhar uma fungio central na etiopatogenia do diabetes. Avaliando a insulinepenia
no organmsmo desnutndo, pelo menos guatro possibilidades devem ser consideradas: 1) a
reduclo do nimero de células B pancredficas; Z) o defeito funcional das células B
pancreaticas; 3) 2 combinagiio ds redugfo do nimero de células B com alteragBes
funcionais das c€lulas B remanescentes; 4) Alteracio no sistema autbnomo que inerva as
ithotas.

Nos Gltumos anos temos estudado as alteracBes morfolégicas e funcionais das ilhotas
pancreaticas em modelos de desnutricic pré e poOs-natl (CARNEIRO et al, 1995;
LATORRAUA et al, 19982, b). Observou-se que a resirigio protéica determina a redugio
do peso absoluto, mas ndo do peso relativo do pincreas {LATORRACA et al,, 1998a).
Quanto & morfologia, venficou-se células B com volume reduzido e com nimero menor de
grinulos de insulina varios dos quais imaturos. Observou-se ainda, células B com
degeneragbes mutocdndriais ¢ com indicios de permeabilidade celular diminuida
{CARNEIRO, 1996). Avaliando a capacidade funcional das ilhotas de ratos desnutridos,
observou-se comprometimento da secregio de insulina estimulada por aminoégcidos; perda
do padrio bifasico de secregdo, sensibilidade a glicose diminuida (CARNERO etal , 1995).
Além de apresentarem captagic de “Ca menor do que as ithotas controle, quando em
presenca de diferentes concentragbes de glicose. Portanto, defeito na mobilizagio do ion
Ca”" parece contribuir pam as alieracBes secretérias verificadas em ilhotas de ratos
desnutridos (CARNEIRD efal | 1995, LATORRACA et al,, 1998b).

Curniosamente, algumas anormalidades cobservadas no organismo desnutrido, tais
come, reducdic do volume das ilthotas, atrofia e perda de granulagio das células B,
insensibilidade das 1thotas 3 glicose, alteracfio da cinética secretéria, sio similares adquelas
observadas no diabético do tipo 2 (GEPTS & LECOMPT 1981, GRODSKY 1996,
LEAHY, 1996}

E provavel que, 2 exemplo do gue ocomre em modelos animais de diabetes tipo 2,
alteracbes ultraestruturais na inervaciio da célula B (DIANI et al, 1983}, nos niveis de
neuropeptideos (BAILEY & FLATT, 1988), ou na agio de neurotransmissorses, como a
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acetilcolina (HOLST, 1992}, contribuam para a redugio da secrecio de insulina nas ithotas
de animais desnutnidos.

Ha relatos de modificacBes no sistems nervoso autbnomo com alieraciio da
modulacio simpatica € parassimpética em ratos Wistar que receberam dieta hipoprotéica
{LEON-QUINTO et al, 1998). Amimais submetidos 3 sste tipo de dieiz, apresenfaram
impuisos parassimpaticos diminuidos e simpéatficos aumentados, acarretando uma elevagio
nos niveis de catecolaminas na circulagio e possivelmente uma diminuicio na estimulagiio
colinérgica envolvida na potencializaciio da secreciio de insulina.

Com a estimulaciio simpética exacerbada em ratos desnuiridos, alios niveis de
catecolaminas estanam circulantes atuando nos recepiores encontrados na célula B. O
resultado dests ligaciio sena 2 inibigio da secrecio de insulina (LEGN-QUINTO et al,
1998). Esia caracteristica pode ser também observada em pacientes com diabetes tipo 2
(CHRISTENSEN, 1979},

Mecanismo de Secrecdo de Insulina .

As células B respondem positivamente, secretando insulina, a mudancas na glicose
exiracelular, ativadores da fosfolipase-C (PLC) (acetiicolina (ACh) e CCK) e ativadores da
adenilato ciclase (AC) (Glucagon e GIP) (HADESCOV, 1980; PRENTKI &
MATSCHINSKY, 1987; TURK et al , 1993).

A secre¢io de insulina estimulada por glicose inicia-se com ¢ reconhecimento e
subseqiiente fosforilagio e metabolizagic deste nutriente pelas células B, gerando diversos
sinais que levam 2 redugio da condutincia ao K (Fig. A) A diminuicio da condutincia ao
K’ provoca wm acémulo relativo do referido cétion nas células B, com consegiiente
despolarizagio da membrans e abertura dos canais de Ca® (L) sensiveis a voltagem. O
influxo de Ca”™ e o aumento do Ca®’ intracelular ( [Ca*'};) ativa 2 maquiniria exocitdtica,
finalizando com a migragic das vesiculas anmazenadoras de insulina em direcio 2
membrana e subseqiente extrusio do conteido granular para o liquido intersticial
{HADESCOV, 1980; SUTTER, 1982; PETERSEN & FINDLAY, 1987, GRODSKY,
1989).



Um efeito secundério da elevacio do [Ca™}; ¢ 2 estimulagio da adenilato ciclase (AC)
e da fosfolipase C (PLC) que podem ser diretamente ativadas por receptores de membrana
especificos para hommébnmios (FLATT, 1996), ¢ gerando AMP. e DAG ativadores da
protemna quinase A (PKA) e proteina quinase C (PKC), respeciivamente.

Varios estudos tém demonstrado gue a acetilcoling, na presenca de concentragbes
sublimiares de glicose, pode despolarizar 2 membrana da célula B e iniciar 2 atividade
elétrics que culmina com 2 secregdo de insulina. Porém, esse efeilo sobre 3 stividade
elétrica foi observado mediante a despolarizacio prévia nfio s6 pela glicose como também
por uma variedade de agentes estimulatorios (GAGERMAN et al., 1978; COOK et al,
1981; HERMANS et al, 1986; SANTOS & ROJAS, 1989), Trés mecanismos idnicos
foram proposios para explicar 2 despolanzagio induzida pela estimulagio muscarinica: 1)
amento da permesbilidade a0 Na” (IENQUIN et al, 1988); 2) aumento da permeabilidade
as Ca”": 3) redugdio da permeabilidade ao K (SANTOS & ROJAS, 1989).




Figura A - Represeniacio esquemdtica do mecanismo de acoplemenio estimuio-secrecfio na célula B
pancreditica, onde estio ilusirados os principais canais ibnicos existentes na membrana plasmética e receptores
que estimulan a hidedlise de fosfolipidios membranares, bem como a sequéncia de eventos que conduz 4
secreglo de insulma. Sumariamente, o metaboliso da glicose produz vérios fatores de acoplamento, enfre os
quais s¢ destaca o aumento da razfio ATP/ADP. Este sumento conduz 4 mibis3o de canais de potissio
sensiveis a ATP (canais K-ATP), com consequente despolarizagio da membrana e siivagiio de canais de Ca™°
sensiveis & voltagem (CCSV). O aumento da [Ca™"}; constitui o fator determinante da exocitose dos grinulos
de insutina. Canal K-Ca: Canal de X' sensivel a Ca™; Canal K-DR: canal de K rectificador tardio; DAG:
dissilghicerol, G-6-F: glicose-6-fosfstn; GLUT-2: transportador de glicose tipo 2, G subumidade o« da
profeine § BR: reticulo endoplasmdtico; By inosiol pisfosfuio; PIP, fosfei@lingsitol bisfosfato: PLC:
fosfolipase C, PEC: profeins quinase .
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Proteina guinase T (PE()

A PKC foi inicialmente descrita como uma quinase dependente de Ca” e fosfolipidios
{TAKAI ET AL, 1979), que apresenia uma vasta distribuigio em diversos tecidos. A
posierior descoberta de gue o DAG estimula fortemente a atividade da PKC (KISHIMOTO
ET AL., 1980} desperiou grande interesse pela quinase por parte de investigadores
interessados na elucidagio dos mecanismos através dos quais 05 sinais externos sio
transmitidos para o mterior da célula. A identificagio da PKC como ligante dos ésteres de
forbol {TPA e PMA), promotores de tumores em diferentes tecidos (CASTAGNA ET AL,
1982, NIEDEL ET Al., 1983}, veio também implicar esta quinase nos processos de génese
tumoral.

Atualmente ¢ claro que a PKC constitui uma familia de quinases de serina/treonina,
com wum nimero de membros ainda crescente. As isoenzimas da PKC podem ser
classificadas em subfamilias, que apresentam diferentes mecanismos de regulacio. As
isoformas ‘convencionais’, cPKC-o, BL BI e v, requerem fosfolipidios carregados
negativamente (ex. fosfatidilserina), DAG e Ca”™ parm a sua ativacio otima {Fig. B}, sendo
também ativadas por ésteres de forbol, de forma independente de DAG e com uma menor
necessidade de Ca®" {CASTAGNA ET AL, 1982). As isoformas ‘novas’, nPKC-5, 8, 0 e
n/L., sio insensiveis 2 Ca”", mas dependem de DAG e fosfatidilserina para 2 sua ativagio
{(ONO ET AL, 1988; BAIER ET AL., 1993), funcionando também como ligantes para os
ésteres de forbol (KONNO ET AL, 1989). As isoformas ‘atipicas’, aPKC-L e AA, sfo
insensiveis a Ca° ¢ ndo respondem nem a DAG nem aos ésteres de forbol (ONO ET AL,
1989).
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Figura B - Representaciio esquemitica da PKC na sua forma inativa {no citossol), da
spa transiocacdio pars a membrana através do dominio C1 (esquerda) ou do dominie C2
{centro}, € da sua ativagio resultante da ligacio dos dominios C1 e {2 & membrana
{direitz). DAG: diacilglicerol; EF: ésteres de forbol; PS: fosfatidilserina.

Uma das camacteristicas mais marcadas da regulagio da PKC é a extrema
especificidade para os seus ativadores Hpidicos. A enzima é maximamente ativada por sn-
1,2-diacilglicerol, tanto em micelas mistas de detergente/lipidess como em modelos
membranares, sendo o s8-1,3-DAG e o sn-2,3-DAG inativos (BELL & BRUNS, 1991},
Tem-se admitido que a natareza dos grupos acilo do DAG nfio parece ser critica par a suz
mteraglio com a PKC. No entanto, a presenga de &cidos graxos poli-insaturados na posigio
sn-2 do DAG parece ser importante para a ativagio da quinase (PETTITT et al,, 1997). Foi
ainda demonsirado num estudo recente, através da sintese de DAGs com grupos acilo poli-
insaturados ©-6 ¢ ©-3 na posicio sn-2, que a ativagio in vifro de diferentes isoformas da
PKC varia em resposta a diferentes espécies de DAGs (MADANI et ab, 2001).

O aumento do nivel de DAG, produzido durante a ativagio celular tem normalmente
um cardter bifisico. A produgio inmicial de DAG é assegurada pela hidrdlise de
fosfatidilinosiiol-4,5-bisfosfato, catalisada pela fosfolipase € (PLC). O DAG assim
produzido € rapidamente convertido em acido fosfatidico por agio da DAG quinase. A
segunda fase prolongada resulta da hidrélise de fosfatidilcoling, tendo o DAG resultante
uma composicio diferente em acidos graxos, gue o tomam um substrato mais fraco pamm a
DAG quinase. U DAG também pode ser formado por hidrdlise de acido fosfatidico,
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catalisada pela fosfolipase D (NISHIZUKA, 1995). Inicialmente foi proposto que sé o
DAL gerado pela hidrolise de fosfatidilinositois, € nfo o gerado a partir da fosfatidilcolina,
era capaz de ativar 2 PKC (LEACH et al, 1991). Posteriormente esta idéia foi refutada,
defendendo alguns autores gue os diferentes DAGs produzidos pela célula ativam
diferemtes subfamilias da PKCs (HA & EXTON, 1993),

A ativagio da PKC pela fosfatidilserina também revela uma elevada especificidade em
relagio & so-l,2-fosfanidil-L-serina. Pensa-se que esta especificidade deriva do
reconhecimento ssterecespecifico do fosfolipidio por determinantes da quinase (JOFINSON
st al., 1998).

A PKC £ vista atualmente como um componente critico de certas vias de transdugio
de sinais gue muitas células utilizam para reconhecer e responder a uma variedade de
agentes extracelulares (NISHIZUKA, 1986). Estes estimulos externos causam o aumenio
dos niveis de DAG na membrana, que funciona como um segundo mensageiro ¢ ativa a
PKC. As respostas celulares induzidas pela ativagiic da PKC resultam da fosforilagio de
proteinas alvo em residuos de serina e treonina, envolvendo processos tio variados como a
modulagic de condutincias idnicas e de transportadores (SHEARMAN et al, 1989;
MOVSESIAN et al., 1984; LIANG, 1998), secregio de neurotransmissores e horménios
(COORSSEN et al, 1990; BITTNER & HOLZ, 1990), dessensibilizacic de receptores
{(BOEHM et al., 1996, LIANG et al., 1998), mobilidade e contractibilidade celular {FAN &
BYRON, 2000; KOBAYASKI et al, 2001) e crescimento e diferenciacio celular
(BUTEAU et al,, 2001, NISHIZUKA, 1986; 1992).

As primeiras evidéncias da existéncia da PKC na célula B pancreética datam do inicio
da década de oitenta (LORD et al., 1984), com a descrigio de uma atividade de quinase
dependente de Ca”™ e de fosfolipidios. A regulagio da PKC na célula B € j4 razoavelmente
bem conhecida, sugerindo que 2 quinase apresenta caracieristicas semelhantes s reportadas
para ouwtros tecidos no que se refere 20s seus requisitos parma ativagio por DAG, Ca°’
(LORD ET AL, 1984), 4cido araquidémico (BAND et al, 1992) e outros derivados dos
acidos graxos (BASUDEYV et al,, 1993). Mais ainda a enzima apresenta uma redistribuicio
intracelular ap6s sua ativagiio (PERSAUD et al, 1989; EASOM et al, 1989).

Nio hé divida de que varios reguladores fisiolégicos da secregio de insulina podem

ativar 2 PKC na célula B. Viarios secretagogos nfio nutrientes que afuam em recepiores
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membranares {como sejam a Ach, CCX ou vasopressing) ativam a PLC da célula B,

levando & hidrélise de fosfatidilinositol bisfosfaio e 3 producio de DAG (BERRIDGE,

1987). Os nuirientes tambem aumentam © conteide de DAG na célula B, seja por sintese

de novo {sendo esta via & mais relevante no caso da glicose (PETER-RIESCH et 2l 1988)),
quer por ativacio da PLC dependente de Ca”™ (BIDEN etal, 1987).

Esté também bem documeniado que a ativagio das isoformas da PRC senstveis a DAG

e ésteres de forbol potencia fortemente a secrecio de insulina induzida por glicose

AR et al, 1989; GAQ et al, 1994; DEENEY et al., 1996; HARRIS et al,,

1995}, sem no entanto exercer efeitos de poténcia comparavel na dindmica da [Ca™};

{ARKHAMMAR et al, 1989, KINDMARK ef 3l 1992; ZATTSEV et al, 1995). Estz

dissociagio enire os efeitos da ativaciio da PKC na secregio e em ouiros parfmetros

fisioldgicos da célula B, assim como a observacio de gue a aplicagio de um éster de forbol
a células permeabilizadas, em que a [Ca”"], ¢ mantida constante, potencializa a secrecfio de
insulina (JONES et al, 1989; 1992), sugerem que a PKC tem um efeito de sensibilizacdo
da maquinaria exocitdtica 3 [Ca™'L.

Tendo em conta estas evidéncias, € pertinente levantar a hipétese de que a ativagBo da
PKC pode estar envolvida na resposta secretora da célula B 3 glicose, ou a oufros
secretagogos que estimulem a hidrlise de fosfolipidios membranares {ex. acetilcolina).
Neste campo, os resultados ndo sdo conclusivos, e muitas vezes confusos € controversos,
com aiguns autores a considerarem que a ativagio da PKC ¢ essencial pam a resposta
fisiologica 4 glicose (THAMS et al, 1990; STUTCHFIELD et al., 1986; ZAWALICH et
al.,, 1991) e cutros 2 considerarem gue ¢ envolvimento da gquinase s6 ¢ relevante para a

MAR ET AL, 1989; PERSAUD et al,

resposta a agomisias muscarinicos (ARKHAT
1989a; GAQ etal., 1954).

Uma outra abordagem usada para estudar a ativagic da PKC em resposta a
secretagogos de insulina consiste em avaliar a fransiocagio da enzima do compartimento
citossolico para o compartimento membranar (KRAFT & ANDERSON, 1983), quer
através da medigio da atividade das isoformas sensiveis 2 DAG nas fragdes membranar ¢
citpssolica, quer através da imunodetecgiio de isoformas particulares da PKC. Emborz os
resultados obtidos com ésteres de forbol ou com agonistas muscarinicos ndo deixem

diovidas de gque ocomre de fato uma redistribuigiio da PKC entre fraces subcelulares
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(EASOM et al,, 1989, GANESAN et al, 1990; REGAZZI et al, 1990}, os efeiios da
glicose ndo sfo tho claros. Enquanto que em alguns trabalhos se observa um aumento da
atividade da PKC associada 4 membrana induzido pela ghicose (GANESAN et al,, 1990;
CALLE et al., 1992, ZAITSEV et al, 1995, YEDOVITZRKY et al., 1997, MIURA et al,
1998), varos outres estudos indicam o contrano, ndo se observando qualquer translocagio
da PKC para a membrana em resposta 2 nutrientes secretagogos {(EASOM et al, 1989,
MARTIN etal, 1595; DEENEY etal, 1996).

Estudos mais recentes, que envolvem a utilizagdo de inibidores da PKC mais seletivos

e que permitem distingwir entre varias isoformas dz enzima (HARRIS et al, 1995;

IS et al., 1998), assim como de peptidecs inibidores de isoformas especificas que

permeiam a membrana (HARRIS

et al, 1996}, apontam pars um modelo em que a
secrecio de insubing induzida pela glicose e por outres nutrientes, em ilhotas de rato,
envolveria a ativagdo de isoformas atipicas da PKC, enguanio gue a poienciagfo da
secrecio por secreiagogos nio nutrientes que ativam a PLL seria mediada pela ativagio de
umga ou mais iscformas convencionais e novas da PKC (JONES & PERSAUD, 1998b). G
mecanismo subjacente 3 ativagio das isoformas atipicas da PKC nfc € claro, mas um
candidato possive! é o fosfatidilinositol 3,4,5-tnsfosfato, que ativa a PKC-C im viro
{NAKANISHI et al, 1593} e pode ser gerado nos ilhotas por ativago da fosfatidilinositol
3~quinase em resposta a secrecio de msulina estimulada por nuinientes {glicose e
aminoacidos) (ALTER & WOLF, 1995},

Os elementos do citoesqueleto estio envolvidos no movimento dos granulos secretores
dentro da célula B (HOWELL, 1984), e podem ser também locais susceptiveis de sofrer
regulacio por fosforilacio mediada pela PKC, como aconiece em células cromafing
{VITALE et al, 1992). A proteina MARCKS de 80-KDa, alias 2 pnmeim proteina a ser
identificada como substrato da PKC em células Swiss 3T3 (ROZENGURT et al, 1983}, ¢
uma proteina que liga actina, tendo sido observada a sua fosforilagio em ithotas intactos de
rato e camundongo em resposta a ésteres de forbol, agentes colinérgicos e glicose

AR etal, 1989; CALLE etal, 1992, EASOM et al., 1990).
A fosforilagio da MARCKS pela PKC faz com gue a proteina perca a sua capacidade

de sstabelecer ligactes cruzadas com os filamentos de actina, destabilizando-os elevando z
disrupgio da rede do citoesqueleto (VITALE et al, 1995). Um outro potencial iocal de
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modulacio pela fosfonlagio mediada pela PKC € a reagio final de exocitose, incluindeo os
processo de ancoragem, preparacio dos grinulos e sua fusfio com 2 membrana plasmafica.
Todo este mecanismo ¢ regulado por proieinas da membrana granuolar, da membmna
plasmética e também proteinas citossélicas, podendo algumas delas servir de substratos
para 2 PKC (VAUGHAN et al, 1998), Na célula B foram 34 encontrados varios substratos
para a PKC gue se localizam nos grinulos secretores (BROCKLEHRURST & HUTTON,
1984; HUTTON et 2l,, 1984), mas a sua identidade ainda permanece desconhecida Uma
excegdo ¢ a anexina I, uma proteina granular implicada nos eventos de fusfo membranar,

cuja fosforilagdo mediada pela PKC ocorre apds estimulacio com glicose (OHNISHI et al,
1995},

Proteina Quinase A

As proteinas quinases dependenie de AMPc (PK As) sio importantes para a transducio
de sinais hormonais e estio envolvidas em diversas cascatas enzimaticas que culminam
com a fosforilagio de substratos chaves no metabolismo celular (KREBS & BEAVQ,
1979), proliferagio (BOYNTON & WITHFIELD, 1983), diferenciagio (CHO-CHUNG,
1990) e transcrigio gémca (MAURER, 1981).

Podemos encontrar principalmente duas isoformas de PKA, denominadas PKAl e
PKAII as quais sfo identificadas de acorde com a sua separagfio em colunas de DEAE-
celulose (REINMANN et al, 1971; CORBIN etal, 1975). A clonagem de cDNAs para as
subunidades regulatorias da PKA identificaram as seguintes subunidades: Rlc: (LEE et al,,
1983; SANDBERG et al., 1987) ¢ RIB (CLEGG et al, 1988; SOLBERG et al, 1991} ¢
outras duas subunidades denominadas RIla (SCOTT et al.,, 1987, OYEN et al, 198%) e
RIIB (JAHNSEN et al, 1986; LEVY et al, 1988). Mais ainda ¢ possivel encontrar
diferentes dominios cataliticos denominados Ca (UHLER etal., 1986)e CB (UHLER et al,,
1986, SHOWERS et al, 1986). As subunidades RI ¢ RI possuem um dominio amino-
terminal responséavel pela interaco com as subunidades C e um dominio carboxi-terminal
responsavel pela ligagio ao AMPc, estes sitios de ligagSo para 0 AMPc denominam-se A e
B{CORBIN et al, 1978, DOSKELAND et al, 1978).
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A associaglo das subunidades R e C depende dos residuos acidos entre os
amingacidos 15-258 na subunidade R, esies residucs geram interacfes eletrostiticas com
dominios especificos na subunidade C (LEON et al,, 1997). Quando o AMPc liga-se aos
seus respectivos sitios A e B ocorre uma alteracBo conformacional na proteina que culming
com g liberagfio das subunidades cataliticas (DOSKELAND st al, 1993) estas por sua vez
podem fosforilar os substratos alve.

A PKA pode ser enconirada em diversos tecidos, mas a expressio de suas
subunidades R e C pode ser diferenciada em diferentes tecidos (CADD & MCKNIGHT,
1989). Foi demonstrado que a subunidade Rlo € expressa em coragio e sistema nervoso
central, por ouire lado g RIP ¢ especialmente encontrada em tecidos nervosos tais como:
medula e cérebro. Além disso € possivel encontrar as subunidades Rila e RIP em cérebro,
mas podemos encontrar RHo predominantemente no coragiio e RUP predominantemente no
figado ¢ tecido adipose (CUMMINGS et al., 1996).

Ne pincreas enddcrino guando temos aumento dos niveis de AMPc em resposta a
estimulos externos, o AMPc liga-se as subunidades regulatonias (R) da PKA e esta Gltima
libera suas subunidades cataliticas (C). Estas subunidades (T} fosforilam e ativam proteinas
alvos no citoplasma e nicleo, ativando o processo secretdrio (Figs. C e D).

A expressio da PKA ¢ finamente regulada por horménios os guais atuam através de
proteinas G acopiadas a receptores (JAHNSEN et al, 1985; LANDMARK et al,, 1993;
OVYEN etal,, 1988}, sinais mitdgenos via receptores associados a proteinas tirosing quinase,
bem como hormdnios esterdides (LEVY ET AL, 1989). A regulacio da expressio da PKA
por horménios ocorre via AMPc, pois o AMPc € capaz de alterar a express3o génica das
subunidades da PKA alterando 2 transcrigio génica (TASKEN etal, 1991, TASKEN et al,
1993), estabilidade do RNAm (KNUTSEN ef al, 1991) e também a estabilidade das
subunidades R e C apos a dissociagio da holoenzima por AMPc {TASKEN et al., 1993;
HOUGE et al,, 1990},

As subunmidades C estfio associadas a dimeros de subunidades R, mais ainds as
isoformas PKAI sdo capazes de se dissociar mais rapidamente em presenga de AMPc que
as 1soformas PKAII (DOSTMANN et al.,, 1990). Podem ocorrer diferentes combinages
entre as subunidades R e C com formagBes de diferentes holoenzimas (Ex Rlon(Cs e
RIB,C,) estas diferentes holoenzimas formadas pedem exercer diferentes fungBes em uma

i7



mesma célula (HOUGE etal, 1990}. APKA pode se enconirar compartimentalizada dentro

da célula, ssin compartimentalizacio ¢ dependente da ligacio da sua subunidade B com
substratos celulares (SCOTT et al, 1994). Estudos identificaram que as holoenzimas

Rivn» e RIPC; sfio solfiveis e preferencialmenie estiio localizadas nmo citosol

ion |
channels

Figura C — AMP; ¢ gerado a partir do ATP quando uma proteina G acoplada ac receptor é
ativada e estimuia a adenilato ciclase (AC). AMP, livre estimula e altera a atividade de trés
moléculas capazes de responder ac AMP, (canais idnicos, Epac e PKA) RIou Rl e C siio
subunidades da PKA.
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Figara D — PKA ¢ uma holoenzima que possui doas subunidades regulatorias (R) e duas
subunidades cataliticas {C}. Ativagiio da PKA ocorre quando quatre molécnlas de AMP, se
ligam as subunidades regulatérias da PKA {duas em cada subunidade),

Sinergisme entve PEC e PKA

Dentre as proteinas fosforiladas pela PKC estd a PKA (NEWTON, 1995) o que indica
vma possivel interagfo entre estas duas quinases.

A fosforilagiio de substratos pela PKC também pode alterar a producfio de segundos
mensageiros na célula B, como parece ser o caso da fosforilagiio da proteina G;, que modula
a atividade da adentlato ciclase {AC) (PERSAUD et al., 1993a). De fato, um peptideo com
cerca de 40 KDa (a massa molecular aproximada da subunidade o« da proteina G;) foi
descrito como um substrato da PKC em ilhotas intactas (DUNLOP & LARKINS, 1986).

A PKC pode ainda regular a transcri¢io génica para subunidades de PKA, mostrando
uma relagio entre os niveis de PKC ¢ PKA (TASKEN etal, 1990; TASKEN et al, 1992).
Mais recentemente, demonstrou-se que a PKC e a PKA podem agir sinérgicamente, a PKA
atvando na velocidade de movimentagfio das vesiculas contendo os grnulos de insulinaea
PKC agindo na colocalizagio de enzimas envolvidas no processo secretorio e dos grinulos
de insulina, auxiliando a movimentacfio das vesiculas para a periferia celular Células
secretoras de wnsulina (HIT T15), quando em presenca de alias concentragdes de glicose,
estimuladas com Forskolin & TPA, separadamente, secretaram duas vezes mais insulina (em
relaglo a alta glicose). Quando se associou TPA e Forskolin, este aumento foi de quatro
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vezes, mostrando mais uma vez a possivel interagio entre estas duas guinases po processo
secretoric (WEI et al, 2000

Levando em consideracic a importincia das guinases PKA e PKC e possivers
alteracBes nestas enzimas ocasionadas pela desnutnigiio (NAIR etal, 1993, BANSAL etal,
1996, KATHAYAT et al, 1997, PAJARI et 3], 2000; STEPHEN & NAGY, 1996} ¢ de

fundamental importincia um estudo mais detalhado da funcionalidade destas duas enzimas.
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2. OBJETIVO

(eral:

Estadar os efeitos da desnutricio sobre a secregfo de msulma ¢ também

sobre a expressdo de enzimas fundamentais no processo secretorio

Especificos:

1. Avaliar a secrecfio de insulina pelas células B das ithotas de Langerhans

isoladas de ratos submetidos a restrigdo protéica durante oito semanas.

2. Investigar os niveis de mRNA enzimas PKC e PKA em ilhotas isoladas

de ratos submetidos a restrigio protéica durante oito semanas .

3. Investigar a expressdo das enzimas PKC e PKA em ithotas isoladas de

ratos submetidos a restrigdo protéica durante o1to semanas.

A tese seré apresentada no formato de artigo cientifico, uma vez que os

resultados ja foram publicados.
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Nutrient-Gene Interactions

Decreased Cholinergic Stimul at;m of §nsu§m

Fed a Low Pmtem Dietls £
Co Expression

Fabiano Ferreira, Eliane Filiputti, Vanessa C. Arantes, Luis F. Stoppiglia,

cretion by Islets from Rats
1 Reduced Proiein Kinase

Eliana P. Aragjo,

Viviane Delghingaro-Augusto, Méarcia Q. Latorraca,* Marcos H. Toyama,”
Antonio C. Boschero and Everardo M. Cameiro®

Departamnento de Fisiologia e Biofisica, Institute de Biclogia, Universidade Estadual de Campinas
{UNICANMIP), Campinas, 5P, Brasil; "Depertamento de Nutrigdo e Dietéfica, Facuidades de Enfermagem ¢
Nutricdo, Universidade Federal de Mato Grosse, Cuiabd, MT, Brasil; and "Departarnento de Bioguirmica,
instituto de Biologia, Universidade Estadual de Carnpinas (UNICAMPE, Campiras, SP, Brasif

ABSTRACT Undemuiridion has besn shown to affect the sulonomic nervous system, keading o permanent
afterations I insulln secretion. To undersiand these interactions better, we investigated the effects of carbamyl-
sholing {CCh) and phorbol 12-myristate 13-acetaie PMA) on hsulin secretion o pancreatic slets from rats fed &
noamal {17%; NP or low (8% 1P orotein dist for 8 wic, Isolzted islels were incubeted for 1 b in Krebs-bicarbonste
sriution oomaining 8.3 mmel glucose/L, with or without PMA 400 nmol/L) and CTh. inoreasing concentrations of
COn {0.1-1000 wmolL) dose dependently increased insulin secretion by iskels from both groups of rals. Howewver,
insulin secretion by islels rom rals fed the NP diet was significantly higher than thal of rats fed the LP diet, and the
dose-responss curve to OCh was shifted 10 the right in isiets from rats fed LP with 2 50% offective conceniration
{0 of 218 = 0.7 and 484 = 0.7 pmol COWL in islets of rats fed NP and LP diels, respectively (P < 0.05.
PMA-induced insulin secrelion was higher in islets of rats fed NP compared with those fed LP. Western biotiing
revealed that the protein kinase (PK)Co and phospholipase (PLICB, contenis of islets of rats fed LP were B0%
jower than those of islefs of rais fed NP (P < 0.05). In addition, PKCe mRNA expression was reduced by 50% in
islets from rats fed LP. In conclusion, a reduced expression of PKCa and PLCB, may be involved in the decreased

nsulin secretion by islels from LP rats after stimulation with CCh and PMA.  J. Nuir. 133 595-688, 2003,

KEY WORDS: »
= phospholipase CB1.

A relationship between 2 high prevalence of malnumition
and dinberes has been observed in developing counmies. Mal-
nutrition in general and diemry protein deprivation in partic-
ular are associated with low plasma ghucose levels in rodenss
and humans (1-5). Rams fed a dier containing a protein level
comparable o that of undernourished humans have reduced
msulin secrerion as well as increased insulin sensitivity in
peripheral tissues {2,4-8). In rars with protein-energy def-
ciency, the severely blunted insulin secrerory response 1o glu-
cose is relared to z reduction in pancrearic B-cell mass and a
lower responsiveness 1o glucose by the remaining B cells {3-
10%. Thus, the impairment of insulin secretion can be atmib-
uted in part 1o an intrinsic abnormality of the remaining B
cells. However, protein-energy restriction may albso affect ex-
reapancreatic modulators of B-cell funcdon such 23 the auto-
nomic nervous system {11).

Cholinergic agents and glucose act synergistically on B cells

* Supportes in part by the Bragiian foundations CAPES, FAPESP, and GNPy
2 To whom commaspondence should be addressed. B-mait emeBunicampbr.

00722-3166/03 8300 © X3 American Sociery for Numitional Sciences.

fow proiein diet « carbamyicholine « insuiin secrefion » profein kinase Ce

to increase phosphoinositide (P1) hvdrolysis and insulin se-
cretion {12}). PI hvdrolysis & stimulated by phospholipsse
{PLYC81 through a mechanism coupled to Geprotein. This
coupling is initiated with the binding of the cholinergic ago-
nist t0 muscarinic {Ms} receprors located in the Bocell plasrma
membrane {13). Pl hydrolysis resules in the formation of 1,45
inositol triphosphare {IP;}, which releases Ca®™ fom intra-
cellular stores, thereby increasing insulin secretion {14). Cho-
linergic agonists also activate PLC, which increases diacyiglye-
erol {DAG) formation and stimulares protein kinase {FK}C.
Thus, carbamyicholine {CChj}-induced insulin secretion can
be reduced by inhibiting PKC {i15).

Dietary protein deficiency decreases PKC activity in various
raf tissues {16). In this study, we examined the effects of CCh

3 phmvigtions used: Ach, acetvicholine; OCh, carbarmyicholine; DAG, discyb
gvoerct FFA, fres fatly acid; ¥, 1,45 inoshol triphosphate; 1P, low protein
growge; My, ruscarinie; NP, normmad protein group; PCR, polymerase chain reac-
tior; P, phosphoinositide; PKCxa, protein kinase Co; PLOS,, phospholipase C8)
PMA, phorbol 12-myristale 13-arsiste; PVX, potato vins X BT, reverse ran-
scribed; TTBS, Trs-Tween 20 buffered saline.

Manuserpt received I8 Acgust 2002, Inickal mview completed 14 Ocrober 2002, Revision accepted 26 Movember 2007
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on insulin secrerion and the expression of PKCa and PLCS,
in islews isolared from rars fed a low protein dier

MATERIALS AND METHODS

Antmels and diet. The experiments described here were ap-
sroved by the mstingional (UMNICAMP} Commitree for Erhics in
Animal Experimentation. Groups of 5 male Wiswr mis {21 4 ol
from the hreeding colony ar UNICAMP were kepe ot 24°C with 2
12-h ghudark cycle. The rass were mndormlby assigned o groups and
fod an socalonic diet containing 5% {low protein diet, LP) or 17%
{rormal protein dietr, NP} protein for 8 whk. The composition and
difference berween the two socaloric diets are described elsewhere
{17} snd in Table I. During the experimental period, the rams
consumed rheir respective diets and water ad libitum. Ar the end of
the experimental pericd, the mutritional status of the rats was aval-
uated by measuring body weighe, serum protein {Bio-Rad Laboratories
GmbH, Munchen, Gemnany), albumin {18}, glucose {DiaSys Diag-
nostic Systems, Holzheim, Germany), free famy acid (FFA) levels
{MNonesterified Faury Acid C ki, Wako Chemicals, Neuss, Germany},
and liver glycogen and fat content (19,20},

Insulin secretion. Islets were isolated by collagenase digestion of
the pancreas as described (21}, For static incubation, groups of five
islevs were frst incubsred for 45 min 2t 37°C in Krehs-bicarbonate
huffer with the following composition {in manolfLi: Nalll, 115; KCL
5 CaCl,y, 2,58 Mg(l,, 1; NabCO;, 24; and ghaoose, 5.0; the buffer
was supplemented with 3 g of bovine serum albumin/L and eguili-
brated with & mixture of 95% O0,:5% U0y, pH 7.4, This mediumm was
then replaced with fresh buffer and the islers were incubated for 1 h
with 83 mewol glicose/L and different concentravions of agonists,
The nsulin content of the medims a1 the end of the incubation
period wis measured by RIA {22). The CCh concentemation producing
a response that was 50% of the maximuen (BCs} was expressed as the
mean negative logarithm {(pD ).

Western blotting. Groups of islets were pelleted by centrifuga-
tion {15,000 X g} and then resuspended in 50-100 pl of homoge-
nizarion buffer contining protease inhibitors, as described {12,314},
After isolation by collagensse digestion of pancreata and subs n
separation on discontinuons tyophilized Ficoll DL-400 gradienss, a
pool of least 500 clean islets from each experimental group was
homogenized by sonication {15 s} in an anti-protease cockeail {10
mmolfl. imidarole, pH 840, 4 mmol/L EDTA, 1 mmolfl EGTA, 0.5
/L pepstatin A, 2 gfl. aprotinin, 2.5 mg/L leupeptin, 30 mg/l. oypsin
inhibitor, 200 pmolfl. Di-dithiothreitol and 200 gmol/l. phenylmeth-
visalonyl fluoride. After sonication, an aliquor of extract was col-
lecred and the rotal protein content was determined by the dye-
binding protein assay kit {Bio-Rad Laboratosies, Heroudes, CAL
Samples containing 70 pg of protein from each experimental grouwp
were incubated for 5 min at 80°C with 4X concentrated Laemmi
sample buffer {1 mmol sodium phosphate/l, pH 7.8, 0.1% bromo-

TABLE
Cormposition of the normal and fow protein diefs

MNomnat protein Low protein

ingredient {17% protein) 5% protsing
grkg

Casein 184% protein) 2020 715
Comstarch 3970 48007
Dewrinized comsiarch 1305 158.5¢
Suorose 1000 12100
Savbean oif 70.0 70.0
Fier 500 50.0
Wineral mix (AIN-S3 350 350
Vitmnin mix {AN-23° 100 10.0
L-Cystine 2.0 1.0
Crofine chiorydrate 25 2.5

* Mifferance bebween the btwo iscoaloric dists.

chenol hlue, 30% glvcerol, 10% SDS, I% mercaproethanol} (41,
vivy and then run on 8% polyacrylamide gels ar 120V for 30 min
Electrotransfer of proteins to nitrocellulose membranes {Bio-Rad)
was done for 1 h at 120V {constant) in buffer containing methanol
and SDS. After checking the efficiency of transfer by smaining with
Panceau 3, the membranes were blocked with 5% skimmed mitk in
TTRS {10 mmol Trsfl, 150 mmol MaClL, 0.5% Tween 20} over-
night ar 4°C. PKCe and PLCB, were detecied in the membranes
after 2 2-h incubation af room fempersture with mouse monocional
antibodies ageinst PKCa and PLCE,; (Santa Crur Biotechnology,
Santa Oz, CA)Y {dGhured 1500 in TTES containing 3% dry skivamed
milk). The membranes were then incubated with a rabbit entb-mouse
inmuneglobulin G {(dflured 121000 in TTBS containing 3% dry
skimmed milk) followed by a furrher 2 b incubation at roowm temper-
arure with 171 Jlabeled orotein A {dilured 11000 in TIBS contain-
ing 1% diy skimmmed mitk}). Radiolebeled protein bound o the anti-
bodvy was detected by aworsdiography. Band intensities were
quantified by oprical densitomerry {Scion Image, Frederick, MDD

mRNA expression. Totml RNA from 500 islets was extracted
using Trizol reagent {Life Technologies, Paisley, UK). For the poly-
merase chain reaction {PCR), RNA was reverse-transeribed (RT)
using random primers. The resulting cDMNA were amplified by PCR
using oligonucleotides complementary 1o sequences in the PKCx
gene {5 -CCTOCTCTACGGACTTATC S and 5 TGTAGTAT-
TCACCOCTCCTC S and PVX {potazo wvirss X} gene {57
OOATCTCAAGCCACTCTUTOOGS and 5 -GTAGTIGAG-
GTAGTTGACCC ), with the Inrer used as an exwernal control
Acrin was not used as an internal control because i expression was
altered under our conditions (LP islers). The PCR was done i a 25
el reaction volume conmiming 1 gl of cDNA equivalent to 7 pg of
RMNA, 10 mmol cold dNTPL (dATP, &CTP, 40G1F, 4T TP}, 50
mrmol MgClL/L, 10X PCR buffer, 10 pmol of appropriate oligonucle-
otides primers/L, and 7 U of Tag polymerase {Life Technologies). The
number of cycles was selected to allow linear amplification of the
cDNA under study. The PCR conditions for amplification of PKCa
{Gene Bank (X07289), size of fragment obtained by PCR {300 ph},
primers position {379-1078) and PVX {Gene Bank {D00344), size of
fragment ohtained by PCR {106 pb). primers posiden {3597-5702))
were as follows: 2 min at 94°C followed by 32 cyeles (30 s each) m
94°C, 57°C and T2°C {PRCa), and 7 win at 94°C followed by 23
cycles (30 s each) at 94°C, 57°C and 72°C {(PVX). PVX RNA was
ohtained by in vitro transcription with RiboMAX Large Scale RNA
Production System-T7 {Promega), following the instructions of the
manufecturer. PVX sequence has no homalogy to any rat sequence as
confirmed by BLAST search ared RT-PCR {(dat= not shown). Then,
an aliquor of the external control was thawed an ice and 0.06 pg was
mixed with fresh islers before extraction {13).

"The PCR products were separated on 1.5% agarose gels in Tris
borare EDYTA ffer IX {TBE 1X) and stained with ethidium bro-
mide. All PCR reactiors inchxded a negative control. The absenice of
genome contamination in the RNA somples was confirmed by the
RT-negarive RINA samples. Subsequent digitalization and relative
hand intensivies were performed employing an Eagle Eve IT documen-
ration system {Stratagene, La Jolla, CA). The results were expressed
as 2 mtio of target to standard signals.

Seatistical anadysis. The results are expressed as means o SEM.
Srudent’s unpaired { test was generally used to compare the groups.
Insulin secretion data were log-transformed o corvect for heteroge-
neity in varance and then analyzed by two-way ANOVA, followed
by the Tukey-Kramer test to determine significant differences be-
tween groups and among glucose and secretagogue concentrations,
and 1o assess the interactions between these factors. The dota were
analyzed using the Statistica softwase package (Statsoft, Tulsa, OK).
The level of significance was set at P << 0.05.

RESULTS
Chaoracteristics of the rats. After 8 wk, body weighs,

serum toral protein, albumin snd insulin levels of LP rats were
lower, whereas serum FFA, liver glvcogen and far concentza-
tions were greater than in NF rats (F < 0.05) {Table 2}. The
amount of protein in islets of rats fed NP and LP was similar.
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TABLE 2 L
Body weight, serum protedn, albumin, glicose, insulin, froe D )
fatty acid and liver glycogen and fatly acid of normal - % 4
profein (NP and fow profein (LP} mats after £ E 1500
& weeks of dietary eatment % ﬁ
gz
Pararneters MNP Lp ®» %
. . . R e
Body welght, g 2881 %78 2365 8.8 =8
Protein, g/L 53.0 =20 47.0 = 38° - g
Alyrsin, g/l 3BL L0 330 =10t --_g £
Glucose, gh. 127 £ 007 1.30 £ 0.5 k- 5
FFA, mmoifL 04 +001 08 =009 & 2.
ingulin, amol/L 015+ 002 012003 @8~
Insufin Fed), remolil. 032 + 41 811 =003 - :
Liver glycogen, g/ T00g fissue O =10 14 210
Liver fat, g fatly ackd/ 100 g Hesus 70 =05 123 =08
Values are the means + SEM, n = 10-15, o o .‘ ' ' S -
* Different from NP rats, P < 006 mm nmoiiL) - ‘- * %

However, there were differences n the profile of soluble pro-
tein I islers of tars fod NP compared with vhese fed LP (nox
shown}.

Insulin secvetion. Increasing concenrrarions of CCh
{0.1-2000 pmol/l.) dose depen&entiy increased insulin secre-
rion by islets from tars fed LP and NP, although absolure
insudin secretion for each CCh concentmarion was higher in
islets from rars fed NP than in those fed LP (Fig. 1). The ECq,
were 2.15 = 0.7 pmol/L and 464 = 1.0 gmolfL. for islers from
rars fed NP and LP, respecrively (P < 0.05).

PMA {400 pmolfL} also porentiared glucose-indured insu-
lin secretion in both groups of islets. However, the increment
in insubin secretion was significantly higher in islets from s
fed NP than in those fed LP (P < 0.05) (Fig. 2).

PRCea mENA and protein expression. Western blotting
indicared a 30% reduction in the expression of PKCa protein
in islets from mats fed LP compared with those fod NP (P
< (.05} {Fig. 3}, Similarly, RT-PCR revealed a 50% reduction

FIGUREZ Phorbol 12-myristste 13-acetate (PMAY) stirudation of
Insulin secration in islots from rats fed normal (NP} and low LP) protein
diets for 8 wi. The columns reprasent the cumulative -h insulin se-
cretions and are means = S8, 1 = 4-5 independerd speriments.
Means without a common letier differ, P < (.05,

in the expression of PKCx mENA {F < (.03} (Fig. 4). The
expression of PLCH, prorein was also reduced by 25% in islets
from rats fed LP compared with those fed NP (P < 00%)
(Fig. 5).

DISCUSSION

Young rats fed a low protein (6%} diet for 8 wk exhibired
several fearures similar to those found in malnourished infants

PKCa—> |

12009
e o0 E]L? g
£E # 10000
B E oo =
g5 | =
£ 3 s00- o 9000~
'§§_ = ‘?‘
£ w0 E o004
. 'ig
'.G D D Z o
G = ’ a‘ '
o 10 10 330 1 0”0
_ £ 2000
Carbamylchdline {pumol/L) £2
FIGURE 1  Carbamylcholine (CCh) stimuiation of insufin secretion & g |

in iglets from rats fed normal (NP and low (LP) protein diets for 8 wik,
The columns represent the cumulaive 1-h insudin secretions and are
means + &8, B = 4-5 independent expermenis. Means without a
common lefter differ, P < 805

polAgr

FIGURESZ  Protein kinese Ce (PKCw) content in islefs fom rats fed
normal (NP} and low P} protein dists for 8 wk, Values are means
= sem, 1 = 4-5 independent experiments. *Different from NP, P < 0.08.
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and in experimental models. These feanres included 2 low
body weight, low levels of plasma albumin and nsulin {Fed),
and high Hver glycogen and far concenteations {3,4,20,24).
Thus, these rats were a suitable model for the present study.
Although insulinemia was reduced, glycemia did not differ in
rars fed LT or NP, These &ndings mey be relared to 2 marked
inevense in insulin sensitiviry explained by an increase in the
phosphorylation of the insulin recepror and insulin recepror
substrate-1 and its associarion with phosphatidylinosieol 3k~
nase {17}

The neural modulation of f-cells plavs an important wle in
the control of nsudin secretion. A relationship berween loss of
the first phase of secretion with the onser of type Z diabetes has
been established {2527}, The first phase of insulin secretion
is important for glueose volerance and is partially dependens
on the ACh-activation of M, receptors present in the B-cell
plasma membrane. Acerylcholine increases insulin secretion
by activating M, receprors (21,2830}, In B cells, the coupling
of ACh with this type of recepror simulares PLC viz G
proteins {28,31-33) to generare DAG and P;, culminating
with insulin secredion {29,34).

Because 3 low protein dier is asociared with stress, with
possible derangement of the sympurheric/pasasympathetic
equilibrium, we investigated the modulation of CCh-induced
insulin secretion in rats fed 2 low protein dier. Insulin seere-
vion induced by increasing concentravions of CCh was dose
dependently increased in islets from both groups of rars. How-
ever, the dose-response curves for insulin sectetion, as well as
the ECy,, indicared that the potency of CCh was significantly
reduced in slers from rats fed LP compared with those fod NP
{Fig. 1)

Various intracellulsr messengers regulate insulin secretion
in pancreatic islets. DAG and IP; are second messengers
involved in CCh-induced insmidin secrerion via PKC. The
precise mechanism of action of PKC on insulin stimulation is
not e fully understood, although alterations in K™ and Ca®*
fluxes in B cells are involved {35-38). PKC also stimulates

PKComRNA—>

Asbitrary scanning units

09
FIGURE S  Proteln kinase alpha (PKCo) mRNA levels in pancreatic
islets from rais fod norraal (NP and low &P} protein diets for S wi. The

colurnng are means = Seu, 7 = 58 independent experiments. *Differ-
ant from MP, P < 005

:
8

‘e 106000
g
= 8000 «
o

FIGURE 3 Phospholipase CB,IPLGE,) content i islets from rais
fed norrmat (NP} and fow (LF} protein dists for 8 wk. The columns arg
menrs * geM, 7 = 5~8 independent experiments. *Difforent fram NP, P
< 005,

secretion by facilitating the extrusion of insulin-comtaining
granutes (39}, and exogenous activators such as phorbol esters
{TPA or PMA) or DAG analogs stimulare PKC translocation
in mat isler cells (40,41}, indicating a relarionship between
PKC and insulin secretion {35). An atrenuated PMA-induced
insulin secretion was observed in islers from rats fed LP,
suggesting a possible alteravion in PKC levels. Several types of
PKC are present in 3 cells, with PKCex as the major compo-
nent {(42-44). Because the content of PKCe was reduced in
islets from rats fed LP, this facror could account for a decrease
in glucose- and CCh-induced insulin secretion in islets from
rats fed LP.

PKC also provokes an apparent paradoxical decrease in the
intracellular Ca®* concentration in B cells, probably by 1e-
ducing Ca®" entry via L-type channels (45). The Ca** efflux
inn LP was higher than in NP islets {not shown} confirming,
although indirectly, the participation of PKCe in this process.

In conclusion, alterations mainly in PKCa levels and pos-
sibly other enzymes involved in this pathway, such as PLCB,,
may contribute to the poor secretory tesponse induced by
glocose, CCh and PMA in islets from ras fed LP. A low
protein diet apparently decreases the transcriprion of genes
thar encode proteins involved in insulin secretion. When
present over a long period of time, these alterations may affecr
the glucose homeostasis in LP ms.
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ABSTRACT A ow protein diet has been shown o gffect the amount and achivity of several enzymes and 1o
decrease nsulin secretion by islets isolated from rats fod such a diel. To understand the mechanisms involved in
this phenormenon, we investigaled the effects of forskolin, a stimulator of adenviyl oyclase, on insulin secretion by
pancregiic islets from rais fed 2 normal {17%:; NP or low 6%, LP protein dist for 8 wi Isolated slets were
incubated Jor 1 h in Krebs-bicarbonate solulion containing 8.3 mmol glucose/L, with or without 10 pmol forskolin/d.
The forskolin-induced Tsulin seoretion was higher In isiels from NP rats than in those from LP res P < 008}
Westermn biotting revealed that the amount of the o catalyhic subuni! of protein Kingse A PRAL) was 35% ower in
iglots from LP reis than inishets from NP rats (P < 005 Moreover, PRAx miRNA expression was reduced by 30%
in islets from LP rats (P < 0.05) Owr resuils indiceted 2 possitle relationship between g low protein dist and a
reduction in PRAg expression. These alitergions in PAx may be responsibile in part for the decreased insulin

KEY WORDE:

The relationship among overnutrition, obesity and diabetes
is well recognized {1}, and several studies have alsc shown an
associarion berween undernutrition and alterarions in insulin
secretion {7-4}. Raw fed a diet conmining 2 protein level
comparzhle 1o that of undemnowurished humnans had decreased
insulin secretion bur increased insulin sensitivity in peripheral
rissues {510, In addirion, islers isolated from raws fod a low
protein diet showed a decrease in the insulin secretory re-
SpOTSE 10 iucas&, carbamylcholine and phorbol 12-myristate
13.acerate {PMAY (2). This impairment is related ar least in
part to a3 reduction in pancreatic B-cell mass (11}, lower
responstveness 10 nuttients by the remaining B cells {2,5-12)
and 2 decrease in protein kinase C {PRC) levels (2.

{nsulin secretion by B ceils is contolled by various factors,
including merabolic fuels, neurotramsmitters released from in-
tra-ister nerve endings, pamcrine mechanisms and circulating
- hormones (13,14}, Several modulatons of insulin secretion act
by acrivating protein kinases and phosphatases {15). One of
these kinases ts cAMP-dependent protein kinase {PKA},
. which iz the major mediator of the cAMP signal ransducrion
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seoretion by isisds from rats fad a low protein diel.  J. Nulr. 134: 6387, 2004,

= {ow protein diet » forskolin = insufin secretion « protein kinase « » gene expression

pathway in mammalian cells {16}. This enzyme is responsible
for the phosphorvlation of targer cvtosolic and nuclear pro-
teins, resulting in pleiotropic effects on cellular memabolism
{17). In B cells, this enzyme is important for the phosphory-
lation reactions required for insulin secretion (18},

PKA is a serinefthreonine kinase; strucmiraily, it is a her-
erotetramer composed of 3 regularory subunir {RI or RID
homodimer and rwo associzted catalyric (C) subunirs. Acri-
vation of the enzyme occurns when two cAMP molecules bind
to each R subunit of PKA, resulting in the release of the C
subunits {19).

Under norma! physiclogic conditions, the stimulation of
adenyiyl cyclase {AC) in B cells occurs through the G protein,
mzinly via the gur hormone recepiors for ghicose-dependent
insulinowopic facror {GIP} {20} and glucagon-like pepride 1
{(GLP-1) {21}, whose levels increase after eating {Z2). Indeed,
a strong relationship berween gur hommone levels and food
intake has been suggested {23},

Although the mlationship between dietary protein defi-
ciency and alterations in PKA is unclear and less studied, 2
relationship between the decrease in the regulatory PKA sub-
unit and low protein diet was established (24). In this study,
we examined the effects of forskolin on insulin secretion and
the expression of catalytic subunit of PKAe in islets isolared
from tats fed a low protein diet.

MATERIALS AND METHODS

Anbrals and dies. The experiments described here were ap-
proved by the instnmional Committes for Edhics in Animal Exper-

July 2003, Inidal review complered 14 Aogost 2003, Revision accepred 9 Ocrober 205,
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imentation. Groups of male Wistar rats {n = 5; 21 d old} fiom the
breeding colony at UMNICAMY were howed &t 24°C on a2 12k
light:dark cvcle. The rams were separated at mndom and fed an
isocaloric diet containing 6% {low protein diet, LP) or 17% {normal
protein diet, NP} protein for 8 wk, The composidion of the two
isocaloric digts is shown in Table 1. During the experimental period,
the rats consumed their respective diets and water ad libitam. At the
end of 8 wk, the nutrizional status of the rars was evaluated (Table Z)
by measuring their body weight, the serum prowin (Bio-Rad Labo-
raIories Gmhﬁ, Munich, Germany), abhumin {25), glucose (DiaSvs
Diiagnostic Systems GmbH & Co., Holheim, Germany) and free
farry acid {FFA; Monesterified }:9*:"-: Acid T kit. Wako Chemicals
Gm&ﬁ%, Meuss, Uermany) levek and the liver ghyeogen and far
congent {26,271,

Insulin secvetion.  Islers were isolated by collagenase digestion of
the pancreas as described {28}, For smric incubations, groups of five
islets were fimt incubeted for 45 min ar 37°C in Krebs-hicsebonate
buffer with the following composition {mmolfL): 115 Ne(l, 5 XY,
2.56 Gl 1 Mgl 10 MNaHCO;, 13 HEPES and 5.6 glucose,
mppiementeé with 3 g of bovme serurn afburin/l and equilibrated
with & mixture of 35% 0x5% CO, w give 3 pH of 7.4, This medium
was then replaced with fresh buffer and the islets incubsated for 1 b
with 8.3 mmol glhicose/l and 10 pmol forskalin/l. The insulin
corent of the medium at the end of the incobstion peried was
measured by RIA {290, The amount of protein in groups of 100 islers
from LD and NP s was simitar. Thos, the results were expressed as
pmolfiisiet - h) or fmolf{islet - min).

Jemenohistochemistry. To determine the tissue distribugion of
PX A, hydmred S-pm sections of paraformaidehyde-fixed, parafin-
embedded pancrestic tissue were smined with avidin-peroxidase as
described {13}, The PR AR antbody was purchased from Santa Unz
Biotechnology {Sanve Cruz, TA)L

Western Hotting., After isolation by collsgenase digestion of
pancreatz and subsequent separation on discorzinuous Ficoll DL-400
gradients, groups of islets were pellered by cenerifugation {730 X gfor
10 min} and then mswpended i 50-100 pl of homogeniraton
buffer containing protease inhibitors, as described (30--32). The islets
were sonicated {15 5) and the protein was determined by the Bradford
method {33) using bovine serum albamin as the sandard. The
volume of the samples was adjusted o provide the same amount of
protein added to each lape. Samples conminmyg 70 zg of protein from
each experimental proup were separated by SDS-PAGE, transferred
to nitroceliulose membranes and smined with Ponceau S. No differ-
ences in the toml amount of protein were observed as judged by
densitommerric analysis of the stained membranes {(not shown). The
membranes were subsequently blotred with specific antibodies w
PKAe {Santa Cruz). Visualization of spmaﬁc protein bands was done
by incubating the membranes with *“Lprotein A followed by expo-
sure to RXflm. The band intensities were guantified by optical
densitometry {Scion Image, Frederick, M),

TABLE 1
Composition of ihe normal and jow protein diets?

MNornal protein Low protein

ingredient (17% protein) 6% protein)
gflg

Casein [84% protein} 202.0 71.5
Comsiarch 387.0 480.0
Dextrinized comslach 130.5 188.0
Sutuse 100.0 121.0
Soyhesn ol 700 70.0
Fiher 50.0 500
Mineral mix 280 B0
Vitamin mix 0.0 0.0
-Dystine 30 1.0
Choline chiorinedrate 2.5 25

1 Bee {55} for mors delalls.

TABLE 2

Body weight, serum protein, albumin, glucoss, insulin
and free fatly acid (FFA)} levels ard liver givcogen and
fetty acid {FA) contents in rats fed a8 normmal protein (NP)
or fow protein {LF) dist for § wi'

Variable NE [
Body weight, g 2741 * 835 2214 79
Protein, gL 552 =18 487 =35
Afburniey, g/l 3BL =14 MG 12
Glucose, smolfl 723 =05 7TZ 08
FEA, mrnoi/L. 0.3 =005 0.7 =004
insulin, smoffl S8 =004 514 =003
Insulin® o/l 035= 002 Q20 =007
Liver glyoogen, g/100 g tissus 68 =08 125 =1%
Liver fat, g FA/TOD g Hssue 87 =04 185 =47

1 ¥alues gre the means + sew, o = 2. * Differert fom NP rais, P
< .05,
2 These values were obtained from fed rats.

mBEMA expression. Towml RNA from 300 islers was extracted
using Trizol reagent {Life Technologies, Paisley, UK. For the PCR,
BMA was reverse-transcribed using rendom primers. The resulting
cINA were amplified by PCR ming oligonudleotides complementary
o sequences in the PKAa gene {5 -CCAAGAGAGTCAA-
GGOCAGGAC-Y and 3-CAACCTTICTCGGTAAATCGC3N)
and pomare vins X {PVX) gene (5"-CGATCTCAAGOTACTCT-
CTCOG-3 and 53-GTAGTTGAGOTAGTTGACTC 3, with the
latwer used as an external control, The reactions were done in a 25-pl
reaction volume conaining 1 gl of cDNA equivalent w 2 ug of RNA,
10 mmol of cold ANTPA {dATP, 4CTP, &GTP, dTTP}, 30 mmol of
MeCL AL, 10X PCR buffer, 10 punal of appropriate oligonucleotides
primersfl, and 2 U of Taq polymerase {Life Technologies). The number
of cycles was selected to aflow %near amplification of the <DINA. The
PCR conditions for the amplification of PKAo (Gene Bank access no.
X53261), size of amplified fragment —360 by, primer position {(~515 w0
—B883} and PVX {(Gene Bank access no. D00344), ske of amplified
fragment 106 bp, primer posttion {—5597 1o —5702) were as follows 2
min ar 94°C followed by 32 cycles (30 s each) 2t 94°C, 55°C and 72°C
{PKAg}, and 2 min at 94°C followed by 23 cycles {30 5 each) at 94°C,
37°C and 72°C (PVX). PV RNA was obtained by in vitro menscrip-
ton wsing the RiboMAX Lampe Sale RMNA Production Svstenn-T7
{Promega, Madison, W1}, according to the manufacturer’s insmctions,
The PVX had no homelogy o any rat sequence, a3 confirmed
by & BLAST search and RT-PCR {datn not shown ). An abiquet of the
external control was thewed on ice and 006 po was mixed with fresh
islets before extraction {343

The PCR products were separaved on 1.5% agarose gels in Tris
borate 1X EDTA buffer {1X TBE} and stained with ethidhmm bro-
mide. All PCR reactions incheded a negarive control. The absence of
genomic contamination in the RMNA samples was confirmed by the
RT-negarive RNA samples Subsequent digitalization and measure-
ment of the relative band intensities were done using an Eagle Bve [
documentation system {Stratagene, La Jolla, CA). The resulis were
expressedd a5 the ratio of the target to standard signals.

Statistical enalysis. Values are means T s8M. Student’s unpaired
1 test was used to compare the body weight, the senwm protein,
glucose, albumin, insulin and FFA Tevels, and the liver glycogen and
fat content. For comparing the changes in insulin secretion, the data
were log-transformed 1o comect for heterogeneity in variance and
then analyzed by two-way ANCOVA, followed by the Tukey-Kramer
test to determine significant differences between groups and among
ghucose and secreragogue concentrations, and to assess the intemc-
fdons between these factors. The data were analyzed using a statistical
software package {Statsoft, Tulsa, OK). The level of significonce was
set ar P << 005,
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RESULTS

Afrer B wh, the body weight, weal serum protein, seruim
albumin and insulin levels of LP rats were significantly lower,
whereas the serum FFA level and the liver glycogen and far
content were greater then in NP mes (P < 0.05% {Table 2.

Ulnder static Incubation, nsulin seceetion in the presence
of 2.8 mmol glicose/L did not differ in the two groups {data
not shown} In 8.3 mmol glucose/L, insulin secretion in isles
from LP rats was lower than in islets from NP rars (P < 005
Forskolin {10 pmol/L} increased insulin secretion in both
groups, aithough insulin secrerion in islets from LP rats was
significantly lower than in islers from NP raws {P < 0.05) (Fig.
3. Dynamic perifusion showed thar in 8.3 mmol glucosefL,
the addirion of forskolin {10 pmol/L) ncreased the insulin
secretion by both groups of islets, with the levels being lower
for islets from LP rars (P < 0.05) (Fig. 2). When rthe aress
under the curves were calculared and the basal secretion of
each group was subtracted, the lower secretion by islers from
LP rars was even more evident (P < 0.05) {Inser, Fig. 2).

The localization of PEAx in islets from LP and NP rars was
done by immunchistochemisty. Despive the difficalty of quan-
rificarion by this method, it appears thar the amount of PAx
was lower in isles from LP s than in those from NP ms
{Fig. 3}.

The apparent reduction in the expression of PKAe in islets
from LP mats compared with those from NP rars shown by
mmumohistochemistry was confirmed by Western blosring
which indicared a 35% reduction in the expression of PKAx
protein in islets from LP compared with NP ras (P < 0.05)
{Fig. 4}, Similarly, RT-PCR 1evealed a 30% reduction in the
expression of PKAx mRNA in islets from LP mars (P < 005}
{Fig. 5}
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FEGURE 1 Forskolin-induced insulin secretion in islets from rats

fed nownal §¥F) and low proteln (LP) diets for & wk. The columns
represerd the cumulative 1+-h insulin secrstion and are the mesns
= sEM; 1 = 5 independent experiments. Maens withowt 5 comimon lefier
differ, P < 0.08.
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FIGURE 2  Forsholin-induced insulin secration In isieis frons rads
fed normal (NP} and low protein {LP) dists for 8 wi. The fines represent
the Insulin secretion and are e means * sem; 7 = 5 Independent
experirnents. The areas under the curves were calculated and the basat
secretion of sach group was subiracted (fnsed).

DISCUSSION

Rats fed a low protein diet (6%} for 8 wk displayed several
fearures similar to those found in malnourished infants and in
expetimental models, including a low body weight, low levels
of plasma albumin and insulin, and high liver glycogen and far
contents. Similar resulis were reported i other studies
{2,7,27,35,36). Insulinemia and glycemia in food-deprived ras
were unaltered in LP compared with NP rats, whereas the
insulinemia in fed 1ats was higher in NP than in LP ra1s. These
data suggest thar glucose homeostasis was maintained in LP
rats by increased sensitivity to insulin as a result of alterations
in the early steps of the insulin transduction pathway (3,4).
The high catbohydrate conrent of LP diet was not responsibie
for the alterations in LP rats because recent work showed an
increase in insulin secretion and in the activity of PKA and
PKC in tats fed high carbohydrate (37).

PKA parricipates in the potentiation of glucose-induced
insmuilin secretion by gastrointestinal hormones such as GIP and
GLP-1 (20,21). This porentiation involves a series of reacrions
mriggered by PKA, including the phosphorylation of vesicular
and plasma membrane proteins, voltage-dependent channels
and transcription factors {38). Conversely, the inhibidion of
PKA in isolated islets and insulinoma cells decreased glucose-
induced secretion {39).

Because the insulin secretion induced by glucose was lower
in islets from LP rats than in islets from NF rats, we used
forskolin 1o investigate whether this reduction involved PKA.
In several tissues {40,41), including the endocrine pancress
{42,43), forskolin activates AC to increase cAMP formartion,
which then stimulares PKA. In the pancreas, this stimlation
of PKA leads o increased insulin secretion {44}, The addition
of forskolin to medium conraining 8.3 mmol glucose/L in-
creased the insulin secrerion by both groups of islers, although
the increase was stmailer in islets from LP rats.

Together with previous dara {23}, these results led us o

25 o,



FIGUBES  immunohistochemistry of protein kinase cAMP-depen-
dent catalytic subunit « {PKAg). The brown color indicates the local-
ization of PEA in islets of rafs fed normal 9P} and low protein P dicis
for 8 wi

believe that the lower insulin secretion seen wirh different
secretagogues in islets from LP rats was rather nonspecific.
However, this seems not to be the case ¥ one considers thar
the extent of the reduction in insulin secretion in response
differeny stimulators was not the same in blets fom LP e, In
addition, we observed that oligonucleotide antisense against
insulin receptor substrate-1 restored the ability of glucose w
stimulate insulin secretion in islets from LP rats {unpublished
data}.

The changes in forskolin-induced #sulin secretion indi-
cared an alterarion in one or more sieps of the cAMP-PKA
pathway. To examine this possibility, we analyzed the expres-
sion of the & caralyric subunit of PKA {(PKA o}, and found thas
there were lower levels in islets from LP rams. In contrast w
these findings, cDNA macroamray experiments showed an in-
crease in the expression of the gene that encodes the regula-
tory subunit of PKA {(unpublished data).

The concomitant reduction in PKAwx protein levels and
PK Ao mRINA expression may be a consequence of the altered
protein content i the diet. This conclusion is supported by
reports (24,45} that showed a relarionship between the levels
and activity of PKA and a LP diet. There are two possible, but
not exclusive explanations for the decrease in PKA levels and

Arbitrary Scanning units.

FIGLUIRE 4 Westemn biot analysis of protein kinase cAMP-depen-
demt catzlytic subunil o {PKAg) i islets from rats fed normal (NP) and
low profein IUF) dists for 8 wk. Values are means = spv. = §
independert experiments. *Differerd from MP rals, P < 0.05.
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FIGURE 8§ Protein Kinase cAMP-dependent catalytic subunit &
{PRA} mRNA levels in pancreatic islets frone rats fed normat (NF} and
Iow proteln (LP) distsfor 8 wic The colunms methemeans tspmin=§
independent experiments. “Tifferant from NP rats, £ < 005

activity in the pancreatic islets of LP rats. Because the nutri-
tional environment s tmportant for controlling gene sxpres-
sion (4648}, it is conceivable that 2 low protein diet could
directly affect the expression of several genes and their en-
coded proteins, including key enzymes involved in the secre-
TOTY Process.

Another possibility is that alterations in the protein con-
tent in the dier may influence the newonal-endocrine sxis
{49}, inchuding the regulation of PKA subunir expression by
different hormones {(50-52). The increase in insulin secretion,
in response to a combination of forskolin and PMA, is greater
than that observed in the presence of each one of these drugs
alone {42}, which suggests a synergistic acton of PKC and
PKA on insulin secretion. Forskolin-stimulated insulin secre-
tion by islets from LP rats was lower than for islets from NP
rats (Figs. 1 and 2). Because PKCe expression is also reduced
in islets from LP rats {2}, it is conceivahle that the synergistic
effect of these enzymes may be disrupted in islets from LP rats.
in addidon to iis effect on insulin secrerion, PKC also mod-
ulates the expression of PKA subunit mBRNA (53,54).

In conclusion, a low protein diet can decrease PKA levels
in pancreatic islets, and this explains the reduced secrerion
observed in islets from LP rats in response to forskolin.
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4. CONCLUSAO



v A desnutricio reduziu a secregio de insulina estimulada por PMA e

Forskolin em presenca de glicose em ilhotas de Langerhans isoladas
de ratos submetidos a restrigdo proicica.

v A reducdo da secregio de insulina estirnulada por PMA e Forskolin
em presenca de glicose esta relacionada com uma menor expressio

das enzimas PKCo, PLCB,; e PK Aa em ilhotas isoladas de ratos
submendos a restrigio protéica.
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ABSTRACT insulin secretion is regulated mainly by circulsting mulrients, particularly giucose, and is also mod-
utated by hormonal and neuronal mputs. Nubritional alterations during fetal end early posinatal periods, induced by
either low protein or energy-restricted dists, produne S-cell dysfunction. As a consequence, insulin secretion In
response to different secretagogues is reduced, as i the number of S-osils and the size and vascularization of
islets. in this study, we used a ¢DNA macroarray echnigue and RT-POR to assess the pattern of gene oxpression
in pancrestic islets from rats fed isocaloric low € ¢/100 g, LP) and normal {17 /100 ¢, NP protein dists, afler
weaning. Thirty-two genes related o melsbolism, neurcfransmitier recepiors, proteln rafficking and targeling,
infraceliular kinase neltwork members and hormones had aftered expression fup- or down-reguiated, HT-POR
continnied the macroamay resulls for five selected genes, Le., clustern, secrefogranin # precursor, sukaryolic
transiation niiation factor 2, phospholipase A, and glucoses ransporter. Thus, cDNA macroaray analysis revealsd
significant changes in the gene expression pattem inrats fed a low protein diet after weaning. The rangs of projeins
affected indicated that numerous mechanisms are invoived in the inraceliular aiferations in the endocrine pan-

creas, ncluding impaired glucose-induced insulin secretion.

o Nutr, 134: 321-327, 2004,

KEY WORDS: = profein restriction « gene sxpression = cDNA aray » pancrealic isiets

Adequate mutrition during the prenatal and early posmatal
periods is very important for the development of the endocrine
pancreas. Epidemiolopic data from differem human and ani-
mal srudies showed that poor tuwstrition during these periods of
life is associared with an increased incidence of glucose intol-
erance and type 2 diaberes in adulthood {1).

Several studies have associared the contwol of gene expres-
sion with nurritional signals {2-6). The availability of free
amino acids in the diet & important for maintaining protein
homeostasis, and a deficiency in any of the essential amino
acids can lead 1o a negative nitrogen balance. Alrerations in
nifrogen metabolism change the plasma amino acid profile
{7-11}). As a consequence, gene expression and physiologic
functions are altered o cope with the limired availzbility of
armino acids {(12-14)

Intrauterine malnurrition induced by feeding dams a low
prorein diet during pregnancy and lactation alse affecs the
strucrure and funcrion of several organs | the offspring. A
reduction in insulin secretion in response to glucose and
different secretagogues, 2 reduction in the mate of isler-cell
proliferation, and a reduction in islet size and vascularization
were ohserved in the endocrine pancreas of malnourished rans

! Supporred in part by the Brazien foundations FAPESP, CAPES and (NP
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S022-3166/04 $5.00 © 2004 American Sociery for Mutmitional Sciences.

{15-18). Alreragions in the plasma amino acid profiles of dams
and offspring occur when a low protein dier is introduced
during gestation.

in this study, we examined the influence of dietary protein
restriction o islet gene expression. Pancreatic ister RNA from
rats fed low and normal protein diets was reverse-mranscribed
and hybridized 1o the Atlas cDNA array {Clontech), a com-
mercial nylon membrane containing 1176 genes. The resuls
of the macroarray analysis were confirmed by RT-PCR for five
selected genes.

MATERIALS AND METHODS

Ardmals and diet. AT of the experireents described here were
approved by the institational {UNICAMP) Committee for Bthics in
Aniraal Experimentation. Male Wistar mis {28 d old} from the
breeding colony at UNICAMY were maintained at 24°C on 2 12-h
lightzdark cvele and had free access to food and water. The rats were
distributed randomly into two groups and were fed 2 17% {normal
pratein, NPY or 6% (low prorein, LP) diet for 8§ wk, as described

* Abbreviations usor: EiF2-«, aularyotic transiation infiation facior 2 o sub-
unit; ERK, extrecelivler signslregulated iinase; FRA, free fally acikd; GLUTZ,
giucose Tansporter 2; HG, high carbohydrate; IGF-, insulin-iike growih factord;
LP, low protein group; MAP? ldnase, microtube-associated protein kinsse 2,
MAPKZ mitogen-actvated protein Rinese 27 MMP, metalioproisingses; NP, nor-
TRal protein group; PRK, prosphofructokinass; PKC, protein kinase O PLAGTR,
phospholipase A, group 1B, PV, potato virus X; TCA, frichiorossetic acid; TTES,
Tris-Tween 20 buifered safine.

MWanuscript received 1 July 2003, Inical review completed 12 August 2003, Revision acceptad 23 Ocoher 2005
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elsewhere {191, The energy difference herween the vwo diets was
balanced with additional carbohydrate instead of protein in the LP
dier. At the end of the experimental period, the mats were weighed o
measure thelr namitional swtus. After decapiration, biood samples
were collecred and the sera were stored ar —Z0°C for the subsequers
raeasurement of roral serum protein {Bio-Rad Laborarories GmbH,
Munchen, Germany), serums albumin {20}, serum glucose {DinSys
Diasgnostic Systems, Hokhetm, Germany], senum free farmy acid
(FFA} levels {nonesserified farty acid C kit, Wako Chemicals, Neuss,
Cermaryy ), liver gheoogen and far content {21,22), and serurr insulin
1233

Aorino acid prefile. Tlosma samples were collecred from fod and
tocd-deprived {13 h} wats (NP and LP groups). The samples were
deproteinized by adding ! mbl of 25% wichiomacesic acid {TCA)
scharion to 1 ol of plasms followed by stommge v 4°C for L b Afrer
centrifugation ar 10000 X g, 30 ul of the supemarans was mived
with 60 gl loading sample buffer {Biochrom 20 reagent kit}, and 20
gl was armbyzed by chromatography on & Biochrom 20 plus {Amer-
sham Phanmacia, Piscataway, INJ ) using 2 specific physiclogic amino
acid column. FFA sandards were analyped fist, followed by the
samples. Amino acids were quantified using Biochrom 20 control
software version 3.05. Ammonia was also measured 25 an internal
control for estimation of amine acid degradation.

Poncreatic islet isolation and stotic #nsulin secretion. Wistar
rats were decapitated and the islet were isolated by handpicking
under a stereomicroscope after collagenase digestion of the pancress,
as previomsly described (24}, Groups of five islets were first incubated
for 45 min st 37°C in Krebs-bicarbonste buffer with the following
composition {mmolfLy: Nall 115 KCL 5 GGl 2.56; MglL, L
MNabHCO,, 24 and glucose, 5.6, supplementad with 3 g of bovine
serurm albumin/l and equilibrated with a mixnure of 95% /5%
CO;, pH 7.4. This medium was then repleced with fresh huffer and
the islets were incubated with ghicose {5.6; 83 or 16.7 mmoliL) for
1 k. The insalin in the mednam st the ead of the incabation period
was measured by RIA {233

Macroarray analysts. RNA was isolated from islers nsing the
TRIzol reagent/phenclichloreform procedhre (Life Technologies,
Axckland, New Zealand), followed by digestion of genomic DNA
with RMNase-free DiNase. The quality and purity of the RNA were
analyzed by electrophoresis in denaturing gels and PCR. Radiolobeled
cDNA was prepared using 5 ug of roral RNA in 10 uL of 50 mmol/L
Tris-HC (pH 8.3) containing 75 mmol/L KC1, 3 mmolfL MeCL, 0.5
ramolL of 2 INTP mixwure without dATP, 5 mmolfL dithiothreitol,
gene-spectfic CDIS primer mix {2 mix of primers specific for each type
of atlas amay) {Clontech), and Maloney murine leukemia virus re-
verse transcriptase {(Clontech) in the presence of 35 uCi je™P1
dATP (3000 Cilmmok Amersham). After incubation ar 50°C for 25
main, the reaction was stopped by adding 0.0 molfLl. EDTA (pH 8.0).
The <DNA generated was pwified by cohmnn chromavography
{Chroma Spin-200 DEPCHLO columns, Clontech).

The arravs were performed. in parallel, under identica! conditions
according o the mancfecrurer’s instroctions {Clonrech ). The Atlas
=t array 1.2 consisted of 1176 genes spotted on positively charged
nylon membranes. Plasmid and bacteriophage DNAs were included
a5 negative controls w confirm hybridizavion specificity, and house-
keeping cDNAs were ased s positive controls 10 nomalize the
mRNA sbundance. AR of the cDNAs and controls immobilized on
the membrane were grouped into several chusiers according o their
henctons {23).

The membranes were prehybridized in ExpressHyb buffer contain-
ing 05 me of hear denatwred sheared salmon TINA ar 68°C for 30
min. Labeled cDNA probe was added to the prehybridiarion buffer
{30170 kBg/membrane} and hybrdization was continued ovemight
at 68°C. The membranes were washed and exposed directly 1o 2
storage phosphor screen (Molecular Dynamics). The screens were
scanred using Storm $40. Signal intensities eaptured fom each spot
by Amray Vision Evaluation 7.0 software were nommalized using the
mmnsites of the housekeeping genes Ipohyubiquitin, phospholipase
A group 1B {PLALGIE} and ribosomal protein S29] provided in the
array. 1his normaliztion sllowed & quantittive comparison of the
signal intensity of each gene on membranss from raes fed LP and NP.
Differeratally expressed genes were identified using Microsof Fuxcel

46 b

XP. The result for each gene was expressed as the fold change in rats
fedd LP relative 1o the NP contmls {expression arhimmanly designared
as 1}. The differences in gene expression in rats fed LP were consid-
ered relevant when the fold change was 22.0 {up-regulated) or =0.5
{down-regulated} compared with mts fed NP. The experiment was
done twice using cONA chmined from two different sets of § rats and
new membranes each time. The genes were classified wmro different
funcrional clusters on the basis of the putative hiclogical function of
the encoded protein, as determined by relevant datsbase sesrches
{26).

RMA isplation and RT-PCR. Semiguandratve RT-PCR was
done 1o validate the findings of gene wanscript expression shown by
macroaray analysis. Briefly, tomal RMNA was extracted fom 300 islers
obtained from rats fed 1P ardd NP using the TRIzol reagent/phency/
chloroform procedure (Invinogen). Before BT, the quality, purty and
tack of contamination by genomic IINA were assessed v electro-
phoresis in denaturing gels, DNase treammens and PCR, mspectively.
Reverse manscription was done with 2 p2g of rotal RNA wsing Molo-
ney murine leukemia virus-reverse transcriptase {SuperScript [} and
random hexamers, according o the manufacturer’s instractions {n-
vimogen). The cDNA obwmined was swred ar —20°C.

The PCR were then done in 2 25-uL reaction vohume containing
1 L <DNA, 0.05 mmolfL of each cold NTP {dATP, 8CTP, dT7F,
dUTP), 037 menclL Mg(h,. 0.25% PCR buffer, 01 pmolfl of
appropriate oligonucleotide primess (Table 1) and 1 v of Tog DNA
polymensse {Invitogen}. The mumber of cycles was selected o allow
linear amplification of the cDNA.

RMA from a modified porare vings X {PVE; GenBank DO0344)
was used as an external conmol imstead of Bactin becamse the
expression of Factin was alzered in LP islets. PV RMNA was obtained
by in vitro transcription with 2 “RiboMAX Large Scale RNA Pro-
duction System-T7” {Protega), according to the manufactorer’s in-
suruction. The PYX sequence had no homology to any rat sequence,
as confirmed by @ BLAST search {17} and RT-PCR {data not shown).
#An aliquot of the external control was thawed on ice and 0.06 pg was
mixed with fresh islets {n = 300) before RNA extraction (281

The amplified products were analysed by elecrrophoresis in 1.8%
agarose gels in Tris-hborate-EDTA buffer IX and smined with
ethidium bromide. All reactions included a negative control Subse-
quent digitalization and relative band intensities were done using an
Eagle Eve I documentation system {Stratagene, La Jolls, CA). The
results were expressed as = tatio of the targer to standard signaks.

Seatisticad analysis. The results are expressed as means * o
Smdent’s unpaired ¢ test was generally used to compare NP and LP
groups. Insulin secretion data were log-mansformed w comect for
heterogeneity in variance and then analyed by twowar ANOVA,
followed by the Tukey-Kramer test to determine the sgnificance of
differences between grouys and among plucose and secretagogue
concentyations, and o assess the interactions between these factors.
The data were analyzed using the Staristica software package (St
soft, Tulsa, OK) and the leval of significance was ser at P < 0.05.

RESULTS

Features of the vats.  As observed in other studies {29
33}, protein deprivation induced many functional and mor-
phological aslterations. In agreement with 2 previous report
(33}, rars fed the LP diet for 8 wk had a lower body weight,
higher serum FFEA levels, normoglycemia, decreased total se-
rum protein and albumin levels, increased liver slycopen and
fat contents, and lower serum insulin {fed) levels compared
with NP-fed rats (P < 0035

Amino acids . Plasma amino acid concentrarions in
rats fed LP differed fivm those in the NP razs under both fed
and food-deprived conditions {Table 2}. Food-deprived LP
tats had decreased levels of several amino acids, including
tauring, aspartate, ghoemare, ghamine, proline, methionine,
H-alanine, phenvlalanine, homocysteine, omithine, histidine
and increased levels of asparagine, serine, sarcosine, glycine,
alanine, leucine, tyrosine, lysine and arginine compared with
food-deprived NP raws. In conmmast, in the fed state, LP rars had
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TABLE 1
Sequences of PCH primers and PCR conditions for the analysis of specific mRNAst

PR reaction conditions

GenBank Size of PCR

kA acCeESSon Ko Primer secuences 537 Den Ann Bt Cycles product o)
PLAGIR DODEES CTGCTECCTECTTTECTCAL

ACBGUATAGACABGAAGTERS 94 58 72 25 485
ElFe-o SP5A5 TCTTGCCCATETTIGCTGAGG

TAACCACTTTGROLTODATOTS 84 57 7z 32 503
SEH MG TGCIGAGGUTTOUTTATGRTIC

COCCABATBUTCOTTEATGEE = 57 2 28 268
Chusterin BBATES ABACCACTCGCTCCAGGETES

ATCECAAGETGGUTTTATTGG G4 57 72 27 508
T2 JO3145 CATTGCTGCAAGALGCGTATIAG

GACACCTTCTEOTCASTOGACS 84 55 72 25 408
et 4 00344 CGATCTCAASCUACTCTICS

GTASTTGAGGTACTTRACCS 2% 57 iz b 108

1 Abbrevistions: Den, denaturation; Ann, amneding, B, extension; PLASGTR, phospholipase Ag group IB; BIF2-«, eukaryotic translation infiation
factor 2 o subunit; SGH, secrstogranin B GLUT-2, glucose wransporter 2; PYX, potato virus X,

decreased levels of murine, threonine, asparagine, glutamate,
proline, valine, methionine, isoleucine, phenylzianine, hy-
droxylysine and arginine, whereas the levels of sedne, glu-
tzmine, sarcosine, giycine, alanine, leucine, lysine and B-ala-
nine wete increased compared with rats fed NP.

Insulin secvetion. Increasing concentrations of glucose
{56,832 and 16.7 mmol/L} cawsed a concentration-dependent

release of insulin from islers of mers fed WP Under the same
conditions, insulin secredon by bles from res fed LP was
significantly lower than that by islets from rats fed NP (Fig. 1),

{ene expression.  (Of the 1176 genes included in the Arlas
tat 1.2 array, 32 genss in isless from raes fed LP showed 2
significant change in their level of expression compared with
istets from rats fed NP, in two different experiments. Of the 32

TABLE 2

Plasma aming acid and other N-containing compound concerdrations in fed and food-deprived male Wistar rats
fed nonmai {17 g/100 g, NP} and low {6 g/100 g, LFP) protein diets for 8 wk after weaning’

NP LP

Fed Food-tieprived Fed Food-deprived
Taurine 1.2+ 0082 1.17 = 0.014 101 * 0033 0,53 + 0027
Aspartate 021 = 0.013 0.26 = 0.050 0.27 = §.061 0.19 = 0.6
Threonine 1.43 = 0.056 141 = 0.084 0.95 = 0.054" 0.99 = 0.028
Serine 1.25 = 0015 2.88 = 0.024 3.83 + 0.035° 3.23 = 0.02%
Asparagine 8.15 = 0.078 0.31 = 0.023 1.41 = 0.057* 0.74 = 0.042"
Glstarmate 8.85 = 0.023 3.03 = 0.055 1,75 = 0.023° 1.28 = 0.054°
Ghitamine 1.88 = 0.018 7.76 = 0.920 5.76 = D.066° 2.23 * 0067
Sarcosing 457 = 0.082 0.95 = 0.028 700 = 02407 8.45 = 0.780°
Broline 4.84 = 0.560 $.23 = 0.052 3.26 = 0.085° 4,20 = 0.280¢
Glycine 2.98 = 0.063 2.45 + 0058 3.94 = 0.057 3.41 = 0.076°
Aarine 2,68 x 0.035 2.49 * 0.036 8.05 + 0.780° 5.52 = 0.068°
Citruffine 0.85 + 0072 0.57 = 0.036 0.86 = 0.013 0.83 = 5.032
Valine 1.99 = 0032 1.57 * 0.042 1.62 = 0.052" 1.33 + D.042
Cysteine 0.05 = 0.O0S 010 = 0.013 0.08 = 0.014 0.21 = 0.056
Methionine 061 = 5,014 0.51 = 0.048 0.36 = 0.080 0.36 = 0.018°
isoleucing 0.97 = 0.028 0.68 = 0,028 0.76 = 0.057" 0.62 = 0.026
Leucine 1.7 = 0.027 1.07 = 0.032 1.42 x 0.054° 1.33 = 0078
Tyrosine 122 = 0018 1.06 = 0.049 1.25 = G.089 1.40 = 0.056"
g-Alanine 023 = 0012 0.88 = 0.075 0.41 = 0.018° 0.18 = (.064*
bi~B-Amincisobutyrate 2.46 = 0.046 2.76 + 0.083 2.36 = 0.052 0.06 = 0.036"
Phenyialanine 0.92 = 0.027 0.58 = 0.063 0.58 = 0.082" 0.08 = 0.036°
Homotysteine 0.03 = 0.001 0.48 = 0.094 002 = 0.018 0.08 = 0.072
Ethanclarning 1.68 = 0.063 143 £ 0.073 1.52 + 0.026 0.7 = 0.045°
Hydroxylysine 0.24 + 0.050 0.32 + 0.082 0.03 = 0,005 0.47 = 0.048
Crrithine 0.72 = 0.024 1.25 x 0057 G.68 = 0035 0.54 = 0.056°
Lysine 2.71 = 0035 2.49 + 0.078 353 = 0.084° 2.92 = 0078
Histidine 0.56 = 5,081 0.63 = 0.096 0.56 = 0.053 0.47 = .06
Arginine 1.29 = 0.027 107 = 0032 191 = 0o78 1.22 = 0.036"

1 Values are means = 884, & = 4. 7 Difforert from the corresponding NP group, P < 0.05.
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Ghcose sl 58 83 B¥
BGUREY  insulin secrstion by islets from rats fed normal (NP} and

low protei (LP) dists st differem concertrations of glucoss. Five isiels
were preincubated in Krebs-Ringer bicarbonate buffer containing 5.6
mmobL glucose for 45 min. slet insulin-secretory IVeNess was
determined after incubstion in medium comaining 58, 83 and 8.7
memolL. ghucoss, Yalues wre means = seM, 2 = 10, Means withoul a
cornrmon letter differ, P < 005,

genes, 17 had a greater than twofold increase, whereas in 15
penes, the expression decreased by more than rwofold. The
genes involved were related o membolism, hormones, waf
ficking and targering proteins, extracelivlor kinase networks
and other categories { Tables 3 and 4).

RT-PCR. Semiquantitwive RT-PCR was done 10 vali-
date the findings of the atlas cDNA array. The genes selecred
for analysis were eukaryotic translation inidation factor 2 o
subunit {FiF2-@), secretogranin precussor, ghicose trans-
porrer-2 {(GLUT2), clusterin and PLA,G1B. RT-PCR con-
firmed the macroarray results for all of these genes, The ElFZ2-«
and PLA,G1B mRNA concentrations did not differ in islets
from NP and LP raws (Fig. 24, E}. In contrast, the mRNA
concamrations for secretogranin (32%), GLUT-2 {53%) and
clusterin {31%) were significantly lower in islets from LP raxs
{P < 0.05) (Fig. 2B, 2}, The expression of PVX did not differ
in islers from LP and NP rats when analvzed by RT-PCR (Fig.
7F). This result validares the use of this external standard/
conttol for normalizing the gene expression in RT-PCR.

BISCUSSION

Recent studies have reported that putritionally adverse
conditions during the early and postnaral periods of life lead 1©
alterations in pancrearic endocrine functions {31-36). Numi-
tional disturbances caused by a low protein dier during preg-
nancy can alter the endogenous amino acid profiles and lead 1o
physiologic adaptations, including changes in gene expression,
o cope with the limired amino acid aveilability {14).

As expeered, LP mts showed fearures vypical of mabmerri-
rion, including low body weight, low levels of serum albumin
and insulin, and higher liver glycogen and fat contents. De-
spite a significant reduction in insulinemia, glycemia was un-
sktered in ravs fed LP compared with tams fed NP, These
findings may be related to 2 marked increase in insulin sensi-
rivity through an increase in the phosphorylation of the insu-
Iin recepror and insulin receptor substrate-1 and its associarion
with phospharidylinosirol 3-kinase (18,1935},

Levels of valine, isoleucine, methionine, phenvlalanine and
threonine were lower in LP-fed s, These amino acids are
considered essenmial and & deficiency in any of them could lead 1o

2 negative nitrogen balance with clinical consequences (13}, In
addition, the amino acid taurine was reduced in both fed and
food-deprived LT rats. Taurine influences glucose metabolism and
conseguently increases insulin secrerion. A deficiency in raurine
slows growth, decreases insulin secretion and induces cardiac
dysfuncrion and mmunclogical nsufficiency (37-39).

Leucine, a stimulator of insulin secrerion was also dimin-
ished in rats fed LP. The metabolization of leucine via the
Krebs” cycle or by mirochondrial oxidation in Bcells can
glevare the ATP/ADP rario; this in tumn may stimulare the
release of insulin {40,41). Previous work showed thar leucine-
induced insulin secretion is affected by 2 low protein dier {18}

To assess the possible global transcriptional modifications
caused by 2 low protein dier, a <IUNA macrosmay was used 10
monitor and compare gene expressions. 1 he Atips oA
array 1.2, which contains 1176 genes, was used in this study. In
slets from raws fed LP, 32 genes showed an altered expression
when compared with islers of MP-fed rats. Tables 3 and 4 show
that there were metabolic and strucruml adaprations in pan-
creatic isiers from rags fed LP

The expression of the GLUT-Z gene and its respective
protein {measured by Wesrern bloming, not shown) was re-

TABLE 3

identification of up-reguiated raf islels genes induced
by & low protein {6 g/100 g diet

Accession Folct

Projein/gene number  induction

Membrane chanrels and iransporters
fAulfidrug resistance protein
Simpie carbohydrate metabolism
GCytosolic hydroxymetizrightard-CoA
synthase
Energy metabolism/other intraceiiular
wransducers, effectors and modulators
Miiochondrial H rersporiing ATP
synthase F1 complex o subunit isoform 1
Muscle phosphofructokinase
Metalloproteinases
Matrix metalloproteinase 14; membrane-
type matrbc metatioprotemase 1
Oncogenes angd RINoT SupERessors
Wilms' tumor protein homolog 1 8VT
Nucleotide metabolism
cAMP-dependent profein Kinase type-l o
reguiaiony subunit
Growih faciors, oytokines and chemokines
Insulin-like growth facior i §GF2)
Hormone receptorn/G rolem-coupied

A96364 75

AB2E25 4.0

Xx56133 2.7
Li25651 32
XB3537 20
x88716 21.1

817088 2.5
M13089 38

017488 150

57438 7.2
Calcium-binding profeins
NVP-3; neural visinin-dike Ga2+ hinding
protein
Neurotransmitier receptorsfigand-gated ion
chennels

yAemincbutyric acid eoepior o2 subunit
Gastric inhibitory polypeptide recepion

Diai2e 20

L19660 33

e2esy 33
roiens

Ras-related poten RAB26 inarrs 4.5

Lg Ao
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TABLE 4

tdeatification of down-reguiated genes in ral isfets induced
by a low protein {6 gl100 g} diet

Accegsion  Fold

Protein/gens mgmber inhibition

Oher trafficking and targeting protelns
Sterol carrier protein 2 (SCPX); nonspedific
lipicd transfer protein
Simple carbohydrate metabolism
Frustose-biphosphate aldolase &
mporkers and antiporters
SySoiute carder famity 13 member 1
iriraceliular transducers, effectors and
mothustors, ranscription activators and
YEOTEsSSOrS
Signal transducer and activaior of
transcription 3 {STAT3)
Voltage-gated ion channel
Voltage-gated ion channel
Voitage-gated K+ channel profein
intraceliutar kinase network proteins
Mitogen-activated protein kinase 3,
exiraceiuby signal-regulated kinase 1
{ERKCT, insulin-stimulated microtube-
associated protein kinsse 2 {(MAP2 kinass)
Mitogen-activated protein kinase 2, exiracefiular
signal-regulated kinase 2 (ERK2}
Calchim/calmodulin-dependent protein kinase
type 1 beta suburit (CARM kinase | bets)
Protein phosphatase receptors
Pheochromocyioma-derived protein tyrosine
phosphatase-filke protein
Phospholipases and phosphoinositol Kinases/
kinase activators and inhibHors/amino acid

metabolism
Tyrosine 3-monooxygenase/rypiophan 5-
MOnCoXygenase activation protein &8,
protein kinase G inkibitor protein 1,
ristechondrial irmport stimulation factor 51
subunit
detalloproteinases
Carboxypeptidase E
Cysteine proteases
Cathepsin L
Other extraceliular communication
proteins/trafficking and targeting. proteins
Secretogrardn i
Facitated diffusion proteins
(lucose transporier
Amino and carboxypeptidases
Mestaholism of cofactors, vitamins and related
substances
Dipeptidase [DPEPT)
SBiress response protains
Clusterin MB4723 024
Adenyiate/guanylate cyclase and diesterases
Adenylyl cyclase type VI, ATP pyrophosphate-
lyase, CaZ-+-inhibiiable adenylyi cyclase

Mad72e 028
Mizatg 623
Ligin2 037

281810 023

59980 g.24

MEIT7T 046
Me4300 022
Migitz 41t

Dam2e2 0.2G

Di17615 .16
M31802 027
Y0687 0.25

ugz2ge83 0.25
J03145 4B

MI4056 026

Lo1118 0.27

duced in islers from rams fed LP. Using knockour mice for
GLUT-2, Thorens et al. {42} showed a woral loss of the first
phase of glucose-stimulared insulin secretion and a reduced
second phase during perfusion experiments. A similar pattern
of insulin secretion was ohserved for islers from pups of dams
fed a low protein dier during pregnancy and cmiion (35}
These results are consistent with GLUT-2 acting as a glucose
sensor and regulator of glucose metabolism.

Islers from rars fed LP showed increased expression of
muscle phosphofructokinase (PFC, a retrameric protein with

b &

three isoforms, designated M {muscle}, P {piatelet} {(or Cland
L {lives}, fnvolved i the glycolytic pathway (43,44}, All theee
isoforms were detected in pancreatic islets and clonal pancre-
atic B-cells (INS-1) (44,45). The aurocaralytic activation of
PFK by its product, frectose 1,6-bisphosphate, generates gly-
colyric osciliations. The overexpression of PEK in transgenic
mmice vesulws in defective glucose merabolism followed by im-
paired glucose-induced insulin secretion {46}, Thus, alter-
arions in the levels of PFK isoforms may lead w changes in the
enzymes properties and acrivity, and this could decrease glu-
cose-invduced insulin secredion.

Voltage-gared ion channels play an important wle in the
insulin secretion stimulased by glucose and other nsulino
rropic agents. An increase in the ATPIADP ratio through
glucose metabolism closes Ko channels and depolarizes
B-cells. This depeimmm; feads o the opening of voliage-
dependent Ca®" channels and an influx of calcium thar trig-
gers insulin granule exocytosis (47,48). In islets from mais fed
LP, there is a decreased movernent of intracellular calcium and
a reduced expression of protein kinase C {(PKC)e (18,33,47).
As shown he:te:,‘ there is also 2 reduced gene expression of
voltage-gated K" channel proteins. This finding could explain
in pare the poor secreroTy Tesponse o glucose and other secre-
ragogues in rats fed LD,

Aldrerations in the expression of the G-protein Bab 26 were
observed. Although the functions of this protein are not
completely understood, some Ras-related proteins have been
implicated in intracelhdar vesicular gafficking along the bio-
syntheric and endocytic parthways, with functional links o
SNARE complexes {49-51). Sequence comparisons between
Rab 26 and other Ras proteins described in the literarure
revealed closest homology 1o Rab 8, Rab 3A, Rab 15 and
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FIGURE 2 Relative expression of mRNA levels for eukaryotic
transtation initiation factor 2 o subunit {EIF20) (A}, secretogranin (8),
glucose ransporter (GLUT-2 {0}, clusterin (D), phospholipase A, (£
and potato virus X PVX) {F in islets from rats fad low (LP} and normal
NP} protein diets. mBNA levels were semiquantified by RT-PCR. In
each panel, a representative ethidium bromide-stained agarose gel
shows the mANA levels in isieis from rats fed LP and MNP diets. in each
gel, the upper band comesponds 1o the ¢DNA for the specific mRNA
indicated and the lower band corresponds 1o the external control (PYX).
The level of mBNA expression for each gene in NP and LP was
expressed relative to PVX, Vaiues are means * s&v, 1 = B *Different
from NP, P < 0.05
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SECH (52}, To our knowledge, there & no informartion on the
effecrs of Rab 26 on insulin secretion. However, other mem-
bemoftheRabfamﬂv,suchasRab3A Rab 3B and Rab 3D,
negatively modulate Ca® ™ -triggered exocytosis in S-Cf:iis
£53 543, Thus, it is conceivable that the incresse in Rab 26
expression nay be related o the reduced insulin secretion by
islers from rmes fed LP. In conrms, 2 decrease in calchumy
calmodulin-dependent  protein kinase e}gpmssmn was ob-
served. This protein kinase is relared o Ca™™ modularion and
induction of insulin secretion and & the major Rab 3A-
associating protein in pancreatic B-cells {55,56).

Rats fed LP also had 2 3 3-fold increase in carboxypepridase
13, an imporant enzyme present in the mans-Golgi nerwork,
This erwyme 5 responsible for the production of the peprides
and proteins that transit the secrerory and endocytic parhwars,
including the cleavage of Corerminal residues from prohor-
mones {57}. Interestingly, there was a reduction in the expres
ston of secrertogmanin 1L This protein is involved in the
production or release of pepride hormones from the storage
vesicles of neuroendocrine cells involved in the biogenesis of
secrerory granules (38,59

A reduction in insulin-like growth facrorl {(IGED and
IGED mBNA was observed in Scells fom neonaral rars of
dares fed a low protein dier during pregnancy {31). These
growin hormones are regulated by the nutritional supply of
dietary energy and protein and are able 1o increase isler cell
DMA synrhesis and proliferation, thus providing an important
link between nutrition and growth {31}, In the present study,
we observed an increase in IGF-I mBRNA, sugpesting an
increase in proliferarion rates.

Elevared levels of marrix metalioproteinase {MMP} 14 were
also observed in our analysis. Marrix metalloproreinases are
extraceliular proteinases important for cell migration, nva-
sion, proliferarion and apoptosis; their main funcrion is pre-
sumed 1o be remodeling of the extracellular marmix (60). In
conirast to MMP-14, orher genes relared to cell growth, dif-
ferentiatior and cellular responses to infectionfinjury, such as
STATE {61}, were concomitantly diminished.

The decreased expression in LP of genes belonging to the
intracellular kinase network, such as mitogen-activated pro-
rein kinase 2 {MAPKZ) and insulin-stimulared microtube-
associated prorein kinase 2 {MAPZ kinase), supgested alter-
ations in certain signal tansduction pathways. Previous
studies in INS-1 cells and mar isters indicated thar MAP were
not involved in insulin secretion {62), but may be related 10
other S-cell funcrions, such as metabolism, wanscriprion, cell
cycle progression, cytoskeletral rearrangements, cell mowve-
ment, apoptosis and differenriation {63). In addirion, there
was & decrease in the mRNA of exrracellular sipnal-regulated
kinase 1 and 2 {ERK1, ERKZ), which are involved in the
regulation of meiosis and mitosis in differentiated cells.

In 1ats fed 2 high-carbohydrare (HC) dier milk, there was
an immediate onset of hyperinsulinemiz and up-regulation of
preproinsulin gene transcription. cDNA array analysis of pan-
creatic islets from these rats showed that the HC dier up-
regulated genes involved in metabolic pathways, ion channels,
signal rransduction, the cell cycle, protein synthesis and apo-
prosis {§4,65). Increased expression of genes related to insulin
biosynthesis/secretion, such as insulin, PDX-1, ACC, Reg I,
Isi-1, GLUT-2, IRS-1 and RS2, was also observed. In con-
trast, we observed a decreased ewpression of PDX.1 {34),
PKCa (33}, and PKA e, nsulin, GLUT-2 end IRS-1, as well a5
glucose metabolism {data not shown}. Together, these findings
indicare that it is unlikely that the carbohydrare added o the
LP dier w compensate for the lack of protein was responsible
o1 the alterations observed in the ¢cDNA amsy. However, we
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FIGURE 3 Summary of the major findings of changses in gene
expression observed in this study based on the macrbaray andysis of
gene tanscript levels in pancreatic islets from rats fed 2 nomal NP or
low L7 protein diet. Abbreviglions: GLUT, giucoss ransporter; RABA,
y-amino butyric acld; K3F, insulin-like growth faclorn; STAT, signal trans-
ducers and aclivators of transcription: MAPK, mitogen-activated pro-
tein kinase; ERK, extraceliviar signalreguiated kinase.

cannot dismiss the possibility that the expression of some
genes was affected by the higher glucose intake of rars fed LP
compared with those fed NP.

In conclusion, the results of this snudy showed thar 2 low
protein diet altered the expression of several genes that encode
for proteins related to insulin biosynthesis, secretion and cel-
lular remodeling in tat pancreatic islets {Fig. 3). This alrered
expression could explain the reduced insulin secrerion by islews
from rats fed LP after stimulation,

Alrhough the tesults obtained by the macroarray technique do
not provide information abour protein levels or enzyme activity,
our resuits suggest that a low protein diet after weaning can lead
10 metabolic, strucrural and physiolopic adaptations in pancreatic
islets. In addition, modifications in the expression of several genes
in the endocrine pancreas of mats fed LP could explain in parr the
decreased insulin secretion observed during islet simulation by
different insalinotropic agenss.
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