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A insulina inicia seus efeitos metabolicos ¢ promotores de crescimento

através da ligac8o & subunidade o do seu receptor. Esta ligacfo promove a
fosforilacdo em tirosina da subunidade B, e d4 inicio a uma cascada de eventos
intracelulares, mediante a fosforilacdo de vérios substratos enddgenos. Entre os
primeiros substratos ativados estdo o substrato 1 do receptor de insulina, e uma
nova proteina, possuidora do dominio SHZ2, cuja estrutura lembra aguela do

colageno (Src homology), denominada She.

No presente estudo, determinamos a capacidade do receptor de insulina
ativado de induzir a fosforilagdo em tirosina da proteina She, assim como a
associacio She-Grb2 em figado, misculo e tecido adiposo de ratos normais e
ratos submetidos a cinco situacfes experimentais de resisténcia a insulina i.e.,
jejum prolongado, tratamento crfénico com dexametasona, envelhecimento,

tratamento agudo com adrenalina e diabetes induzida por estreptozotocina.

Os resultados demonstraram que apds infus@o de concentragdes fisiologicas
de insulina em ratos normais, a She € substrato do receptor de insulina, cujo pico
e fosforilagdo acontece 5 minutos apds a infusfo de insulina nos trés tecidos

estudados, e se associa a Grb2.

Ratos em jejum, uma situacdio aguda de resisténcia a insulina que cursa com
baixos niveis de glicose e insulina plasméticas, apresentaram significativa
diminuigdio do grau de fosforilagio da She induzida por insulina em figado (50%)
e gordura (62%), em relaclo aos seus controles. Por outro lado, a infusfo de
insulina em ratos portadores de diabetes mellitus induzida por estreptozotocina,
estado caracterizado por apresentar elevados niveis de glicose sanguinea
associados a baixas concentragcSes de insulina plasmética, levou a um
significativo incremento do grau de fosforilagdo da She em figado (175%),

musculo (180%) ¢ gordura (133%), em relacdo aos controles {100%). Embora



ambos os modelos experimentais apresentaram baixos niveis de insulina
plasmadtica, as caracteristicas de fosforilagéio da Shc foram opostas. Este resultado
sugere que em modelos ‘a.gudos de resisténcia 2 insuling, a concentracio
plasmética de glicose circulante € o principal parGmetro que determina a inducéo

da fosforilaco da proteina She nos tecidos estudados.

Nio foi observada variag3o nos niveis de fosforilacio em tirosina em figado,
musculo ou gordura de ratos fratados agudamente com adrenalina apés estimulo
com insulina, embora um aumento estatisticamente significativo nos niveis basais
de associacdo She/Grb2 foi evidenciada nos trés tecidos estudados nestes

animais.

Em animais portadores de hiperinsulinemia crénica (ratos velhos ou tratados
com dexametasona), houve um aumento da fosforilacdo em tirosina da Shc
induzida por insulina nos tecidos hepético (64% e 58%) e muscular {81% ¢ 64%)
de ratos com 20 meses ou tratados com glicocorticoides, respectivaﬁlente. Em
ratos velhos, incremento foi evidenciado também em tecido adiposo (76% acima
do controle). Estes resultados sugerem que, em situacdes cronicas de resisténcia a
insulina, a hiperinsulinemia pode ser um dos fatores responsaveis do aumento de

fosforilacdo da She observada nestes animais.

Para todos os tecidos ¢ modelos experimentais estudados, esta regulacio
demonstrou ser independente dos niveis protéicos da proteina She, que
permaneceram inalterados, mas ¢ grau de fosforilagdo em tirosina parece

determinar a capacidade de associac@o da Shc com a proteina édaptadora Grb2.

Nossos resultados demonstram que, em tecidos animais, a She € susceptivel

de ser tirosino-fosforilada pela insulina através do seu receptor. Esta fosforilagZo

¢ tempo- ¢ dose- dependente, € sua intensidade determina as capacidade de




associagfio da Shc com a proteina adaptadora Grb2. Tanto o grau de fosforilagio
da She quanto a associagdo She/Grb2, apresentam regulacdo diferenciada,
dependente do modelo de resisténcia & insulina e do tecido analisado, mas parece

que os niveis de insulina podem contribuir para essa regulagio.

A fosforilacio da Shc indurzida pela insulina nos modelos descritos,
apresentou caracteristicas diferentes daquelas exibidas pelo substrato-1 do
receptor de insulina, observadas em estudos prévios realizados em ratos sujeitos a
idénticas condi¢Oes experimentais, sugerindo uma dissociagio no padrio de

comportamento destas duas proteinas, apés serem ativadas pela insulina,







A insulina € um potente hormonio com efeito metabélico ¢ promotor do
crescimento, gue atua no metabolismo de carboidratos, proteinas e lipideos, bem
como na sintese de RNA e DNA, através da modificagio da expressio ou
atividade de uma série de enzimas e sistemas de transporte intracelulares. Em
mamiferos, a insulina ¢ o principal hormdnio regulador do metabolismo de
nutrientes. Em resposta ac aumento da concentragfio de glicose sanguinea, as
células B das ilhotas pancredticas liberam a insulina na cozrénte sanguinea, que €
conduzida para os diferentes tecidos alvos, promovendo o influxo de nutrientes
bloqueando a liberagdo de outras formas de energia estocadas (BIRNBAUM,
1993).

Assim, 2 insulina estimula a sintese de proteinas e a captagio de glicose em
misculos estriado e cardiaco, ativa a lipog€nese, bloqueia a lipdlise no tecido
adiposo (MYERS & WHITE, 1996}, ¢ imbe a neoglicogénese no tecido hepatico
(FELIG & BERGMAN, 1990). Estudos diversos tém demonstrado que a insulina
intervem ativamente nos processos de transcriio génica para a codificagio de
diversas proteinas (O'BRIEN & GRANNER, 1991), e que através do dominio C-
terminal do receptor especifico, cumpre um importante papel na regulagdo das
sinais mitogénicas destinadas estifnulagio da sintese de DNA e da atividade das

MAP-quinases (ANDO et al., 1992; DICKENS et al., 1992; PANG et al., 1994).

A msulina imcia seus efeitos metabolicos e promotores de crescimento
através da ligacfo a subumidade o do seu receptor. O receptor de insulina (IR) €
uma glicoprofeina presente na membrana celular, que pertence i familia das
firosina-quinases (RTK) (FREYCHET et al, 1971: CUATRECASAS, 1972:
KAHN, 1985). Este receptor comporta-se, funcionalmente, como uma enzima
alos{éxica com uma subunidade o regulatéria e uma subunidade B catalitica
(KASUGA et al., 1982 a ¢ b). Quando a insulina se liga 3 subunidade o, ocorre

uma alteracfio na conformac@o do receptor e a atividade guinase na subunidade B




¢ estimulada (HERRERA & ROSEN 1986; PERLMAN et al., 1989; WHITE et
al., 1988), determinando a transferéncia de grupos fosfato do ATP para
aminoacidos tirosina do receptor. Uma vez aﬁvado, o receptor fosforila
substratos intracelulares especificos, cumprindo assim o primeiro passo de uma

longa cadeia de interacBes destinadas a produzir os efeitos bioldgicos da
insulina. (VAN OBBERGHEN etal., 1983).

A identificagdo e clonagem de varias proteinas que interagem com
receptores que apresentam atividade tirosina-quinase (RTKs), tém contribuido na
compressdo dos mecanismos moleculares de transmissdo de sinais mediados por
este fipo de receptores (ULLRICH & SCHLESSINGER, 1990). A estimulagio
dos RTKs leva a autofosforilagio de regies especificas na subunidade catalitica,
e promove a fosforilagdo de substratos protéicos intracelulares (CANTLEY et al,,
1991; KOCH et al., 1991).

Diferente da maior ﬁarte de RTKs, que uma vez fosforilados ligam-se
diretamente as proteinas com dominio SH2 para propagar o sinal, o receptor de
msulina, uma vez autofosforilado, estimula sua atividade tirosina-quinase e
fosforila proteinas intermediarias ou substratos do receptor responsiveis pela
associagdo com proteinas possuidoras do dominio SH2 (CHEATAM & KAHN,
1995).

A porcdo SH2 (Src homology 2, “counterpart of viral src™), parte
importante da estrutura de algumas proteinas citoplasméticas, ¢ um dominio
altamente conservado, constituido por aproximadamente 100 amincdcidos, que
se caracteriza por sua capacidade de interagir, através de ligagSes de alta
afinidade, com as sequéncias tirosina-fosforiladas de receptores e outras
fosfoproteinas (ANDERSON et al., 1990; KOCH et al., 1991; McGLADE et al.,
1992; REEDUK et al,, 1992). A associacdo de proteinas com dominio SH2 ao




receptor ativado, ¢ estritamente dependente da fosforilagdo do receptor (KOCH
et al., 1991; MARGOLIS, 1992). Proteinas que possuem este domimio sfo;
subunidade p85 do fosfatidilinositol PI 3-kinase {(MYERS et al., 1992; MYERS
& WHITE, 1993), a Grb2 (SKOLNIK et al., 1993}, ou a proteina SH-P2 (Syp)
(FREEMAN et al, 1992).

A primeira evidéncia da existéncia de um substrato direto do receptor de
insulina, foi obtida em células FAQO (hepatoma de rato), onde utilizando
anticorpos antifosfotirosina (aPY), foi possivel detectar uma banda que migrava
g 185 kDa (SUN et al,, 1991) a qual, sendo a primeira proteina efetora do IR
identificada, foi denominada substrato-1 do receptor de 1msulina (IRS-1}). Novas
proteinas efetoras, substratos diretos do recéptor de insulina, tém sido
identificadas posteriormente em diferentes céhulas ¢ tecidos, € denominadas IRS-
2 (MIRALPEIX et al., 1992}, IRS-3 (LAVAN & LIENHARD, 1993) e IRS-4
(PERROTI et al.,, 1987), devido a suas diferentes caracteristicas estruturais €

funcionais.

Os substratos do receptor de insulina {IRSs), sdo proteinas citoplasmaticas
estruturalmente divididas em duas regides, as quais deferminam sua
especificidade. Assim, a regifio amino-terminal, altamente comservada, ¢ a
responsavel pela ligaciio dos IRSs com o receptor de insulina ativado, através dos
dominios PH e/ou PTB (pleckstrin-homology e phosphotyrosine-binding,
respectivamente) Jocalizados nesta regifio (GUSTAFSON et al., 1995). A porgéo
COOH terminal, pouco conservada, se caracteriza por apresentar sequéncias de
aminoécidos susceptiveis de serem tirosina-fosforilados pelo receptor de insulina
ativado, proporcionando dessa forma pontos de ligacdo com proteinas efetoras

possuidoras de dominios SH2 (SUN et al., 1995).

L




E importante ressaltar o fato que, em células intactas, tanto o IR como o
IRS-1 s8o capazes de ser fosforilados em aminodcidos serina e treonina
(KASUGA et al, 1982a-b; SMITH et al, 1993). Isto pode ser estimulado por
tratamentc prolongado com imsulina, ésteres de forbol e andlogos do AMP
ciclico, e presumivelmente ¢ resultado da fosforilagdo do receptor pela proteina
quinase C ou proteina quinase A (TAKAYAMA et al., 1984). Em coniraste 2
fosforilagdo em tirosina, a qual ativa a quinase, a fosforilagdio em serina inativa a
capacidade tirosina-quinase do receptor e seu substratc IRS-1 (TAKAYAMA et
al., 1988; SMITH et al., 1993). Esta regulacio da aﬁv:idade quinase por
fosforilagdes em aminoicidos distintos, apresenta-se como um importante
mecanismo regulador do sinal insulinico em situagSes fisiolégicas e patoldgicas
(MYERS & WHITE, 1996).

Estudos realizados em cultura de células tém demonstrado que a insulina &
capaz de induzir a fosforilagio de uma nova proteina efetora denominada She
(PRONK et al., 1993; OKADA et al.,, 1995). Similar ao IRS-1, a Shc € uma
proteina citoplasmatica capaz de ser tirosino-fosforilada por uma variedade de
fatores de crescimento e citoquinas (OBERMEIER et al., 1993; SEGATTO et al,,
1993). Descrita pela primeira vez em 1992 por PELICCI e colaboradores, a
proteina Shc (src¢ homology 2/ collagen-related), cuja estrutura lembra aquela
do colageno, € possuidora do dominio SH2 na sua molécula, caracteristicas das
quais deriva o seu nome (PELICCI et al, 1992). A familia das proteinas She
consiste em 3 proteinas relacionadas: as espécies de 46 e 52 kDa resultam da

utilizaglo de diferentes pontos de iniciagdo no mesmo transcriptor; entretanto as

espécies de 66 kDa parecem ser o resultado de “splicing™ alternativo (PELICCI
et al., 1992; PRONK et al,, 1993; SASAOKA et al., 1994a). Estudos revelaram
que a insulina € capaz de fosforilar preferencialmente a p52%° (OKADA et al.,
1995) (Fig. 1).
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Figura 1: Vias de simalizacio insulinica: a insulina associa-se ao IR,
fosforilando-o. Este por sua vez ativa seus substratos IRS-1 e She, favoreciendo sua
ligagio com proteinas possuidoras de dominios SHZ2, mediadoras das respostas

metabolicas e/ou mitogénicas a0 estimulo insulinico.

Com o objetivo de determinar a importdncia da She na mediagdo das
respostas intracelulares iniciadas pela insulina, diversos estudos in vivo em
cultura de células e em sistemas reconstituidos iz vitre, t8m sido realizados.
Embora alguns estudos coincidem em afirmar que as proteinas She ndo co-
imunoprecipitam com IR ou IGF-IR ativados (PRONK et al.; 1993; GIORGETTI
et al., 1994), pesquisas realizadas utilizando receptores de insulina, IGF-IR ¢

receptores de citoquinas, apontam o IRS-1 e a She como substratos diretos destes




vitro usando o sistema duplo-hibrido em levaduras (GUSTAFSON et al., 1995)
foram realizados, demonstrando que, pelo menos neste modelo experimental, 2
pS32 She interage especificamente com o IR e o IGF-IR, através da ligacio dos
aminodcidos da porgc amino-terminal 46 a 209, com os seus correspondentes

localizados no domimio NPXY da regifo juxtamembrana de ambos os receptores
(ISAKOFF et al, 1996},

A tirosil-fosforilagdo da She por insulina, liga esta proteina a uma {mica
~molécula efetora, chamada Grb2 (LOWENSTEIN et al,1992; McGLADE et
al.,1992; ROZAKIS-ADCOCK et al, 1992). A Grb2 (growth factor receptor-
bound protein-2), € uma pequena proteina citoplasmatica de 25 kDa, constituida
por dois dominios Sre-homology (SH)3 ¢ wm SH2 (LOWENSTEIN et al., 1992).
Esta proteina desempenha um pape! fundamental nos processos de crescimento ¢
diferenciacgo celular, agindo como uma molécula adaptadora que, através do seu
dominio SHZ, liga receptores tirosino-fosforilados e outras fosfoproteinas como a
She e 0 IRS-1, ao fator mtercambiador de nucleotideos da guanina do Ras, mSos
(Son of Sevenless) (YOZENAWA et al, 1994; PRUETT et al, 1995). Esta
capacidade da Grb2 de ligar-se ac mSos ¢ resultado da presenca dos dominios

SH3 na sua molécula (LOWENSTEIN et al., 1992).

Estudos orientades a identificar a especificidade das proteinas efetoras
ativadas pelas vias mitogénicas e/ou metabdlicas, durante os processos de
transmissdo do sinal em oélulas sensiveis a insufina (SASAQKA et al., 1994b;

LAZAR et al., 1995), sugerem que a inferacdo She/Grb2/Sos é fundamental no

controle da prolifera¢do e/ou transformacio celular, assim como na ativacic de
certos mecanismos de crescimento celular (SASAQKA et al., 1994a-b; OWENS
et al., 1994).




Fstudos realizados em fibroblastos (GIORGETTI et al, 1994,
demonstraram que 2 expressdo de proteimas She exdgenas pode induzir a
estimulagiio constitutiva de uma via mitogénica, ou podem remover 0 mecanismo
inibitéric de iniciacdo do ciclo celular, resultando em uma resposta mitogénica
aumentada. A microinjecfio de anticorpos dirigidos conira as protefnas She em
fibroblastos de rato (rat-1 fibroblasts) super-expressando receptores humanos de
insulina, inibe a sintese de DNA induzida por insulina, indicando que a She € um

componenie importante das vias mitogénicas ativadas por este hormdnio

(SASAOKA et al, 1954b) (Fig. 2).

Fig. 2: Sinalizacfo insulinica através da protfeina She.

Estudos prévios sugerem que o complexo She/Grb2/Sos ativa a p2lras

diferentemente da associaciio IRS-1/Grb2, e que a homeostase no mecanismo de




mitogénese produzido pela insulina depende de um balango entre a associaciio
IRS-1/Grb2/Sos ¢ She/Grb2/Sos. Parece haver uma especificidade funcional da
She em relagéic ao EE“{S-E,‘ de tal modo que a fungfo desta proteina na ativagio
das vias mitogénicas, quando associado ao complexo Grb2-Ses, parece ser
importante, mas nfo fundamental, se comparada aquela da She (YAMAUCHI &
PESSIN, 1995; MYERS et al,, 1994; WATERS et al,, 1993; ROSE et al,, 19%4).

Estes dados sugerem que a regulacdo do sinal insulinico depende, pelo
menos em parte, da eficiéncia na associagio do IRS-! e a She com a subunidade
B do receptor de insulina. Neste contexto, ¢ importante ressaltar que tanto o IRS-
1 como a She possuem na sua estrutura molecular o dominio PTB/PI, especifico
para sua interaco com o teceptor de insulina;, cujo dominio NPX-Tyr(P) &
reconhecido por ambas as moléculas (YONEZAWA et al.; 1994; O'NEIL ¢t al.,
1994; GUSTAFSON et al,, 1995).

Esta sequéncia de aminoécidos esta presente na regifio juxtamembrana do
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receptor de insulina, e suas interagBes sdo mediadas pela Tyr '~ localizada neste

dominio (HERRERA et al., 1985; HERRERA & ROSEN, 1986).

E importante assinalar que no receptor de insulina, nem todas as regioes
fosforiladas NPXY interagem com ambas as moléculas (PRONK et al.; 1993; HE
et al., 1995). Estas caracteristicas levariam o IRS-1 e She a competir pela Tyr”’*
na sua associagdo com o receptor fosforilado (WOLF et al., 1995; WARD et al.,

1996), sugerindo que as diferengas estruturais que estas protefnas apresentam

entre elas, determinariam a especificidade funcional da She quando comparada

a0 IRS-1 (CRAPARO et al., 1995) (Fig. 3).




Figura 3: Associaciio do IR ¢ do EGFR com os substratos IRS-1 e She, coma
nroteina She: dominios NPX-Tyr(P), PH, PI/PTB e SH2.

Assim sendo, a a¢de insulinica envolve uma cascata de interagles
covalentes e ndo covalentes centralizadas, num primeiro nivel, no IRS-1 e na
She. A ligagiio da insulina a0 seu receptor na superficie celular, determina a
fosforilacdo da She e do IRS-1. Estes entdo atuam como proteinas ancoradouras
para vArias enzimas intracelulares e adaptadores moleculares. Tais ligacBes
determinam multiplos sinais na cascata da a¢o insulinica. Como resultado, a She
se constitui em elemento importante das vias intracelulares de agfio insulinica,
cujas ligagBes determinam a multiplicidade dos efeitos bioclogicos finais deste

hormdnio.

Entretanto, ndo foi ainda demonstrada em tecidos animais a fosforilagio
da proteina She induzida pela insuling, nem a interag@o Shc/Grb2. Nesse sentido,
como primeirc objetivo deste estudo, investigamos a capacidade da insulina de

astimular a fosforilagdo da She em tecidos de ratos normais. A analise das




caracteristicas funcionais da interag8c IR/She, foram parte deste objetivo, assim
como o fol o estudo da associacdo Shc/Grb2, ¢ sua relagfio com o grau de

fosforilacdo da proteina She induzido pela insulina.

A compreensdo dos mecanismos moleculares de agfo da insulina adquire
relevancia devido 4 prevaléncia de doengas que cursam com resisténcia a
insulina, como obesidade, diabetes mellitus, hipertensfc e intoleréncia & glicose
associadas a doengas enddcrinas. Estudos prévios (SAAD et al, 1992)
demonsiraram que em animais com resisténcia a insulina o receptor de insulina,
seu substrato IRS-1 e a associac8c IRS-1/P1 3-kinase, apresentaram uma
regulacio tecido-especifica, capaz de influenciar na etiologia da resisténcia a este
hormdnio. Por outro lado, a regulacdo da fosforilagfo da proteina She ¢ sua
interagio com a Grb2 apos estimulo com insulina, nfio foram ainda investigados
em modelos animais de resisténcia & insulina. Isto adquire importdncia porque
em cultura de células a proteina Shc parece estar regulada por diferentes fatores
que podem estar presentes em modelos animais de resisténcia a insulina. Assim,
citoquinas como o TNFa, e a hiperglicemia também tém se mostrado capazes de
regular a fosforilagdo da Shc em cultura de céiulas (KRODER et al., 19996),
sugerindo um possivel envolvimento da Shc nos mecanismos moleculares de

resisténcia a insulina.

Estes antecedentes nos levaram ao segundo objetivo, que fol investigar a
influéncia de cinco estados de resisténcia a insulina no grau de fosforita¢éo da
Shce e sua associaco com a proteina adaptadora Grb2: jejum prolongado,
tratamento agudo com adrenalina, tratamento crénico com dexametasona,
diabetes mellitus induzido por estreptozotocina e envelhecimento, em trés tecidos

insulino-sensitivo; figado, misculo e gordura.




Contrastando com extensivos estudos realizados em figado, misculo e
tecido adiposo (WHITE, 1997), sabe-se relativamente pouco dos efeitos da
insulina nas células beta pancreaticas. A deteccio do mRINA do IR ¢ do IRS-1
em células BTC3 produtoras de insulina (HARBECK et al, 1996), deixa aberta a
possibilidade da presenga de um mecanismo de contra-regulagdo operando
através do IR em células B pancredticas. Os substratos do receptor de insulina
IRS-1 e IRS-2 também t&m sido implicados na sinalizag&o através do receptor do
IGF-1, presente em linhagens de células produtoras de insulina (VAN
SCHRAVENDIIK et al., 1987). Este achado é consistente com a capacidade das
células B de responder ao estimulo com insulina ou IGF-1 por meio de vias de
sinalizacio intracelular similares aquelas observadas em tecidos periféricos
(VAN SCHRAVENDUK et al, 1990; LEIBIGER et al, 1988; XU &
ROTHEMBERG, 1998; VELLOSO et al., 1995).

Glicose e insulina sdo capazes de induzir fosforilagio do receptor de
insulina assim como do IRS-1 e IRS-2 em ithotas pancredticas (VELLOSO et al.,
1995), restando a pergunia se as proteinas envolvidas no sinal insulinico estdo
presentes em células B purificadas. Esta pergunta nos levou ao terceiro objetivo
do presente trabalho, que foi estudar as primeiras etapas nas vias de sinalizagdo

insulinica em células B purificadas de rato.

Estudamos a expressio do substrato-2 do receptor de insulina (IRS-2), um
dos primeiros efetores do IR ativado, em células B e ndo-B pancreiticas
purificadas. O IRS-2 tem sido recentemente propostc como uma proteina
regutadora importante para o desenvolvimento e sobrevivencia das células B
(W}THERS et al., 1998). A presenca de uma proteina migrando ao mesmo nivel

da pp66m5'3 , eonstantemente associada ao IRS-2, nos levou a realizar RT-PCR

(reverse tramscribed-polymerase chain reaction) com o objetivo de revelar a

il



identidade desta banda, para obter assim mais um elemento que ajude a elucidar a

fun¢ao destas proteinas em células § pancredticas.







21 AVALIACAO CRITICA DA METODOLOGIA
UTILIZADA

Os métodos utilizados, estimulagfio in vivo com insulina, extracdo €
homogeneizagdo de tecidos hepético, muscular ¢ adiposo em condigbes
desnaturantes ou em condicfes apropriadas para imunoprecipitacdo e posterior
imunobiotting com anticorpos especificos anti-She, anti-Grb2 e  anti-
fosfotirosina, permitiram uma a\}aliagéo das etapas iniciais da agfo insulinica
ap6s sua ligacfo ao receptor, numa nova via, em trés tecidos com importante
papel na utilizaggo de glicose (SAAD et al., 1989). Este método néo estd sujeito 2
problemas como artefatos bioguimicos resultantes da homogeneizagéio do tecido
e purificagdo do receptor, protéolise e desfosforilagdo do receptor fosforilado por
fosfatases contaminantes (KATHURIA et al., 1986), bem como da remogdo do
receptor da membrana plasmatica, onde interacbes com outros componentes
celulares podem inﬂuenciar'sué. atividade (FEHLMAN et al.,, 1985). O método
utilizado permite uma determinacdo direta do grau de fosforilagdo da proteina
She e sua associagdo com o Grb2, assim como da relagfo destes dois pardmetros
com o grau de fosforilagdo do receptor de insulina, o que implica em uma
avaliagdo da atividade quinase in vivo do receptor de insulina, dirigida a um

substrato endogeno, a proteina She.

Utilizando esta metodologia, estudamos as etapas iniciais da acdo
insulinica em tecidos muscular, hepatico e adiposo dos seguintes modelos
animais de resisténcia a insulina ie.. jejum prolongado, ratos tratados
crénicamente com dexametasona, ratos velhos, ratos tratados agudamente com
adrenalina e diabetes induzido por estreptozotocina. Estudamos ainda os efeitos
nas etapas iniciais de agHo insulinica em células beta pancredticas de ratos

normais e os efeitos da estimulagfio aguda com insulina e glicose nestas etapas.



2.2 INDUCAO DA FOSFORILACAQ DA(S) PROTEINA(S)
SHC POR INSULINA
Publicacfes 1 e 2

A atividade de tirosina-quinase dos receptores dos horménios de
- crescimento, € um evento fundamental na propagacio da sinalizacio dependente
da informagdo dada por estes hormébnios (PAWSON & GISH, 1992;
SCHLESSINGER & ULLRICH, 1992). Embora muitas combinacfes de
moléculas efetoras tém sido identificadas para numerosos receptores dos fatores
de crescimento, todos parecem possuir em comuim a fosforilacfio em tirosina efou
associagho com um novo tipo de proteinas chamadas She. (FANTL et al., 1992;
MAYER & BALTMORE, 1993; VAN DER GEER & HUNTER, 1993).
Estudos realizados em cultura de células t8m demonsirado que a insulina também
¢ capaz de induzir a fosforilagdo da proteina She, mas o significado fisiolégico
deste processo ainda ndo foi elucidado (PELICCI et al., 1992; PRONK et al,,
1993; OKADA et al., 1995).

Nossos experimentos imiciais tiveram como objetivo determinar a
presenca da proteina She no figado, musculo e tecido adiposo de ratos, e
determinar se esta proteina € capaz de ser fosforilada em tirosina ap6s infusio de
insulina. Com o objetivo de investigar uma etapa adicional das vias mitogénicas
ativadas pela proteina Shc, estudamos também as modificagbes da associagio
que ocorre entre a Shc ¢ a proteina adaptadora Grb2 apés tratamento com

insulina nestes trés tecidos.

| Concordante com resultados obtidos em experimentos realizados in vitro
(PRONK et al., 1993; OKADA et al., 1995) e in vive em cultura de células
(GUSTAFSON et al., 1995), mostrando que a isoforma p52 She € fosforilada

com maior efici€ncia pela insulina que aquela de 46 kDa, nossos resultados em




misculo e tecido adiposo mosiraram que, apds fratamento com insulina, a p52
She foi a Gnica isoforma fosforilada, e em figado a isefeﬁna predominantemente
fosforilada foi a pS2 She, com uma minima fosforilagfo da espécie p46 ™, Este
predominio na fosforilacio da p52 She em figado, misculo e gordura de ratos
pode ser consequéncia da presenga de altos niveis desta isoforma em tecidos de
ratos em relacdo 2s outras, embora certas interagBes com o receptor de msulina

podem desempenhar um papel importante neste padréo de fosforilagio.

Para determinar se a presenca da Shc e sua fosforilagfo apos aplicagdo de
insulina eram funcionalmente importantes, foram realizados experimentos de
tempo- ¢ dose-resposta. Foi observada uma estimulagdio da fosforilagdo da She
em figado, misculo e gordura, capaz de ser modificada em fungdo do tempo apos
a infusdo de insulina, assim como da dose aplicada. Valores mdximos de
fosforilacdo da She foram obtidos 5 minutos ap6s infusdo de insulina nos tés
tecidos analisados. A dose necessdria para se obter a metade dos valores
méximos de fosforilacio foram obtidos com doses insulinicas de 6 ng em figado
e misculo, € 6 pg em tecido adiposo, valores correspondentes a niveis
plasméticos de insulina de 30 a 120 pU/mi 1 min apds infusdo. Estas
concentragdes sdo similares aquelas obtidas em ratos durante o teste oral de
tolerdncia a glicose. O grau de fosforilagio da She em musculo e adipéeitos foi
menos intenso que no figado, provavelmente devide a menor concentragdo

periférica de insulina.

Tanto a She como o IRS-1 sdo fosforilados com concentragfes similares
de insulina, mas no experimento tempo-resposta, 0 maximo nivel de fosforilagéo
em tirosina da She foi atingido depois que o IRS-1 em figado, misculo ¢ gordura
de ratos, com uma menor intensidade que aquela obtida no IRS-1 (SAAD et al.,
1992; CARVALHO et al,, 1996). A consequéncia fisiolégica desta diferenga ndo

¢ conhecida, mais parece estar correlacionada com o mecanismo de competicdo




destas duas proteinas pelo dominio NPX (Y)P do receptor de insulina (ISAKOFF
al., 1996). Parece que o receptor de insulina ¢ capazr de utilizar diferentes
substratos em tempos diferentes, com a finalidade de induzir uma atividade de

tirpsina-guinase mais eficiente para cada substrato {Fig.4).
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Fig. 4: Relacdo temporal da fosforilacdo induzida por insulina no IR, IRS-1 e

She em figado, misculo e gordura de ratos normais.

¥ interessante destacar que o IRS-1, que é o primeiro substrato do IR a ser
fosforilado, € um Importante mediador dos efeitos metabdlicos da insulina,
enquanto a She, que € fosforilada mais tarde, € essencial nas vias mediadoras dos

efeitos promotores de crescimento (mitogénese) (SKOLNIK et al., 1993)

Em cultura de células, a fosforilacfio da She ¢ seguida da sua associaglo a
Grb2, uma pequena molécula adaptadora que liga a She com oufras proteinas
encarregadas da transmissfo do sinal mitogénico (LOWENSTEIN et al., 1992,
WATERS et al, 1996). Nossos estudos demostraram que apbs estimulo

i6




' insulinico a She se associa a Grb2 em figado, musculo e gordura de ratos. Ja que
a interagdo Shc-Grb2 leva 4 ativagfio das vias mitogénicas da RAS (SKOLNIK et
al., 1993), a capacidade da insulina de induzir esta associagfo sugere um papel
importante na ativagfo e controle das fungBes mitogénicas da insulina através

desta via.

A fosforilag8o da She induzida por insulina foi similar aquela reportada
com os hormdnios EGE e PDGF (SEGATO et al., 1993; OKADA et al., 1595;
OBERMEIER et al., 1994). Embora estudos prévios em cultura de células nio
- enconfrassem associacdo enire as proteinas She e o receptor de insulina ativado,
experimentos iniciais mostraram que estas duas proteinas co-imunoprecipitam
apds infusdo de insulina. Estudos recentes coincidem em afirmar que a proteina
She compartitha com o IRS-1 um mesmo grupo de aminoédcidos localizados na
regido amino-terminal de ambas as protefnas, denominado "NPX-Y{P)-binding
PTB/PI {SAIN) domain” (SHOELSON et al., 1992). Este dominio possui_ uma
sequéncia de amino4cidos similar aquela do receptor de insulina (WARD et al,,
1996; PRONK et al., 1993; HE et al., 1995) sendo capaz de reconhecer e ligar-se
a Tyr 972 localizada no segmento NPX-Tyr(P) do receptor ativado (SUN et al.,
1995; BORK & MARGOLIS, 1995; BATZER et al.,, 1994, VAN DER GEER et
al., 1995; VAN DER GEER & PAWSON, 1993).

Com o objetivo de determinar se no animal intacto o receptor de insulina
possui atividade de tirosina-quinase dirigido a protefna She, amostras de figado
de ratos com 4 horas de jejum sujeitos a tratamento com 6 pg de insulina ou
solugic salina {controle) por 30 segundos, foram homogeneizados e
imunoprecipitados com anticorpo anti-IR. A atividade de tirosina-quinase destes
imunoprecipitados foi determinada mediante incubagfio dos complexos immunes
{anti-receptor de insulina) numa solugfo tampfo contendo ATP. Os complexos

foram lavados, suspendidos em solucdio de Laemmli e analizados por SDS-PAGE
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(LAEMMILI, 1970). A incorporagiio de fosfato ao receptor de insulina e todos os
substratos diretamente ligados a ele, foi visualizada por autoradiografia das

membranas submetidas a imunobloting com anticorpo anti-fosfotirosina,

As duas primeiras amostras {controles} mostraram uma banda de ~50 kDa
{p30) levemente fosforilada tanto na primeira (sem insulina nem ATP), como na
segunda (sem insulina com ATP) condigBes. Nio houve mudanga na fosforilagio
desta banda em nenhuma destas situagdes, A terceira amosira, iratada com
insulina mas sem adiclic de ATP, apresentou uma banda de ~95 kDa,
correspondente ao receptor de insulina, além da banda de ~50 kDa j& descrita,
esta ltima com niveis de fosforilacdo similares agueles dos controles. A
autofosforitagdo do IR obtida pela adigiio de ATP exdgeno foi observada na
altima amostra {com insulina ¢ ATP), acompanhado de importante incremento na
fosforilacfo da p50, assim como a presenca de tr8s novas bandas parcialmente
fosforiladas a uma altura aproximada de 125 kDa, 160 kDa ¢ 180 kDa,. Apés
imunobloting com o0s anticorpos especificos, a identidade destas bandas foi
confirmada como p52%, IRS-1 (160 kDa) e IRS-2 (180 kDa). Nio foi

identificada a proteina correspondente a banda de 125kDa (Fig. 5)
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Fig. 5: Atividade de Tirosino-Quinase do IR em figado de ratos. 30 sec apos
estimulo insulinico, o figado € extraido e a atividade de tirosino-quinase do receptor de

insulina i vifro dirigide 4 proteina She determinada e visualizada por autoradiografia.

Num segundo experimento, idénticas condigSes experimentais aquelas
descritas foram aplicadas, mas o tempo de exposi¢io 2 insulina fol incrementado
em 3 minutos. Embora foi observada a presenca das mesmas bandas que aquelas
observadas com 30 segundos de exposicio & insulina, estes resultados mostraram
uma significativa diminui¢fio no grau de fosforilagde do IR, IRS-1 e IRS-2,

associado & consideravel aumento do nivel de fosforilagio da She.

E importante considerar elementos deste resultado tais como a importante
fosforilagdo basal da Shc nos controles, a qual aumentou unicamente apds
autofosforilacfio do IR por adicdo de insulina e ATP. Também é interessante
ressaltar a diminui¢do no grau de fosforilagio da banda correspondente éo IR
fosforilado, assim como das duas bandas de 160 ¢ 180 kDa (IRS-1 ¢ IRS-Zg
respectivamente), observado tr€s minutos ap6és a infusdo de insulina, quando
comparadas aquelas apresentadas com 30 segundos de tratamento. Em efeito, o
méximo grau de fosforilacdo do IR, IRS-1 ¢ IRS-2 em figado de ratos ocorre
apenas 30s apls infusfo de insulina via intraportal (SAAD et al, 1992).
Entretanto, a proteina She, cujo maximo nivel de fosforilacdo no figado esta entre
3 e 5 minutos apds injecdo de insulina apresentou, 3 minutos apés tratamento

com insulina, uma intensa fosforilagdo.

Esta resposta nos pernmitiu observar nfo s6 a relacfio entre tempo- ¢ dose-
respostas da She em relag8o ao receptor de insulina, mas também em relaciio com
os substratos 1 € 2 do receptor de insulina. O aumento no nivel de fosforilagio da
She como resposta a ativagdo do IR apds infusfio de insulina, demonstra que a

proteina She interage com o receptor de insulina ap6s a estimula¢do com insulina
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She como resposia 4 ativagio do TR apés infusio de insulina, demonstra que 2
proteina Shc interage com o receptor de insulina apés a estimulagfo com insulina
em figado de ratos normais. Demonstra também que existe uma actividade de
tirosina quinase do receptor de insulina hacia a proteina She imunopurificada, €
nos leva a conclusfo 'que a She, como os IRSs, & substraios diretos do receptor de
insulina in vifro, ¢ que a diferencga entre o tempo de aplicacfio do estimulo ¢

fosforilacdo da proteina especifica, represenia a especificidade da interagfo

receptor de insulina com seus substratos.

Com estes dois trabalhos demonstramos gue, em figado de ratos tratados
com insulina, o receptor de insulina estimula 2 protefna She immunopurificada.
Fsta interacdo determina a fosforilag@io em tirosina da proteina She de maneira
tempo ¢ dose dependente, assim como a associagio da Shc & Grb2. Esta
especificidade na interagdio IR-She abre a possibilidade de se estudar a regulacdo
da insulina na She em animais sujeitos a diversas situagbes de resisténcia &

insulina.
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23 REGULACAO DA PROTEINA SHC EM MODELOS
ANIMAIS DE RESIST:@‘:NC{A A INSULINA

Resisténcia a insulina ¢ definida como uma resposta bioldgica subnormal a
uma dada concenfracdio de insulina. Embora os efeitos da insulina sejam
pleiotropicos, a resisténcia 4 insulina tipicamente faz referéncia & acdo da
insulina na homeostase de glicose. Os mecanismos moleculares responsaveis
pela resisténcia nfo sfo bem conhecidos e podem envolver diferentes vias. Em
modelos animais de resisténcia a insulina existe evidéncia que a regulacfo do
IRS-1 pode ter um papel importante na modulaciio da homeostase de glicose
(SAAD, ef ol., 1992). Além disto, citoquinas como a TNFa e a hiperglicemia s8o
capazes de regular a fosforilag@o da She em cultura de células (KRODER et al.,
1996), sugerindo que a proteina Shc pode estar envolvida nos mechanismos
moleculares de resisténcia 2 insulina. Estes antecedentes unidos a capacidade da
insulina de estimular a atividade da She, nos levaram a investigar a regulagdo da
She e sua associagdo com a Grb2 em tecidos sensitivos & insulina, em cinco
modelos experimentais de resisténcia & insulina: jejum prolongado,
hipercortisolismo, envelhecimento, tratamento agudo com adrenalina ¢ diabetes

mellitus induzida por estreptozotocina.

Sendo que o elemento basico a ser considerado foi a obtengio de animales
comprovadamente resistentes a insulina, o primeiro ¢ fundamental procedimento
realizado tanto nos animais controle quanto em aqueles sujeitos aos diferentes
tratamentos orientados a induzir resisténcia & insulina, foi a extracciio de
amostras sanguineas, para posterior determinacfio dos valores de glicose e

insulina plasmaticas destes animales.
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A tabela 1 expressa os valores de peso corporal, glicose € imsulina

plasmatica dos animais tratados, assim como os niveis de significacdo destes

valores em relacfo com os respetivos controles.

Tabela 1. Valores de Peso Corporal, Glicose e Insulina Plasmatica nos Animais

Estudados

Grupos Peso Glicose Insulina
Corporal Plasmdtica Plasmatica
(g (mg%) (mUfml)

Alimentado 211%6 i65+8 3844

Jejum 179i5**** 74:i:2*** 13:&4**

Controle 23845 1226 2944

Dexa 202 £4%% 224 £2%** 46 £4**

2 meses 157+] 1235 29 +4

20 meses 401 £2%% 124+] 44 £5*

Controle 148+3 11543 29+2

Adrenalina 144 +3 1173 41+ 4

STZ 102+3%* 452+ 2% 6 +6%

‘\ LS
% p<0.05
** p<0.01
#&xp 0.001
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2.3.1 EFEITCS DO JEJUM  PROLONGADO, DO
HIPERCORTISOLISMO E DO ENVELHECIMENTO
Publicagio 3

Jejum prolongado, hipercortisolismo ¢ envelhecimento em ratos s&0
caraterizados por resisténcia A insulina (ALMIRA & REDDY, 1979
OKAMOTOC et al, 1986; FRIEDENBERG et al.,, 1985; PENICAUD et al,
1985). No caso de jejumn prolongado descreve-se reducdo da ac¢do insulinica tanto
em tecidos periféricos guanto em tecido hepético (ALMIRA & REDDY, 1979;
OKAMOTO et al., 1986). Resultados de nosso laboratério t8m demonstrado um
discreto aumento (20% e 40%) na autofosfoﬁiagéo do receptor de insulina em
tecidos hepatico e muscular de rato respectivamente (SAAD et al, 1992),
associado com um incremento no grau de fosforilagdo do IRS-1 de
aproximadamente 100% em ambos os tecidos apos jejum prolongado (SAAD et
al., 1992). Os niveis protéicos de IRS-1 também apresentaram uma regulagdo
similar nos dois modelos animais. Houve uma redugo na concentrago de IRS-1
em tecido muscular de ratos em jejum de 72 horas, ¢ um aumento em tecido
hepdtico. Estes dados evidenciaram a presenca de uma regulacdo tecido

especifica para esta proteina (SAAD et al., 1992).

Concordando com estudos prévios segundo os quais existe uma rela¢@o
competitiva de associacdo com o IR entre She e IRS-1 (ISAKOFT et al., 1996), a
She apresentou, no caso dos animais sujeitos a 72 horas de jejum, um nivel de
fosforilagdo significativamente diminuido em figado e tecido adiposo (~50%
figado, ~40% gordura) em relago aos controles, mas ndo teve alteracdo no
musculo destes animais (Fig. 6). Em contraste com o IRS-1, as concentragbes
protéicas da She ndo foram modificadas no figado, mascule ou gordura dos

animais submetidos a jejum prolongado. Bstes dados s@io a primeira evidéncia




que a fosforilagéo da She induzida pela insulina apresenta uma reguiacdo tecido-
especifica. Embora esta regulacio nfo possa explicar a resisténcia 4 insulina vista
no jejum, pode representar um lmmportante mecanismo regulador que dirige sua
agdo para uma via especifica (a do IRS-1) que cumpre um papet definido na

homeostase de glicose.
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Fig. 6: Caracteristicas da fosforilacio da proteina She pela insulina em

animals suieitos a jejum.

Com o objetivo de investigar o efeito do jejum nas vias insulinicas
ativadas pela proteina She, estudamos a associag@o que ocorre entre a Shc e a
proteina adaptadora Grb2 nestes animais. Nossos resultados mostraram uma clara
correlaglio entre o grau de fosforilag@io da Shc e a associagfic com a proteina
adaptadora Grb2 em todos os tecidos estudados. A diminuigdo da fosforilag@o da
She e sua associagdo com a Grb2 no figado dos ratos em jejum, € consistente
com a reducdo na sintese de DNA observada em estudos similares (RIDRAY et
al., 1991}, Isto fala a favor de especificidade entre as vias de transmissdo ativadas

pelo IRS-1 ou a She, apds o sstimule com insulina.
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O tratamenio de ratos com dexametasona induz resisténeia a insulina,
caracterizada por alteragSes no metabolismo de glicose em tecidos hepatico e
periférico, redugdc na captacdo de aminodcidos estimulada pela insulina em
musculo, ¢ uma diminui¢8o da lipogénese em adipdeitos (KAHN et al., 1978;
CARO & AMATRUDA, 1982; AMATRUDA et al,, 1985, KNUTSON, 1986;
MOLLER & FLIER, 1991). A dexametasona também melhora a estimulacio da
sintese de DINA mediada por insulina (GERMINARIO & McQUILLAN, 1985).
Sob condicdes de hipercotisolismo similares as estudadas no presente trabalho,
foi observada uma diminuicfo na fosforilagdo do receptor de insulina em figado ¢
misculo dos animais tratados, assim como uma menor ativagio da PI-3 kinase
peto IRS-1 apés injecdo de insulina (SAAD et al, 1993). Parece que esta
ativagio possui um papel na resisténcia & insulina observada em ratos tratados
cronicamente com dexametasona, considerando a estreita correlagBo entre
atividade de PI-3 kinase, transporte e sintese de glicogénio (SANCHES-
MARGALET et al, 1994; HARUTA et al., 1995; WELSH et al, 1994;
CHEATHAM et al., 1994), mas nfo explica 0s mecanismos moleculares de agéo
utilizados pela dexametasona para incrementar a indugfo insulinica de sintese de

DNA nestes tecidos.

Apés fratamento com dexametasona (Img/kg/dia/Sdias), os niveis de
fosforilagdo da She em tecidos hepatico e muscular apresentaram incrementos em
64% e 81% respectivamente, incremento mantido nos mesmos niveis em relacfo
ao grau de associacdo She/Grb2 nesses tecidos. Estes aumentos de fosforilagdo
nfio foram acompanhados por mudancas no nivel protéico da She em figado,
musculo ou gordura. Neste Oltimo tecido também n)éo houve diferenca de

fosforilacdo nos animais tratados em comparagfo aos seus controles (fig. 7).



FiGADO MUSCULD GORDURA

Fig. 7: Caracteristicas da fosforilacfo da proteima She pela insulina em

animais tratados cronicamente com dexametasona. *p<0.05

O incremento nos niveis de tirosil-fosforilago da Shc e sua associagio
com o Grb2 apds injecdo de insulina em figado ¢ musculo de ratos tratados com
dexametasona, e a evidéncia de efeitos opostos no IRS-1 em figado ¢ misculo de
ratos submetidos a idéntico tratamento, demonstram que hd uma preservagio da
via de transmissdo especifica destinada a otimizar a resposta mitoglnica a
insulina apGs sua sensibilizac8o por dexametasona. A falta de resposta desta via
em tecido adiposo de ratos submetidos a idéntico tratamento, sugere uma
modulagio tecido especifica na regulagdo da tirosil-fosforilagad do She induzida

por insulina em ratos tratados com dexametasona.

Diversos estudos t8m mostrado que apds sobrecarga oral de glicose {teste
de tolerincia oral a glicose - TTOG) existe uma queda na tolerincia a glicose em
pessoas acima de 60 anos de idade (YOSHIMASA et al., 1988; DAVIDSON &
KARJALA, 1978; DEFRONZO, 1979), associada a uma secregdo normal o
aumentada de insulina. Porém, em testes utilizando-se a via endovenosa para a

sobrecarga de glicose (teste de tolerfncia endovenosa a glicose), pessoas idosas
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apresentaram uma diminuicfo na primeira fase de secregfo da insulina (FINK et
al., 1983). A presenca de niveis insulinémicos normais ou aumentados com
glicemias elevadas durante os testes de tolerancia oral, sugeriu a existéncia de um
sindrome de resisténcia 3 insulina associado ao envelhecimento (GOODMAN et
al., 1983). A falta de diferengas na ligacdo da insulina (binding) a seu receptor
isolado em mondcitos circulantes e adipécitos (FINK et al, 1983;
CARRASCOSA et al, 1989), sugeﬁu que o envelhecimento poderia estar
associado a um defeito pds-receptor na ac¢do insulinica manifestado pela

diminuicfo da sensibilidade a insulina sem mudan¢as no “binding”.

Estudos em receptores isolados de adipdcitos (CARRASCOSA et al,
1989) ¢ de musculo esquelético ¢ figado (KONO et al, 1990) de ratos de
diferentes idades, mostraram diferencas na autofosforilagdo dos receptores
dependentes da idade, do tecido ¢ do substrato utilizado. Nos receptores isolados
de adipécitos de animais com 24 meses de idade houve uma diminui¢do na
autofosforilagiio dos receptores, apds o estimulo insulinico. Nos receptores
extraidos das membranas de figado ou musculo nfio foram detectadas alteracBes
na autofosforilacdo ou na fosforilagio dos substratos exégenos utilizados (KONO
et al., 1990; BARNARD et al., 1992). A desvantagem destes estudos foram terem
sido feitos in vitro utilizando-se substratos exdgenos para inferir sobre a

atividade tirosina-quinase do receptor de insulina.

Nosso trabalho estudou os niveis protéicos da She, seu grau de
fosforilagio & associagfo da Shc com a Grb2 em figado, misculo ¢ gordura de
ratos in vive, apds o estimulo insulfnico em animais de 20 meses de idade, tendo

como controle ratos Wistar de 2 meses.
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Hm estudos recentes em ratos sujeitos a idénticas condigBes
experimentais, observou-s¢ uma diminui¢fio na tirosil-fosforilagfo do IRS-1 ¢
IRS-2 assim como na sua associagfio com PI3-kinase em figado e miiscuio,
sugerindo gue estes eventos poderiam contribuir na reducfo da resposta 2
insulina caracteristice do rato velho (CARVALHO et al., 1996). Nosso estudo
mostrou um increments significative no grau de fosforilag8o da She e da
associaglo Sho/Grb2 nos trds tecidos analisados, demonstrande que os IRSs e a
She tém regulacio oposta no envelhecimento. A correlacdo existente entre estes
dados e seus efeitos na acfo da insulina ndo estdo estabelecidos até o momento,
ja que a ac¢do da msuling na sintese de DNA nestes tecidos de ratos com 20 meses

nfo foi ainda descrita (Fig.8).

MUSCULC GORDURA

Fig. 8: Caracteristicas da fosforilagdo da proteina She pela insulina em

animails snvelhecidos (20 meses). *p=0.05

Se consideramos que tanto a tirosil-fosforilagdo da She induzida apds
injecdo de insulina como a associagio She/Grb2, aumentaram de maneira
significativa em dois dos trés modelos experimentais de resisténcia a insulina
estudados, e que estas respostas s80 opostas aquelas obtidas com o IRS-1 e a PI3-

kinase, nossos resultados sfo consistentes com dados prévios sugerindo uma
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éissacéagée enfre os mecanismos moleculares de ag8o que Ievam a metabolismo
da glicose e a via da Shc ap6s estimulo da insulina (SASAOKA et al., 1994a-b;.
LAZAR et al., 1995; OUWENS et al., 1994; GIORGINO & SMITH, 1995, LI &
GOLDSTEIN, 1996).

Bstes resultados sugerem que a atividade da proteina She estd relacionada
a0s niveis de insulina circulantes nos animais estudados. Assim, em modelos
animais de resisténcia a insulina com hiperinsulinemia, foi observado um
incremento na fosforilagio da Shc e sua associagdo com a Grb2, enquanto que
em nosso modelo compativel com hipoinsulinemia houve uma diminuigdo da

atividade desta via.

Com estes resultados demonstramos, alids, que jejum prolongado,
tratamento cronico com dexametasona e envelhecimento podem modular a
inducdo da insulina na tirosil-fosforilagfo da She e sua associacdo com a Grb2, e
que esta modulag@o, embora diferente daquela ja descrita para IRS-I (SAAD et

al., 1992; 1993), esta intimamente relacionada aos niveis plasmaticos de insulina.
T importante assinalar que para todos os modelos experimentais

utilizados, a associagdo She/Grb2 foi diretamente proporcional ac grau de

fosforilagio da She (Fig. 9).
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Fig. 9. Fosforilagdo da She vs associacfio She/Grbl. A comparagdo da curva
de fosforilacio da proteina She, com Aquela que mostra sua associagio a Grb2, revela
idéntica tendéncia, indicando gue, para todos os tecidos estudados, essa associagio &

dependente do grau de fosforilagdo da She. F = figado, M = misculo, G = gordura.
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2.3.2 TRATAMENTO AGUDO COM ADRENALINA E
DIABETES INDUZIDO POR ESTREPTOZOTOCINA.
Publicages 4, 5

A influéneia de multiplos fatores na atividade das protefnas envolvidas no
processo de transmissdo do sinal insulinico, assim como dos diferentes estados
de resisténcia & insulina nos niveis e grau de fosforilagio das proteinas
envolvidas nas vias de transmiss3o do sinal, nos levou ao estudo da proteina She,
substrato direto do receptor de insulina ativado, em ratos sujeitos a tratamento
agudo com adrenalina, uma conhecida situagfo de resisténeia & insulina

(CHIASSON et al, 1981; PESSIN et al; 1983; BONEN et al., 1992).

O estado de resisténcia 4 insulina foi evidenciado pela significativa
diminuicdo da velocidade de desaparecimento da glicose plasmatica (ki)
observada ap6s injegdo de insulina em Tratos previamente tratados com
adrenalina. A adrenalina antagoniza a acio da insulina, estimulando a
neoglicogénese ¢ glicogendlise (HUANG et al., 1997). Estes efeitos resultam em
inibicdo da captacdo periférica de glicose mediante mecanismos f3-adrenérgicos

que determinam a diminuig¢go do transporte de glicose (PESSIN et al., 1983).

Nossos resultades nfo demonstraram mudancas nos niveis de fosforilagdo
da She no figado, muisculo e gordura de ratos tratados agudamente com
adrenalina, apds injecfo de insulina. Demonstrou-se, contudo, um importante
aumento na capacidade de associagdo da Shc com a Grb2 nestes trés tecidos (Fig.

10)
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MUSCULD GORDURA

Fip. 10 Associagfio She/Grb2 em animais sujeiios a tratamento agudo com

adrenaglinza. *n<0.03

Comparande estes resultados com aqueles relacionados a proteina IRS-1,
obtides sob idénticas condigBes experimentais, € possivel observar uma clara
dissociac8o nas respostas da She e o IRS-1 neste modele experimental. De fato,
enquanto o grau de fosforilagdo do IRS-1 em figado e misculo dos ratos tratados
com adrenalina apresentou significativa diminuigic (SAAD et al, 1995a), a
fosforilagdo da She nos mesmos tecidos nfio sofreu alterac8es. A diminuicio do
grau de fosforilag8o do IRS-1 observado apés infusio de insulina em figado e
musculo dos raios tratados com adrenalina é similar aquele do IR (SAAD et al,

1995a).

Um possivel mecanismo que pode desempenhar um papel importante na
dissociaclo das respostas da She e o IRS-1 nestes animais, pode estar figado ao
aumento dos niveis de cAMP, que estimularia a fosforilag@o do IRS-1 em
aminodcidos serina e/ou tfreonina (KIRSCH et al., 1983; JOOST et al.; 1986;
KURODA et al,, 1987, A dissociacBo da fosforilacfio em tirosina do IRS-1 e a
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She apés estimulo insulinico t8m sido descrita em linhagens celulares com
mutagdes em dois pontos de fosforilagfo em tirosina (Y1158, Y1162F, Y1163F-
YTF) do receptor de insulina (CUWENS et al., 1994). Estas células apresentaram
fosforilagdo adequada em tirosina da She induzida por insulina, assim como
formacdo dos complexes She/Grb2 e p21Ras-GTP, acompanhada de reduzida
fosforilacdo em tirosina do IRS-1 e redugdo da sua associagfo com a Grb2 e a Pl
3-kinase (QUWENS et al., 1954).

Estes resultados conjuntamente com OS nOSsos, sugefém que a diminuigdo
no grau de fosforilagio do receptor de insulina pode induzir processos pos-
receptor de maneira diferencial, gragas a preservacio da fosforilagfo de alguns
substratos e vias, mas ndo de outras. A dissec:%égﬁo nos niveis de fosforilagfo em
tirosina do IRS-1 e a She sem nenhuma alteragfio no receptor de insulina também
tém sido observada apds tratamento com dexametasona (GIORGINO & SMITH,
1995) e wortmanina (LI & GOLDSTEIN, 1596).

O aumento da associagio Shc-Grb2 em condi¢Bes basais nos animais
tratados com catecolaminas ¢ interessante e merece destaque, especialmente pelo
fato destes modelos ndo terem apresentado incremento no grau de fosforilagio da
She ap6s a infusdc de insulina, em nenhum dos trés tecidos estudados. Existem
estudos demonstrando a capacidade da noradrenalina de estimular a atividade da
p32°% ¢ das MAPKs, através do seu receptor adrenérgico alfa-1 em células
vasculares humanas (HU et al., 1999). Esta capacidade, unida 4 ativagfio do AMP
ciclico, que estimula a fosforilagdo das IRSs em serina e treonina (KIRSCH et
al., 1983; JOOST et al.; 1986; KURODA et al., 1987) exerceria efeitos opostos,
resultando em inibicGo da fosforilagdo da She, sem alterar a associacdo
She/Grb2, e regulando assim a via mitogénica das MAPKs nesta situagdo de

resisténeia a insulina.
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Estudamos zinda o efeito do diabetes mellitus induzido por 8TZ na
fosforilacdo da Shc ¢ sua associagdo com a GrbZ. O diabetes imduzido por
estreptozotocina (STZ)} € outro modelo experimental uiilizado para o estudo da
resistépneia 2 insulina. Similar a0 que acontece com animais submetidos a
situacBes de jejum prolongado, o diabetes induzido por STZ em ratos ¢
caracterizado por diminuicfo da captacio e metabolizagdo de glicose, que leva
estes animais a um estado de resisténeia 3 insulina, tanto em tecidos periféricos
quanto em tecido hepatico (ALMIRA & REDDY, 1979; OKAMOTGC et al.,
1986; FRIEDENBERG et al, 1985; PENICAUD et al, 1985). O mecanismo
molecular deste tipo de resisténcia ainda nfo foi esclarecido, embora alteragdes
na fosforilacio de substratos do receptor de insulina tenham sido descritos

(SAAD et al., 1592).

Utilizando ratos tratados com estreptozotocina, foram analisadas as
caracteristicas da fosforilagio da p52 She quando induzida por insulina, assim
como sua relacdo com a posterior associagiio She-Grb2 em figado, misculo e
tecido adiposo destes animais. A presenca de diabetes nos ratos tratados, foi
verificada pelos elevados mniveis de glicose que eles apresentaram. Nestes
experimentos, os niveis de fosforilagio da She, assim como da associagdc She-
Grh2, apresentaram aumento significativo apds infusfio de insulina nos trés
tecidos estudados. A fosforilacdo da She mostrou-se incrementada também no

estado basal em musculo dos ratos diabéticos (Fig. 11).

Insulina
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Fig,3§: Caracteristicas da fosforilacio da proteina She pela insulina em
Figado (vermelho), Misculo (amarelo) ¢ Gordura (verde) de animais diabéticos.

*p<0.05

E interessante assinalar que, as caracteristicas opostas de fosforilacio
entre She e IRS-1 apresentadas em outros modelos experimentais de resisténcia a
insulina (SAAD et al., 1992; CARVALLO et al., 1996; PAEZ-ESPINOSA et al.,
1999), nfo se confirmaram em figado e miisculo de ratos tratados com STZ.
Parece que as alteragBes presentes na fosforilagiio do IRS-1 e as subsequentes
associagBes protéicas sdo consequéncia de um fendmeno de “up-regulation” do
IRS-1 no diabetes induzido por STZ (GIORGINO et al., 1992). Este fenémeno
foi especifico deste modelo experimental e nfio esteve presente em outros
modelos experimentais de diabetes como o camundongo 0b/ob (SAAD et al.,

1992; 1993) ou em ratos Goto-Kakizaki (KROOK et al., 1997).

Tomando como base nossos resultados, pode-se dizer que em figado,
musculo e gordura de ratos tratados com STZ existe uma associagio competitiva
entre a Shc ¢ 0 IRS-1 pelo receptor de insulina fosforilado. A hiperfosforilagio
do IRS-1, por um mecanismo de “up-regulation” produto da hipoinsulinemia,
assim como o incremento da atividade da PI 3-kinase ligada ao IRS-1, podem em
parte ser explicadas pelo aumento do grau de fosforilaciio do IR. Essa maior
fosforilagdo do receptor, poderia justificar parcialmente a maior fosforilagdo da
She induzida por insulina, mas outros dados tornam essa hipGtese pouco

provavel.

Os resultados obtidos em animais diabéticos foram opostos aqueles em
ratos com 72 horas de jejum, outro modelo experimental de resisténcia & insulina

que cursa com baixos niveis deste horménio. A diferenca destes dois modelos




‘estd relacionada fundamentalmente aos niveis de glicose, sugerindo que as
elevadas concentracbes de glicose circulante nos animais diabéticos, pode
contribuir para elevar os niveis de fosforiia¢§0 da Shc em figado, muscule e
tecido adiposo dos ratos tratados com STZ (TEMARU et al., 1997; ASAKAWA
et al., 1997, WELHAM et al., 1997; SHARFE & ROIFMAN, 1997).

Existe evidencia que a inducio do gene da c-fos, precisa da ativagiio da
tirosina-quinase do receptor de insulina (CHANG et al, 1995), seguido de
posterior tirosil-fosforilagdo da proteina Shc (HARADA et al, 1996). Altas
concentragdes de glicose t€m-se mostrado capazes de ativar as MAPK em células
glomerulares de ratos diabéticos por STZ (HANEDA et al., 1997). Estes dados
sugerem que a hiperglicemia, aftravés da  proteina Shc, desempenha um

importante papel como reguladora das vias mitogénicas utilizadas pela insulina.

Os resultados deste estudo demonstram que em animais tratadés
agudamente com adrenalina, hd um aumento basal da associagdio She/Grb2 em
relagdo aos controles. A infus3o de insulina nfo induziu modificacfio no nivel de
fosforilagdo da She, nem incrementou a associacio She/Grb2. Foi demostrado
ainda que em animais tratados com estreptozotocina, a fosforilagiio em tirosina
da She induzida por insulina, assim como a formagio do complexo She/Grb2,

aumentam em relacdo ao grupo controle ¢ apresentam uma regulacfio tecido-

especifica (Fig. 12).
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Fig. 12. Fosforilagio da She vs associacho She/Grb2. A comparagio da curva
de fosforilagdo da protefna She, com aquela que mostra sua associagho & Grb2, reveia
idéntica tendéncia, indicando gue, para os tecidos estudados, essa associaglo €

dependente do grau de fosforilagiio da She. F = figado, M = misculo, G = gordura.




2.4 NOVOS SUBSTRATOS DO RECEPTOR DE INSULINA

2.4.1 EXPRESSAC DO mRNA EM CELULAS RETA
PANCREATICAS DE RA
Publicacio 6

Tém sido recentemente demonstrado que células B pancredticas expressam
o mRNA do receptor de insulina (HARBECK et al., 1996). A insulina induz
atividade tirosina-quinase do receptor de insulina ¢ induz a ativacio das suas viss
intraceiulares de sinalizagfo, em linhagens de células B como sdo as células
BTC3 (ROTHEMBERG et al., 1995). A superexpresso de receptores de insulina
(wild type) em células produtoras de insulina estimula sua atividade tirosina-
quinase ¢ incrementa a expressio do mRNA de insulina (XU &
ROTHEMBERG, 1998). Estas observag;ées, Jjunto aquelas segundo as quais uma
deficiéncia na expressﬁé de IRS-2 (IRS-2 -/- mice) produz defeito das células f
pancredticas ¢ diabetes mellitus (WHITERS et al,, 1998), assim como que
camundongos manipulados geneticamente para ndo expressar o receptor de
insulina nas suas células § pancredticas (IR-/-), apresentam defeitos na secrecfo
de insulina ¢ intolerfncia & glicose (KULKARNI et al., 1999), sugerem que a

sinalizacfio insulinica ¢ importante para uma adequada fungfio das células .

No presente estudo investigamos a expresso do IRS-2 em células P
purificadas de pancreas de ratos Wistar adultos normais, e comparados com a
expressdo em células nfo-f dos mesmos animais. Nossos resuitaéos indicaram 2
presenca de IRS-2 em células B, cuja expressio apresentou-se notavelmente
éiminuida em células ndo-B. Detectamos também a presenga de uma importante

banda na altura de 60 kDa em células § e em tecide adiposo, utilizado como

controle, mas ndo em figado ou em células nfio-B. A expressdo desta proteina de




60 kDa em "immunobloting” com anticorpo anti-IRS-2 em células B, levantou a
possibilidade de uma co-imunoprecipitagio do IRS-2 com o substrato 3 do
receptor de insulina (p60%S~
periepididimal de rato (LAVAN & LIENHARD, 1993: ROSS et al., 1998).

Mediante RT-PCR demonstramos.a presenca de IRS-3 mRNA em células B

}» previamente descrito em tecido adiposo

ndo-p pancreaticas, mas nio foi possivel realizar sua identificacfio protéica.

A presenca de IRS-2 em células B purificadas comprova os resultados jé
obtidos em linhagens celulares, e abre interessantes perspectivas no campo da
sinalizag8o intracelular em células B, onde a presenca de proteinas capazes de
interagir com receptores ativados pela insulina mostra nfoc somente que a insulina
cumpre um impoftante papel na regalac}ﬁo da atividade das células B
pancredticas, mas também que ela pode desempenhar suas funcdes através de
vias de sinalizagio similares aquelas dos tecidos periféricos, embora com

significado diferente.

Os substratos do receptor de insulina sfo caracterizados pela sua
capacidade de interagir com a PI 3-kinase. Em tecidos sensiveis a insulina, a
atividade de PI 3-kinase estd implicada na estimulagio da sintese protéica
(MENDEZ et al., 1996), a estimulagfio da sintese de DNA (WANG et al., 1993),
e a regulagdo do trdfego vesicular e o transporte de glicose (CHEATAM &
KHAN, 1995). Estudos realizados em células produtoras de insulina HIT-T15
(LEIBIGER et al, 1998) e BTC6-F7 (XU & ROTHEMBERG, 1998),
demonstraram que a PI 3-kinase poderia estar envolvida na "up-regulation” da
transcripcdo do gene de insulina mediada por insulina, através das vias do IRS-
2/P1 3-kinase/p70 ribosomal $6 protein kinase e CaM kinase (LEIBIGER et al.,
1998; MYERS et al., 1994).
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O significado fisiolégico da presenca de diferentes isoformas de IRS no
mesmo tecido nfo estd plenamente explicada, mas pode refletir wna redundéncia
que mantém um adequado mecanismo de transmissio da sinal. Nesse sentido, o
IRS-2 aparentemente compensa a auséncia do IRS-1 em hepatéeitos do
camundonge IRS-1 -/, mas nfo em musculo esquelético ou adipdcitos
(MENDEZ et al, 1997, YAMAUCHI et al., 1996; ARAKI et al, 1994).
Alternativamente, estas isoformas podem ter evoluido para mediar funcdes
especificas associadas ao estimulo insulinico (JONES & PERSAUD, 1998).
Novos estudos s#io necessdrios para esclarecer as possiveis %gées dos

substratos do receptor de insulina para a transmiss@io da sinal mediada por

insulina em células § pancredticas.




O presente estudo, que teve como objetivo investigar a regulacdo da She
em modelos animais de resisténcia & insulina, ¢ dos IRSs em células beta

pancredticas, levou as seguinies conclusdes:

1. O receptor de insulina ativado pelo seu hormonio especifico se liga 4 proteina
She, levando a fosforilagio em tirosina desta protelna e subsequente

associacdo da She a GrbZ.

2. A fosforilagio em tirosina da Shc pelo receptér de insulina nos tecidos
hepatico, muscular e adiposo de ratos, apresentou-se dependente do tempo de

duragfio do estimulo insulinico assim como da dose de insulina aplicada,
3. Tanto a fosforilagfic em tirosina da Shc quanto sua associagfo a Grb2 estiio
regulados de maneira especifica segundo o modelo de resisténcia 4 insulina

estudado.

4. A interag@io She/Grb2 depende e acompanha o grau de fosforilago em tirosina
da She.

5. Em situagGes de hipoglicemia com hipoinsulinemia existe uma diminui¢io da

fosforilagdo da Shc assim como da associagfo She/Grb2.

6. SituagGes de resisténcia 2 insulina acompanhadas de hiperglicemia produzem

aumento do grau de fosforilagdo da She ¢ da associagfio She/Grb2.

7. A administragdo aguda de horménios que aumentam o AMPc¢ nio afeta o grau

de fosforilagdo em tirosina da She, nem a sua interagfo com o Grb2.
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8. Estes resultados sfo opostos agueles obtidos em idénticas situagfes

experimentais com o substrato-1 do recepior de insulina.

9. A presenca do IRS-2 ¢ mRNA IRS-3 em cflulas beta pancredticas abre um

novo campo para o estudo das vias de transmissdo insulinica nestas células.

o A figura 13 mostra de maneira ssquemdtica ¢ grau de fosforilaco da She
assim como a associago She/Grb2 observadas apds infus@io de insulina

n0s tecidos analisados. *p<0.05; #*pg0.01, #**%p<0.001.
















Shc is a novel type of tyrosine-phosphorylated protein activated in
response to a wide variety of polypeptide ligands. In this report, we used
immunoprecipitation and immunoblotting to examine the effect of insulin on She
tyrosine phosphorylation and She/Grb2 association in insulin-sensitive tissues of

the intact rat.

Following an infusion of insulin, Shc was tyrosine phosphorylated in the
liver, skeletal muscle and adipose tissue in a time- and dose-dependent fashion,
which peaked 5 min after exposure to the hormone and, except in the case of
adipose tissue, rcturned to basal wvalues after 15 min. There was
coimmunoprecipitation of Shc and the insulin receptor afier stimulation with
insulin. Receptor iyrosine kinase activity toward Shc was also observed.

Following an infusion of insulin, She was found to associate with Grb2.

Insulin-induced Shc phosphorylation and She/Grb2 association were also
investigated in five animal models of insulin resistance (72-h starvatation,
chronic dexamethasone treatment, aging, acute epinephrine treatment and STZ-
induced diabetes mellitus). There were no differences in She protein expression
between tissues from control and insulin resistant animals. In all the tissues and
animal models studied, the Shc/Grb2 association were directly correlated with

the levels of She phosphorylation reached after insulin infusion.

In fasted hypdinsulinemic rats there was a decrease in insulin-induced She
phosphorylation in liver and adipose tissue. However, a significant increase in
She phosphorylation was observed in liver, muscle and fat from STZ-treated rats,
another insulin-resistant state which courses with low insulin levels, but high

plasmatic glucose concentrations.
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Other insulin-resistant states which courses with hyperglicemic levels like
dexamethasone-treated rats and aging, showed similar results to those observed
in diabetic rats. Liver and muscle of hypercortisolemic rats showed a significant
increase in insulin-induced She tyrosine phosphorylation, so as liver, muscle and

adipose tissue of 20 months-old rats.

Interestingly, acute stimulus with epinhephrine, a normoglicemic
condition, did not display changes in insulin-induced She tyrosil phosphorylation

nor She/Grb2 association in the three tissues studied.

These results indicate that Shc tyrosil phosphorylation and She/Grb2
association are regulated in the different type of insulin resistance and that this

regulation seems to be related to the plasmatic glucose and insulin levels found in

these animals.
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Insulin Induces Tyrosine Phosphorylation
of Shc and Stimulates Shc/GRB2 Association
in Insulin-Sensitive Tissues of the Intact Rat

Verénica Paez-Espinosa,’ Carla R. O. Carvalho,’ Fernanda Alvarez-Rojas,?
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Shc is a novel type of tyrosine-phosphorylated protein
activated in response to a wide variety of polypeptide
ligands. In this study, we used immunoprecipitation
and immunoblotting to examine the effect of insulin
on Shc tyrosine phosphorylation and Shc/GRB2 asso-
ciation in insulin-sensitive tissues of the intact rat.
Following an infusion of insulin, Shc was tyrosine-
phosphorylated in the liver, skeletal muscle, and adi-
pose tissue in a time- and dose-dependent fashion,
which peaked 5 min after exposure to the hormone
and, except in the case of adipose tissue, returned to
basal values after 15 min. There was coimmuno-
precipitation of Shc and the insulin receptor after
stimulation with insulin. Receptor tyrosine kinase
activity toward Shc was also observed. Following an
infusion of insulin, Shc was found to associate with
GRB2. These resuits demonstrate that after stimula-
tion of rat tissues with insulin, Shc binds to the insulin
receptor, is tyrosine-phosphorylated, and subse-
quently associates with GRB2.

Key Words: Shc; GRB2; tyrosine phosphorylation;
tyrosine kinase activity.

Intreduction

The insulin receptor (IR) is the principal mediator of
insulin/action in cellular mitogenic and metabolic pro-
cesses.’The IR B-subunit, which contains an intrinsic
tyrosine kinase, undergoes tyrosyl autophosphorylation
and is activated in response to Insulin binding to the
extracellular c-subunit (/=3). The discovery of tyrosine
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kinase activity in the IR suggested that the mechanism of
insulin action involves tyrosyl phosphorylation of intra-
cellular substrates (4,5). Using anti-phosphotyrosine
antibodies, an insulin-stimulated phosphoprotein called
pp183 has been identified in many cells and tissues (6, 7).
One component of pp185, known as insulin receptor sub-
strate 1 (IR8-1) band, has been purified and cloned from
several sources {7-9). Recently, another constituent of the
pp185 band termed IRS-2 was also purified, and its cDNA
sequence determined (70).

In 1992, Pelicci et al. characterized a ¢cDNA clone
that encodes a new protein termed She (for src homology
2/a~collagen-related). She is an ubiquitously expressed
cytoplasmic protein, capable of being phosphorylated after
stimulation by a wide variety of growth factors and
cytokines (//—14). The mammalian Shc gene encodes three
overlapping proteins of 46, 52, and 66 kDa. In cell cultures,
insulin has been shown to induce the phosphorylation of the
p46 and p52 isoforms of She (74,75). In contrast to IRS-1
andIRS-2, which canassociate with a wide variety of down-
stream effector molecules, the tyrosine phosphorylation of
She protein leads to a specific association with a small
23-kDa adapter protein, the growth factor receptor-bound
protein-2, GRB2 (16—79). GRB?2 is constitutively associ-
ated with the proline-rich domain of son-of-sevenless
(S808), a guanylnucleotide exchange factor for the p21
GTP-binding protein Ras (20,21).

Once stimulated, the She-Grb2/S0S complex induces
the activation of a specific mitogenic pathway by removing
the mechanism that inhibits initiation of the cell cycle
(13,22,23). The latter action represents a crucial step in the
transmission of the mitogenic signal within the cell.

Although these findings indicate that She has an impor-
tant role in cellular growth (24,25), there has not been a
physiological demonstration of the above pathway of
insulin action in animal tissues. For this reason, we have
investigated the ability of insulin to stimulate Shc phospho-
rylation and Shc/GRB2 association in insulin-sensitive tis-
sues of intact rats,
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Fig. 1. She protein levels (A), time-course (B), and dose—response (C) of insulin-stimuiated She phosphorylation inrat liver, Insulin-
stimulated IRS-1 phosphorvlatien (B} in rat liver. Six-week-old male rats were anesthetized and the abdominal wall was incised to
expose the viscera. Saline or insulin (at the time and dose indicated) was administered as a bolus injection via the portal vein. In the dose—
response experiments, 5 min after insulin infusion, a sample of liver was excised and homogenized in extraction buffer A at 4°C as
described in Materials and Methods. After centrifugation, aliquots from the supernatant were immunoprecipitated with anti-She anti-
body (A, B, and C) or anti-IRS-1 antibody (D) and protein A-Sepharose 6MB, and then resolved on 10% SDS$-polyacrylamide gels. The
protein bands were subsequently transferred to a nitrocellulose membrane, and detected with anti-She antibody (A) or anti-
phosphotyrosine antibody (B, C, and D) and '*’I-protein A. Scanning densitometry was performed on the autoradiograms of
12 experiments for She protein ievels, 51 samples from 8 course experiments, and 8 dose-response experiments.

Resulis

Following stimulation with insulin, Shc was rapidly
tyrosine-phosphorylated, regardless of the tissue tested.
The predominant isoform observed in liver was p525he, In
muscle and fat, p525"° was the only detectable She isoform
(Figs. 1A, 2A, and 3A, respectively). Using nonimmunized
rabbit sera in immunoprecipitation and/or immunoblotting,
no bands were detected at 52 kDa.

The effect of insulin on Shke protein levels in liver was
examined by immunoprecipitation and immunoblotting
techniques, using anti-She antibody. As shown in Fig. 1A,
there was no change in the level of this protein after acute
insulin stimulation.

To estimate the rate of insulin-induced She phosphory-
lation inliver, we performed a time-course experiment after
the administration of insulin into the portal vein. Figure 1B
shows that there was detectable immunoreactivity in the
basal state, indicating that She was already tyrosine-phos-
phorylated before the infusion of insulin in portal vein of

fasted rats. Five minutes after the infusion of insulin, there
was an increase on She tyrosine phosphorylation levels,
which declined to basal levels over the following 15 min.
Ananalysis of 51 samples of 8 experiments yielded 2 mean
increase of 380% (p < 0.005) in Shc tyrosine phosphoryla-
tion 5 min after insulin stimulation.

By immunoblotting the same membranes with anti-She
antibody, there was no change in the level of She protein
during the time-course experiments (data not shown).

The insulin-stimulated phosphorylation of She in liver
was dose-dependent (Fig. 1C). The level of She phosphory-
lation after an infusion of 6 pg of insulin, was nearly haif of
the maximal stimulation seen with 6 ng of the hormone, and
the levels of She proteins did not change (data not shown).

We also used the same protocol to perform IRS-1
immunoprecipitation in the rat liver, and compare with
She phosphorylation levels after insulin infusion. As
shown in Fig. 1D, the insulin-induced tyrosine phos-
phorylation level in liver extracts is higher than the
mcerease in She phosphorylation. Q _—
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Fig. 2. Shc protein levels (A), time-course (B and C), and dose—response (D and E) of insulin-stimulated She phosphorylation in rat
muscle. Six-week-old male rats were anesthetized, and the abdominal wall was incised to expose the portal vein. Saline or insulin
(at the time and dose indicated) was then administered as a bolus injection. In the dose—response experiments, 5 min after insulin
infusion, a sample of a gastrocnemius muscle was excised and homogenized in extraction buffer A at 4°C as described in Materials and
Methods. Muscle samples were immunoprecipitated with anti-Shc antibodies, and immunoblotted with antiphosphotyrosine antibody
(B and D) or anti-She antibody (A, C, and D). The data are representative of nine experiments for She protein levels, 10 time-course

experiments, and 7 dose-response experiments.

The time-course of insulin-induced She phosphorylation
in muscle was similar to that in liver. Some basal immunore-
activity was also detected, indicating that Shc was tyrosine-
phosphorylated in rat muscle before insulin stimulation.
The level of phosphorylation increased to 232% (p < 0.05)
at 5 min, returning to basal levels after 15 min (Fig. 2B).

To determine the expression of She in muscle during the
time-course, we studied the She protein levels before and
after insulin injection. Figure 2C shows that there was no
change in protein levels following the administration of the
hormone. .

The insulin-induced phosphorylation of Shc in muscle
was dose-dependent (Fig. 2D). The presence of phosphory-
lated Shc was detectable after the injection of 6 pg of insu-
lin. Half-maximal stimulation of this phosphorylation was
obtained with an insulin dose between 6600 ng. She

protein levels in dose-response experimenis remained
unchanged (Fig. 2E).

The time-course of insulin-induced Shc tyrosil phos-
phorylation in adipose tissue was slightly different from
that of liver and muscle. In adipose tissue, She phosphory-
lation increased t0 204% 1 min after insulin infusion, and
reached a maximum at 280% (p <0.05) 5 min later. How-
ever, the level of phosphorylation was sustained for at least
15 min (Fig. 3B).

As with liver and muscle, there was no change in the
levels of She protein in adipose tissue after insulin stimu-
lation during the time-course experiments (Fig. 3C).

The insulin-stimulated phosphorylation of She in adipocyte
exfracts was dose-dependent. The levels of phosphorylated
She reached a half-maximum value with 6 pg of insulin
(Fig. 3D). When these membranes were blotted with anti-
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Fig. 3. She protein levels (A), time-course (B and C), and dose-response (D and E) of insulin-stimulated She phosphorylation in rat
adipose tissue. Six-week-old male rats were anesthetized, and the abdominal wall was incised to expose the portal vein. Saline or insulin
(at the time and dose indicated) was administered as a bolus injection via the portal vein. In the dose~response experiments, 5 min after
insulin infusion, a sample of adipose tissue was excised and homogenized in extraction buffer A at 4°C as described in Materials and
Methods. Adipose tissue samples were immunoprecipitated with anti-She antibodies, and immunoblotted as described in legend for Fig. 2.
The data are representative of 6 experiments for Shc protein fevels, 9 time-course experiments, and 8 dose-response experiments.

She antibody, the levels of She protein remained unchanged
(Fig. 3E).

The rapid induction of She tyrosine phosphorylation by
insulin suggested that Shc may associate with the insulin
receptor. To test this possibility, liver extracts were
immurnoprecipitated with anti-She antibody before and
after insulin stimulation, and the precipitated proteins then
probed with antireceptor antibody. She was found to
coprecipitate with the insulin receptor after stimulation
with the hormone (Fig. 4A). Anti-insulin receptor coim-
munoprecipitation was also performed with the same
tissue exiracts. As shown in Fig. 4B, She was coimmuno-
precipitated by anti-insulin receptor antibody following
insulin stimulation.

To determine whether insulin-induced insulin receptor
kinase activity was able to phosphorylate She, we mea-
sured enzyme autophosphorylation and kinase activity in
vitro. Following the infusion of saline or a low dose of

insulin (6 pg) into the portal vein to obtain limited tyrosine
phosphorylation of the insulin receptor, liver extracts were
immunoprecipitated with antibody to the insulin receptor,
The pellet was incubated at room temperature with ATP to
permit IR autophospherylation. Figure 4C demonstrates
thatafter infusion of a low dose of insulin, there is a limited
autophosphorylation of insulin receptor and aiso a discrete
increase in tyrosine phosphorylation of a lower band
(~55 kDa). After infusion of a low dose of insulin in vivo ¢
and the addition of ATP in vitro, there is a clear increase in
insulin receptor autophosphorylation and in tyrosine phos-
phorylation of at least four bands (the same lower-molecu-
lar-mass band and three bands higher than insulin receptor).
By stripping and immunoblotting the same membrane with
specific antibodies, we demonstrate that the two hi gher
bands are IRS-2 and IRS-1, and that.the lowest band of
~55 kDa is Shc. We have not identified the band appearing
between IRS-1 and insulin receptor band. Ny
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Fig. 4. The association of She with the insulin receptor (A and B), IR tyrosine kinase activity measured by autophosphorylation (C),
and Shc-GRB2 association in rat liver (D). The rats were anesthetized and the abdomina! wall was incised to expose the viscera. Saline
or 60 ug of insulin {as indicated in the figure) were administered as a bolus injection into the portal vein, Five minutes later, a sample
of the tissue were excised and homogenized in extraction buffer at 4°C as desceribed in Materials and Methods. After centrifugation,
aliquots containing equal amounts of protein were immunoprecipitated (IP) with anti-She or anti-insulin receptor (IR} antibodies as
indicated in the figure. The immunoprecipitates were separated on 10% SDS-polyacrylamide gels and transferred to nitrocellulose
membranes. The membranes were then immunoblotted (Blot) sequentially with anti-insulin receptor {A), anti-She (B), or anti-GRB2
{(D)antibodiesas indicated in the figure. The data are representative of five experiments for each antibody. Tomeasure the tyrosine kinase
activity of IR (C}, 6 pg of insulin were injected into the portal vein of the rat, and the liver was excised 30 s {the maximal time of IR
tyrosine phosphorylation in liver) after the insulin injection. To stimulate partial IR autophosphorylation, IR was then immunoprecipi-
tated and allowed to autophosphorylate in vitro in the presence of exogenous ATP (lane 4). Tyrosine phosphorylation was measured by
immunoblotting the ATP stimulated pellet with an antiphosphotyrosine antibody. Control conditions are shown in lanes 1 and 7.
In lane 1, the liver extract was not exposed to insulin or ATP. In lane 2, the liver extract was not exposed to insulin, but ATP was added
to the in vitro autophosphorylation reaction. In lane 3, insulin (6 pg) was infused into the portal vein and the liver extracted after 30 s,
but no exogenous ATP was added during the in vitro phosphorylation step.

To determine the presence of She/GRB2 association in
liver extracts, samples of this tissue were immunoprecipi-
tated with anti-Shc antibodies before and 3 min after insy-
lin stimulation, and blotted with anti-GRB2 antibodies.
Shc/GRB2 association was observed only when the She
protein was phosphorylated {Fig. 4D).

Discussion

1t is well established that the hormone-stimulated
tyrosine kinase activity of growth factor receptors is a nec-
essary event in the propagation of growth factor-dependent
downstream signaling (26—30). Although several combi-
nations of proximal effectors have been identified for

numerous growth factor tyrosine kinase receptors, they ail
appear to have in common tyrosine phosphorylation and/or
association with She proteins (77,75,78). Insulin has also
been shown to phosphorylate this protein in cultured celis
(11,14,15), although the physiological significance of this
process has not yet been elucidated. We have demonstrated
l{e\r'e that in liver, skeletal muscie, ancf,_'to a lesser extent in
adipose tissue, She undergoes tyrosine phosphorylation
after insulin administration in intact rats.

Di Guglielmo et al. (3]) demonstrated in rat liver that
epidermal growth factor (EGF) administration clearly
induced She tyrosine phosphorylation, whereas insulin

infusion fed to insulin receptor tyrosine phosphorylation,
fava
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but Hitle detectable tyrosine phosphorylation of She and no
recruitment of GRB2. In the study of Di Guglielmo et al,,
preparative subcellular fractionation was used to address
signal transduction in vivo, whereas our work experimenis

were conducted in whole-tissue extracts. In addition, the ,

composition of homogenization buffers we used was
different. Thus, in our studies, the concentration of vana-
datewas 100-fold greater than that used in the studies
of Di Guglielmo et al. These methodological differences
might explain why Di Guglielmo et al, found little detect-
able She tyresine phosphorylation, whereas we observeda
moderate increase in She tyrosine phosphoryiation in liver
after insulin stimulation.

In vitro binding experiments have shown that the
52-kDa Shc isoform associates more efficiently with the
insulin receptor than the 46-kDa She isoform (74,75). In
previous studies using cultured cells, the 52-kDa She
isoform was also shown to have a higher level of tyrosine
phosphorylation than the 46-kDaz species when stimulated
with insulin ¢74,75,23). Our results for rat muscle and adi-
pose tissue demonstrate that after treatment with insulin,
only the 52-kDa She isoform was tyrosine-phosphorylated.
In liver, this isoform of the protein presents high levels of
phosphorylation with litile phosphorylation of the 66- and
46-kDa isoforms. This predominance may be a conse-
quence of the high levels of the 52-kDa She isoform in rat
tissues compared with other isoforms, although interac-
tions with the insulin receptor may also play a role in this
pattern of phosphorylation.

To our knowledge, this is the first demonsiration of
insulin-induced She tyrosine phosphorylation in intact ani-
mals. Acute, half-maximal stimulation of Shc phosphory-
lation in liver occurred after the infusion of 6 ng of insulin,
which corresponds to plasma insulin levels of 40 uU/mL,
1 min later {data not shown). This concentration is sirnilar
to that which is achieved in rats during an oral glucose or
meal tolerance test. Sho tyrosine phosphorylationinmuscle
and adipocytes following the intraportal injection of insu-
lin was less sensitive than in liver, probably because of the
lower peripheral insulin concentrations.

The insulin-induced Shec phosphorylation was similar to
that reported for EGF and platelet-derived growth factor
(PDGF) signaling (14,15,32). Shc proteins have also been
shown to associate with the activated EGF receptor
(11,33-33). Although previous studies in cell cultures
found no association between Shc proteins and the acti-
vated insulin receptor, we have shown that these two pro-
teins coimmunoprecipitate after an infusion of insulin.
Recent studies have demonstrated that She must bind
directly to the activated insulin receptor via its PTB/PI
domain in order to be tyrosine-phosphorylated in vivo
(10,36-38). Studies using cells expressing insulin receptor
mutants support 2 model in which both She and [RS-1 rec-
ognize a core NPX-Tyr(P) motif on the insulin receptor,

with the amino acids surrounding this motif being critical
for binding either IRS-1 or She (39). Our results also
showed that insulin receptor has tyrosine kinase activity
toward She after insulin stimulation. '

Both She and IRS-1 are phosphorylated at similar insu-
lin concentrations, but maximal She phosphorylation
occurs later than IRS-1 maximal phosphorylation in rat
tissues (40,41}, We have previously demonstrated that
maximal insulin-induced IRS-1 phosphorylation occurs
at30and %0 sin liver and muscle, respectively (40,41). The
present study is showing that in both tissues, maximal
insulin-induced Shc tyrosine phosphorylation oceurs at
5 min postinjection of insulin. The physiological conse-
quence of this differential time-course is not known, but
since She and IRS-1 compete for the same binding site at
the insulin receptor, it is tempting to speculate that the
receptor uses different substrates at different times, in
order to serve as a more effective tyrosine kinase
toward each substrate. It is also interesting that IRS-1,
which is phosphorylated first, mediates the metabolic and
growth-promoting effects of insulin, whereas She,
which is phosphorylated later, is mainly 2 component of
growth-signaling pathways.

In cultured cells, insulin-induced tyrosine phosphoryla-
tion of She is followed by the association of She with 2
small 23-kDa adapter protein known as GRB2 (16-19).
Our demonstration that Shc associates with GRB2 in rat
tissues after insulin stimulation supports the idea that
tyrosine phosphorylation of She, and the subsequent inter-
action of this protein with GRB2, may be an essential com-
ponent of a common pathway used by many tyrosine
kinases. The She/GRB2 interaction may play a crucial role
in the activation of p2 1™ and in the control of downstream
effector molecules (22).

It is interesting that in Chinese hamster ovary cell lines
with mutations at two tyrosine phosphorylation sites on the
insulin receptor there is a dissociation between insulin-
induced IRS-1 and She tyrosine phosphorylation (42,43).
These cell tines show normal insulin-induced tyrosine phos-
phorylation of She, She—GRB2 complex formation, and
p21™ activation, but have reduced tyrosine phosphoryla-
tion of IRS-1, as well as reduced IRS-1 association with
GRBZ and PI3-kinase (42). A dissociation between IRS-1
and She tyrosine phosphorylation has also been observedin
other cell lines, without any change in the insulin receptor
phosphorylation level, following treatment with dexam-
ethasone (44) or wortmannin (45). In this regard, it would
be of interest to investigate, in parallel insulin-induced
insulin receptor, IRS-1, and She tyrosine phosphorylation
in the tissues of animal models of insulin resistance.

In summary, we have shown that following the stimula-
tion of rat tissues with insulin, She binds to the insulin
receptor, is tyrosine-phosphorylated, and subsequently
associates with GRB2,

N
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Materials and Methods

Materials

Thereagentsand apparatus for SDS-PAGE and immuno-
blotting were obtained from Bio-Rad (Richmeond, CA).
Tris, phenylmethylsulfonylfiuoride (PSMF), aprotinin, sili-
cone, and dithiothreitol were obtained from Sigma Chemi-
cal Co. (5t. Louis, MO). Sodium amobarbital and human
recombinant insulin {Humulin B} were purchased from Eii
Lilly Co. (Indianapolis, IN). Adenosine 5'-triphosphate
{ATP) from equine muscle was from Sigma Chemical Co.
Protein A-Sepharose 6 MB was purchased from Pharmacia
(Uppsala, Sweden). [!®°I] protein A was obtained from
Amersham {Aylesbury, UK), and nitrocellulose (BA8S;
0.2 um) was obtained from Schleicher and Schuell (Keene,
NH). Male Wistar rats were from the UNICAMP Central
Animal Breeding Center. Monoclonal antiphosphotyrosine
antibodies were obtained from Upstate Biotechnology
(Lake Placid, NY). Anti-She, anti-GRB2, anti-IRS-1, and
anti-insulin receptor antibodies were from Santa Cruz
Riotechnology (Santa Cruz, CA).

Amnimals

Six-week-old male Wistar rats (mean body wtof 131 g%
6 g) were used. The animals were fed standard rodent chow
and water ad libitum. Food was withdrawn 12—~14 h before
the experiments (except for anirnals used to determine IR
tyrosine kinase activity, which were fasted foronly 4 h). All
animal experiments were approved by the Ethical Commit-
tee of the State University of Campinas (UNICAMP).

Methods

The rats were anesthetized with sodium amobarbital
(15 mg/kg body wi, ip) and used 10-15 min later, as soon
as anesthesia was assured by the loss of foot and corneal
reflexes. The abdominal cavity was opened, the portal vein
exposed, and 0.5 mL of saline (0.9% NaCl) with or without
6 pg ofinsulin {or the concentration described for the dose—
response experimenis) was injected. Samples ofliver, skel-
stal muscle, and adipose tissue were collected at 0, 1, 3, 5,
and 15 min afier insulin infusion, minced coarsely, and
homogenized immediately in approx 10 vol of solubiliza-
tion buffer A at 4°C, using a Polytron PTA 20Ss homog-
enizer (Brinkmann Instruments, model PT 10/35), operated
at maximum speed for 30 s. Buffer A (for solubilization)
consisted of 1% Triton X-100, 50 miAf HEPES (pH 7.4),
100 mM sodium pyrophosphate, 100 mi4 sodium fluoride,
10 mM EDTA, 10 mM sodium vanadate, 2 mA PSMF, and
0.1 mg of aprotinin/mL. The extracts were centrifuged at
30,000g in a Beckman 70.1 Ti rotor at 4°C for 20 min in
order to remove insoluble material, and the resulting super-
natant was used for immunoprecipitation with 15 pul. of
polyclonal anti-She. The immune complexes were precipi-
tated with protein A-Sepharose 6MB and were washed three
tirnes with 50 mA/ Tris, pH 7.4, 2 maf sodivm vanadate, and
0.1% Triton X-100.

Protein Analysis by Immunobioting
After washing, the pellet was suspended in Laemmli

- sample buffer with 100 mA/ dithiothreito!l and heated in a

boiling water bath for 5 min. The samples were subjected
10 SDE-PAGE (10% Tris-acrylamide) in a Bio-Rad minia-
ture slab gel apparatus. '

Electrotransfer of proteins from the gel to nitrocellulose
was performed for 90 min at 120 V (constant) in 2 Bio-Rad
miniature transfer apparatus (Mini-Protean) as described
by Towbin et al. (46). Nonspecific protein binding to the
nitrocellulose was reduced by preincubating the filter
overnightat 4°C in blocking buffer (3% BSA, 10 mM Tris,
150 mM NaCl, and 0.02% Tween-20). The prestained
molecular-mass standards used were phosphorylase B
(103 kDa), bovine serum albumin (82 kDa), ovalbumin
(49 kDa}, carbonic anhydrase (33.3 kDa), soybean trypsin
inhibitor (28.6 kDa), and lysozyme (19.4 kDa). The nitro-
cellulose filter thus treated was then incubated for 4 h at
22°C with antiphosphotyrosine antibody, anti-insulin
receptor antibody, or GRB2 antibody (0.5 ug/mL each,
diluted in blocking buffer), and then washed for 30 min in
blocking buffer without BSA. The blots were then incubated
with 12%]-protein A (30 uCi/pg) in 10 mL of blocking buffer
for 1 h at 22°C and washed again. '?*I-protein A bound to
the antibodies was detected by autoradiography using
preflashed Kodak XAR film with Cronex Lightning Plus
intensifying screens at—70°C for 12-48 h. Band intensities
were quantified by optical densitometry (Molecular Dynam-
ics) of the developed autoradiogram.

IR Tyrosine Kinase Activity Toward She

Following the infusion of a very low dose of insulin (6 pg)
or saline into the portal vein of 4-h fasted rats, liver extracts
were immunoprecipitated as described above, using anti-
insulin receptor (B-subunit) antibody, The immune com-
plexes were collected on protein A/G plus.

The protein kinase activity of the immunoprecipitates
was measured by incubating the immune complexes
(anti-insulin receptor) in 100 uL of buffer containing
50 mAd Tris, pH 7.5, 0.2 mAf sedivm vanadate, 0.1% Triton
X-100, 3 mAf MnCl,, and 15 uM ATP for 30 min at room
temperature. The complexes were washed twice with cold
buffer, and then suspended in Laemmii sample buffer and
analyzed by SDS-PAGE according to the method of
Laemmili (47). The separated proteins were transferred to
nitrocellulose membranes. The incorporation of phosphate
into insulin receptor and other proteins that might be sub-
strates bound to IR was visualized by autoradiography of
antiphosphotyrosine immunoblots (48;.

Statistical Analysis

Time-course and dose-response data are presented as
the mean + SE of » experiments for liver, muscle, and adi-
pose tissue. To check the fit of data for the assumption of
parametric analysis of variance, Bartlett’s test for the
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homeogeneity of variances was used. When necessary, the
data were log-transformed o correct for variance heteroge-
neity or nonnormality (49). Data were analyzed by one-
way analysis of variance (ANOVA), followed by the Tukey
{equal n) or Tukey-Kramer (unequal #) test for individual
differences between times or insulin concentrations. Pro-
tein She levels were analyzed by Student’s s-test. The level
of significance employed was p < 0.05.
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Insulin receptor has tyrosine
kinase activity toward She

in rat liver
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Abstract

Insulin induces tyrosine phosphory]
insulin-sensitive tissues of the in
insulin receptor (IR) yrosine kinas
previously demonstrated, In the
lin-induced IR tyrosine kinase activi

low dose of insyl :
immunopurified She from liver of untreated

Considerable evidence
lated to indicate that
kinase activiry

has been accumu-
activation of tyrosine
Is essentizl for most intracel-
lular signalin g pathways(] 2), Manyv polypep-
tides like insulin, IGF-1, PDGF or EGF, act-
ing through the Hyrosine Kinase capacity of
their own recepiors, lead i the transfer of
rhosphate groups of ATP 1o multiple ty-
rosine residues on the receptor itself, a mech-
anism known as autophosphorylation (3).
Autophosphorylation of tyrosine-kinase
growth factor receptors is required for the
full kinase activity toward their owWn sub-
Strates. Interaction of tyTosine phosphorylat-
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ation of She in cell cultures and in
tact rat. However, the ebility of
€ to phosphorylate She has not been
present study, we investigated insu-

in inio the portal vein, and incubated with
rats. The kinase assay wag .
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= Tyrosing kinase activity
» Insulin receptor

= She

= Insulin action

ed receptors with various SH2 domain-con-
taining effector molecules is responsible for
downsiream signel transduction leading 10
biological action (4).
The insulin receptor (IR) tyrosine kinase
is activated by two separate events, where
three residues, Tyt ss, Ty and TyT) s,
located in the so-called regulatory loop, ap-
Pe2arto play a central role in this process (3).
First, insulin binding partially increases the
activity of the insulin Teceptor tyrosine ki-
nase and stimulates its B-subup;s autophos-
phorylation. Second, autophosphorylation of
the insulin receptor fully activates the en-
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zyme toward specific intraceliular substrate

proteins (§). The substrate specificity of the
purified insulin receptor tyrosine kinase has
been extensively examined in vitro. The re-
ceptor prefers substrates in which the ty-
rosine residue is preceded by an acidic amino
acid (Y or Y*? position) and is followed by
a hydrophobic residue (Y1) {7,3).

These results are consistent with many
studies showing that both insulin receptor
substrate-1 {IRS-1) and She (sr¢ homology
2/ collagen related), a ubiquiieus%y ex-
pressed intracellular signaling protein, share
a related amino-terminal region called She
and the IRS-1 NPXY-binding (SAIN) do-
main, also known as PTB/P! domain {9,
which displays an amino acid sequence simi-
lar 10 that of the IR specificity, and is able 1o
recognize and bind to the phosphorylated
Tyr 972 located within the NPX-Tyr(P) mo-

tif of IR (10).

Although the PTB/PI domain of She ap-
pears to interact with the insulin receptor
(11), the tyrosine kinase activity of the insu-
lin receptor towards She has not been previ-
ously demonstrated. The aim of the present
study was 10 investigate the nyrosine kinase
activity of the insulin receptor towards She,
using partially activated IR and immunopu-
rified She from animal tissues.

Six-week-old male Wistar rats {130-150
g} were allowed access 1o standard rodent
chow and water ad /ibitum. Food was with-
drawn 4 h before the experiments. The rats
were. anesihetized with sodium thiopemal
(23 mg'kg body weight, ip) and used 10-15
min later. as s0on as anesthesia was assured
by the loss of foot and comeal reflexes. The
zbdominal cavity was opened, the portal
vein exposed, and 0.5 ml of saline (0.9%
NaCl) with or without 6 pg of insulin was
injected. Three min after insulin injection,
the liver was removed, minced cozrsely, and
homogenized immediately in approximately
10 volumes of solubilization buffer A (30
mM Tris, pH 7.4, 100 mM sodium pyTO-
phosphate, 100 mM sodium fluoride, 10 mM

£.V. Paez-Espinosa et al,

EDTA, 10 mM sodium vanadate, 2 mM
PMSF, 0.1 mg/ml aprotinin, and 1% Triton-
X 100}, at 4°C with a2 Polytron PTA 208
generator {Brinkmann Instruments model PT
10/35; Westbury, NY) operated at maxi-
mum speed (setting 10) for 30 s, After ex-
traction the samples were centrifuged at
12,000 rpm at 4°C in 2 Beckman 70.1 Ti _
rotor (Beckman, Palo Alio, CA, USA) for 30
min to remove insoluble material, and the
resulting supernatant was used for immuno-
precipitation with anti-insulin receptor or
anti-She antibodies. The immune complexes
were precipitated with protein A Sepharose
6MB. Afier immunoprecipitation She pro-
tein was subjected to immunopurification
techniques by washing three times with a
buffer containing 300 mM NaCl, 0.03% v
v) Tween 20, 2 mM PMSF and 0.1 mg/ml
aprotinin, The complexes were then resus-
pended in 30 ul of 0.2 M Na.CQ;, pH 11, and _
incubated in 20 pl of a buffer containing 1 M
Tris, pH 6.8, 0.02% (v/v) Tween 20, 3 mM
PMSF and 0.1 mg/ml aprotinin. The protein
kinase activity was measured by adding im-
munceprecipitated IR and immunopurified
She in 100 pl of buffer containing 30 mM
Tris. pH 7.4, 0.2 mM sodium vanadate, 0.1%
Triton-X 100, 3 mM MnCl, with or without
15 uM ATP for 30 min at room temperature
{12). The complexes were washed once with
the same kinase buffer and then resuspended
in 20 ul of Laemmli sample buffer with 200
mM DTT (13), and subsequently separated
by 8% SDS-PAGE. Proteins in ihe gel were
¢lectrophoretically transferred 10 nitrocellu-
lose in 2 Bio-Rad miniature transfer zppara-
s (Mini-Protean) as described by Towbin
et al. (14). The incorporation of phosphate -
into insulin receptor and She was visualized
by autoradiography of anti-phosphotyrosine
immunoblots. The prestained molecular
weight standards used were myosin (194
kDa), B-galactosidase (116 kDa), bovine se-
rum albumin (835 kDa), and ovalbumin (49
kDa). ‘

When She immunopurified from 4-h

1
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Figure 1 - IR tyrosine kimase activity messured
IP- =R & aShe by auviophosphoryiation with immunopurified
- v compiex. The rais were snesthelized and the
1B aPY abdominal wall wzs incised 10 expose the vig-
cerz. Saline or § pg of insulin (28 indicated in
i ATP - + - + <he figurs] was adminisiered as 2 bolus injec-
% . tion into 1he porial vein of the rat and the bver
= Insuin - - + + wes excised 3 min {the imermediate between
B maximal times of iR and She tyrosing phos-
kDa phorylation in fiver) afer insulin injection 1
210 stimuizie partizl iR autophesphoryletion. IR
3 wzs then immuneprecipiisied and She was
?‘% : 4 IRS2 immunapurified 25 described in Methods, and
=y then allowed 10 react in vilro in the presence
:_% _ < |RS-1 of ex0genous ATP flane d): Tyrosine ph.ospho-
-:Té B 117~ ryiation was measured by immunoblotting the
E ATP-stimulzied peliet with an antiphosphoty-
£ rosing antibody. Control conditions are shown
inlznes s end b, In lane 8, the liver gxtract was
not exposed 10 insulin ofr &7, In ene b, the
e ams, €R liver extratt wes not exposed to insulin, but
T ATP wes zoded 10 the in virro aulophosphony-
: o iztion resction. In lene ¢ insulin B py) was
29 = infused into the porial vein and the liver
e extracied sfier 2 min, but no exogenous ATP
Z wzs added during the in wirro phosphorylation
i step. In lane d, insulin weas infused and ATP
& was s0ded 10 the in vitro phosphorylation reac-
::_3 i - p3oshe tion. This experiment was periormed 5 times
;: e with ciosgly similar rasulls.
& 47~
L
z a b C ¢

fasted non-insulin stimulated rat iver were
added 1o immunoprecipitated 1R complexes
from liver of rats exposed 1o 6 pg of insulin
stimulus, a lower basal level of p325* phos-
phonylation independent of the ATP i virro
assay was observed (Figure 1. iane 2). After
3 min, a time beoween maximz! IR and She
phosphoryvlation levels in liver after insulin
infusion in vive, a weak IR nrosyl phospho-
rylation was also observed, with linle in-
crease in the intensity of the lower band (~33
kDa) (Figure 1, lane ¢). After in vitro cold
- ATP addition, the IR and p325" bands be-
_came stronger than theirrespective non-ATEP-
25" stimulated ‘bands (Figure 1, lanes b and d),
%buz IR remained phosphorylated to a lesser

oy
Py
L
o

Cver the past few years, considerable
progress has been made in elucidating the
signaling pathways downstream from ty-
resine phosphorylation. The data of the pres-
ent study show an already known pattern of
imsulin receptor tyrosine phosphonyiation
occurring during the early intraceliular steps
of insulin signaling 1n rat hiver, which could
be crucial for the insight into the melecular
basis for insulin receptor tyrosine kinase
mitogenic ransduction pathways.

The insulin-stimulated phosphbr_\'lation
of She oceurs a1 physiclogical post-prandial
insulin levels as shownin Figure 1, and leads
1o association with the Grb2-80S complex
to activate p21™ (16,17), which activates

understanding the mechanism of how acti-

222 extent than She. Two upper weak bands also  mitogenesis by activating the mitogen-acti- f‘; '_\1
2 appeared. It was previously demonstrated  vated protein kinase (18). Therefore, akey to v'\ gl
2= 'that these bands are IRS-1 and IRS-2 (15).
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vated insulin receptors increase the amount
of p21™=-GTP lies in the clarification of the
mechanism of linkage berween insulin re-
ceptor and She.

She can interact with tyrosine-phospho-
rylated growth factor receptors in three dift
ferent ways, either through its SH2 domain
or its amino-terminal domain, or both (16-
18). Increasing evidence indicates that the
amino-terminal domain of She is respon-
sible for the binding to phosphotyrosine resi-
dues of the growth factor receptors. Such
evidence was based on cell culture in vitro
assays and also on the sensitive two-hybrid
assay of protein-protein interaction which
demonstrated that She interacts directly with
IR (19,200

Unlike EGF and PDGF receptors, coim-
munoprecipitation studies have not shown
interaction between Sheand the IR i vive. It
seemns that the interaction of She with the IR,
in spite of being of sufficient affinity to

- localize these molecules adjacent to the IR

kinase to promote phosphorylation, may be
of a low enough affinity to aliow these mol-
ecules 1o rapidly dissociate from the acti-
vated receptor following phosphorylation,
causing a reduced binding affinity of She o
the IR, and impairing the analysis of the

E.¥. Piez-Espinosa et al,

association of these two proteins (18).

Our results show that She interacts with
the insulin receptor after insulin stimulation
in rat liver. Furthermore, there is a kinase
activity of the insulin receptor towards
immunopurified She. We have previously
demonstrated that insulin induces She -
rosine phosphorylation in rat tissues, and 2
kinase activity of the insulin receptor to-
wards She was also suggested (13). The
results presented here clearly demonstrate
that the insulin receptor is able to induce
tyrosine phosphorylation of immunopurified
She.

it 15 interesting to note that besides the
insulin receptor and She, that was added 1o
the reaction, two other bands appeared and
became phosphorylated after the addition of
ATP. By immunoblotting with specific anti-
bodies 1t was previously demonstrated that
these bands correspond to IRS-1 and IRS-2
which probably were bound to the insulin
receptor after insulin stimulation (135).

In surnmary, we have demonstrated that.
afier an infusion of very low doses of insulin
in the intact rat, it is possible to demonsirate
that the insulin receptor has tyrosine kinase
acuvity toward immunopunfied She.
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Insulin-induced tyrosine phosphorylation of Shc in liver, muscle
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Abstract

Insulin stimulates rapid tyrosine phosphorylation of the protein She, which subsequently binds to Grb2, resulting in the
activation of a complex mitogenic signaling network. In this study, we examined the levels of She protein, its phosphorylation
state and She—Grb2 association in liver, muscle and adipose tissue before and after insulin administration in three animal models
of insulin resistance {chronic dexamethasone treatment, 72-h starvation and aging}. There were no differences in She protein
expression between tissues from control and insulin resistant animals. In fasted hypoinsulinemic rats, there was a decrease in
insulin-induced She phosphorylation in liver and adipose tissue. However, a significant imcrease in She phosphorylation was
observed in liver and muscle from dexamethasone-treated hyperinsulinemic rats and in liver, muscle and adipose tissue of
hyperinsulinemic 20-month-old rats. Alterations in She phosphorylation correlated well with the level of She-Grb2 association.
These resuits indicate that She tyrosyl phosphorylation and She—Grb2 association are regulated in the different types of insulin
tesistance and that this regulation is apparently related to the animals’ plasma insulin levels. The She-Grb2 association is directly

related to the insulin-induced tyrosyl phospherylation of She.

€ 1999 Elsevier Science Ireland Lid. All rights reserved.

Keywords: THabetes; Fasting; p52She; She-Grb 2 association; Hypoinsulinemia; Hyperinsulinemia

1. Introduction

Upon binding insulin, the insulin receptor undergoes
autophosphorylation at tyrosine residues, resulting in
increased kinase activity that leads to the phosphoryla-
tion of other intracellular proteins (White and Kahn,
1994). One of these phosphorylated proteins, insulin
receptor substrate 1 (IRS-1), is critical for the mitogenic
and metabolic effects of insulin (Waters et al., 1993).
The She protooncogene product also appears to be
phosphorylated on tyrosine in response to insulin
(Pronk et al., 1993; Giorgetti et al., 1994). The phos-
phorylation of She leads to its association with Grb2,
an adapter protein containing both SH2 and SH3 do-
mains (Lowestein et al.,, 1992; Rozakis-Adock et al.,

* Corvesponding author. Tel: + 55.19-7888928; fax: + 55-10-
7888023, .
E-mail address: emrocha@unicamp.br (M.J.A. Saad)

1992). Shc-Grb? association is upstream to the activa-
tion of an important signaling pathway leading ulti-
mately to the stimulation of mitogen-activated protein
kinase (MAPK) (Pelicci et al., 1992: Egan et al., 1993;
Sasaoka et al., 1994). We have recently reported that
insulin can induce time- and dose-dependent She ty-
rosine phosphorylation and association with Grb2 in
rat tissues (Pdez-Espinosa et al., 1998).

Previous studies have demonstrated that in insulin
resistant rats, the insulin receptor, its substrate TRS-1
and its association with phosphatidylinositol 3-kinase
(PI 3-kinase) are regulated in a tissue-specific manner,
and that a reduction in the level of IRS-1 tyrosine
phosphorylation may play a role in the resistance to
this hormone (Saad et al., 1992). Also, it was recently
suggested that fatty acid-induced insulin resistance is
associated with a decrease in insulin-stimulated MAP
kinase (Usui et al, 1997). In addition, TNF-& and
hyperglycemia regulate She phosphorylation in cultured

0303-7207/99/S - sce itont matter © 1999 Elsevier Science Ireland Ltd. All rights reserved.
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cells (Kroder et al.,, 1996), which suggests that She may
be involved in the molecular mechanisms of insulin
resistance.

To further understand the molecular events involved
in insulin-regulated intracellular pathways and to exam-
ine the interactions between She and the mechanisms of
insulin resistance in viveo, we have investigated the
influence of three insulin-resistant states {chronic dex-
amethasone treatment, 72-h fasting and aging) on the
jevel of tyrosine phosphorylation of the protein p52She
after stimulation with insulin, as well as the interaction
between She and Grb2 in rat liver, muscle and adipose
tissue. :

2. Materials and methods

2.1, Materials

The reagents and apparztus for SDS-PAGE and
immunoblotting were obtained from Bio-Rad (Rich-
mond, CA). Tris-hvdroxymethylamino methane {Tris),
phenylmethylsulfonyifluoride (PSMF), aprotinin, sili-
cone, dithiothreitol and streptozotocin (N-[methylnitro-
socarbamoyl]-D-glucosamine) were obtained from
Sigma Chemical (St. Louis, MO). Sodium amobarbital
was purchased from Eli Lilly (Indiapapolis, IN), and
regular highly purified insulin (Tolin R) was from Bio-
bras (Sdo Paulo, Brazil). Protein A-Sepharose 6 MB
was purchased from Pharmacia (Uppsala, Sweden).
[[}-Protein A was obtained from Amersham (Ayles-
bury, UK) and nitrocellulose membrane (BA8S; 0.2
pum) was obtained from Schleicher and Schuell (Keene,
NH). Monoclonal antiphosphotyrosine antibodies (100
ug/ml), anti-She (antibody against three She isoforms,
p46, p52 and p66) and aati-GRB2 rabbit polyclonal
antibodies (100 ug/m!) were from Santa Cruz Biotech-
nology (Santa Cruz, CA).

2.2, Animals

Male Wistar rats 8-10 weeks old provided by the
university’s Animal Breeding Center were fed standard
rodent chow and water ad libitum. Food was with-
drawn 12-14 h before the experiments with old and
dexamethasone-treated rats and their respective con-
trols. For fasting experiments, the rats were fasted for
72 h, while their matching controls were not fasted.
Chronic hypercortisolemia was induced with dexam-
ethasone (1 mg/kg per day, ip, for 5 days). Twenty-
month-old rats were used in the aging experiments and
were compared with young (2-month-old) rats. The
experiments were approved by the Ethics Committee of
the State University of Campinas (UNICAMP).

2.3. Methods

The rats were anesthetized with sodium thiopental
(106 pg/kg body weight, ip) and used 10—15 min later,
as soon as anesthesia was assured by the loss of pedal
and comeal refiexes. Blood samples for their glucose
and insulin levels were collected from a caudal vein and
assayed using a glucose dye test (Labtest, Brazil) and a
standard radiofmunoassay, respectively.

The abdominal cavity was then openad, the porial
vein exposed and 6 pg of insulin was injected. This dose
ensured a plasma msulin level at the order of 100 times
greater than the post-prandial level in control rats.
Samples of liver, skeletal muscle and adipose tissue
were collected 5 min after insulin infusion. The tissues
were minced coarsely and homogenized immediately in
approximately 10 volumes of solubilization buffer A at
4°C, using a Polytron PTA 205 homogenizer
(Brinkmann Instruments, model PT 10/35), operated at
maximum speed for 30 5. Buffer A {for solubilization)
consisted of 1% Triton X-100, 50 mM Hepes (pH 7.4},
100 mM sodium pyrophosphate, 100 mM sodium
fluoride,- 10 mM EDTA, 10 mM sodium vanadate, 2
mM PSMF and 0.1 mg of aprotinin/mi,

The tissues were extracted in an identical fashion, for
sach condition studied. The extracts were centrifuged at
30,000 x g in a Beckman 70.1 Ti rotor at 4°C for 20
min to remove insoluble material. Protein quantifica-
tion done by the biuret dye method, and equal amounts
of protein were used for immunoprecipitation with 10
pi of polyclonal anti-She antibody. The immune com-
plexes were precipitated with protein A-Sepharose 6MB
and were washed three times with 50 mM Tris (pH 7.4)
containing 2 mM sodivm vanadate, and 0.1% Triton
-100,

2.4. Immunoblotting

After washing, the immunoprecipitate obtained as
described above was resuspended in Laemmli sample
buffer (Laemmli, 1970} containing 100 mM dithiothrei-
tol and was heated in a boiling water bath for 5 min.
The samples were run in 10% polyacrylamide gels con-
taining SDS using a Bio-Rad miniature slab gel appara-
tus. Electrotransfer of proteins from the gel to
nitrocellulose was performed for 90 min at 120 V
(constant) in a Bio-Rad miniature transfer apparatus
{Mini-Protean) as previously described (Towbin et al,
1979), except for the addition of 0.02% SDS to the
transfer buffer to enhance the elution of high molecular
mass proteins. Nonspecific protein binding to the nitro-
cellulose was reduced by pre-incubating the filter
overnight at 4°C in blocking buffer (5% non-fat dry
milk, 10 mM Tris, 150 mM NaCl, and 0.02% Tween
20). The prestained molecular mass standards used
were phosphorylase B (105 kDa), bovine serum albu-
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min (82 kDa), ovalbumin {49 kDa), carbonic anhy-
drase (33.3 kDa), soybean trypsin inhibitor (28 kDa)
and lysozyme (19 kiDa}. The nitrocellulose filter was
then incubated for 4 b at 22°C with anti-phosphoty-
rosine antibody, anti-She antibody or anti-Grb2 anti-
body (40 ng/mi), dilnted in blocking buffer (3%
nen-fat dry milk) and then washed for 30 min in
blocking buffer without milk. The blots were subse-
quently incubated with 2 puCi of [**® IJ-protein A (30
uCi/pg) in 10 m! of blocking buffer for 1 h at 22°C
and washed again. [*®° I}-Protein A bound to the an-
tibodies was detected by autoradicgraphy using
preflashed Kodak XAR film with Cronex Lightning
Plus intensifving screens at - 70°C for 12-48 h.
Band intensities were quantified by optical densitome-
try (Hoefer Scientific Instruments, CA; meodel GS
300} of the developed autoradiographs.

Extensive optimization procedures were performed
to confirm ideal time and doses for the normal rats,
used as controls in these experiments (2 months old
and mean body weight of 200 g)( Pdez-Espincsa et
al., 1998). In addition, assays were performed to en-
sure autoradiographic readings in the linear range.

2.5, Stratistical analysis

The experiments were always performed by study-
ing chronic dexamethasone-treated, fasted or aging
rats in parallel with a control group. Comparisons
between control and dexamethasone-treated, fed (0 h)
or fasted (72 h) rats and between young and aging
rats, were done using Student’s unpaired ¢-test. Den-
sitometric values are expressed as a percentage of the
values for the insulin-stimulated control (100%) of
each experimental group. The level of 51gn1ﬁcance
used was P < 0.05.

Table 1

3. Results

3.1. Characteristics of dexamethasone, fasted and
20-month-old rats

As described previously, dexamethasone induced a
state of insulin resistance characterized by z two-fold
increase in blood glucose and serum insulin levels
(Haber and Weinstein, 1992). In addition, dexam-
ethasone-treated rats lost or failed to gain weight, during
the 5 days of treatment. Twenty-month-old rats had
elevated body weights and serum insulin levels compared
with the 2-month-old controls. There were no significant
differences in blood glucose levels. Fasting for 72 h
resuited in a significant loss in body weight, and a
reduction in blood glucose levels and serum insulin levels
compared to fed rats (Table 1).

3.2, Shc protein expression and phosphorylation

She protein expression in liver, muscle and adipose
tissue of dexamethasone-treated, 20-month-old, and
72-h-fasted rats was not significantly different from
that seen in the respective controls, before and after
insulin stimulation (data not shown). The predomi-
nant isoform phosphorylated in muscle was p52She,
whereas in liver and fai, p52She was the oniy phos-
phorylated isoform detected.

3.3. Effect of dexamethasone on Shc phosphorylation
and She—-Grb2 association

Basal tyrosyl phosphorylation of hepatic She from
rats treated chronically with dexamethasone increased
by 25% (P <0.02), and was further potentiated by
insulin (control 100+ 9% vs. dexamethasone 164 +

Body weight and blood glucose and insulin serum levels in the rats studied®

Groups N Body weight (g} Plasma glucose (mg%} Plasma insulin (ulU/ml)
Control iz 238 47 12246 28 +4

Dexamethasone 12 202 4 39% 224 4 17%* 46 F 4***

Fed 12 i1 162 1654+ 8 38+4

Fasted 12 179 4 sp#*s 74+ 2% 13443

2-Month-old 12 157 +13 12345 29+4

20-Month-old 12 401 £ 148" 124 411 44 4 5%

& The data are expressed as the mean + S E. M.

* P<0.005 compared te the control group.

** P<0.00] compared to the control group,

*4* P<0.005 compared to the control group.
*4++ P<(.005 compared to the fed group.

T P«<0.001 compared to the fed group.

* P<0.005 compared to the fed group.

* P<0.005 compared to the 2-month-cld group.
*# P<0.05 compared to the 2-month-old group.
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Fig. 1. Insulin stimulates tyrosine phosphorylation of She and She/Grb2 association in tissues from control and dexamethasone-treated rats. The
proteins were isolated and processed as described in Section 2.3 and were detected with anti-She/antiphosphotyrosine antibodies (left panels) and
anti-She/anti-Grb2 antibodies (right panels). (A) Liver, {B) muscle, and (C) adipose tissue. She tyrosyl phosphorylation and She—Grb2 association
wete determined by scanning densitometry of 4, 5 and 7 experiments for muscle, liver and adipose tissue respectively, and are shown by bars. The
values represent the mean % S.E.M. and are expressed as a percentage of the insulin-stimulated control (100%). * P <005,

10%; P <0.03) (Fig. 1A, left panel). A significant in-
crease in She—Grb2 association was also observed in
liver from dexamethasone-treated rats after the ad-
ministration of insulin (control 100 + 16% vs. dexam-
ethasone 153 + 13%; P <0.04) (Fig. 1A, right panel).
In muscle of dexamethasone-treated rats, the basal
level of She tyrosyl phosphorylation was higher than
in the controls (# < 0.02), and insulin-induced Shc ty-
rosyl phospherylation was further increased in dex-
amethasone-treated  rats  (control 100 £9%  vs.
181 + 13%; P <0.03) (Fig. 1B, left panel). This in-
crease was accompanied by a significant rise in She-
Grb2 association {control 100 £ 6% vs. 152+ 12% for
insulin-stimulated Shc-Grb2  association, P < 0.04)
{Fig. 1B, right panel}. Basal and insulin-induced She
tyrosyl phosphorylation levels, as well as Shc—Grb2
association, were similar in the adipose tissue of dex-
amethasone-treated and control rats (Fig. 1C, left and
right panels).

3.4. Effect of fasting on insulin-induced She tyrosine
phosphorylation and She—Grb2 association

Contrary to that observed for tissues from
dexamethasone-treated rats, there was a significant
decrease in the level of insulin-induced Shc tyrosine
phosphorylation (fed 100 +6% vs. fasted 49 4 9%;
P <0.05) (Fig. 2A, left panel) and in Shc—Grb2
association in the liver of 72-h-fasted rats compared to
the controls (fed 100 + 6% vs. fasted 51 + 16%; P < 0.05)
(Fig. 2A, right panel). These observations suggested a
clear relationship between Shc phosphorylation levels
and Shc-Grb2 association following stimulation with
insulin. There was no significant increase in Shc protein
phosphorylation (fed 100 + 10% vs. fasted 107 + 15%)
and She—Grb?2 association (control 100 + 22% vs. fasted
112 £ 14%;) in the muscle of 72-h-fasted rats (Fig. 2B, left
and right panel). There was a significant decrease in the
insulin-induced Shc phosphorylation levels (fed
100 + 6% vs. fasted 38 + 8%; P < 0.001) (Fig. 2C, left
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panel) and in Shc-Grb2 co-immunoprecipitation in
adipose tissue from fasted compared to fed rats (fed
100 + 21% vs. fasted 29 + 2%; P < 0.05} (Fig. 2C, right
panel).

3.5. Effect of aging on Shc phosphoryviation and
She—Grb2 association

The basal phosphorylation of She in liver from 20-
month-o0ld rats was higher than in Z-month-old rats
(P <0.001). The increase in Shc phosphorylation in
liver after insulin infusion was greater in old rats {con-
trol 100 + 15% vs. aging 158 £ 7%; P <0.02) (Fig. 3A,
left panel) and was followed by an increase in She—
Girb2 association {controt 100 4 5% vs. aging 166 + 1%,
P <0.05) (Fig. 3A, right panel). Fig. 3B (left panel)
shows that there was an increase in the basal (control
48 + 4% vs. aging 86 4 10%, F < 0.01) and insulin-in-
duced (comtrol 100+ 7% wvs. aging 164 £ 16%, P<

0.001) She tyrosyl phosphorylation in mwuscle from
aging rats. After insulin injection, there was also a
greater increase v She—Grb2 association in muscle of
aging rats {control 100 + 5% vs. aging 159 + 10%, P <
(.05 (Fig. 3B, right panel). The insulin-induced tyrosyl
phosphoryiation of She in adipose tissue from aging
rats was significantly greater than in young controls
{young 100+ 12% wvs. 20-month-old 176 +2%; P<
0.05) (Fig. 3C, left panei). In adipose tissue from aging
rats, basal {control 30 £+ 5% vs, aging 92+ 14%, P<
G.61), and insulin-stimulated {control 100 + 9% vs. ag-
ing 1564 7%, P <0.001) She-Grb2Z association was
mcreased (Fig. 3B, left panel).

4. Discussion

Insulin resistance is defined as a subnormal biclogical
response to 2 given concentration of insulin. Although
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Fig. 2. Insulin stimulates tyrosine phosphorylation of She and She/Grb2 association in tissues from fed and fasted rats. The proteins were isolated
and processed as described in Section 2.3 and were detected with anti-She/antiphosphotyrosine antibodies {left panels} and anti-She/anti-Grb2
antibodies (right panels). (A) Liver, (B) muscle, and (C) adipose tissue. She tyrosyl phosphorylation and She~Grb2 association were determined
by scanning densitometry of 5, 6 and 8 experiments for liver, adipose tissue and muscle, respectively, and are shown by bars. The values represent
the mean + 8. E.M. and are expressed as a percentage of the insulin-stimulated control (100%). * F<0.05.
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Fig. 3. Insulin stimulates tyrosine phosphorylation of She and She/Grb2 association in tissues from young and old rats. The proteins were isolated
and processed as described in Section 2.3 and were detected with anti-She/antiphosphotyrosine antibodies (left panels) and anti-She/anti-Grb?
antibodies (right panels). (A} Liver, (B) muscle, and (C) adipose tissue. $he tyrosyl phosphorylation and She-Grb2 association were determined
by scanning densitometry of 3 experiments for each tissue, and are shown by bars. The values represent the mean + S.E.M. and are expressed as

a percentage of the insulin-stimulated control (100%). * P < 0.05.

the effects of insulin are pleiotropic, insulin resistance
typically refers to the action of insulin on glucose
homeostasis. The molecular mechanisms responsible for
selective resistance are not known and may be reflected
in other pathways. In animal models of insulin resis-
tance, there is evidence that regulation of IRS-1 may
have a role in the modulation of glucose homeostasis
(Saad et al., 1992}). In the present study, we investigated
the regulation of Shc, which is also an insulin receptor
substrate, in insulin sensitive tissues of two animal
models of insulin resistance with hyperinsulinemia (ag-
ing and dexamethasone-treated rats), and in insulin
resistance with hypoinsulinemia (72-h-fasted rats).
Dexamethasone induces insulin resistance, as shown
by the altered glucose metabolism in peripheral tissues
and liver, decreased insulin-stimulated amino acid up-
take in muscle, and decreased lipogenesis in adipocytes
(Rannels and Jefferson 1980; De Pirro et al., 1981;
Amatruda et al., 1985; Haber and Weinstein 1992; Saad

et al., 1997). In contrast, dexamethasone enhances the
insulin-mediated stimulation of DNA synthesis (Germi-
nario and McQuillan 1985). Under conditions of hyper-
cortisolisernia similar to those used in this study,
dexamethasone has been reported to reduce insufin-in-
duced insulin receptor autophosphorylation in the liver
and muscle of rats in vivo and alsc IRS-1 activation of
PI 3-kinase in these tissues (Saad et al., 1993). Such
alterations in IRS-1/PI 3-kinase activation may play a
role in the insulin resistance of dexamethasone-treated
rats considering the correlation between PI3-kinase ac-
tivity, glucose transport and glycogen synthesis
{Cheatham et al., 1994; Sanches-Margalet et al., 1994,
Welsh et al., 1994; Haruta et al, 1995), but does not
explain the signaling mechanisms that mediate the abil-
ity of dexamethasone to enhance insulin-simulated
DNA synthesis.

Tyrosine phosphorylation of She proteins may be
involved in the control of cell proliferation and/or
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sransformation. The microinjection of antibodies to She

_proteins into rat-1 fibroblasts overexpressing human
insulin receptors inhibits DNA synthesis induced by
insulin, indicating that Shc is an important component
of a mitogenic insulin signal transduction pathway
{Sasacka et al, 1994). Studies aimed at examining the
effects of insulin on Shc-activated MAP kinase activity
and glucose metabolism in insulin-sensitive cell lines
have successfully dissociated the activation of MAP
kinase by She from the stimulation of glucose transport
and glycogen synthase activity (Sasaoka et al, 1994;
Lazar et al,, 1993).

" The present study has shown that chronic corticos-
teroid treatment of rats significantly increased She ty-
rosine phosphorylation levels and the association
between She-Grb2 following stimulation with insulin,
without changing hepatic and muscle She protein ex-
pression. The increase in She tyrosine phosphorylation
and association with Grb2 afler the injection of insulin
in dexamethasone-treated rats may represent a pathway
leading to an enhanced mitogenic response. In contrast
to Yiver and muscle, chronic treatment with dexam-
ethasone did not affect the insulin-stimulated Shc phos-
phorylation or the level of Shc-Grbl association in
adipose tissue. These findings suggest a tissue-specific
regulation of insulin-induced She tyrosine phosphoryla-
tion in dexamethasone-treated rats.

Prolonged fasting in rats is characterized by insulin
deficiency and insulin resistance (Penicaud et al., 1985;
Balage et al., 1990). Both peripheral and hepatic insulin
resistance to glucose metabolism have been observed in
vivo {Ridray et al, 1991). Fasting is associated with
decreased DNA synthesis in various tissues (Penicaud
et al., 1985; Ridray et al., 1991). Our results showed a
significant decrease in insulin-induced Shc protein phos-
phorylation and Shc-Grb2 association in liver and
adipose tissue, but not in muscle, of 72-h-fasted rats.
The regulation of Shc in insulin-sensitive tissues of
fasted rats was completely different from that of IRS-1.
In liver and muscle of 72-h-fasted rats, there was an
increase in insulin-induced IRS-1 tyrosine phosphoryla-
tion (Saad et al., 1992). These results suggest that the
administration of insulin to 72-h-fasted rats leads to a
shift in the early steps of insulin signal transduction,
which consequently increases IRS-1 tyrosine phospho-
rylation and decreases (liver and adipocytes) or does
not change (muscle) the level of She tyrosine phospho-
rylation. Although this regulation may not explain the
insulin resistance seen in fasting, it may represent an
important regulatory mechanism for directing the ac-
tion of insulin to a pathway with a definite role in
glucose homeostasis. The decreased insulin-induced She
tyrosine phosphorylation in the liver of fasted rats is
consistent with the reduced DNA synthesis observed in
these animals (Ridray et al., 1991},

Aging has been shown to impair insulin action on
glucose metabolism. There is an impaired insulin-stimu-
lated glucose uptake and a decrease in the inhibition of
hepatic glucose production by physiclogical concentra-
tions of insulin {Konc et al, 19%0; Barnard et al.,
1992). We have reported that in old rats there is a
decrease in IR8-1 and IRS8-2 tyrosine phosphorylation
and in the association with PI3-kinase, and that these
events may contribute to the reduced insulin respon-
siveniess in these animals (Carvalho et al., 1998). In this
study, we observed an increase in She tyrosine phos-
phorylation and in the association with Grb2 in the
three tissues examined. The correlation between these
data and the effects of insulin cannct be established
here since the action of insulin on DNA synthesis in the
tissues of old rats was not investigated.

-Since Shc tyrosine phosphorylation and She-Grb2
association increased in two out of the three situations
of insulin resistance studied,, and since previous reporis
have shown a dissociation between the insulin-induced
She pathway and glucose metabolism (Sasacka =t al.,
1994; Lazar et al., 1993), we suggest that Shc may not
have any role in contnibuting to these forms of insulin
resistance. The interesting point in these three animal
models of insulin resistance is the correlation between
insulin levels and the regulation of She tyrosine phos-
phorylation and Shc~-Grb2 association. In animal mod-
els of insulin resistance with hyperinsulinemia, there
was an increase in She phosphorviation and Grb2
association, and in the hypoinsulinemic model there
was a decrease in this pathway. This regulation is
contrary to the regulation demonstrated for IRS-1 in
the same animal modeis (Saad et al., 1992). This implies
that in most tissues of the above three models of insulin
resistance there was a clear dissociation between Shc
tyrosine phosphorylation and IRS-1 tyrosine phospho-
rylation. A similar dissociation has been described in
cells transfected with a mutant insulin receptor
{Ouwens et al., 1994), and in cells treated with dexam-
ethasone {Giorgino and Smith, 1995) or wortmannin
{Li and Goldstein, 1996).

The basis for this dissociation is unclear, although
changes in the total tissue content of She and/or IRS-1
are apparently not involved. The amino acid sequence
NPXY has been shown to be a consensus binding site
for Shc (Gustafson et al, 1995). Interestingly, this
sequence is present in the juxtamembrane region of the
insulin receptor and Tyr960 in this motif is required for
interaction with IRS-1 (Ward et al., 1996). This obser-
vation is consistent with the suggestion that both She
and IRS-1 compete for this tyrosine residue in their
association with the phosphorylated receptor (Wolf et
al., 1995; Thirone et al., 1998).

Although IRS-1 is best known as a substrate for
tyrosine phosphorylation, it is essentially a phosphoser-
ime-containing protein. IRS-1 contains over 30 potential
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serine/threonine phosphorylation sites in motifs recog-
nized by various kinases such as PKC, MAP kinases
and cyclic AMP- and cyclic GMP-dependent protein
kinases (Sun et al., 1991; Wang et al., 1993; Van der
Kuur et al, 1995; Myers and White, 1996). Serine
phosphorylation also plays a role in the regulation of
IRS-1 signaling. Okadaic acid, a serine phosphatase
inhibitor, increases the serine phosphoryiation of TRS-1
in 373-1L1 adipocytes which in turn appears to inhibit
insulin-stimulated tyrosine phosphorviation (Tanti et
al., 1954).

It is possible that serine phosphorylation of IRS-1
induced by PKC in hyperinsulinemic situations reduces
the substrate’s affinity for the insulin receptor, thereby
allowing She to be more competitive. In support of this
hypothesis, previous work has demonstrated that in-
sulin activates PKC in various rat tissues {Cooper et al.,
1990; Arnold et al., 1993; Nivet et al, 1993), In addi-
tion, Li and Goldstein {1996} have recently shown that
reducing IRS-1 serine phosphorylation results in in-
creased IRS-1 tyrosine phosphorylation and decreased
She tyrosine phosphorylation.

We have shown that chronic dexamethasons treat-
ment, fasting and aging can modulate insulin-induced
She tyrosine phosphorylation and She-Grb2 associa-
tion, and that this modulation is closely correlated with
the plasma insulin levels. In sumumary, our results
demonstrated that in fasted hypoinsulinemic rats, there
was a decrease in insulin-induced She phosphorylation
in liver and adipose tissue. However, a significant in-
crease in Shc phosphorylation was observed in liver and
muscle from dexamethasone-treated hyperinsulinemic
rats and in liver, muscle and adipose tissue of hyvperin-
sulinemic 20-month-old rats. Alterations in Shc phos-
phorylation correlated well with the level of She—-Grb2
association and was different from that previously de-
scribed for IRS-1 in the same animal models (Saad et
al,, 1992, Saad et al,, 1993).
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Abstraet Insulin receptor substrate-1 (IR5-1} and She protein

have the same binding site at the insulin receptor and compete in

their association with the phosphorylated receptor. The present
study demonstrates that a decrease in the level of muscie insulin
receptor phosphorviation induced by chromic growth hormone
{GH) treatment or acate epinephrine infusion is accompanied by
s reduction in the level of ¥IRS-1 phosphorylation and in the
asseciation with phosphatidylinositol 3-kinase. In contrast, no
change is observed in insulin-stimuiated She tyrosine phospho-
rylation, or in the association of this substrate with Grb2. These
data suggest that a reduction in insulin receptor phosphorylation
may affect post-receptor processes differemtially by preserving
the phesphorylation of some subsirates and pathways, but not of
others. ’ '
© 1998 Federation of Furopean Biochemical Societies.

Key words: Insulin signal transduction: Growth hormone;
Epinephrine

1. Introduction

The insulin receptor is the principal mediator of insulin
action in cellular mitogenic and metabolic processes. The in-
sulin receptor P-subunit, which contains an intrinsic iyrosine
kinase, undergoes tyrosyl autophosphorylation and is acti-
vated in response to insulin binding to the extracellular o-
subunit [1,2]. This interaction further enhances the tyrosine
kinase activity of the receptor towards other intermediate
molecules, including insulin receptor substrate-1 {IRS-1),
IRS-2 a2nd Shc {3-9]. These molecules, rather than the insulin

" receptor itself, then couple to a downstream signaling path-
way by serving as binding sites for SRQ homology 2 (SH2)
domain-containing signaling molecules [10]. IRS-1 binds to
the 85 kDa subunit of phosphatidylinositel 3-kinase (PI 3-
kinase), Grb2 and other SH2-containing proteins [11]. She
protein has been shown to directly induce the association
with Grb2 [12]. Recent studies indicate that She and IRS-1
have the same binding site at the insulin recepter, a finding
consistent with the suggestion that both Shc and IRS-1 com-
pete in their association with the phosphorylated receptor. As
vyet, there has been no comparison of insulin-induced IRS-1
and She tyrosine phosphorylation in situations of insulin re-
sistance accompanied by a reduction in insulin receptor phos-
phorylation.

We have demonstrated elsewhere that there are common
molecular events in the muscle of rats treated chronically
with growth hormone (GH)} [13] or acutely with epinephrine
[14], including 2 decrease in insulin-induced insulin receptor
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and [RE&-1 tyrosine phosphorylation and in the association of
the latter with PI 3-kinase. These reductions correlate with the
insulin resistance and reduced glucose uptake described in the
muscle of these animals [15,16]. In this study, we investigated
She and IRS-1 tyrosine phosphorvlation in the muscls of the
above two animal models of insulin resistance, both of which
show reduced insulin-induced insulin receptor autophospho-
rylation.

2. Materials and methods

2.1, Materials

The reagents and apparatus for sodium dodecyl suifate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and immunoblotting were from
Bio-Rad (Richmond, CA, USA). Trislhydroxymethylamino-methane
(Tris), phenylmethylsulfonyl fluoride (PMSF), aprotinin, silicone. and
dithiothreitol (DTT) were from Sigma Chemical Co. (St. Louis, MO,
USA}. Sodium amobarbital and human recombinant insulin {(Humu-
lin R} were from Lilly. Human biosynthetic GH (Norditropin) was
purchased {rom Novo Nordisk (Bagsvaerd, {Denmark). ['#1iProtein A
was_from Amersham (Amersham, UK) and protein A Sepharose 6
MB from Pharmacia (Uppsala, Sweden). Nitrocellulose (BA&S, 0.2
pm) was from Schleicher&Schuell. Male Wistar rats were from the
UNICAMP Central Animal Breeding Center. Monoclonal antiphos-
photyrosine antibody (1 pg/ml), polyclonal anti-She, polyclonal anti-
Grb2 and polyclonal anu-PI 3-kinase (p83) antibody were from Up-
state Biotechnology Incorporated (UBI, Lake Placid, NY, USA)
Anti-IRS-1 antibodies were raised in rabbiis using a synthetic peptide
{Pep 80) derived from the amino acid sequence (YIPGATMGT-
SPALTGDEAA) corresponding to residues 489-307 of the rat protein
and purified by affinity chromatography on a column prepared by
coupling the synthetic peptide to Affi-Gel 10 (Bio-Rad Laboratories)
as previously described [171 Anti-insulin receptor antibody was raised
in rabbits using a synthetic peptide derived from the amino acid
sequence {(KKNGRILPRENPS) corresponding to the C-temminus of
the rat protein {171 :

2.2, Animals

Male Wistar rats, 6 weeks old, were divided into two groups and
the studies were performed in parallel using the control and treated
rats. All groups received stapdard rodent chow and water ad libitum.
An excess of GH was induced by the s.c. injection of human GH at a
dose of I mg twice a day for 5 days. The control group received the
equivalent amount of normal saline (0.9% NaCl). The experiments
were performed on the morning of the fifth day. In another series
of experiments, anesthetized rats were injected Lp. with epinephrine
(25 ug/100 g body weight) or an equal volume of saline (control
group) and the animals used 5 min later. In all groups, the rats
were fasted for 12 h before being used as described below.

2.3, Methods .

Rats were ancithetized with sodium amobarbital (15 mg/kg body
weight, i.p.), and were used 10-15 min later; i.e. as soon as anesthesia
was assured by the loss of pedal and corneal reflexes. The abdominal
cavity was opened, the vena cava exposed, and 6 g of insulin diluted
in normal saline (0.9% NaCl) was injected. Ninety seconds later, the
hindlimb muscle was removed, minced coarsely and homagenized
immediately in extraction buffer (1% Triton X-100,-100 mM Tris,
pH 7.4, containing 100 mM sodium pyrophosphaie, 100 mM sodium
fluoride, 10 mM EDTA, 10 mM sodiuvm vanadate, 2 mM PMSF and
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0.1 mg of aprotinin/ml) at 4°C with 2 Polytron PTA 208 senerator
{Brinkmann Instruments model PT 10/35) operated at maximum
speed for 30 5. For immunoprecipitation with anti-She, hindlimb
muscle was removed 5 min after the injection of insulin.

The extracts were centrifuged at 15000 rpm and 4°C in 2 Beckman
70.1 Ti rotor (Palo Alto, CA, USA) for 45 min to remove insoluble
material, and the resulting supernatant was used for immunoprecipi-
tation with anti-IRS-1, anti-Shc or anti-IR (insulin receptor) antibody
and protein A Sepharose & MB.

2.4. Prorein analysis by pmwumoblotiing

Proteins were denatured by boiling in Laemsnli {18} sample buffer
containing 100 mM DTT, run on SDS-PAGE and transferred to
pitrocellulose membranes in Towbin [19] buffer containing 0.02%
SDS and 20% methanol. The membranes were blocked, probed., and
developed as described previously [20]. Blots were exposed to pre-
fiashed Kodak XAR film with Cronex Lightning Plus intensifying
screens at —80°C for 12-48 h. Band intensities were quantitated by
optical densitometry (Hoefer Scientific Instruments, San Francisco,
CA; model GS 300) of the developed autoradiographs that were
used at exposures in the linear range.

2.3, Stauistical anaiyvsis .

The experiments were performed by studyving all groups of animals
in parallel. For comparisons, Student’s unpaired f-test was used as
appropriate. The level of significance employed was P < 0.05.

3. Resuifs

3.1 Amimal characteristics’ .

Seven animals from each group of rats underwent an insu-
tn tolerance test. The glucose disappearance rate (Ky,) of the
control group was 4.40 £ 0.39%/min. Chronic GI{ treatment
and acute epinephrine treatrnent induced similar levels of in-
sulin. resistance, as reflected in their glucose disappearance
rates which were 1.94+0.81%/min znd 1.89 +0.63%/min, re-
spectively. Both of these values were significantly (P < 0.05)
lower that the control K.

3.2, Characteristics of insulin-stimulated insulin receptor,
IRS-1 and Shc phosphorylation in the hindlimb muscle
of GH-treared rats

There was no change in the insulin receptor level of muscle
from rats treated with GEH, as determined by immunoblotting
with an antibody to the COOH-terminus of the insulin recep-
tor (Fig. 1A). In muscle samples previously immunoprecipi-
tated with anti-insulin receptor antibody and immunoblotted
with antiphosphotyrosine antibody, there was a decrease to
43£11% {(F<0.05, n=6) in the insulin-stimulated phospho-
rylation of the 95 kDa B-subunit of the insulin receptor in
GH-treated rats when compared to the controls (Fig. 1B).

Using a specific anti-peptide antibody against IRS-1, the
level of this protein was found to be unchanged in the muscie
of rats treated chronicaily with GH (Fig. 2A), although there
were changes in the level of phosphorylation of this protein
{Fig. 2B). Following the administration of insulin, the inten-
sity of this band increased in both groups of rats. However,
comparison of the bands stimulated by insulin revealed that
the extent of IRS-1 phosphorylation was reduced to 38+ 11%
(P<<0.03, n=06) in GH-treated rats compared to the controls,
Previous studies [6,10,21-24] have suggested that there is a
relatively stable, high affinity interaction between IRS-1 and
the 85 kDa subunit of PI 3-kinase such that both proteins can
be co-precipitated by antibodies to either protein. In muscle
samples previously immunoprecipitated with anti-IRS-1 anti-
body and immunoblotted for the 85 kDa subunit of Pl 3-
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Fig. L. Insulin-stitulated tyrosine phesphorylation of the insulin re-
ceptor in muscle from GH-treated rats. Saline (0.9%, lanes | and 3
or insulin 6 yg, lanes 2 and 4) was administered into the portal vein
as a bolus injection and 90 s later the muscle was excised and ali-
quots containing the same amount of protein were immunoprecipi-
tated with anti-insulin receptor antibody and immunoblotted with
the same antibody (A). The same samples were immunoprecipitated
with anti-insulin receptor antibody and immunblotted with anti-
phosphotyrosine antibody. (B) Scanning densitometry of autoradio-
grams was performed in six experiments. The black bars represent
the control group and the white bars represent the GH-treated
group. The data are expressed as the meanz S.EM. *P < {.05.

kinase (Fig. 2C), there was little basal PI 3-kinase immunocre-
activity in the control and GH-treated rats. After stimulation
with insulin, a band with the expecied molecular mass (85
kDa) of the PI 3-kinase regulatory subunit was observed in
anti-IRS-1 antibody immunoprecipitates of muscle from rats
in both groups. This finding is consistent with a stahle asso-
ciatien between IRS-1 and PI 3-kinase. However, the amount
of PI 3-kinase associated with IRS-1 was reduced to 45+ 7%
(£<0.05, n=4) in GH-treated rats, thus suggesting a dimia-
ished association between IRS-1 and PI 3-kinase. This redue-
tion was probably a consequence of reduced IRS-1 tyrosyl
phosphorylation since the fevel of PI 3-kinase did not change
after GH treatment,

Chronic GH treatment did not significantly change the level
of She protein (Fig. 2D), To define better the extent of She
phosphorylation, we performed z Western blot analysis of
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Fig. 2. Insulin-stimulated tyrosine phosphorylation of IRS-1 and She in intact muscle from GH-treated rats. $aline (0.9%, lanes 1 and 3 or in-

sufin 6 ug, lanes 2 and 4) was administered into the portal vein as a bolus injection and 90 s later the muscle was excised and ahquots contain-
ing the same amount of protein were immunoprecipitated with anti-IRS-1 and immunoblotted with the same antibody (A). The same samples
WETES ammunoprecxpltated with anti-IRS-1 antibody and immunoblotted with antiphosphotyrosine antibody (B). C: The nmmunocblotting results
of PI 3-kinase in anti-IRS-1 immunoprecipitates from the muscle of control and GH-treated rats. Five minutes after the bolus injection of sal-
ine or insulin (6 pg), the muscle was excised and aliquots Immunoprecipitated with anti-She antibody and blotied with the same antibody (D).
The same samples were immunoprecipitated with anti-She antibody and blotted with antiphosphotyrosine antibody (E). F: The immuncblotting
results of Grb2 in anti-She immunoprecipitates from the muscle of control and GH-treated rats. Scanning densitometry of autoradiograms was

performed in six experiments. The black bars represent the control greup and the white bars represent the GH-treated group. The data are ex-

pressed as the mean T8 EM, *P<0.03.

tyrosyl-phosphorylated proteins in anti-She immunoprecipi-
tates before and after stimulation with insulin in both groups
of animals. Basal Shc phosphorylation was higher in GH-
treated rats (138 £7%, P<<0.05, n=4) than in the control
group. After stimulation with insulin, the intensity of this
.band increased in both groups of animals, although the extent
of She phosphorylation in GH-treated rats was not signifi-
cantly different from that in the controls (Fig. 2E). Since
She can associate with Grb2, after insulin stimulation, blots
with samples which had been previously Immunoprecipitated
with anti-S3he were incubated with anti-Grb2 and no change
was observed in this assodation {Fig. 2F).

3.3. Characteristics of mnsulin-stimuloted insulin receptor,
IRS-1 and She phosphorylation in the muscle of
epinephrine-treated rats

As in the rats treated with GH, acute epinephrine treatment

did not significantly change the insufin receptor protein ievel

(Fig. 3A). However, following stimulation with insulin, phos-

phorylation of the insulin receptor was reduced to 47 4%

{P<0.001, n=6) in epinephrine-treated rats compared to

the controis (Fig. 3B).

Simsilarly, ne significant change occurred in the level of

IRS-1 protein in the muscle of rats treated with epinephrine

when compared to the controls (Fig. 4A). To define beiter the

Wh
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Fig. 3. Insulin-stimulated tyrosine phosphorylation of insulin recep-
tor in intact muscle from epinephrine-treated rats. Saline (0.9%,
lanes 1 and 3 or insulin & g, lanes 2 and 4) was administered into
the portal vein as a bolus injection and 90 s later the muscle was
excised and aliquots containing the same amount of pretein were
immunoprecipitated with anti-insulin receptor antibody and immu-
noblotted with the same antibody (A). The same samples were im-
munoprecipitated with anti-insulin receptor antibody and immun-
blotted with  anti-phosphotyrosine antibody  (B). Scanning
densitometry of zutoradiograms was performed in six experiments.
The black bars represent the control group and the white bars rep-
resent the epinephrine-treated group. The data are expressed as the
mean* S.EM. *P<0.05,

level of IRS-1 phosphorylation, we performed a Western blot
analysis of the tyrosyl-phosphorylated proteins in anti-IRS-1
immunocprecipitates before and after stimulation with insulin
in both groups of animals. Fig. 4B shows that there was a
marked reduction to 33 10% (P<0.001, n=9) in insulin-
stimulated IRS-1 phosphorylation in the muscle of animals
pretreated with epinephrine. To examine the association of
the 8§35 kDa subunit of PI 3-kinase with IRS-1, blots of sam-
ples which had been previously immunoprecipitated with anti-
IRS-1 antibodies were incubated with anti-PI 3-kinase anti-
body. As expected, in. both groups an &5 kDa band was
present in the IRS-1 immunoprecipitates after exposure to
insulin and there was a decrease to 41 +8% (P<0.001,
n=4) in the intensity of this band in epinephrine-treated
rats (Fig. 4C}.

Acute epinephrine treatment had no effect on the She pro-
tein level in muscle as determined by immunoblotting of cell
ivsates with anti-She antibody (Fig. 4D3). In samples from
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musciu prev;ously immunoprecipitated with anti-She antibody
and immuncblotied with anti- -phosphotyrosine  antibody,
there was no change in insulin-stimulated She tyrosine phos-
phorylation in-epinephrine-treated rats when compared to the
controls (Fig. 4E). Similasly, no change was observed in the
association between She/Grb2 when rats treated with epi-
nephrine were compared with controls (Fig. 4F).

4. Discussion

Follewing insulin stinnilation, several proteins undergo ty-
rosine phosphorylation, including the § chain of the insulin
receptor, IRS-1, IRS-2 and She proteins [25]. We analvzed the
insulin-induced phosphorylation of these signaling intermedi-
ates in the muscle of rats treated chronically with GH and in
rais receiving an acute infusion of epinephrine. Insulin resist-
ance in these amimals was demonstrated by a decrease in the
glucose disappearance rate after insulin infusion [13]. We ob-
served a reduction in insulin receptor and IRS-1 tyrosine
phosphorylation and zlso in the Pl 3-kinase association with
IRS-1 in the muscle of both treated groups. These alterations
in the three early steps of insulin action may explain some
aspects of the insulin resistance observed in both of these
models since these steps seemis to have an imporiant role in
glucose homeostasis. Previcus studies demonstrated that mice
homoezygous for target disruption of the IRS-I gene were
resistant to the glucose-lowering effects of insulin [5,6}, and
this correlated with a marked reduction in insulin-stimulated
glucose transport in isolated adipocytes [6]. Distinct experi-
mental approaches have also demonstrated a correlation be-
tween PI 3-kinase activity and glucose transport {26-28] and
PI 3-kinase activity and giycogen metabolism [28}. Thus, it
seems reasonable to speculate that the IRS-1/PI 3-kinase path-
way may be linked to the activation of glucose transport and
1o glycogen synthesis in the muscle, and that a reduction in
these associations in both models may have a role in the
resuiting insulin resistance.

Despite the reduction in insulin-stimulated fyrosine phos-
phorylation of the insulin receptor and IRS-1, no change was
observed in the tyrosine phosphorylation of She. After insu-
lin-induced She phosphorylation, She associates with the SH2
demain of the adapter protein Grb2 [29]. This association
induces Grb2 to bind te the nucleotide exchange factor
SOS, which in turn associates with and activates the GTP
binding protein p2IRas. This pathway has been implicated
in the mitogenic effects of insulin [12.301. Although Ras is
an upstream activator of the mitogen-associated prozein kin-
ase {MAPK) cascade, recent evidence has shown that stimu-
lation of the MAPK pathway by insulin is not required for
many of the metabolic activities of the hormone in cultured
fat and muscie cells such as glucose uptake and glycogen syn-
thesis [31]. These results are in accordance with our findings
since in both animal models of insulin resistance we observed
a marked decrease in the glucose disappearance rate that par-

. alleled a decrease in IRS-1 phosphorylation and association

with P1 3-kinase, but not She tyrosine phosphorylation. It is
interesting that the 60% reduction in IRS-1/PI 3-kinase asso-
ciation in both models was quite similar to the 60% reduction
in glucose disappearance rate observed in the two cases.

The dissociation of insulin-induced IRS-1 and Shc tyrosine
phosphorylation has been described in cell fines with muta-
tions at two tyrosine phosphorylation sites (Y1158, Y1162F,

o)
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Fig. 4. Insulin-stimulated tyrosine phosphorylation of insulin receptor and She in intact muscle from epinephrine-treated rats. Saline (06.9%.
tanes | and 3 or insulin 6 ug, lanes 2 and 4} was administered into the portal vein as a bolus injection and 90 s later the muscle was 2xcised
and aliguois contzining the same amount of protein were immunoprecipitated with anti-insulin IRS-1 and immunoblotted with the same anti-
body (A). The same samples were immunoprecipitated with anti-JRS-1 antibody and immunoblotted with antiphosphotyrosine antibody (B). C:
The immuncblotting results of PI 3-kinase in anti-1RS-1 immunoprecipitates from the muscle of control and GH-treated rats. Five minutes
after the bolus injection of saline or insulin (6 pg). the muscle was excised and aliquets were immunoprecipitated with anti-She antibody and
blotted with the same antibody (D). The same samples were immunoprecipitated with anti-She antibody and blotted with antiphosphotyrosine
antibody (E). F: The immunoblotting results of GRB2 in anti-She immunoprecipitates from the muscle of control and epinephrine-treated rats.
Scanming densitometry of autoradiograms was performed in six experiments. The dlack bars represent the control group and the white bars
represent the GH-treated group. The data are expressed as the mean+ S EM. *P < (.03,

Y1163F-YFF) on the insulin recepter [32]. Such cell lines
showed insulin-induced tyrosine phosphorylation of She,
She-Grb2 complex formation, and p2lRas-GTP formation,
but had a reduced tvrosine phosphorylation of IRS-1 as
well as a reduced IRS-1 association with Grb2 and PI 3-kin-
ase [32]. These resuits, together with our own, suggest that a
reduction in insulin receptor phosphorylation may differen-
tially induce post-receptor processes by preserving the phos-
phorylation of some substrates and pathways, but not that of
others. A dissociation between IRS-1 and She tyrosine phos-
phorylation without anyv change in insulin receptor level has
also been observed after treatment with dexamethasone [33} or
wortmannin [34]. ;

The mechanism by which a reduction in insulin receptor
phosphorylation differentially regulates its own substrates is

unknown. She can directly associate with the insulin receptor,
by a binding site to phosphorvlated Tyr-960 in the receptor’s
juxtamembrane region [35]. This is the same binding site for
IRS-1 [36]. and is consistent with the suggestion that both She
and IRS-1 compete for this tyrosine residue in their associa-
tion with the phosphorylated receptor [37]. Although IRS-1 is
best known as a substrate for tyrosine phosphorylation, it is
mainly a phosphoserine-containing protein. IRS-1 contains
over 30 potential serine/threonine phospherylation sites in
motifs recognized by various kinases such as PKC, MAP kin-
ases and cyclic AMP- and cyclic GMP-dependent protein kin-
ases [25,38,39]. Serine phosphoryiation also plays a role in the
regulation of IRS-1 signalling. Okadaic acid, a serine phos-
phatase inhibitor, increases szrine phosphorylation of IRS-1
in 3T3-L1 adipocytes and this appears to inhibit insulin-

A




stirnalated tyrosine phosphorylation [40]. Thus, it is possible
that serine phosphorylation of IRS-1 (induced by chronic GH
treatment and/or hyperinsulinemia in one model and by an
increase in intracellular cAMP levels following exposure to
epinephrine in another) may reduce this substrate’s affinity
for the insulin receptor, allowing She to be micre competitive.
In support of this hypothesis, 1i and Goldstein [34] have
recently shown that reducing IRS-1 serine phosphorylation
results in increased insulin-induced IRS-1 tyrosine phospho-
rylation and decreased She tyrosine phosphorylation.

Accelerated dephosphorylation of the insulin receptor and
IRS-1 by tyrosine phosphatases cannot be excladed in these
models of insulin resistance. In this regard, Wilson and Kacz-
marek [41] have demonstrated that an increase in cellular
cAMP through the activation of PKA increases the activity
of endogenous PTPase, thereby leading to z sequence of de-
phosphorylation.

A further interesting finding in GH-treated rats was the
increase in basal She tyrosine phesphorylation without any
change in basal IRS-1 tyrosine phosphorylation. This increase
in phosphorylation may be related to the hormonal milieu of
these animals. There is evidence that GH can induce She
tyrosine phosphorvlation in cultured cells [42] and in animal
tissues [431. 1t is therefore possible that GH, hyperinsulinemia
andfor high serum levels of IGF-1 in the animals we studied
could preferentially induce She tyrosine phosphorylation 1o
the detriment of IRS-1 tyrosine phosphorvlation for the
same reasons as those discussed zbove.

We have shown that chronic GH or acute epinephrine treat-
ment can specitically decrease insulin-induced IRS-1 tyrosine
phosphorylation and association with PI 3-kinase. This may
help to explain the insulin resistance of these animals. In
muscle, both chronic GH treaiment and the acute administra-
tion of epinephrine preserve insulin-induced Shc tyrosine
phosphorylation. Further investigation of the hormonal regu-
lation of the distinct signaling pathways activated by insulin
receptors will contribute to our understanding of the mecha-
nisms involved in this phenomenon,
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Abstract

Shc protein phosphorylation has been extensively characterized as the initial
step that activates a complex mitogenic pathway through its association with Grb2.
Inn the present study, we investigate the adrenergic control of insulin-induced She
phosphorylation and Shc-Grb2 association, and the modulating effect of
streptozotocin-induced diabetes mellitus on Shc phosphorylation and She/Grb2
association. Acute epinephrine treatment, which leads to a normoglycemic insulin
resistant state, do not affect insulin-induced She tyrosine phosphorylation or She-
Grb2 association in liver, muscle or fat. In contrast, a significant increase in insulin-
induced Shc phosphorylation is observed in liver and muscle of rats freated
chronically with streptozotocin. The association She/Grb2 is \aisis increased in both
tissues following insulin treatment. These data suggest that while epinephrine
preserves the insulin-induced phosphorylation of Shc and the mitogenic pathway
stimulated by She-Grb2 association, STZ treatment leads to a tissue-specific
increase in the activity of the initial step that ultimately results in the activation of

the Shc/Grb2 mitogenic pathway.

Keywords: epinephrine, diabetes mellitus, streptozotocin, IRS-1, She, She-Grb2

association.




Introduction

The insulin receptor (m) is a protein with endogenous tyrosine kinase activity
which following the activation by insulin, undergoes rapid autophosphorylation and
phosphoryvlates intracellular prb‘tein substrates, including insulin receptor substrates
1-4, and She (1-5) Tyrosine phosphorylated IR couples to downstream SH2- or
SH3-containing signaling molecules, through the phosphotyrosil residues (ij
activated insulin receptor substrates (IRSs). The p85 regulatory subunit of PI 3-
kinase (6), GrbZ (7), SHF2 (Syp) (8) and Nck (9}, are some of the proteins regulated
by this pathway. Like IRSs, Shc protein is also an IR substrate (5,10) that acts as a
docking molecule for the SH2/SH3 adapter protein Grb2 (11,12). She/Grb2
association is upstream to the activation of an important signaling pathway leading
to the stimulation of mitogen-activated protein kinase (MAPK) (13-15). We have
reported recently that insulin can induce time- and dose-dependent Shc tyrosine
phosphorylation and association with Grb2 in rat tissues (16), and that in some
situations of insulin resistance there is an increased correlation between insulin
levels and Shc tyrosine phosi:horyiatien (17). Thus, IRSs and Shc constitute
downstream coupling molecules which connect the activated receptor to distal
events.

Insulin resistance is defined as a subnormal biological response to a given
concentration of insulin. Insulin resistance is characteristic of many disease states
such as type 2 diabetes, uncontrolled type 1 diabetes, obesity and hypertension.
Supranormal concentrations of epinephrine are also known to cause insulin
resistance (18-20). Previous studies have demonstrated that in streptozotocin-
induced diabetes (an animal model of type 1 diabetes) there is increased IRS-1

tyrosine phosphorylation and association with PI 3-kinase (18,21). In contrast, in
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rats freated with an excess of epinephrine, there is a reduction in the insulin-induced
IRS-1 phosphorylation level and in the association with PI 3-kinase (20). These data
demonstrate that IRS-1 is specifically regulated in animal models of imsulin
resistance, and may play a critical role in the altered insulin action observed in such
models. In additiont fatty acid-induced insulin resistance was recently associated
with a decrease in insulin-stimulated MAP kinase (22). TNF-o. and hyperglycemia
also regulate Shc phosphorylation in cultured cells (23), suggesting that Shc may be
involved in the molecular mechanisms of insulin resistance. However, the regulation
of She in tissues from siz- and epinephrine- treated rats has not yet been
investigated.

In this study, ‘WC examined the insulm;induced She tyrosine phosphorylation
and association with Grb2 in liver, muscle and fat of streptozotocin- and

epinephrine-treated rats

Materials and Methods

Materials

The reagents and apparatus for SDS-PAGE and immunoblotting were
obtained from Bio-Rad (Richmond, CA). Tris[hydroxymethyljamino-methane
(Tris), phenylmethylsulfonylfluoride (PMSF), aprotinin, silicone, dithiothreitol and
streptozotocin  (N-[methyInitrosocarbamoyl}-D-glucosamine) were obtained from
Sigma Chemical Co. (St. Louis, MO). Sodium amobarbital were purchased from Eli
Lilly Co. (Indianapolis, IN), and regular highly purified insulin (Jolin R) was from
Biobrés. Protein A-Sepharose 6 MB was purchased from Pharmacia (Uppsala,
Sweden). [ PI]Protein A was from Amersham (Aylesbury, UK), and nitrocellulose




(BAS85; 0.2 um) was obtained from Schleicher and Schuell (Keene, NH}. Male
Wistar rats were from the University’s Animal Breeding Center. Monoclonal
antiphosphotyrosine antibodies (1 ug/mi) were obtained from Upstate
Biotechnology (Lake Placid, NY). Anti-Shc and anti-GRBZ? rabbit polyclonal
antibodies (100 pg/m!) were from Santa Cruz Biotechnology (Santa Cruz, CA).

Animals

Wistar rats 6 weeks old (mean body weight of 148 + 3 g) were fed standard
rodent chow and water ad libitwm. Food was withdrawn 12-14 h before the
experiments. Diabetes was induced with streptozotocin (stz) dissolved in citrate
buffer (pH 4.5) and édministered intravenousiﬁr in a single dose of 60 mg/kg body
weight (Bw) to rats fasted overnight. Acute epinephrine treatment involved a single
injection of 25 pg of 5% (w/v) epinephrine/100g Bw given 10 min before the
experimemal procedure. All experiments with animals were éppmved by the Ethics

Committee of the State University of Campinas (UNICAMP).

Methods

The rats were anesthetized with sodium thiopental (100 ug/kg Bw, ip) and
used 10-15 min later, as soon as anesthesia was assured by the loss of foot and
corneal reflexes. The abdominal cavity was opened, the portal vein exposed and 60
pg of insulin was injected. Samples of liver, skeletal muscie and adipose tissue were
collected 5 min after the insulin infusion, minced coarsely, and homogenized
immediately in aproximately 10 volumes of solubilization buffer A at 4 °C, using a
Polytron PTA 20S homogenizer (Brinkmann Instruments, model PT 10/35),
operated at maximum speed for 30 s. Buffer A (for solubilization) consisted of 1%

Triton X-100, 50 mM Hepes (pH 7.4), 100 mM sodium pyrophosphate, 100 mM




%

sodium fluoride, 10 mM EDTA, 10 mM sodium wvanadate, 2 mM
phenylmethylsulfonyifiuoride, and 0.1 mg of apéoiimin/nﬁ.

For both experimental models situdied, the tissues were exiracted in an
identical manner. The extracts were centrifuged at 30,000 x g in 2 Beckman 70.1 Ti
rotor at 4 °C for 20 min to remove insoluble material, and the resulting supernatant
was used for immunoprecipitation “s'rvith 10 pl of polyclonal anti-She antibody. The
immune complexes were precipitated with protein A-Sepharose 6MB and were
washed three times with 50 mM Tris (pH 7.4), containing 2 mM sodium vanadate,

and 0.1% Triton X-100.

Protein analysis by immunoblotting

After washing, the pellet was resuspended in Laemmli sample buffer (24)
with 100 mM dithiothreitol and heated in a boiling water bath for 5 min. The
samples were subjected to SDS-PAGE (10% polyacrylamide gels) in a Bio-Rad
miniature slab gel apparatus. Electrotransfer of proteins from the gel to
nitrocellulose was performed for 90 min at 120 V {constant) in a Bio-Rad miniature
transfer apparatus (Mini-Protean) as described by Towbin et af (25). Nonspecific
protein binding to the nitrocellulose was reduced by pre-incubating the filter
overnight at 4°C in blocking buffer (5% non-fat dry milk, 10 mM Tris, 150 mM
NaCl, and 0.02% Tween 20). The prestained molecular mass standards used were
phosphorylase B (105 kDa), bovine serum albumin (82 kDa), ovalbumin (49 kDa),
carbonic anhydrase (33.3 kDa), soybean trypsin inhibitor (28.6 kDa) and lysozyme
‘(19,4 kDa). The nitrocellulose filter was then incubated for 4 h at 22 °C with anti-
phosphotyrosine antibody (1 wg/ml), anti-She antibody (1:100) or GRB2 antibody
(1:100) diluted in blocking buffer (3% non-fat dry milk) and then washed for 30 min
in blocking buffer without non-fat dry milk. The blots were then incubated with 2
uCi of [%571-Protein A (30 uCi/jtg) in 10 ml of blocking buffer for 1 h at 22 °C and




washed again. {Izsﬁ—Pro%ein A bound to the antibodies was detected by
autoradiography using preflashed Kodak XAR film with Cronex Lightning Plus
intensifying screens at -70 "C for 12-48 h. Band intensities were quantified by
optical densitometry (Hoefer Scientific Instruments, San Francisco; model GS 300)
of the developed autoradiographs.

General procedures

Protein quantification was performed using the Bradford dye method (26),
and the Bio-Rad reagent with BSA as a standard. Plasma glucose levels were
determined with a Beckman glucose analyser (Beckman Instruments, Inc., Palo
Alto, CA). Acute epinephrim%reated rats and chronic stz-treated rats and their
respective controls underwent an intravenous insulin tolerance test (60 ng of insulin,
injected into the portal vein). Samples were collected from the tail vein at 0 (basal),
4, 8, 12 and 16 min after hormone injection. Plasma glucose disappearance rate (Kiy)
was obtained from the formula 0.693/t;,. The plasma glucose 1;, was calculated
from the slope of the least square analysis of the plasma glucose concentrations

during the linear phase of decline

Statistical analysis

The experimenis were always performed by studying the treated rats of
animals in parallel with a control group. Comparisons of the She levels between
controls vs. diabetics and controls vs. acute epinephrine-treated rats, were analyzed

using the unpaired 7 test. A p value < 0.05 was considered to indicate significance.

Results




1. Characteristics of epinephrine- and stz-treated rats

To establish the degree of insulin resistance in epinephrine-treated rats, fen
rats from each experimental group and their respective matching controls underwent
an insulin tolerance test. The plasma glucose disappearance rate (ki) of the control
group was 440 * (.39%/min. Acute epinephrine treaiment induced insulin
resistance, as reflected in the glucose disappearance rate of 1.89 * 0.63%/min
(p<0.05 related to the control group). In stz-treated rats, plasma glucose and serum
insulin levels were measured, and consideréd diabetics when glucose was over 300
mg/dl. The glucose disappearanice rate of STZ diabetic rats was 1.94 + 0.81%/min
(p<0.01 related to control group). Table I sumarizes the body weight, plasma

glucose and serum insulin Jevels of control, epinephrine- and stz-treated rats.

2. She protein expression in tissues of diabetic or epinephrine-treated rats

Shc protein expression in liver, muscle and adipose tissue of stz-diabetic rats
and epinephrine-treated rats was not significantly different from the respective
controls before and after acute stimuiation with insulin {data not shown). The

predominant isoform phosphorylated in muscle was p52Sh°, whereas in liver and fat

pszshc

was the only phosphorylated isoform detected.

3. Effect of epinephrine on She phosphoerylation and She/Grb2 association

Insulin-induced tyrosine phosphorylation of Shc in liver of epinephrine-
treated rats did not differ from that of control rats (control 100 + 9% vs epinephrine-
treated 85 = 10%; p=0.2) (Fig. 1A, left panel). The extent of insulin-induced
She/Grb2 association in this tissue was highly correlated with the level of insulin-
induced Shc phosphorylation (control 100 + 23% vs epinephrine 74 + 2%, p=0.9)
{Fig. 1A, right panel). Basal levels of She/Grb2 association in liver of epinephrine-
treated rats increased by 50% (p<0.003) (Fig. 1A, right panel).




Insulin-induced tyrosil phosphorylation of She in the muscle of epinephrine-
treated rats was similar to the controls (control 100% =+ 8% vs epinephrine 103% *
8%, p=0.4) (¥ig. 1B, left panel). Insulin-induced Shc/Grb2 association levels in
muscle of epinephrine-treated rats, did not differ from the She/Grb2 association
levels displayed by the controls (control 100 * 5% vs epinephrine 97 + 1%, p=0.21)
(Fig. 1B, right panel). In muscle of epinephrine-treated rats there was a significant
increase in the basal levels of She/Grb2 association (control 28 & 2% vs epinephrine
65 + 9%, p<0.05)

In the adipose tissue of epinephrine-treated rats, the levels of insulin-induced
She protein phosphorylation were similar to the levels observed in their controls
(control 100 = 6% vs epinephrine 91 + 15%; p=0.8) (Fig. 1C, left panel). In these
animals, the insulin-induced She/Grb2 association in adipose tissue was strongly
correlated with the level of phosphorylation of She (control 100% £ 6%, epinephrine
96% + 4%, p=0.2) (Fig 1C, right panel). Basal level of She/Grb2 association in fat
of cpinephrine-treated rats was significantly increased (control 37 + 17%,
epinephrine 86 + 4%, p=0.05) (Fig. 1C, right panel)

4. Effect of stz on Shc phosphorylation and Shc/Grb2 association

Insulin-induced tyrosine phosphorylation levels of She in liver of stz-treated
rats was significantly higher compared to controls (control 100 + 7% vs stz 175 +
5%, p<0.001) (Fig. 2A, left panel). The extent of insulin-induced Shc/Grb?2
association was strongly correlated with the level of phosphorylation of Shc (control
100 + 13% vs STZ 194 £ 8%, p<0.001) (Fig. 2A, right panel).

In muscle of stz-treated rats there was an increase in the basal
phosphorylation of She (47 = 16% above the control, p<0.05) (Fig. 2B, left panel),

which was not accompanied by an increase in She/Grb2 association before the




injection of insulin. Insulin-induced She tyrosine phosphorylation was higher in
muscle of stz diabetic rats (contro! 100 % 11% vs stz 180 + 12%, p<0.01) (Fig. 2B,
left panel), with a corresponding increase in the association between She and Grb2
(control 100 * 18% vs stz 162 * 8%, p<0.01) (Fig 2B, right panel).

In adipose tissue from stz-treated rats there was a non-significant increase in
insulin-induced She phosphorylation levels compared to controls (control 100 + 4%
vs stz 133 + 9%; p=0.2) (Fig. 2C). The insulin-induced Shc/Grb2 association was
consistent with the She tyrosil phosphorylatibn levels, and did not differ from the
controls (control 100 + 6% vs stz 125 £ 8%, p=0.1) (Fig. 6C).

Discussion

Following insulin stimulation, several proteins undergo tyrosine
phosphorylation, including the B chain of the insulin receptor, IRS-1, IRS-2 and She
(27). She belongs to a family of signal-transduction proteins implicated in several
intracellular interactions between different signaling systems (15). Once
phosphorylated, Shc binds to-the adapter protein Grb2, activating a complex
mitogenic pathway, acting as a key docking that enhances or counter-regulates the
tyrosine kinase receptors actions over specifically mitogenic processes (11-13).

In the present study, we analyzed the insulin-induced phosphorylation of

2% and the relationship between insulin-induced She phosphorylation and

p5
Shc/Grb2 association in liver, muscle and fat of rats treated acutely with epinephrine
or chronically with stz. Insulin resistance in both groups was demonstrated by a
decrease in the glucose disappearance rate after insulin infusion (28). The insulin-
induced tyrosine phosphorylation levels of She, and the She/Grb?2 association were
similar in liver, muscle and fat of acute epinephrine-treated rats compared to the

controls. However, there was a significant increase in basal She/Grb2 association
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levels in the three tissues studied. Comparison of these results with previous studies
done under similar conditions (20, 29, 30), revealed a clear dissociation between
insulin-induced Shc and IRS-1 tyrosine phosphorylation in epinephrine-treated rats
in the tissues examined. Indeed, while the insulin-induced tyrosine phosphorylation
levels of IRS-1 in liver and muscle of epinephrine-treated rats were lower compared
to controis (20), the insulin-induced Shc phosphorylation in the same tissues were
similar to controls. The decrease in IRS-1 tyrosine phosphorylation in epinephrine-
treated rats correlated with that of the IR (20). The mechanism by which a reduction
in insulin receptor phosphorylation differentially regulates its own substrates is
unknown. She can directly associate with the insulin receptor by binding to
phosphorylated Tyr%%(} in the receptor juxtémembranc region (10), which is the
same binding site for IRS-1 (31). These suggested that IRS-1 competes for this
tyrosine residue during association with the phosphorylated receptor (32). It is
possible that the serine phosphorylation of IRS-1 induced by an increase in
intracellular cAMP levels following epinephrine treatment may reduce its binding
affinity for the insulin receptor, allowing She to be more competitive. In support of
this hypothesis, Li and Goldstein (33) have shown that reducing IRS-1 serine
phosphoryiation results in increased insulin-induced IRS-1 tyrosine phosphorylation
and decreased She tyrosine phosphorylation.

The dissociation of insulin-induced IRS-1 and She tyrosine phosphorylation
observed after acute epinephrine freatment has been described in cell lines with
mutations at two tyrosine pﬁosphoryiation sites on the insulin receptor (34). Such
cell lines showed insulin-induced tyrosine phosphorylation of She, She/Grb2
complex formation, and p2lras-GTP formation, but had reduced tyrosine
phosphorylation of IRS-1 and reduced IRS-1 association with Grb2 and PI 3-kinase.

These results, together with our own, suggest that a reduction in insulin receptor
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phosphorylation may differentially induce post-receptor processes by preserving the
phosphorylation of some, but not all, substrates and pathways.

The increased She-Grb2 association during the basal state in liver, muscle and
adipose tissue of epinephrine-treated rats, suggests that epinephrine-induced tyrosine
phosphorylation of p52 She, that leads to its association with Grb2? and MAPK
activation. Studies showing that norepinephrine, through the alpha-1 adrenergic
receptor, directly stimulates p52She and MAPK in human vascular smooth muscle
cells, support this hypothesis (35). High levels of TNFo due to epinephrine
treatment may also contribute to the increase of basal She tyrosine phosphorylation
levels and She-Grb2 association (23).

We also stuéiéd the effect of stz—indﬁced diabetes mellitus, which is an
insulin-resistant state characterized by deficient insulin production and action, on the
regulation of Shc. In this state, high glucose levels were detected, and Shc
phosphorylation was increased, so that the She/Grb2 association after stimulation
with insulin was considerably augmented in liver and muscle, and to lesser extent in
rat adipose tissue. In stz diabetic animals under similar conditions, there was also an
increase in insulin-induced IRS-1 tyrosine phosphorylation, a well as IRS-1
associated PI-3 kinase activity. |

The mechanism responsible for the increase in IRS-1 and Shc tyrosine
phosphorylation in liver and muscle of stz diabetic animals is not known, but may be
related to the increase in insulin receptor number and phosphorylation (18).
However in other animal model of insulin resistance with hypoinsulinemia (72 h
fasted rats), in which there is an increase in insulin receptor number and
phosphorylation, the increase in IRS-1 tyrosine phosphorylation is not accompained
by an increase in Shc phosphorylation. Since the difference between these two
models is related mainly to glucose levels, it is possible that high glucose levels,

perhaps by increasing the osmolarity, may contribute to the increased Shc
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phosphorylation Ievél-and association with Grb2 in liver and muscle (36). The
upregulation of substrate tiyrosine phosphorylation in the presence of
hypoinsulinemia could also potentially result from the reduced activity of a
phosphotyrosine-protein (PTP)} phosphatase, which is known to be decreased in the
skeletal muscle of stz-diabetic rats (40-42).

The increase in IRS-1 and She tyrosine phosphorylation in stz diabetic
animals occurs despite the state of decreased insulin responsiveness in both liver and
peripheral tiésues of these animals (37-39). The fact that the glucose disappearance
rate was lower in stz diabetic rats suggests that tissue or circulating factor such as
fatty acids, ketones, counterregulatory hormones, and acidosis may antagonize the
étimuiatory action of insulin on glucose uptake and metabolism as previously
discussed. It is possibie that the increase in IRS-1 and Shc phosphorylation in liver

and muscle of stz-diabetes could be a response to the impairment of insulin action.

The results of our study suggest that while epinephrine preserves the insulin-
induced phosphorylation of Shc and the mitogenic pathway stimulated by Shc/Grb2
association, stz treatment leads to a tissue-specific increase in the activity of the
initial step that ultimately results in the activation of the Shec/Grb2 mitogenic

pathway.
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Figure Legends

‘Fig 1. Insulin stimulates tyrosime phosphorylation of She and She/Grb2
association in tissues from contrel and epinephrine-treated rats: The proteins
were isolated and processed as described in Methods and were detected with anti-
Shc/&ntiphosphatyroéine antibodes (left panels) and anti-She/anti-Grb2 antibodies
(right panels) in (4) liver, (B) muscle and (C ) adipose tissue extracts. The levels of
She tyrosil phosphorylation and She-Grb2 association were determined by scanning
densitometry of six separate experiments for each tissue and were expressed as a
percentage of the insulin-stimulated control (100%). The columms and bars and

represent the mean £ SEM. p<0.05.

Fig 2. Insulin stimulates fyrosinme phosphorylation of She and She/Grb2
association in tissues from control and stz-treated rats: The proteiﬂ,s were
isolated and processed as described in Methods and were detected with with anti-
She/antiphosphotyrosine antibodes (left panels) and anti-She/anti-Grb2 antibodies
(rigth panels) in {4) liver, (B) muscle and (C } adipose tissue extracts. The levels of
She tyrosil phosphorylation and She-Grb2 association were determined by scanning
densitometry of seven, six and seven separate experiments for liver, muscle and fat
respectively, and were expressed as a percentage of the insulin-stimulated control

(100%). The columns and bars represent the mean £ SEM. p<0.05.
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Table I. Characteristics of the rats studied

The data are expressed as the mean + SEM. *p<0.05 compared to the comresponding

control.
Groups i} Body weight | Basal Plasma | Basal Serum
(Bw) glucose insulin
® (mg/di) (1U/ml)
Control T 20 14813 11522 2942
Epinephrine 12 14413 11743 4144
STZ diabetes 16 10243+ 45242+ 6+6%
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Running Title: IRS-3 expression in pancreatic B-cells

Summary

Adipocytes express a 60 kDa protein which undergoes rapid tyrosine
phosphorylation in response to insulin and then binds to PI-3 kinase. This protein
has been considered a new member of the insulin receptor substrate (IRS) family,
and designated IRS-3. In the present study we show for the first time that purified
rat B-cells express ppéﬁms’g‘ . The protein is immunoreactive with anti-IRS-2, and it
is highly expressed in B-cells. Antibodies against IRS-2 and phosphotyrosine also
detected the presence of another protein of 125 kDa in §-cells, but not in liver or
adipose tissue. IR8-3 mRNA is expressed in B-cells, but the content of this mRNA
is not affected by a 48 h culture at different glucose concentrations or in the
presence of interleukin-1p. Insulin may exert a feedback loop which contributes to

regulate pancreatic B-cell function, and further studies are now required to clarify




* the role for IRS-3 and the 125 kDa protein in the insulin signal transduction at the

B-cell level.
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1. INTRODUCTION

insulin secretion tightly regulates gluéose homeostasis by stimulating the
peripheral use of glucose and inhibiting hepatic glucose production [1]. Insulin
action is initiated by its binding to the extracellular domain of the insulin receptor
(IR) and subsequent activation of the tyrosine kinase activity of the receptor
cytoplasmic domain [2]. Once activated, the IR phosphorylates proteins which will
complex with a variety of SH2 domain-containing proteins and thus trigger
signaling pathways that lead to the diverse actions of insulin [3].

In contrast to the extensive studies performed in liver, muscle and adipose
tissue [4-5], relatively little is known on the effects of insulin in pancreatic B-cells.
The recent detection of insulin receptor (IR) mRNA and the insulin receptor 1
A(IRS—I) protein in BTC3 cells, an insulin-producing B-cell line [6], raises the

question whether a feedback loop operates through the IR in B-cells. Moreover,




-IRS8-1 and IRS-2 are also implicated in the signalling of insulin growth factor-1
(IGF-1), for which rat f-cells have specific receptors [7]. Thus, the finding of IRS-
1 and IRS-2 in insulin-producing cells would be consistent with the possibility that
islet B-cells respond to insulin and/or insulin growth factor (IGF) via intracellular

-transducion pathways that are similar to those in peripheral tissues [8-10]. Glucose
and insulin have been found to induce phosphorylation of the insulin receptor and
its primary substrates insulin receptor 1 and 2 (IRS-‘-I and IRS-2) in whole rat islets
[11]. What is still unclear is whether the proteins involved in insulin signal
transduction are indeed present in primary non-tumoral ﬁacelis.

To further examine signal transduction of insulin at the B-cell level, we
studied the expression of the insulin receptor substrate-2 (IRS-2), one of the early
substrates of the activated IR, in purified rat B~ and non B-cells. IRS-2 has been
recently proposed as an important regulatory protein for $-cell development and
survival [12]. During this study, we noticed that IRS-2 was associated with a 60
kDa band which showed similarities with the 60 kDa insulin receptor substrate-3
(ppéGIRS'3) recently described in adipocytes [13]. To identify the exiaression of
IRS-3 mRNA in B-cells, we developed a reverse transcribed-polymerase chain

reaction (RT-PCR) assay for IRS-3 mRNA in purified islet cells.

2. MATERIALS AND METHODS

Preparation of purified p-cells




Pancreatic islets were isolated from adult male Wistar rats by collagenase
digestion and dissociated into single cells in calcium-free medium containing
trypsin and deoxyribonuclease (Dnase) [14]. Single B-cells were purified by
autofluorescence-activated cell sorting, using cellular light-scatter and flavin
adenine dinucleotide (FAD)-autofluorescence as discriminating parameters [14].
The B-cell preparations contained >90% B-cells, while the non-$ cells preparations

contained >60% a—cells and <20% B-cells [14].

Cell culture

The two cell preparations (300K B-cells and 900K non-B cells) were
- suspended in Lux dishes (Miles, Maperville, IL) containing 3 ml culture medium,
reaggregated for 2 h m a rotatory shaking incubator (Braun, Melsugen, Germany),
and then further cultured under static serum-free conditions. Culture medium was
Ham’s F10 containing 10 mmol/liter glucose supplemented with 0.075 mg/m!
penicillin, 0.1 mg/ml streptomycin, 2 mmol/liter L-glutamine, 1% (wt/vol) BSA
pretreated with charcoal (BSA, fraction V, RIA grade, Sigma, St Louis, MO), and
50 upmolliter 3-isobutyl-1-methylxantine (IBMX, Janssen Chimica, Beerse,
Belgium) [15]. The presence of IBMX preserves B—cell viability in culture [15]. In
the first series of experiments, B~ and non-B-cell subpopulations were cultured for
" 24 h at 2.8 mM glucose and then exposed for 90 sec to 22.2 mM glucose, 107 M

human insulin (a kind gift from Eli Lilly, Indianapolis, USA) or 10° M IGF-1 (a




kind gift from Eli Lilly, Indianapolis, USA). These cells were collected directly
for Western blot analysis (see below). In a second series of experiments, 100K B-
or non B-cells were incubated for 48 h in 1 ml culture medium at 2.8, 10 or 22.2

mM glucose or 2.8 mM glucose + 107 M insulin before collection for RT-PCR

(see below).

Preparation of rat tissue samples for contro! tests

Wistar rats (200-250 g body weight) were starved for 16 h before anesthesia
with sodium thio;aentai (100 pg/kg body weight, ip) and used 10-15 min later. The
abdominal cavity was opened, the portal vein exposed and 2.8 mM or 22.2 mM
glucose, or 10'7_M of insulin or 10 M of IGF-1was injected. Samples of liver and
adipdse tissue were collected 90 sec. after infusion (5). The tissues were minced
and homogenized immediately in approximately 10 volumes of lysis buffer (see
below) at 4°C, using a Polytron PTA 208 homogenizer (Brinkmann Instruments,
model PT 10/35), operated at maximum speed for 30 s. The extracts were
centrifuged at 30,000 x g in an Eppendorf centrifugue at 4 °C for 20 min to
remove insoluble material. Protein quantification was performed using the micro
BCA Protein Assay (Pierce, Chemical Co., Rockford, IL) and similar amounts of

protein (100 pg/lane) were ran in the same gel and foliowing the same steps used

for B-cells and non B-cells preparations.




Immunoblot analysis of IRS-2

Groups of 3x10° B-cells and 9x10° non-B cells were sonicated in 30 i of
- modified radioimmunoprecipitation (RIPA) lysis buffer (1x PRBS, 1% Nonidet P-
40, 0.25% sodium deoxycholate, 0.1% SDS, 1 mM PMSF in isopropanol,
aprotinin 1 pg/ml, 1 mM sodium orthovanadate, 1 mM NaF). The extracts were
centrifuged at 30.000 x g in an Eppendorf centrifuge at 4°C for 20 min to remove
insoluble material. Protein quéhtiﬁcation was performed using the micro BCA
Protein Assay (Pierce, Chemical Co., Rockford, IL), and equal amounts of protein
(25 ug/lane) were ran on a 10% SDS-polyacrilamide gel. After electrophoresis,
proteins were electrically transferred to nitrocellulose filters and then incubated
with a mouse monoclonal anti-phosphotyrosine antibody (1:1000; Transduction
Laboratories, Lexington, UK), or rabbit polyclonal anti-TRS-2 antibody (non-IRS-
1 cross reacting, 1:1000; Upstate Biotechnology, Lake Place, NY-USA).
Horseradish peroxidase-linked . whole anti-mouse or anti-rabbit were used as
second antibodies. Peroxidase activity was detected by enhanced

chemiluminescence (Amersham, Buckinghamshire, UK).

mRINA isolation and RT-PCR

Poly(A)+ mRNA was isolated from cell aggregates (105 B or non-B-cells)
using oligo(dT)25-coated polystyrene Dynabeads (Dynal, Oslo, Norway). The

yield of mRNA in each sample was evaluated by RT-PCR amplification of the




.housekeeping géne glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The

reverse transcription reaction was performed at 42°C for 1h, and contained (per 10
ul): mRNA equivalent to 6x10° cells, 1x reverse transcription buffer, 5 mM
MgClp, 1 mM of each dNTP, 2.5 uM random hexamer primers and 100 units of

Moloney murine leukemia virus reverse transcriptase (Perkin Elmer, Norwalk, CT,
USA) [16]. The subsequent PCR reaction contained (in 25 pl reaction solution): 5
ul cDNA, 0.4 pM of forward and reverse primers, 200 uM of each dNTP, 1x PCR
buffer, 2 mM MgCly, and 0.625 U AmpliTaq Gold DNA polymerase (Perkin
Elmer). PCR specificity and efficiency was improved by using hot start PCR with
12 min predenaturation at 95°C and then 27 (GAPDH) or 32 (IRS-3) cycles of
94°C for 45s, 58°C for_ 45s and 72°C for 80s. The number of cycles selected
allowed linear amplification of the amount of cDNA under study (data not shown).
The primer sequences used were: IRS-3F 5°-GGTGCCTGCACTATTAGCAA-
3%

IRS-3R 5-AGCAAGGACAAGCGCAGGAC -37,

GAPDH-F 5-TCACTCAAGATTGTCAGCAA-3’,

GAPDH-R 5’~AGATCCACGACGGACACATT—3’
The ethidium bromide-stained agarose gels were photographed under UV-
transillumination using Kodak Digital Science DC40 camera (Kodak, Rochester,

NY, USA) and the PCR band intensities on the image were quantified by Biomax




1D Image analysis software (Kodak) and expressed in pixel intensities. The target

c¢DNAs present in each sample was corrected for the respective GAPDH value.

Data analysis

Data are presented as means = SEM. Statistical significance of differences

were calculated by ANOV A, as indicated.

3. RESULTS
Expression of Insulin Receptor Substrate-2 in §- and non-j-cells ‘

To determine the expression of IRS-2 in purified pancreatic - and non-f-
cells, both cell populations and the control tissues (liver and fat) under treatment
with glucose {(22.2 mM), were subjected to Western blotting using anti-PY
antibody. Rat liver samples showed, as expected, a 180 kDa band which
corresponds to the IRS-2 molecular weight (Fig. 1, lane 1). Adipose tissue samples
showed only a faint band at the IRS-2 level, but contained a clear 60 kDa band
(Fig. 1, lane 5). IRS-2 was strongly positive in islet B-cells (Fig. 1, lane 3), whith a
protein load that was four-fold smaller than for liver (Fig. 1, compare lanes 1 and
3), but was absent on non-f-cells. Interestingly, the §-cell blots showed a 60 kDa
band, comparable to the band observed in the rat adipose tissue (Fig. 1, compare
lanes 3 and 5). Liver and islet non-B-cells did not express this 60 kDa band (Fig. 1,

lanes 1-2 (liver) and 7-8 (fat}).




The B-cells also showed a clearly defined band at aproximately 125 kDa,
which was not present in the other preparations (lanes 3-4, Fig. 1). A band of
similar MW has been previously described in insulin-producing BTC3 cells and in
NEDH rat insulinoma tissue (RITz cells) [17-18].

With the use of an anti-phosphotyrosine antibody, liver samples previously
exposed to insulin in vive showed the expected 180 kDa, 160 kDa and 95 kDa
bands for respectively IRS-2, IRS-1 ami IR (Fig. 1, lane 2). Pancreatic B-cells
exposed to insulin 107 M evidenced phosphorylation of the above described 125
kDa protein, but not of the 180 kDa band corresponding to }RSQ (Fig. 1, lane 4).
Interestingly f-cells, but not non-B-cells, presented a phosphorylated band
migrating at 60 kDa, Which strongly increased in intensity following exposure to
insulin (Fig. 1, lane 4) or IGF-1 (Data not shown). This band was comparable to
that observed in the rat epididymal fat pad samples after exposure to 107 M
insulin (Fig. 1, lane 6). Non-B-cells did not present insulin-phosphorylated

proteins at these two molecular weigths (Fig. 2 lane 8).

Presence of pp60™>> mRNA in FACS purified B- and non-B-cells
Since we did not have access to antibodies specifically directed against
IRS-3, we developed a RT-PCR to detect the mRNA encoding for this protein.

The primers used were able to amplify the IRS-3 gene spanning an intron of 170

bp, in a 401 kb ¢DNA band (Fig. 3). Sequencing of this ¢cDNA product by



automated DNA sequencing (ABI PRISM 310 Genetic Analyzer), showed 99%
identity with the described sequence of rat IRS-3 (Accession No U93880) (data
not shown). Using this RT-PCR we observed that $-cells, and to a less degree non-
B cells, expressed IRS-3 mRNA (Fig. 3). When corrected for GAPDH expression,
we still noticed a lower IRS-3 expression in non-B-cells (data not shown), Next we
evaluated whether culture at different glucose concentrations would modify IRS-3
mRNA expression. Higher glucose concentrations induced an increase in medium
insulin accumulation (Table 1). Medium insulin accumulation in non B-cells was
always below 1% of the values observed in B-cells (data not show). However,
these cells presented a 4-fold increase in insulin secretion when comparing cells
cultured at 2.8 mM or 20 mM glucose (data not shown), consistent with a minor
contamination by B-cells in these preparations. None of those different treatments
modified IRS-3 mRNA expression (Table 1). In a separate series of experiments,
we exposed B-cells for 24 h to the cytokine IL-18 (50 U/ml), a treatment
previously shown to profoundly suppress P-cell function [16]. However, the
cytokine failed to affect IRS-3 expression, which in IL-1B treated cells Wasl97 +9

% of that observed in control islets (n = 4).

4. DISCUSSION
It has been recently demonstrated that pancreatic p-cell lines express insulin

receptor (IR) mRNA [6]. Insulin induces IR tyrosine kinase activity and leads to
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activation of its intracellular signaling pathway in B-cell lines such as BTC3 [19].
Moreover, overexpression of the wild type IR in insulin-producing cells stimulates
tyrosine kinase activity and increases insulin mRNA expression [10]. This, and the
observations that mice with defective IRS-2 expression (IRS-2-/- mice) present B-
 cell failure and diabetes mellitus [12] while mice with B-cell-specific knockout of
the insulin receptor have insulin secretory defects and glucose intclerance [20],
suggest that insulin signaling is required for a&equate B-cell function. In the
present study we investigated the expression of IRS-2 in pancreatic B-cells
purified from normal adult rats, and compared it With that of non-p cells.
Immunoblot analysis indicated the presence of IRS-2 in B-cells, with much lower
expression in non-B cells. We also detected a 60 kDa band in B-cells and in
adipose tissue, but not in liver or in islet non-p—cells. The co-expression of a 60
kDa protein with IRS-2 in rat pancreatic B-cells raised the posibility of a cross-
reacting phenomenon with the insuliﬁ receptor substrate 3 (IRS-3), which has been
previously described in rat periepididimal adipose tissue [21-22]. The presence of
60-70 kDa phosphotyrosine proteins (p60-70), which are ‘abie to intefact with IR,

IRSs and p83 (the regulatory subunit of PI-3 kinase) after insulin stimulus, has

also been described in rat hepatoma cells overexpressing normal insulin receptors
(HTC-IR) [23-24] and in NIH 313 cells [25]. The adipocyte protein that binds PI-
3 kinase was reported first [26], and this is probably the same protein recently

characterized in rat adipocytes [21-22] and named insulin receptor substrate-3

it



(pp60™>?). Rat B-cells also contained a third proeminent band at 125 kDa, which
was previously described in B-cells lines, and assumed to represent an early step in
the insulin signal transduction pathway [17-18]. It is noteworthy that this 125 kDa
protein is immunoreactive with anti-IRS-2 antibody in Western blots (Fig. 2) and
is phosphorylated following exposure to insulin, suggesting an aufcocﬁne effect
upon the B-cell phosphorylation state. Further studies are required to characterize
the structure and function of this new protein.

Additional evidence for the presence of IRS-3 in P-cells comes from RT-
PCR analysis indicating IRS-3 mRNA expression inthese cells. Culture af
different glucose concentrations, or in the presence of insulin or [L-1B, did not
modify IRS-3 mRNA expression in $-cells.

IRS-3 protein generaliy resemble IRS-1 and IRS-2. It is composed of a
plekstrin homology (PH) domain, a phosphotyrosine binding domain (PTB) and a
short tail of tyrosine phosphorylation sites which engage and activate proteins with
SH2 domains [13]. Moreover, insulin-exposed adipocytes present an early binding
of IRS-3 to p85, which precedes IRS-1 or IRS-2 binding [27]. This suggests that
IRS-3 may be the initial substrate of the activated insulin receptor and a strong
activator of PI-3 kinase in the at;lipose tissue [28].

The present observation that IRS-3 is expressed in B-cells provides a new
insight into the complex pathways regulating insulin signaling in these cells

where, as in insulin target tissues, the activation of PI-3 kinase might represent a
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crucial step [91. In insulin responsive tissues PI-3 kinase activity is implicated in
the stimulation of both general and growth-regulated protein synthesis [29], the
stirnulation of DNA synthesis [30], as well as the regulation of vesicle trafficking
and glucose transport [31]. Studies performed in the insulin producing cell lines
HIT-T15 [9] and BTC6-F7 [10], showed that PI-3 kinase may be involved in
insulin-mediated up-regulation of insulin gene transcription, through the IRS-2/PI-
3 kinase/p70 ribosomal s6 protein kinase and CaM kinase pathways [9] [32].

At present, the physiological significance for the presence of different
isoforms of IRS in the same tissue is not understood, but it may reflect a “safe
mechanism” to ensure adequate insulin signal transduction. In line with this
‘possibility, IRS-2 apparently compensates for the absence of IRS-1 in hepatocytes
from IRS-1-/- mice, but faiié to do so in skeletal muscle or adipocytes [33-35].
Alternatively, these isoforms may have evolved to mediate specific and different
functions associated to the insulin stimulus [36]. This may explain the differential
time course and level of association between IRS proteins and PI-3 kinase in
adipocytes [27]. Further studies are now required to clarify the putative
contributions of IRS proteins, as well as the role for IRS-3 and PL-3 kinases, for

insulin-and IGF-1 mediated signal transduction in pancreatic B-cells.
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LEGENDS TO THE FIGURES

Figure 1. IRS-2 and p6d expression in islet B- and non-B-cells, Western Blot of
B-cells and non-B-cells (25 pg protein each) were performed as described under
“Methods”. The bands were detected with anti-phosphotyrosine antibody. Rat
liver and adipose tissue were used as positive controls (100 pg protein each). Lane
1. Liver exposed to 22.2 mM glucose for 90 sec; Lane 2. Liver exposed to 10" M
insulin for 90 sec; Lane 3. B-cells exposed to 22.2 mM glucose for 90 sec; Lane 4.
B-cells exposed t0 107 M insulin for 90 sec; Lane 5. periepididymal adipose tissue
exposed to 22.2 mM giuc;)se for 90 sec; Lane 6. ‘periepididymal adipose tissue
exposed to 107 M insulin for 90 sec; Lane 7. non-§-cells exposed to 222 mM
| glucose for 90 sec; Lane 8. non-B-cells exposed to 107 M insulin for 90. The blot

is representative of four independent experiments.

Figure 3. Expression of IRS-3 MA in rat B and non-B cells. Poly(A)” mRNA
was extracted from 10° rat B and non-B cells, reverse transcribed to cDNA and
amplified by PCR. Each PCR reaction contained cDNA equivalent fo 1.5 x 10°
cells. Lane 1, B-cells; lane 2, non B-cells; lane 3, rat hepatocyte genomic DNA; M,
pBR322/Hae 11 DNA marker. The sizes of PCR fragments of ¢cDNA (401 bp)
and genomic DNA (571 bp) are indicated. The figure is representative for four

independent experiments.
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Table 1. Medium insulin accamulation and IRS-3 mRNA expression in

B—cells cultured under different experimental conditions

G2.8mM Gi0wM G222mM G 2.83mM +

107 M Insulin
Medium insulin 101 46+2° 62+4 %0
n.d.
(ng/19° cells)
IBS-3 mBN 1+0.1 92+0.1 0.620.1
0.9+0.1 :

(0.D./GAPDH)

Rat B-cells were cultured for 48 h (3 x 10° cells/condition) at 2.8mM glucose,
10mM glucose, 20mM glucose or 2.8 mM glucose + 10”7 M Insulin. After culture,
msulin content of the medium was measured by radioimmunoassay (RIA). IRS-3
mRNA expression was determined by RT-PCR, quantified by densitometry and
corrected for GAPDH expression. Data represents means + SEM of 4 separate
experiments. Statistical significance of differences was calculated by ANOVA.
*p<0.001 vs G 2.8 mM; °p<0.01 vs G10 mM. n.d.: not determined.
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