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Lista de abreviaturas

AGL - Acidos graxos livres.

AGRP (Agouti Related Peptide) — Neuropeptideo que estimula a ingestéo alimentar.

Akt (Protein Kinase B/Akt) - Proteina quinase B.

Camundongo db/dh — Camundongo obeso que apresenta mutagéo do gene que codifica o

receptor de leptina.

Camundongo ob/ob - Camundongo obeso que apresenta mutagdo do gene que codifica a

leptina.

CART (Cocaine-and Anphetamine—Regulated Transcription) - Neuropeptideo que inibe a

ingestdo alimentar.

Cbl — produto do proto oncogene Cbl.

elF-4E/PHAS-1 (Initiation Factor 4E for Eukaryotic Translation Inhibitor) — Proteina que

regula a translag3o de proteinas.

ERK (Extracellular Signal-Regulated Kinase) — Quinase da familia das MAPK que regula

a transmissdo dos sinais extracelulares.

Gab-1 (Grb2-Associated Binder-1) — proteina que se associa ao Grb2.

gp130 (Glycoprotein 130) — Glicoproteina 130.
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Grb2 (Growth Factor Receptor-Bound protein 2) — Proteina adaptadora necessaria para a

ativacdo da via MAPK por sinais extracelulares.

Icv — Intracerebroventricular.

IR (Insulin Receptor) - Receptor de insulina.

IRS (Insulin Receptor Substrate)- Substrato do receptor de insulina.

JAK?2 (Janus Kinase 2) — Enzima quinase de tirosina associada ao receptor de leptina e

outros receptores da familia gp 130.

kDa — Quilodalton.

LH (Luteinizing Hormone) - Horménio lutetinizante.

LIFR (Leukemia Inhibitory Factor Receptor) — receptor do fator inibidor de leucemia.

OBR - Receptor de leptina.

OBRs - forma curta do receptor de leptina.

OBR; - forma longa do receptor de leptina.

MAPK (Mitogen-Activated Protein Kinase) - Proteina quinase ativadora de mitose.

MODY (Maturity Onset Diabetes of Young) — Forma de diabetes de heranga autossdmica

dominante.

MSH (Melanocyte Stimulating Hormone) — Horménio que estimula melandcitos e também

¢ um neuropeptideo que inibe a ingestdo alimentar.
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NIRKO (Neuron-specific IR Knockout) - Camundongos que ndo t€m receptor de insulina

no SNC.

NPY (Neuropeptide Y) - Neuropeptideo Y.

PDK (Phosphoinositide-dependent Kinase) — Quinase ativada por fosfoinositideos.

PEPCK (Phosphoenolpyruvate Carboxykinase) - Fosfoenol piruvato carboxiquinase.

PI 3-quinase - Fosfatidilinositol 3-quinase.

PKC (Protein Kinase C) — Proteina quinase C.

Rato fa/fa — Rato Zucker obeso que apresenta mutagdo do receptor de leptina.

SH2 (Src Homology 2) - Dominios proteicos com homologia ao proto oncogene Src 2.

She (Src Homology and Colagen Homology) — Substrato do receptor de insulina

SHP?2 (Src Homology Phosphatase 2) — Proteina tirosina fosfatase.

SNC - Sistema nervoso central.

SOCS3 (Suppressors of Cytokine Signaling) — Proteina que inibe a ativagao da JAK2.

STAT (Signal Transducers and Activators of Transcription) — Proteina que transmite o

sinal da superficie celular ao nicleo ativando a transcri¢ao nuclear.

TNF —a — (Tumor Necrosis Factor ) - Fator de necrose tumoral a.
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1. RESUMO




Insulina e leptina atuam de forma semelhante e aditiva para controlar a homeostase
energética. Entretanto, a base molecular desse sinergismo permanece desconhecida. A
insulina sinaliza através de um receptor tirosina quinase que fosforila e ativa seus substratos
(IRSs — substratos do receptor de insulina), enquanto a leptina e sua proteina tirosina
quinase associada JAK?2 (Janus Kinase 2) medeiam a fosforilagdo e ativagao do fator de

transcri¢ado STAT3 (Signal Transducer and Activator of Transcription).

Para investigar se a insulina e a leptina ativam as mesmas vias de sinaliza¢@o e para
determinar se esses hormonios interagem em hipotidlamo, ratos Wistar machos foram
estudados apds implante de canula no terceiro ventriculo através de imunoprecipitagdo,

immunoblotting e gel shift.

A administragio aguda intracerebroventricular (icv) de insulina resultou em
aumento da fosforilagio do receptor de insulina (IR), substrato 1 do receptor de insulina
(IRS-1), substrato 2 do receptor de insulina (IRS-2) e MAPK (Mitogen Activated Protein
Kinase), além da associagdo entre os IRSs e a PI 3-quinase e a fosforilagao em serina da
Akt. A administracdo icv de leptina resultou na fosforilagao em tirosina da JAK2, OBR,
STAT3, IRS-1, IRS-2 ¢ MAPK, bem como da associag@o entre os IRSs e a PI 3-quinase
mas ndo foi observada a fosforilagdo da Akt. O estimulo simultdneo com os dois hormdnios
n3o aumentou a fosforilagio do IRS-1, IRS-2, Akt e MAPK quando comparado com a
administragdo isolada de insulina. Em contrapartida, a insulina induziu a fosforilagéo da
JAK2 e do receptor de leptina (OBR) que, em presenca de leptina, aumentou a interagdo

entre 0 STAT3 e o OBR com conseqiiente aumento da ativagao do STAT3.
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A leptina ativou as vias de sinalizagdo classicamente induzidas pela insulina no
hipotdlamo, e essas vias se intercruzaram, mas foram utilizadas de forma distinta que
quando utilizadas pela insulina. Por outro lado a insulina modulou positivamente a via de
sinalizacdo da leptina. Esses resultados proporcionam uma base molecular para os efeitos

coordenados da insulina e leptina no controle do apetite € peso corporal.

Para demonstrar interdependéncia entre as vias de sinaliza¢@o da insulina e leptina
em hipotidlamo de ratos, a transmissio do sinal de insulina em direcdo as vias da
Pl 3-quinase e MAPK foi comparada em hipotidlamo de ratos zucker obesos (modelo
animal de resisténcia insulina causado pela muta¢io do receptor de leptina) e controle. A
infusdo icv de insulina reduziu a ingestdo alimentar de ratos controle, o que né@o foi
observado nos animais obesos. Constatamos reducio da fosforilagdo do IR, IRS-1, IRS-2,
da associag@o entre a subunidade p85 da PI 3-quinase com as proteinas IRSs, bem como da
fosforilagio em serina da Akt no hipotalamo de ratos obesos comparado com os ratos
magros. Em contraste, a insulina estimulou a fosforilagdo em tirosina da MAPK de forma
similar em ratos magros e obesos. Assim, documentamos resisténcia a sinalizacdo da
insulina em tecidos hipotalamicos de ratos Zucker obesos. Esses resultados fortalecem a
hipétese de que a insulina tem suas agdes anti-obesidade através da via da PI 3-quinase e
que a diminuigdo do sinal por esta via no hipotdlamo pode contribuir para o

desenvolvimento de obesidade em estados de resisténcia a insulina.

Originalmente, pensava-se que o hipotalamo era o tnico tecido a expressar a forma
longa do receptor de leptina. Entretanto, evidéncias recentes sugerem que Orgaos

periféricos, entre eles o figado, também expressam a forma longa do receptor. Assim, na

Resumo
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segunda parte deste estudo investigamos os efeitos rapidos e diretos da leptina em figado e

determinamos se a leptina interage com a insulina nesse 6rgao.

Em figado de ratos a injego aguda de leptina ou insulina estimulou a fosforilagdo
da JAK2, STAT3 e STATSb. A leptina foi menos efetiva que a insulina em estimular as
proteinas IRS e a associagdo destas com a PI 3-quinase. O tratamento simultaneo com os
dois horménios nio modificou a fosforilagio maxima do STAT3, IRS-1, IRS-2 e Akt, mas
causou aumento significativo da fosforilagdo da JAK2 e do STATSb quando comparado
com a administragdo isolada de insulina ou leptina. Assim, detectamos uma inter-relagdo
positiva nas vias de sinalizagdo desses horménios nas proteinas JAK2 e STAT5b em figado

de ratos.

Concluindo, estes estudos caracterizaram as vias de transmiss@o do sinal de leptina
em hipotalamo e figado, evidenciando mecanismos para a integragdo da sinaliza¢do de
insulina e leptina bem como a modulagdo destas vias em modelo animal de resisténcia a

insulina e leptina nesses tecidos.

Resumo
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A obesidade € a doenga nutricional mais comum do ocidente. O aumento da massa
corporal esta associado ao desenvolvimento de hipertensdo arterial sistémica, diabetes
mellitus, colecistopatia cronica calculosa, dislipidemia, doencas cardiacas e algumas formas
de cancer (GRUNDY & BARNETT, 1990). A obesidade ¢ uma doenca atualmente de
carater epidémico e estd rapidamente se tornando um grave problema de saude piblica

(KOPELMAN, 2000).

Nao obstante a universalizagdo dos estudos sobre a obesidade, seu mecanismo
molecular permanece amplamente desconhecido. No inicio de 1953, Kennedy elaborou a
seguinte teoria: quando um animal se alimenta mais que o necessario, a “gordura extra” de
alguma forma sinaliza ao cérebro que o corpo estd mais alimentado que o normal
(KENNEDY, 1953). Com efeito, o animal passa a comer menos e gastar mais energia, o
que resulta em um controle da gordura corporal preciso (variacdo de aproximadamente 1%

ao longo de varios anos).

Dois modelos animais de sindromes de obesidade geneticamente determinada vém
sendo intensivamente investigados nos ultimos 30 anos: os camundongos ob/ob ¢ db/db.
Estes camundongos tém fendtipos idénticos, pesam trés vezes mais € apresentam um
aumento de cinco vezes da gordura corporal comparado aos camundongos controle (mesmo

quando alimentados com a mesma dieta), além de serem diabéticos.

Os primeiros estudos informativos sobre os defeitos primarios nestes animais
foram obtidos com experimentos em que se realizava conexdo parcial dos sistemas
circulatérios de camundongos através de enxertos (parabiose) (COLEMAN, 1973). A
parabiose realizada entre camundongos ob/ob e controle magro, resulta em normalizagio do

peso do mutante ob/ob. Isto sugere que o camundongo ob/ob é deficiente de um fator
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circulante que pode ser reposto pelo sangue do animal controle. Contrariamente, a
parabiose entre camundongos db/db e controle magro, ndo normaliza o peso corporal do
mutante, sugerindo que o camundongo db/db apresenta uma alteracdo na capacidade de
responder ao fator que induz a saciedade. Entretanto, essas conclusdes nio foram muito
valorizadas e a sua confirmagio s6 foi possivel apds a clonagem e segiienciamento do

produto do gene 0b, a leptina, do grego /epros, magro (ZHANG ez al., 1994).

1. Transmissdo do Sinal de Insulina e Leptina em Hipotalamo de Ratos:

Inter-relagées e Implicagdes Fisiopatolégicas

A leptina ¢ expressa principalmente no tecido adiposo e em menores quantidades
no epitélio gastrico e placenta (BADO e al., 1998; MAFFEI er al., 1995; MASUZAKI et
al., 1997). A proteina do gene ob esta presente no plasma de camundongos normais, como
um monémero com peso molecular de 16 kDa, n3o foi detectada em plasma de
camundongos 0b/ob, e foi observada em concentragdes elevadas em camundongos db/db
(HALAAS et al.,, 1995). A administragio de leptina a camundongos 0b/0b resulta em
diminui¢do da ingestdo alimentar, perda de peso e reducdo dos niveis glicémicos
(CAMPFIELD e al., 1995), além de aumentar a atividade simpética em tecido adiposo
marrom, com consequente aumento do gasto energético (PELLEYMOUNTER et al.,
1995). Entretanto, o mesmo resultado néo foi observado quando este horménio foi injetado

nos animais db/db.

Os niveis séricos de leptina correlacionam-se de forma positiva com o indice de

massa corporal na grande maioria das populacdes estudadas (CONSIDINE ez al., 1996;
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FREDERICH et al., 1995; HAVEL et al., 1998; MAFFEI ef al., 1995). A secregdo desse
horménio diminui com o jejum prolongado e estimulo B-adrenérgico (AHIMA et al., 1996)
e aumenta em resposta a administragdo de insulina e glicocorticoides (DE VOS et al., 1995;
SALADIN et al., 1995). A leptina é secretada de forma pulsatil e inversamente relacionada

a atividade do eixo ACTH-Cortisol, ou seja, ocorre diminuigio da secrec@o de leptina ao

amanhecer e aumento no final da tarde (LICINIO et al., 1997).

A leptina produzida pelo tecido adiposo informa o estado nutricional do individuo
a centros hipotalamicos, que regulam a ingest3o alimentar e o gasto energético. Assim, a
reducdo da quantidade de tecido adiposo leva a diminui¢do dos niveis circulantes de
leptina, estimulando a ingestdo alimentar e reduzindo o gasto energético. Contrariamente, o
aumento do estoque de tecido adiposo esta associado a elevagdo dos niveis séricos de
leptina, diminuindo a ingestdo alimentar ¢ aumentando o gasto energético. Através desse
mecanismo, o peso do individuo se mantém estavel durante varios anos. Por que entio
alguns individuos desenvolvem obesidade e outros nao? Acredita-se que a sensibilidade a
leptina seja variavel e que individuos obesos sejam resistentes a leptina (CONSIDINE et
al., 1996; FRIEDMAN & HALAAS, 1998; MAFFEI et al., 1995). Apenas uma infima
parte da populagdo obesa tem baixos niveis séricos de leptina e desenvolvem obesidade de
forma semelhante ao camundongo ob/ob (FAROOQI et al., 2001; MONTAGUE et al.,

1997).

Varios mecanismos podem contribuir para a resisténcia & leptina, como a redu¢io
do transporte de leptina através de células endoteliais e da barreira hematoencefalica
impedindo a chegada da leptina no fluido intersticial cerebral. Entretanto nio é claro se
alteragdes nesse processo podem levar a obesidade, mas resultados de pesquisas indicando

que humanos obesos tém menor relagio entre a leptina liquérica e a plasmatica comparados
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com individuos controle sdo consistentes com essa possibilidade (CARO et al., 1996).
Outra potencial causa de resisténcia a leptina é a reduco da sensibilidade hipotalamica a
esse horménio. Essa alteragdo pode ser observada em roedores (rato Zucker (DA SILVA et
al., 1998) e camundongo db/db (LEE ez al., 1996)) que apresentam mutagoes do receptor de
leptina, assim como em ratos alimentados com dieta hiperlipidica (EL-HASCHIMI et al.,
2000), demonstrando que fatores ambientais sio capazes de modular a via de sinaliza¢io da

leptina.

A identificagdo de receptores especificos para leptina em plexo cordide de ratos,
levou a2 uma melhor compreensio de como acontece a sinalizagdo da leptina no sistema
nervoso central e motivou o desenvolvimento de estudos visando o esclarecimento dos
mecanismos envolvidos na génese da resisténcia a leptina. O receptor de leptina (OBR) é
membro da familia gp130 da classe I dos receptores de citocinas (TARTAGLIA et al.,
1995). E encontrado em muitos tecidos com varias formas de splicing, sendo as mais
encontradas a forma curta (OBRs), expressa em varios tecidos, que apresenta dominios
intracelulares truncados, e a forma longa (OBR,), que apresenta dominios intracelulares
longos e € expressa principalmente no hipotdlamo (nicleos paraventricular, arqueado,

ventromedial e dorsomedial (MERCER et al., 1996; WOODS et al., 1996)).

O OBRs ndo tem sua fungéo bem definida, mas parece influir no transporte da
leptina através da barreira hematoencefalica e talvez contribua para a depurag@o da leptina

atuando como uma fonte de receptor solivel.

A homologia do receptor de leptina a classe I dos receptores de citocinas forneceu
informagdes importantes para a descoberta dos possiveis mediadores intracelulares da acao

da leptina. Os receptores da classe I das citocinas agem através das familias das proteinas
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JAK (Janus Kinase) € STAT (Signal Transducers Activators of Transcription) (HELDIN,
1995). Tipicamente, as proteinas JAK estdo constitutivamente associadas com seqiiéncias
de aminoacidos dos receptores, € adquirem sua atividade tirosina quinase apés a ligacio do
horménio a seu receptor. Uma vez ativada, a proteina JAK fosforila o receptor induzindo a
formag@o de um sitio de ligagdo para as proteinas STAT, as quais sdo ativadas apds terem
se associado ao receptor e serem fosforiladas pela JAK. As proteinas STAT ativadas sao

translocadas para o nicleo e estimulam a transcrigao.

O OBR_ ¢ capaz de estimular as proteinas STAT em resposta a sua ativacio. Dois
estudos (BAUMANN et al., 1996; GHILARDI ez al., 1996) mostraram que a leptina ativa o
STAT3 e o STATS em células COS transfectadas com o OBR;, mas discordaram em
relag@o a atividade do STATI1 e do STAT6. A proteina da familia STAT mais importante
para a regulagdo do peso corporal ainda ndo foi identificada. No entanto, € pouco provavel
que tanto o STAT1 como o STAT6 estejam envolvidos de forma significativa, uma vez que
a auséncia de expressdo desses genes em camundongos knockout ndo resultou em
obesidade (DURBIN et al., 1996; MERAZ et al., 1996; SHIMODA et al., 1996; TAKEDA
et al., 1996). Embora o OBR seja capaz de ativar as proteinas STAT3 e STATS em células
COS, as proteinas do STAT que sdo realmente ativadas in vivo podem diferir das que sdo
observadas nestas linhagens celulares (TARTAGLIA, 1997). Apenas a ativacdo do STAT3
foi detectada no hipotalamo de camundongos, apés a administragao exdgena de leptina

(VAISSE et al., 1996).

O receptor de leptina € capaz de estimular outras vias de sinalizagdo além da
JAK/STAT, tais como a via da proteina quinase ativadora de mitose (MAPK) e a via de
fosfatidilinositol 3-quinase (PI 3-quinase) (HELDIN, 1995), e ¢ possivel que a capacidade

do OBR controlar o peso dependa também destas vias de sinalizacio (NISWENDER e al.,
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2001; TARTAGLIA, 1997). Além disso, a leptina leva também 2 fosforilagdo do SHP2
(CARPENTER et al, 1998), uma fosfotirosina fosfatase, que diminui o grau de
fosforilagio da JAK2 e conseqiientemente a ativacio do STAT3. Uma outra proteina,

SOCS3, quando ativada diminui a resposta a leptina (BIORBAEK et al. , 1998).

Apos a ativagio dos receptores de leptina no cérebro e das proteinas envolvidas na
transmiss@o do sinal desse horménio, respostas neuronais integradas sdo necessarias para
modular a ingestao alimentar e o gasto energético. Alguns neurotransmissores importantes
para o funcionamento dessa rede neuronal estimulam a ingestdo alimentar como o
neuropeptideo Y (NPY) (STEPHENS et al., 1995) e o Agouti related peptide (AGRP)
(SHUTTER et al., 1997), enquanto outros provocam reduco da ingestao alimentar como o
cocaine-and anphetamine-regulated transcription (CART) (KRISTENSEN ez al., 1998) e
0 melanocyte stimulating hormone (0-MSH) (FAN et al., 1997). A leptina regula o balango
energetico diminuindo os niveis de neuropeptideos anabélicos NPY e AGRP e aumentando

a concentragao de neuropeptideos catabdlicos CART e o-MSH.

Assim como a leptina, a insulina também ¢ considerada um horménio que sinaliza
20 hipotalamo o estoque de tecido adiposo e modula a ingestio alimentar (WOODS ez al,
1979; WOODS ez al., 1985). A insulina circula em niveis proporcionais ao contetido de
tecido adiposo e atravessa a barreira hematoencefilica via um sistema de transporte
saturavel em niveis proporcionais aos plasmaticos (BAURA et al., 1993). Os receptores de
insulina sdo expressos por neurdnios envolvidos na ingestdo alimentar (BASKIN et al.,
1999; BASKIN et al., 1988; CHEUNG et al., 1997). A administracio de insulina no
sistema nervoso central reduz a ingestio alimentar e diminui o peso corporal, enquanto a

deficiéncia desse horménio causa hiperfagia (SIPOLS ez al., 1995).
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A correlag@o dos niveis séricos de insulina com o conteudo de gordura corporal é
conseqiiéncia da resisténcia a insulina induzida pelo aumento da gordura corporal
(SCHWARTZ et al., 1997). Assim, a medida que o peso corporal aumenta a insulina deve
aumentar para compensar a resisténcia a insulina e manter a homeostase de glicose (KAHN
et al., 1993; POLONSKY er al., 1988). A faléncia da célula  em alcancar este aumento
adaptativo causa hiperglicemia, e provavelmente contribui para a associag@o entre diabetes
tipo 2 e obesidade. Acredita-se que o aumento progressivo da secrecao de insulina que
ocorre durante o desenvolvimento da obesidade atue como uma alga de retroalimentagio

limitando o acimulo de tecido adiposo.

Varias observagdes indicam que a leptina desempenha uma fungio mais
importante que a insulina no hipotdlamo para controle da homeostase energética. Por
exemplo, a deficiéncia de leptina causa obesidade grave, com hiperfagia que persiste apesar
dos altos niveis circulantes de insulina. Em contraste, a deficiéncia de insulina ndo causa
obesidade. Entretanto esse tipo de comparacio € complicado pelo papel da insulina em
promover a sintese de leptina e o armazenamento de tecido adiposo. Uma vez que o
armazenamento de tecido adiposo requer insulina, nao pode ocorrer ganho de peso quando
a deficiéncia de insulina estd presente, mesmo com um consumo de grande quantidade de
alimento. Outro exemplo interessante € o diabetes descompensado, onde a ingestdo
alimentar aumenta marcadamente (LEEDOM & MEEHAN, 1989), mas a quantidade de
gordura corporal esta baixa, bem como os niveis plasmaticos de leptina (HATHOUT et al.,
1999; HAVEL et al., 1998). Como tanto os niveis séricos de insulina como o de leptina
estao baixos nessa situagdo, a “hiperfagia diabética” poderia ser resultado da diminui¢ao da
sinaliza¢do da insulina, da leptina ou de ambas. Um estudo recente esclareceu esse assunto

mostrando que a reposig¢io isolada de leptina (mas n@o a de insulina) é capaz de prevenir a
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“hiperfagia diabética” indicando que a leptina realmente é mais potente que a insulina no
controle central da homeostase energética. Apesar disso, recentemente foi descrito que a
inativagdo do receptor de insulina apenas no sistema nervoso central de camundongos
resulta em aumento da ingestdo alimentar e obesidade leve, aumento dos niveis plasmaticos
de leptina, aumento da secregdo de insulina bem como resisténcia i insulina leve,
demonstrando a necessidade da integridade da via de sinalizag3o da insulina cerebral para o

controle do peso corporal (BRUNING et al., 2000).

A sinalizagZo intracelular da insulina em tecidos insulino-sensiveis inicia-se com a
ligaggo do horménio a um receptor especifico de membrana, uma proteina
heterotetramérica com atividade quinase, composta por duas subunidades o e duas
subunidades B. A ligacdo da insulina & subunidade & estimula a autofosforilagao da regio

intracelular da subunidade B do receptor.

Uma vez ativado, o receptor de insulina fosforila vérios substratos protéicos em
tirosina incluindo membros da familia dos substratos dos receptores de insulina
(IRS-1/2/3/4), Shec, Gab-1 e Cbl. A fosforilag3o em tirosina das proteinas IRS cria sitios de
reconhecimento para moléculas contendo dominios com homologia a Src 2 (SH2). Dentre
estas destaca-se a PI 3-quinase. As funcdes fisiolégicas do IRS-1/2 foram recentemente
estabelecidas através da produgdo de camundongos sem os genes que codificam o IRS-1 ou
IRS-2 (knockout de IRS-1 e IRS-2). O camundongo que ndo expressa IRS-1 apresenta
resisténcia a insulina e retardo de crescimento, mas nio é diabético (ARAKI et al., 1994).
Foi demonstrado que o IRS-2 poderia compensar parcialmente a auséncia de IRS-1, o que
explicaria o fenétipo de resisténcia & insulina sem hiperglicemia do camundongo knockout

de IRS-1. O camundongo que n3o expressa o IRS-2 foi posteriormente gerado (WITHERS
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et al., 1998) e mostrou um fendtipo diferente do camundongo sem IRS-1: hiperglicemia
acentuada devido a diversas anormalidades na agao da insulina nos tecidos periféricos
associada a faléncia da atividade secretéria das células (. Esta tltima alteracio é

provavelmente conseqiiéncia da redug?o significativa da massa de células B pancreaticas.

A fosforilagdo das proteinas IRSs cria sitios de ligagdo para a PI 3-quinase,
promovendo a sua ativag@o. Atualmente, a PI 3-quinase é a tinica molécula intracelular
inequivocamente considerada essencial para o transporte de glicose (CZECH &

CORVERA, 1999). As proteinas alvo conhecidas dessa enzima s3o a Akt e as isoformas

atipicas da PKC (C e 1), porém a fun¢do dessas proteinas no transporte de glicose ainda nio
esta bem estabelecida (BANDYOPADHYAY et al., 1997; KIM et al., 1999; KITAMURA

etal., 1998; KOHN et al., 1996; KOTANI et al., 1998).

Estudos de nosso laboratério demonstraram que a insulina também fosforila e ativa
a proteina JAK2 (SAAD ef al., 1996). Recentemente descreveu-se que a leptina € capaz de
ativar as proteinas JAK2, IRS-2 e PI 3-quinase (BERTI er al., 1997), com consegiiente
aumento do transporte de glicose € sintese de glicogénio, sugerindo a existéncia de uma
inter-relag@o entre as vias de transmiss@o do sinal de insulina e leptina, pelo menos nas

células estudadas.

As vias de sinalizagdo da insulina bem como o efeito molecular distal desse
horménio para regular o balango energético ainda é desconhecido, mas envolve a redugio
da expressao do RNA mensageiro para o NPY (SIPOLS er al., 1995). Um estudo recente
(NISWENDER et al., 2001) demonstrou que a ativagio da PI 3-quinase é essencial para a

redugdo da ingestdo alimentar induzida por leptina. Nesse sentido o primeiro objetivo
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deste estudo foi caracterizar a inter-relacdo entre as vias de sinalizacdo da insulina e

leptina em direcdo a via PI 3-quinase/Akt.

Apesar da significativa associag@o entre resisténcia a insulina e obesidade, a base
molecular dessa associagdo ndo é conhecida. A insulina sinaliza através de um receptor do
tipo tirosina quinase que fosforila e ativa as proteinas IRS, enquanto o receptor de leptina e
a tirosina quinase associada, JAK2, medeiam a fosforilagio e a ativagdo do fator de
transcri¢ao, STAT3. Assim, o segundo objetivo deste estudo foi investigar os possiveis
efeitos da insulina na via de transmissao da leptina. Para isso, avaliamos o grau de
fosforilagdo da JAK2, OBR, associagio OBR/STATS3 e atividade do STAT3. Ainda nessa
linha de pesquisa o terceiro objetivo desse estudo foi determinar os efeitos da insulina
nas suas vias de sinalizagio intracelular (PI 3-quinase/Akt e MAPK) em hipotalamo
de um modelo animal de resisténcia a insulina (ratos Zucker). Para tanto avaliamos o
grau de fosforilagdo das proteinas IRS-1 e IRS-2 da mesma maneira que a associacao das
proteinas IRS com a PI 3-quinase, além da fosforilagdo da Akt estimulados por insulina

e/ou leptina.

2. A Leptina Modula a Sensibilidade a Insulina em Tecido Hepatico

A deficiéncia na produgio de leptina, bem como mutagdes no seu receptor, em
roedores, causam obesidade acentuada com hiperglicemia e resisténcia 4 insulina. Em
alguns desses camundongos a administragdo de leptina exégena melhora a tolerancia a
glicose e a sensibilidade a insulina, independentemente de seus efeitos na ingestio

alimentar, provavelmente por modular vias neuroendécrinas que controlam as agbes da
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insulina no figado (HALAAS et al., 1995; SHIMOMURA et al., 1999), embora a leptina

possa exercer alguns de seus efeitos de forma direta nos hepatécitos (LEE et al., 2001).

Evidéncias recentes indicam que o tratamento com leptina normaliza a glicemia em
ratos diabéticos deficientes de insulina, (CHINOOKOSWONG et al/, 1999). Ratos
transgénicos que hiperexpressam leptina paralelamente apresentam melhora da
sensibilidade a isnulina (OGAWA er al., 1999). Animais tratados com leptina requerem
aumento da infus@o de glicose durante a realizagdo de c/amp euglicémico em decorréncia
da melhora da sensibilidade a insulina no figado e tecidos periféricos (BARZILAI et al.,

1997; SHI et al., 1998; SIVITZ et al., 1997).

O tecido hepatico tem um papel fundamental na regulagio da homeostase de glicose
e ¢ um dos principais sitios da agdo insulinica. No diabetes tipo 2 a resisténcia a insulina
pode ser constatada por redug@o na captagao de glicose induzida por insulina no musculo e
tecido adiposo e principalmente pelo aumento de produgdo de glicose no figado (KAHN,
1994). A leptina aumenta a capacidade da insulina em reduzir a produgdo de glicose,
aumentando neoglicogénese € reduzindo a glicogenolise, assim como aumentando a
PEPCK e diminuindo a expressdo do gene da glucoquinase (LIU ez a/., 1998; ROSSETTI er
al., 1997). Ha controvérsia se essas agdes da leptina sao mediadas direta ou indiretamente.
Por exemplo, a redistribuigdo do fluxo hepatico de glicose ocorre apés a injegdo
intracerebroventricular (icv) de leptina, sugerindo uma agéo central e indireta da leptina no
figado (ROSSETTI er al, 1997). Entretanto, a administragdao periférica da leptina
(ROSSETTI et al., 1997) e estudos com figado isolado (NEMECZ et al., 1999) indicam a

possibilidade de uma agdo direta da leptina neste tecido.
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Os estudos que avaliam os efeitos da leptina nas vias de sinaliza¢@o da insulina s3o
conflitantes e parecem ser tecido especifico. Alguns resultados mostram que a leptina causa
resisténcia a sinalizagdo da insulina, diminuindo o grau de fosforilagdo do IRS-1 em
fibroblastos e hepatécitos (COHEN er al., 1996; KRODER ez al., 1996). No entanto, outros
estudos demonstram que a leptina mimetiza alguns efeitos da insulina no transporte de
glicose e sintese de glicogénio em miotibulos C2C12 (BERTI ez al., 1997) e esses efeitos
seriam mediados pela PI 3-quinase (KELLERER et al., 1997). Em musculo isolado ou
adipécitos a incubagdo com leptina ndo estimula o transporte de glicose ou lipogénese
(RANGANATHAN et al., 1998; ZIERATH et al.,, 1998). Assim, a inter-relagio entre

insulina e leptina no metabolismo e nas vias de sinaliza¢@o da insulina ainda nio esta clara.

Ao que parece, o tratamento crénico com leptina em modelos animais de obesidade
aumenta marcadamente a agdo insulinica na captagio periférica de glicose e reduz a
produg@o hepatica desse carboidrato de forma desproporcional a perda de peso corporal
associada. Entretanto, o mecanismo molecular envolvido no aumento da sensibilidade a
insulina nestes modelos ainda n3o s3o conhecidos. Assim, o quarto objetivo deste estudo
foi investigar o efeito direto da leptina nas proteinas envolvidas nas etapas iniciais da
acdo insulinica em figado de ratos Wistar e Zucker, bem como a inter-relacio entre os
efeitos da insulina e leptina nestes tecidos. Para tanto avaliamos o grau de fosforilagdo
das proteinas IRS-1, IRS-2, OBR, JAK2, STAT3 e STATSB, da mesma maneira que a
associagdo das proteinas IRSs com a PI 3-quinase ¢ a fosforilagdo da Akt estimulados por

msulina e/ou leptina.
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3. OBJETIVOS




Investigar o efeito da leptina e da insulina, bem como a inter-relagéo entre os efeitos
desses hormoénios, nas proteinas envolvidas na sinalizacdo da insulina em
hipotalamo de ratos Wistar. (Trabalho 1).

Investigar o efeito da leptina e da insulina,bem como a inter-relacio entre os efeitos
desses hormdnios, nas proteinas envolvidas na sinaliza¢ao da leptina em hipotalamo
de ratos Wistar. (Trabalho 2).

Determinar os efeitos da insulina nas vias de sinalizagio intracelular
PI 3-quinase/AKT ¢ MAPK em hipotidlamo de modelo animal de resisténcia a
insulina (ratos Zucker). (Trabalho 3).

Investigar o efeito da leptina nas proteinas envolvidas nas etapas iniciais da acdo
insulinica em figado de ratos Wistar, bem como a inter-relagio entre os efeitos da
insulina e leptina neste tecido, através de avaliagdo do grau de fosforilagio das
proteinas IR, IRS, AKT, OBR, JAK2, STATI1, STAT3 e STATSb, e também
da associagdo IRSs/PI 3-quinase, apds estimulo com insulina e/ou leptina.

(Trabalho 4).
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1.

Os resultados desta tese originaram quatro trabalhos:

Overlapping of the Insulin and Leptin Signaling System in Rat Hypothalamus.
Este trabalho foi apresentado no Congresso Paulista de Diabetes e Metabolismo,
realizado em maio de 1998 em Aguas de Lindéia - SP; na FESBE 98, realizada em
agosto de 1998 em Caxambu - MG; no 23° Congresso Brasileiro de Endocrinologia e
Metabologia e III Congresso Paulista de Endocrinologia e Metabologia em outubro
1998 em Sao Paulo — SP; em forma de poster no Congresso Americano de Diabetes em
San Diego-California, 1999 e publicado como resumo na revista Diabetes (48,
S1:A200-A201, 1999). Encontra-se em fase final de elaboragio para submissdo em

revista indexada.

Insulin Modulates Leptin-induced STAT3 Activation in Rat Hypothalamus. Este
trabalho fo1 apresentado no 24° Congresso Brasileiro de Endocrinologia e Metabologia,
em novembro de 2000 no Rio de Janeiro — RJ; apresentado oralmente no Congresso
Americano de Diabetes em 2001 na Phyladelphia — Pennsylvania, publicado como
resumo na revista Diabetes (50, S2:A13, 2001). Est4 publicado na integra na revista

Febs lett (500: 1119-124, 2001.)

Selective Impairment to Insulin Signaling in the Hypothalamus of Obese Zucker
Rats Este trabalho foi apresentado na FESBE 2001 (finalista do prémio Michel Jamra),
em agosto 2001 em Caxambi — MG; no XIII Congresso Brasileiro de Diabetes,

realizado de 10 de a 14 de outubro de 2001 no Rio de Janeiro — RJ e apresentado
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oralmente no Congresso Americano de Diabetes em 2002 em San Francisco, Califérnia,
¢ publicado como resumo na revista Diabetes (51, S2:A41, 2002). Foi enviado para

publicagdo na revista Journal of Clinical Investigation.

- Interaction Between Leptin and Insulin Signaling Pathways Differentially Affects
the Jak-Stat and PI 3-Kinase-Mediated Signaling in Rat Liver. Este trabalho foi
apresentado no Congresso Paulista de Diabetes e Metabolismo realizado em abril de
2000 em Aguas de Sao Pedro — SP; na FESBE 2000, realizada em agosto de 2000 em
Caxambi — MG; no 24° Congresso Brasileiro de Endocrinologia e Metabologia, em
novembro de 2000 no Rio de Janeiro — RJ e na forma de poster no Congresso
Americano de Diabetes em junho de 1999, em San Diego, Califérnia e publicado como
resumo na revista Diabetes (48, S1:A283, 1999). Foi aceito para publicag3o na revista

Biological Chemistry.
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ABSTRACT

Objective: To investigate whether insulin and leptin share common intracellular signal
transduction pathways and to determine whether these hormonal signaling systems modulate

each other’s action in rat hypothalamus.

Research Methods and Procedures: Male Wistar rats were studied after chronic
implantation of an intracerebroventricular (i.c.v.) catheter into the third ventricle.
Immunoprecipitation and immunoblotting were used to examine the activation of insulin and

leptin signaling molecules in the rat hypothalamus.

Results: Acute 1.c.v. administration of msulin resulted in a time-dependent increase in
tyrosine phosphorylation of the insulin receptor (IR), insulin receptor substrate 1 (IRS-1), insulin
receptor substrate 2 (IRS-2), Janus kinase-2 (JAK2) and MAPK (mitogen activated protein
kinase), Pl 3 kinase docking and serine phosphorylation of Akt. The 1.c.v. administration of
leptin resulted in tyrosine phosphorylation of JAK2, IRS-1, IRS-2 and MAPK and PI 3 kinase
docking but no phosphorylation of Akt was observed. Simultaneous stimulation with both
homones did not increment tyrosine phosphorylation of IRS-1, IRS-2, Akt and MAPK when

compared with 1solated administration of insulin.

Discussion: Leptin rapidly activates classically insulin signaling pathways directly at the
level of hypothalamus, and these pathways overlap with, but are distinct from, those engaged by

insulin.
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INTRODUCTION

The discovery of leptin, a hormone produced by adipocytes that acts at the level of
the brain to control appetite, has created seminal change in thinking about the nature of
regulation of body mass (1-4). Human obesity is characterized by high circulating levels of
leptin (5,6). Obesity is also accompanied by insulin resistance with high circulating insulin
levels and a predisposition to development of type 2 diabetes (7). Thus, in obesity and type
2 diabetes, the hypothalamus is often exposed to high concentrations of both leptin and
insulin. Insulin and leptin receptors are present in hypothalamus (8), raising the possibility
that these two hormonal signaling systems could interact to modify each other’s actions in

these disease states.

The hypothalamus is thought to be the major target for leptin, which acts through
receptors that bear strong sequence homology to the class I cytokine receptor family (9).
The leptin receptor exists as multiple splice variants. A long form (OBRL) is expressed
most abundantly in paraventricular, arcuate and ventromedial nuclei of the hypothalamus,
where it mediates most of the neural signaling of leptin (10-12). Wild type OBRL
transfected into different cell lines possesses a number of signaling capabilities. These
include activation of the JAK-STAT (13-15) and MAPK pathways, stimulation of tyrosine
phosphorylation of the insulin receptor substrates (IRS-1 and IRS-2), PI 3-kinase (PI 3-K)

docking and a transient increase in c-fos and c-jun expression (16,17).

Insulin acts in the same key hypothalamic areas as leptin to suppress feeding (18).
During the past decade, many of the proteins involved in insulin action have been defined

at a molecular level. The insulin receptor is a protein tyrosine kinase which, when activated
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by insulin binding, undergoes rapid autophosphorylation and phosphorylates intracellular
protein substrates, including insulin receptor substrates (IRSs) (19-21), She (22) and JAK2
(23). Following tyrosine phosphorylation, the IRSs act as docking proteins for several Src
homology 2 domain-containing proteins, including phosphatidylinositol 3-kinase (PI 3-
kinase) and Grb2 (24,25). PI 3-kinase activates two kinases: PDK]1 that phosphorylates Akt
on Thr-308 and a putative PDK2 that phosphorylates Akt on Ser-473 leading to an increase
in Akt kinase activity (26). Another pathway proceeds through Grb2/Sos and ras, leading to
activation of the MAP kinase isoforms ERK1 and ERK2. However, a systematic evaluation
of these signal transduction pathways after insulin or leptin in hypothalamus has not yet

been provided.

Recently it was demonstrated that brain-specific disruption of the IR gene results in
hyperphagia in female mice and causes obesity, insulin resistance, hypertriglyceridemia and
hyperleptinemia in both male and female mice (27). Furthermore female mice lacking IRS-
2 have increased food intake and obesity despite the high levels of leptin (28), these results
suggest first a role of insulin signaling system in the brain for the control of food intake and
metabolism and second that insulin resistance in the brain is also accompanied by leptin
resistance reinforcing the possibility of cross-talk between the two hormones. Thus, the
present study was designed to investigate whether insulin and leptin share common
intracellular signal transduction pathways and to determine whether these hormonal

signaling systems modulate each other’s action in rat hypothalamus.
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RESEARCH METHODS AND PROCEDURES

2.1. Materials

The reagents for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and immunoblotting were from Bio-Rad. Tris[hydroxymethyl]amino-methane (Tris),
aprotinin, ATP, dithiothreitol, phenylmethylsulfonyl fluoride, Triton X-100, Tween 20,
glycerol and bovine serum albumin (BSA, fraction V) were from Sigma Chemical Co. (St.
Louis, MO, USA). Protein A-Sepharose 6MB and 125I-protein A were from Amersham
Pharmacia Biotech UK Ltd. (Buckinghamshire, UK). Nitrocellulose paper (BA85, 0.2 mm)
was from Schleicher & Schuell (Keene, NH, USA). Sodium amobarbital (Amytal) and
human recombinant insulin (Humulin R) were from Eli Lilly Co. (Indianapolis, IN, USA).
Leptin was from Calbiochem (San Diego, CA, USA). Ketamine hydrochloride was from
Fort Dodge Laboratories Inc. (Fort Dodge, IA, USA). Antibodies to IR, IRS-1, IRS-2, Erk,
Erk phosphotyrosine specific, JAK2 and phosphotyrosine were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA), the Akt phosphoserine 473-specific antibody
was from New England Biolabs (Beverly, MA, USA) and the antibody to the p85 subunit

of PI 3-Kinase was from Upstate Biotechnology (Lake Placid, NY, USA)
2.2. Animals and surgical procedures

Adult male Wistar rats (250-300 g) were used in all the experiments in accordance
with the guidelines of the Brazilian College for Animal Experimentation (COBEA). After
an overnight fast, the rats were anesthetized with ketamine hydrochloride (100 mg/kg, ip)
and positioned on a Stoelting stereotaxic apparatus using head and chin holders. An

appropriate side arm holding the guide cannula was attached. The vertical coordinate of the
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side arm was set at 0° in the lateral plane and at 90° in the horizontal plane. The scalp was
removed in the midline to expose the saggital suture and the periosteum was then opened
and reflected away from the surgical field. The lateral, anteroposterior and dorsoventral
coordinates of the third ventricle were obtained from a standard atlas (29). The bregma was
used as the reference point and a hole was drilled in the parietal bone at the junction of the
lateral and anteroposterior coordinates. Two smaller holes were drilled around this central
hole, and stainless-steel screws were inserted half-way through the holes. The cannula was
positioned over the central hole and lowered carefully until the necessary dorsoventral
coordinate was reached. The cannula was fixed to the skull using cranioplastic cement after
ensuring hemostasis. After the cement had set, the cannula was freed from the side arm and
a dummy cannula was inserted to close the outer cannula. The rats were then allowed to

recover from anesthesia and the surgical procedure for 7 days.

2.3. Intracerebroventricular infusions

After a 6 h fast, the rats were anesthetized with sodium amobarbital (15 mg/kg body
weight, ip), and used as soon as anesthesia was assured by the loss of pedal and corneal
reflexes. Insulin (3.6 pg/ul — human insulin from E. Lilly), leptin (5 pg/pl - rat leptin from
NIH), saline (2 pl in the control animals) or an equimolar mixture of insulin and leptin (3.6
ug/ul insulin, 5 pg/ul leptin) were taken up into an internal fusion cannula connected to a
polyethylene supply tube. This tubing was then connected to a 2 ul syringe primed with the
infusate. The dummy cannula was removed and the infusion cannula was introduced into
the outer guide cannula after which the solution was injected into the third ventricle. The
cranium was opened and the hypothalamus excised. In preliminary experiments we

determined blood glucose and serum insulin levels in animals that received icv insulin
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infusion. Insulinemia and glycemia were not altered by third ventricle insulin or saline
microinjection. Under the experimental conditions, no retrograde insulin trafficking

through the blood-brain barrier was observed.
2.4. Western blot analysis

The hypothalami were removed minced coarsely and homogenized immediately in
the solubilization buffer containing 100 mM Tris (pH 7.6), 1% Triton X-100, 150 mM
NaCl, 0.1 mg aprotinin, 35 mg PMSF/ml, 10 mM Na3;VO,, 100 mM NaF, 10 mM NayP,0-,
and 4 mM EDTA, using a politron PTA 20S generator operated at maximum speed for 30 s
and clarified by centrifugation. Equal amounts of protein were used for
immunoprecipitation followed by western blot analysis with the indicated antibodies and
'LProtein A. '*I-Protein A bound to the antipeptide antibodies was detected by
autoradiography using preflashed Kodak XAR film (Eastman Kodak Co., Rochester,
NY) with Cronex Lightning Plus intensifying screens at -80°C for 12-48 h. Band
intensities were quantitated by optical densitometry (Scion Image software) of the

developed autoradiographs.
2.5. Statistical analysis

Where appropriate, the results were expressed as the mean = S.E.M. accompanied
by the indicated number of experiments. ANOV A factorial test was used in all statistical

comparisons with p < 0.05 indicating significance.
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RESULTS
Insulin-induced tyrosine kinase activity of the insulin receptor

To determine whether IR kinase activity was stimulated by insulin in rat
hypothalamus, we measured enzyme autophosphorylation in vitro. A low dose of insulin
was infused into the third ventricle to obtain limited tyrosine phosphorylation of IR, which
was then immunoprecipitated and reacted in vitro with ATP to allow autophosphorylation.
Subsequent Western blotting using an anti-phosphotyrosine antibody showed that insulin
induced IR autophosphorylation (F 1g. 1A, lane 4). The faint signal seen in the hypothalamic
extract previously infused with a low dose of insulin but with no exogenous ATP added
during the in vitro autophosphorylation step (Fig 1A, lane 2) may represent IR

autophosphorylation using endogenous ATP.
Effects of insulin on IRS-1 and IRS-2 tyrosine phosphorylation and PI 3-Kinase docking

The tyrosine phosphorylation of IRS-1 and IRS-2 in rat hypothalamus was detected
In immunoprecipitation experiments. Thus, 2 min after stimulation with insulin, there were
significant increases in IRS-1 tyrosine phosphorylation, which suffered slight increase
thereafter. To better define the levels of IRS-2 phosphorylation, we performed Western blot
analysis of tyrosyl phosphorylated proteins in anti-IRS-2 immunoprecipitates before and
after stimulation with insulin. Analogously, Figure 2C shows that there was a marked
increase in insulin-stimulated IRS-2 phosphorylation in the rat hypothalamus, which was

detectable within 2 minutes and continued to increase within the time-frame studied.

Its well established that there is a relatively stable, high affinity interaction between

the IRS-1/2 and the 85 kDa subunit of PI 3-kinase, such that both proteins are
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coprecipitated by antibodies to either protein (16,30). Blots that had been previously
immunoprecipitated with antibodies against IRS-1 or IRS-2 were subsequently incubated
with antibodies against the 85 kDa subunit of PI 3-kinase (Fig. 2 B and C). There was little
PI 3-kinase immunoreactivity in the basal state of control rats. After 2 minutes of
stimulation with insulin, there were significant increases in IRS-1 or IRS-2 — PI 3-kinase
associations, which suffered slight increase thereafter. These observations are consistent
with the formation of a stable association between IRS-1 or IRS-2 and PI 3-kinase after
insulin stimulation. As predictable, there were no changes in IRS-1 and IRS-2 protein

levels.

Effects of insulin on Akt serine phosphorylation in rat hypothalamus

To investigate the effects of insulin on insulin signaling downstream of PI 3-kinase,
we measured the serine phosphorylation of a major metabolic intermediate target, Akt. This
enzyme play multifunction roles in insulin action, and serine phosphorylation has been
shown to correlate with the activity of the enzyme (31-33). As shown in Fig. 1 D, insulin
induced a time-dependent increase in AKT serine phosphorylation, which paralleled the
increase in PI 3-kinase binding to IRS-1 or IRS-2. In hypothalamus extracts, insulin
induced increases in the serine phosphorylation of Akt after 15 min of insulin infusion into

the third ventricle.

Effects of insulin on MAP kinase (ERK1-2) tyrosine phosphorylation in rat hypothalamus

ERKs tyrosine phosphorylation was assayed by immunoblot analysis with an
antibody directed against the doubly phosphorylated ERKs. Representative immunoblots

are shown in Figure 1E. Insulin induced a time-dependent increase in ERK-1 and ERK-2
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phosphorylation, which paralleled the increase in tyrosine phosphorylation of IRS-1 or IRS-
2. In hypothalamus extracts, insulin induced increases in the phosphorylation of ERKs after

15 min of insulin infusion into the third ventricle.

Effects of leptin on JAK2, IRS-1 and IRS-2 tyrosine phosphorylation and PI 3-Kinase

docking.

The tyrosine phosphorylation of JAK2 in rat hypothalamus was detected in
immunoprecipitation experiments. Thus, 2 min after stimulation with leptin, there was a
significant increase in JAK2 tyrosine phosphorylation, which suffered slight increase
within the time-frame studied. Unsurprising, there were no changes in JAK?2 protein levels.
Since JAK2 was activated by leptin, we evaluated the ability of leptin to stimulate tyrosine
phosphorylation of IRS-1 and IRS-2. Figure 2 B shows a clear increase in leptin-stimulated
IRS-1 phosphorylation, which, was maximal at 5 min followed by a strike decay. In a
similar fashion to IRS-1 tyrosine phosphorylation, Comparable figure 2 C shows that there
was a marked increase in leptin-stimulated IRS-2 phosphorylation in the rats’ hypothalami,
which was maximal at 5 min and almost vanished thereafter. We also observed a time
dependent increase in the co-immunoprecipitation between IRS-1 or IRS-2 and PI 3-kinase
in hypothalamus, which paralleled the increase of IRS-1 or IRS-2 phosphorylation after

leptin stimulation (Fig 2 B and C).

Effects of leptin on Akt serine phosphorylation in rat hypothalamus

Using antibodies against serine-phosphorylated Akt, the levels of Akt activation
were examined in hypothalamus after leptin stimulation. Akt phosphorylation in

hypothalamus was unaltered by leptin injection (data not shown).
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Effects of leptin on tyrosine phosphorylation of MAP kinase in rat hypothalamus

Using antibodies against tyrosine-phosphorylated ERK-1/2, the levels of ERK-1/2
activation were examined in rat hypothalamus after leptin stimulation. As shown in Figure
2 D (top), Leptin stimulated tyrosine phosphorylation of ERK-1/2 in rat hypothalamus
could be detected as early as 2 minutes after leptin administration and sustained activated

within the time-frame studied.

The effect simultaneous administration of insulin and leptin on IRS-1, IRS-2, Akt and

MAPK tyrosine phosphorylation in rat hypothalamus.

We next examined whether simultaneous stimulation with insulin and leptin could
affect the early steps of the insulin signaling pathways. At first, we chose the time-points of
maximal tyrosine phosphorylation IRSs stimulated by leptin and insulin. Insulin treatment
caused an increase of ~9-fold and ~7-fold in tyrosine phosphorylation of IRS-1, in
hypothalamus after 2 and 15 minutes, respectively (Figure 3A), while stimulation of the
hypothalamus with leptin caused an increase of ~8-fold tyrosine phosphorylation of IRS-1,
in hypothalamus after 2 and no leptin induced phosphorylation was observed after 15
minutes of leptin infusion. The effect of insulin and leptin was similar to insulin alone in
both time-points studied. IRS-2 tyrosine phosphorylation upon insulin and/or leptin
stimulation was comparable with that obtained in IRS-1 immunoprecipitates (Fig. 3 B).
Second, Akt serine phosphorylation was examined. Leptin alone had no effect on Akt
tyrosine phosphorylation in hypothalamus. Insulin induced ~2- fold increase in Akt
phosphorylation and no additive effect was observed with the addition of leptin (Fig 3 C).
Last, we measured the tyrosine phosphorylation of ERKs. The phosphorylation of ERK in

hypothalamus showed an increase ~2-fold with leptin stimulation and approximately ~2.3-
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fold with leptin. The effect of insulin and leptin was similar to insulin or leptin alone (Fig. 3

D).
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DISCUSSION

In the present study, we have investigated the possibility of direct interactions
between insulin and leptin action in hypothalamus, focusing on some key intermediate
steps on these signaling pathways. Our results show that both leptin and insulin stimulated
MAPK and IRS/PI 3-kinase pathways. Akt phosphorylation were not changed by leptin but
increased with insulin. Simultaneous stimulation with both hormones did not increment the
maximal tyrosine phosphorylation of IRS-1, IRS-2 and MAPK and Akt serine

phosphorylation.

The tyrosyl phosphorylation of the IR plays a key role in insulin signal transduction by
coordinating the assembly of multicomponent signaling complexes around the activated
receptor or docking proteins (34,35). IRS-1 is a major cytoplasmic substrate of the IR (36)
and our results show that insulin treatment leads to rapid changes in IRS-1 tyrosine
phosphorylation in hypothalamus, in agreement with studies that demonstrated that insulin
stimulates tyrosine phosphorylation of a 185 kDa protein in all cells and in a variety of
tissues (19,37). IRS-1 binds several SH2 proteins through its multiple tyrosine
phosphorylated sites (38). The PI 3-kinase was the first SH2 protein found to be associated
with IRS-1 (39). In insulin-stimulated cells, the association of PI 3-kinase with tyrosyl
phosphorylated IRS-1 activates this enzyme (40). Thus, the ability of insulin to stimulate
the association of IRS-1 to the 85 kDa regulatory subunit in hypothalamus suggests that
insulin activates PI 3-kinase in this tissue. PI 3-kinase plays an important role in many
insulin-regulated mitogenic and metabolic processes, including general and growth-specific
protein synthesis (41); this can possibly be one pathway by which insulin can induce

anorexia in hypothalamus. We also demonstrated that acute stimulation with insulin can

Resultados
63



induce Akt serine phosphorylation and MAPK tyrosine phosphorylation in hypothalamus,
which is in accordance with previous studies that showed that these proteins could be
activated by insulin (42,43). The results of this study showing that IRS-2 is tyrosyl
phosphorylated in response to insulin suggests that both IRS family members have a role in
insulin signaling in hypothalamus. Clearly, there is some overlap in function between IRS-1

and IRS-2 as both bind PI 3-kinase in response to insulin.

The leptin receptor is known to act through JAK and STAT proteins (13,16,44). Inasmuch,
McCowen et al (45) reported that leptin signaling differs from that of GH, and other ligands
for members of this class of receptors, by the inability to stimulate JAK family proteins in
the rat hypothalamus. Here we show that leptin induced JAK2 tyrosine phosphorylation in
the hypothalamus and activated a pathway essential for leptin signal transduction. This
discrepancy may reflect the dephosphorylation of JAK2 by one of the several phosphatases

during the stocking and manipulation of the hypothalamic tissue.

Recent evidences indicate that leptin may mimic some well known effects observed after
the stimulation of tyrosine kinase receptors by the activation of JAK?2, including the
tyrosine phosphorylation of IRSs, the activation of mitogen-activated protein kinase and PI
3-kinase (16,17). The effect of leptin stimulation on IRS-1 and IRS-2 tyrosine
phosphorylation varies considerably, depending on the cell line used. Some data suggest
that leptin can impair the early steps of insulin signaling including tyrosine phosphorylation
of IRS-1 in hepatocytes (46). Other studies demonstrate that leptin can mimic effects of
insulin such as stimulation of glucose transport and glycogen synthesis in C2C12 myotubes
and that these effects may be mediated by stimulation of PI 3-kinase (16). In isolated

muscle or adipocytes, short-term incubation with leptin does not stimulate glucose transport
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or lipogenesis (47,48). Here we demonstrate that leptin can mediate tyrosine
phosphorylation of IRS-1 and IRS-2 and their associations with PI 3-Kinase in the
hypothalamus in vivo. At a molecular level, PI 3-kinase mediates activation of two
kinases—PDK1 that phosphorylates Akt on Thr-308 and a putative PDK2 that
phosphorylates Akt on Ser-473—Ieading to an increase in Akt kinase activity (26). Despite
the associations of PI 3-kinase with IRS1 and IRS-2 we cannot detect Akt serine
phosphorylation after leptin stimulation in hypothalamus. The role of leptin tyrosine kinase
mediated pathway in hypothalamus in the control of energy homeostasis is not clear, but

two recent studies have clarified this issue.

The present study demonstrates that leptin and insulin elicit overlapping but distinct
signaling pathways. Notably, icv injection of Ieptin results in only a transitory
phosphorylation of IRS-1 and IRS-2 and association of IRS-1 or IRS-2 with PI 3-kinase in
hypothalamus and no activation of Akt compared with the sustained effects of insulin on
these signaling steps. In an opposite fashion the effect of insulin on MAP kinase activation
only appears after 15 min, whereas the effect of leptin is sustained. Hence, the kinetics of
the effects of leptin and insulin appear to differ and the effects of leptin may be more
sustained in MAPK activation and transitory in the IRSs phosphorylation. Moreover, the
effects of simulataneous administration of leptin and insulin on these pathways are not

additive, synergistic or inhibitory.

During the last decade, the role of leptin and insulin in regulating body weight has been
emphasized. Recently, the insulin signaling pathways have also been implicated in the
coordination of energy homeostasis. Thus, the brain-specific disruption of the IR gene

results in hyperphagia in female mice and causes obesity, hyperleptinemia, insulin
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resistance, and hypertriglyceridemia in both male and female mice (27). Furthermore,
female IRS-2 knockout mice showed increased food intake and fat storage (28) and
pharmacological blockade of PI 3-kinase pathway activation prevent leptin’s effect on
leptin-induced anorexia (49). The activation signaling pathways underlying these effects of
insulin and leptin are unknown, but the present results showing a direct and rapid effect of
these hormones in the hypothalamus, with the involvement of early response elements may

contribute to the understanding of some of the stages of this integration.

In conclusion, we have provided evidence for rapid direct effects of insulin and leptin
administration iz vivo on intracellular signaling pathways in hypothalamus. Our data
demonstrate that leptin rapidly activates classically insulin signaling pathways directly at
the level of hypothalamus, and these pathways overlap with, but are distinct from, those

engaged by insulin.
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FIGURE LEGENDS

Fig. 1. Insulin signaling pathway in rat hypothalamus. (A) IR tyrosine kinase activity
measured by autophosphorylation. Insulin was injected into the third ventricle to stimulate
partial IR autophosphorylation. The IR was then immunoprecipitated (IP) and allowed to
autophosphorylate in vitro and in the presence of exogenous ATP (lane 4). Tyrosine
phosphorylation was measured by immunoblotting with an antiphosphotyrosine antibody
(P-Tyr). Control conditions are shown in lanes I-3. Lane I, the hypothalamus extract was
not exposed to insulin nor was exogenous ATP added to the in vitro autophosphorylation
reaction. Lane 2, insulin was infused into the third ventricle, and the hypothalamus was
then extracted, but no exogenous ATP was added during the in vitro autophosphorylation
reaction. The small signal seen in this lane probably represents IR autophosphorylation
using endogenous ATP. Lane 3, the hypothalamus was not exposed to insulin, but ATP was
added to the in vitro autophosphorylation reaction. The equal loading of proteins was
verified by reblotting with anti-IR antibodies. Bar graphs are representative of 5
independent experiments (mean + S.E.M.). ** P<0.01 compared to rats treated with saline
(control) (factorial ANOVA). (B) and (C) Insulin-stimulated tyrosine phosphorylation of
IRS-1, IRS-2 and their association with p85 subunit of PI 3-kinase in hypothalamus in vivo.
Hypothalami from rats treated with insulin or vehicle for the time points indicated were
lysed, and tissue extracts were immunoprecipitated with anti-IRS-1 or anti-IRS-2
antibodies and blotted with anti-phosphotyrosine antibody. The same membranes used for
IRS-1 and IRS-2 tyrosine phosphorylation were stripped and reblotted with anti-PI 3-kinase
and anti IRS-1 and -2 antibodies ( = 6). (D) Hypothalamic extracts from rats that were
stimulated with leptin for the time point indicated were lysed and the proteins were

separated by SDS-PAGE on 12% gels and blotted with phosphoserine-specific Akt
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antibodies (P-Akt). (E) Hypothalamic extracts from rats that were stimulated with leptin for
the time point indicated were lysed and the proteins were separated by SDS-PAGE on 12%

gels and blotted with phosphotyrosine-specific Erk antibodies.

Fig. 2. Leptin-stimulated tyrosine phosphorylation of JAK2, IRS-1 and IRS-2 and their
association with p85 subunit of PI 3-kinase in hypothalamus in vivo. (A) Hypothalamic
extracts from animals treated with leptin for the time points indicated, were prepared as
described in Methods. Tissue extracts were immunoprecipitated with anti-Jak2 antibody
(IP, immunoprecipitation) and immunoblotted with anti-phosphotyrosine (P-Tyr). Stripped
membranes were reblotted with anti-Jak2 antibody (n = 6). (B) and (C) Leptin-stimulated
tyrosine phosphorylation of IRS-1 and IRS-2. Hypothalami from rats treated with insulin or
vehicle for the time points indicated were lysed, and tissue extracts were
immunoprecipitated with anti-IRS-1 or anti-IRS-2 antibodies and blotted with anti-
phosphotyrosine antibody. The same membranes used for IRS-1 and IRS-2 tyrosine
phosphorylation were stripped and reblotted with anti-PI 3-kinase and anti IRS-1 and -2
antibodies (n = 6). (D) Hypothalamic extracts from rats that were stimulated with leptin for
the time point indicated were lysed and the proteins were separated by SDS-PAGE on 12%

gels and blotted with phosphotyrosine-specific Erk antibodies (P-Erk).

Fig. 3. Effect of insulin and leptin on IRS-1, IRS-2, Akt and Erk phosphorylation in
extracts of hypothalamus from rats treated with leptin, insulin or a combination of the two
(A) and (B) Tissue extracts from rats treated with saline, leptin, insulin or both hormones
were immunoprecipitated (IP, immunoprecipitation) with anti-IRS-1 or anti-IRS-2
antibodies and blotted with anti-phosphotyrosine antibody (P-Tyr). The bar graphs show

the quantitative phosphorylation of IRS-1 and IRS-2 proteins (# = 6). (C) Hypothalami
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from rats treated with saline, leptin, insulin or both hormones for 15 min were lysed and the
proteins were separated by SDS-PAGE on 12% gels and blotted with phosphoserine-
specific Akt antibodies (P-Akt). The bar graphs show the quantitative phosphorylation of
Akt (n = 6). (D) Hypothalamic extracts from rats treated with saline, leptin, insulin or both
hormones for 15 min were lysed and the proteins were separated by SDS-PAGE on 12%

gels and blotted with phosphotirosine-specific Erk1/2 antibodies (P-Erk) (n = 6).

Resultados
74



A. IP: IR C. IP: IRS-2

Blot: P-Tyr | lns(t;[(;fé %r:;)m). 0 2 5 15 30

120 15 :
g £ 100 Blot: P-Tyr |
= = i
35
2= 80
.E g 60 Blot: PI 3K
SE€ 40
£<

0 Blot: IRS-2

0

Insulin - + - +
D.

ATP - - + +
Insulin (min): 0 2 5 15 30
(10° M)

IB: IR

Blot: P-Akt [T T S i

B. IP: IRS-1 Blot: Akt i "“ . —— —

Insulin (min): 0 2 5 15 30
(10 M) E.

Insulin (min): 0 2 5 15 30

Blot: P-Tyr :
(107 M)

wip-

Blot: P-Erk | ™™ = s s s

Blot: Erk -m‘

Blot: PI 3K

Blot: IRS-1

FIGURE 1 - Insulin signaling pathway in rat hypothalamus.
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FIGURE 2 - Leptin-stimulated tyrosine phosphorylation of JAK2, IRS-1 and IRS-2
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Abstract Insulin and leptin have overlapping cffects in the
control of energy homeostasis, but the molecular basis of this
synergism is unknown. Insulin signals through a receptor tyrosine
kinase that phosphorylates and activates the docking proteins
IRSs (insulin receptor substrates), whereas the leptin receptor
and its associated protein tyrosine kinase JAK2 (Janus kinase 2)
mediate phosphorylation and activation of the transcription
factor STAT3 (signal transducer and activator of transcription).
Here, we present evidence for the integration of leptin and insulin
signals in the hypothalamus. Insulin induced JAK2 tyrosine
phosphorylation, leptin receptor phosphorylation which, in the
presence of leptin, augmented the interaction between STAT3
and this receptor. Insulin also increased the leptin-induced
phosphorylation of STAT3 and its activation. These results
indicate that insulin modulates the leptin signal transduction
pathway, and may provide a molecular basis for the coordinated
effects of insulin and leptin in feeding behavior and weight
control.  © 2001 Published by Elsevier Science B.V. on behalf
of the Federation of European Biochemical Societies.

Key words: Leptin; Insulin: Tyrosine phosphorylation:
Janus kinase 2; Signal transducer and activator of
transcription; Long form of the leptin receptor

1. Introduction

The arculating peptide leptin, which is the product of the
ob gene [1], 15 secreted predominantly by white adipose tissue
and provides feedback information on the extent of the body’s
fat stores to central OB receptors (long form of the leptin
receptor (OBR)) [2] that control food intake and body weight
homeostasis [3,4]. The hypothalamus is thought to be the
major target for leptin, which acts through receptors that
bear strong sequence homology to the class 1 cytokine recep-
tor family [2]. The leptin receptor exists as multiple splice
vanants. OBR is expressed most abundantly in paraventricu-
lar, arcuate and ventromedial nuclei of the hypothalamus,

*Corresponding author. Fax: (55)-19-3788 8950
E-mail: msaad@fem unicamp. br

Abbrevigtions: IR, insulin receptor; IRS, insulin receptlor substrate;
OBR, long form of the leptin receptor; JAK2, Janus kinase 2;
STAT3, signal transducer and acuvator of transcription; SH2, src
homology 2; SHP-2, phosphotyrosine phosphatase 2, Pl 3-kinase,
phosphatidylinositol 3-kinase; EMSA, electrophoretic mobility shifi
dssdy

where it mediates most of the neural signaling of leptin [5-
7). Ligand binding to the OBR results in the activation of
Janus kinase 2 (JAK2) by transphosphorylation and the sub-
sequent phosphorylation of tyrosine residues on the intracel-
lular portion of OBR [8-11]. In general, tyrosine phosphory-
lavon of cytokine and growth factor receptors activates
mtracellular signals by recruiting specific signaling proteins
with specialized phosphotyrosine-binding domains called src
homology 2 (SH2) domains [12,13]. Tyrosine phosphorylation
of OBR recruits the tyrosine phosphatase, phosphotyrosine
phosphatase 2 (SHP-2) [14,15] and the signal transducer and
activator of transcription (STAT3) transcription factor [14-
16]. The use of these SH2 domain-containing proteins by
OBR 1in the hypothalamus implies that they may mediate
physiologically important signals [17,18]. In addition to the
direct binding of SHP-2 and STAT3, OBR also mediates a
number of downstream actions in a variety of cells and tissues
8].

Insulin acts i the same hypothalamic areas as leptin to
suppress feeding [19]. In the past decade, many of the proteins
mvolved in insulin action have been defined at a molecular
level. The msulin receptor (IR) is a protein tyrosine Kinase
which, when activated by insulin binding, undergoes rapid
autophosphorylation and phosphorylates intracellular protein
substrates, including nsulin receptor substrates (IRSs) [20-
22], She [23] and Tub [24]. Following tyrosine phosphoryla-
tion, the IRSs act as docking proteins for several SH2 do-
main-containing proteins, including phosphatidylinositol 3-ki-
nase (Pl 3-kinase), Grb2, SHP2, Nck and Fyn [25-29]. A
potential mitogen-activated protein kinase-independent mech-
anism for the regulation of gene expression is the JAK-STAT
pathway. The role of insulin in the activation of the JAK/
STAT pathway 1s controversial [30,31]. While this activation
was originally thought to occur through cytokine receptors,
recent work has shown that the key activating event, STAT
tyrosine phosphorylation, 1s regulated by receptor protemn ty-
rosine kinases [32]. Furthermore, STATSb activation by insu-
lin has also been reporied [31]. However, there is no tyrosine
phosphorylation of STAT3 after stimulation by insulin [33].

Obesity in humans and rodents 1s usually associated with
high circulating levels of insulin and leptin as well as insulin
and leptin resistance [34-38]. The interaction between insulin
and leptin signaling pathways is therefore fundamental for an
integrated response of the signal inputs to the hypothalamus.
In this study, we examined the cross-talk between the signal-
ing pathways of insulin and leptin leading to STAT3 activa-
tion
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2. Materials and methods

2.1, Animals and surgical procedures

Adult male Wistar rats (250-300 g) were used in all the experiments
in accordance with the guidelines of the Brazilian College for Animal
Experimentation (COBEA). After an overnight fast, the rats were
anesthetized with ketamine hydrochloride (100 mg/kg, i.p.) and posi-
tioned on a Stoelting stereotaxic apparatus using head and chin hold-
ers. An appropriate side arm holding the guide cannula was attached.
The vertical coordinate of the side arm was set a1 0° in the lateral
plane and at 90° in the horizontal plane. The scalp was removed in the
midling to expose the saggital suture and the periosteum was then
opened and reflected away (rom the surgical field. The lateral, ante-
roposterior and dorsoventral coordinates of the third ventricle were
obtained from a standard atlas [39). The bregma was used as the
reference point and a hole was drilled in the parictal bone at the
junction of the lateral and anteroposterior coordinates. Two smaller
holes were drilled around this central hole, and stainless-steel screws
were inserted half-way through the holes. The cannula was positioned
over the central hole and lowered carefully until the necessary dorse-
ventral coordinate was reached. The cannula was fixed to the skull
using cranioplastic cement after ensuring hemostasis. After the cement
had set, the cannula was freed from the side arm and a dummy
cannula was inserted to close the outer cannula. The rats were then
allowed to recover from anesthesia and the surgical procedure for
7 days.

22, Intracerebroventricular infusions

After a 6-h fast, the rats were anesthetized with sodium amobarbital
{15 mg/kg body weight, i.p.), and used as soon as anesthesia was
assured by the loss of pedal and corneal reflexes. Insulin (1.9 pgipl
— human insulin from E. Lilly), leptin (5 pg/pl - rat leptin from NIH),
saline (2 pl in the control animals) or an equimolar mixture of insulin
and leptin (1.9 pg/ul insulin, 5 pgful leptin) were Laken up into an
internal fusion cannula connected to a polvethylene supply tube. This
Lubing was then connected to a 2-pl syringe primed with the infusate.
The dummy cannula was removed and the infusion cannula was in-
troduced into the outer guide cannula after which the solution was
injected into the third ventricle. The cranium was opened and the
hypothalamus excised. In preliminary experiments we determined
blood glucose and serum insulin levels in animals that received ic.v.
insulin infusion. Insulinemia and glycemia were not altered by third
ventricle insulin or saline microinjection. Under the experimental con-
ditions, no retrograde insulin trafficking through the blood-brain bar-
rier was observed.

2.3, Western blot analysis

The hypothalami were removed minced coarsely and homogenized
immediately in the solubilization buffer containing 100 mM Tris (pH
7.6), 1% Triton X-100, 150 mM NaCl, 0.1 mg aprotinin. 35 mg
PMSF/ml, 10 mM NaiVOy, 100 mM NaF, 10 mM NayP;0;, and
4 mM EDTA, using a politron PTA 208 generator operated at max-
imum speed for 30 s and clarified by centrifugation. Equal amounts of
protein were used for immunoprecipitation followed by Western blot
analysis with the indicated antibodies and '**I-Protein A. Quantitative
analysis of the blots was done using Scion ITmage software. The anti-
bodies to: OBR (SC-1835 and SC-83235), phosphotyrosine (SC-508),
STAT3 (SC-483), JAK2 (SC-294-G) were obtained from Santa Cruz
Biotechnology, and the STAT3 phosphotyrosine 705-specific antibody
{9131) was from New England Biolabs

2.4. IR kinase assay

IR tyrosine kinase activity was measured by autophosphorylation.
Insulin was infused into the third ventricle to stimulate himited recep-
lor aclivation and partial IR autophosphorylation. IR was then im-
munoprecipitated and allowed 1o autophosphorylate in vitro in the
presence of exogenous ATP. Tyrosine aulophosphorylation was mea-
sured by immunoblotting with anti-phosphetyrosine antibody.

2.5, Nuclear extracis

Tissues were dissected and dounce-homogenized 10 times in 100:
I (v:v) of buffer A {10 mM KCI, 1.5 mM MgCly. 10 mM HEPES pH
79, 1 mM DTT, I mM NaVOQ,, | Xxcomplete TM protease inhibitor
{(Boehringer Mannheim). After centrifugation at 2000 % g for 10 min
at 4°C, the pellet was carefully resuspended in two volumes of buffer

JB.C Carvalheira et al IFEBS Leters 300 (2001) 119-124

B (420 mM NaCl, 10 mM KC1, 20 mM HEPES pH 7.9, 20% glycerol,
I mM DTT, | mM Na VO,, | xcomplete TM protease inhibitor) and
extracied for 30 min at 4°C on a shaking rotor. Afier centrifugation at
16000% g, the supernatant was diluted 10-fold in buffer C (10 mM
KCl, 20 mM HEPES pH 79, 20% glycerol, 1| mM DTT, | mM
NaVOs, 1% complete TM protease inhibitor) and centrifuged lor
10 min at 16000 X g. The supernatant was loaded onto a Microcon
50 wlirafiltration column (Amicon) and centrifuged for 15 min al
4000 g The protein concentration was determined by the Bradford
assay (Bio-Rad). Samples were snap-frozen and kept at —80°C. The
procedure was carried out at 4°C, DTT, NaVQ, and protease inhib-
itors were added at the time of the experiment.

2.6 Elecirophoretic mobility shift assay (EMSA)

EMSA was done as described [40]. Double-stranded oligonucleotide
probes were synthesized with 5-GATC protruding ends [or fillin
labeling. The M67-SIE probe sequence was S-CATTTCCCG-
TAAATCAT-3". 2 pg of hypothalamic nuclear extract were incubated
at room temperature for 15 min in the presence of 100 pg of labeled
probe (23 10°-10° dpm), 2 pg de poly dI-dC (Pharmacia), 40 mM
KCI, | mM MgCl;, 20 mM HEPES pH 7.9, 100 uM EGTA, 0.5 mM
DTT and 4% Ficoll in a total volume of 12pl. Samples were run on
4% native polyacrylamide gels in 0.25 X TBE at 4°C.

2.7. Sraristical analysis

Where appropriate, the results were expressed as the mean +SEM.
accompanied by the indicated number of experiments, ANOVA fac-
lorial test was used in all statistical comparisons with P< 0.05 indi-
cating significance.

3. Results and discussion

The aim of this study was to examine the cross-talk between
the insulin and leptin signal transduction pathways in the
hypothalamus of normal rats. The rats were studied 7 days
after the implantation of a cannula in the third ventricle.
Leptin, insulin or both hormones were administered icv..
after which the ability of leptin to activate STAT3 in the
hypothalamus was assessed.

OBR has been detected in various hypothalamic regions,
including the arcuate nucleus [2,41], where it completes a feed-
back loop that delivers information on peripheral encrgy
stocks to the hypothalamus, thereby altering both food intake

208 —»

16—>

Fig. 1. Different isoforms ol OBR are present in the hypothalamus.
Hypothalamic lysates were run on 8% polyacrylamide gels and blot-
ted with antibody raised against amino acids 32-51 of the extracel-
lular domain of the OBR. Several bands representing the long and
short isoforms were detected. OBR migrated as a major band just
below the 208-kDa marker, whereas a band close to 116 kDa repre-
sented the short form. The bands migrating in the 60-85-kDa range
may represent degradation products of the leptin receptor.
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and metabolic rate. The presence of various isoforms of OBR
in hypothalamic extracts was analyzed by Western blotting
using a polyclonal antibody generated against amino acids
32-51 of the extracellular domain of the mouse OBR. The
hypothalamus expressed the long and short isoforms of the
OBR (Fig. 1). In agreement with data obtained using cells
transfected with OBR-S or OBR-L [8,9], OBR migrated as a
weak doublet band above the 208-kDa marker and as a major
band just below this marker; the short form mgrated as a
minor band close to the 116-kDa marker. The bands at 60
kDa and 85 kDa were not characterized further and may
represent the non-glycosylated short form of the OBR or deg-
radation fragments as previously described in Fao cells [42]
The OBR 1s a member of the class I cytokine receptor
family that causes a ligand-dependent increase in mtracellular
protein tyrosine phosphorylation which is essential for recep-
tor function [43]. Receptors of this class lack intrinsic tyrosine
kinase activity and act through receptor-associated kinases of
the Janus family (JAKs). Activated JAKs can phosphorylate
cach other, the receptor and the recruited cellular substrates
[44]. To examine leptin-induced tyrosine phosphorylation of
JAK2, immunoprecipitation and Western blotting of hypo-
thalamic extracts were done using anti-JAK2 and anti-phos-
photyrosine antibodies, respectively. As shown in Fig, 2, there
was an increase in the phosphorylation of JAK2 1 min after
exposure to leptin. Maximal tyrosine phosphorylation of
JAK2 occurred 15-30 min after leptin infusion (Fig. 2A)
and then decreased dramatically (data not shown). This is
the first demonstration that such signaling, previously de-
scribed n cultured cells, occurs in the rat hypothalamus after

Leptin (min) 0 ! 3 5 5 3

B.

Fig. 2. Effect of leptin on JAK2 phosphorylation. Hypothalamic ex-
tracts of from rats treated with 10 pg of leptin for the indicated
{imes, were prepared as described in Section 2. A: Tissue exiracts
were immunoprecipitated with anti-JAK2 (IP) and immunoblotied
with anti-phosphotyrosine antibody (pY) (IB, immunobloting)
Quantitation of the phosphorylation of JAK2 protein 15 shown in
the bar graph, and represents the mean+ S.E.M. of four independ-
ent experiments. B: The equal loading of proteins was verified by
reblotting with anti-JAK2 antibodies. **P < 0.01, compared to rats
treated with saline (control) (factorial ANOVA).

the i.c.v. infusion of leptin. These results differ from those of
McCowen et al. [45], who reported that leptin signaling was
distinguishable from that of GH and other ligands in this class
of receptors by its inability to stimulate JAK family proteins
in the rat hypothalamus. This discrepancy may reflect the

A. IP: IR C. IP: JAK2
IB: pY 1B: pY

120

1

= sz e %
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oy £5°
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z < B < 20 1
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Insulin - + - + Insulin (Min) 0 1 3 5 15 30
ATP - - + +
B. D.

IB:JAK2

Fig. 3. Insulin induces IR tyrosine kinase activity and JAK2 phosphorylation in rat hypothalamus. A: IR Lyrosine Kinase activity measured by
autophosphorylation. Insulin (10 ng) was injected into the third ventricle to partially stimulate TR autophosphorylation. The IR was then im-
munaprecipitated and allowed (o autophosphorylate in vitro in the presence ol exogenous ATP (lane 4). Tyrosine phosphorylation was mea-
sured by immunoblotting with an anti-phosphotyrosine antibody. Control conditions are shown in lanes 1-3. Lane |. The hypothalamic extract
was nol exposed to insulin nor was exogenous ATP added to the in vitro autophosphorylation reaction, Lane 2: A low dose of msulin (10 ng)
was mfused nto the third ventricle and the hypothalamus was then extracted, but no exogenous ATP was added during the autophosphoryla-
tion reaction in vitre, The faint signal seen in this lane probably represents IR autophesphorylation using endogenous ATP. Lane 3: The hypo-
thalamus was not exposed Lo insulin, but ATP was added to the autophosphorylation reaction in vitro. B: The equal loading of proteins was
verified by rebloiting with anti-IR antibodies. Bar graphs are representative of five independent experiments (mean* 5.E.M.). **P <001 com-
pared Lo rats trealed with saline (control) (factorial ANOVA). In (C) and (D) exiracts of bar graphs are representative of five independent ex-
periments (mean + S.E.M ). Hypothalami from rats treated with 10 pg leptin for the indicated tmes, were prepared as described in Section 2.
C- Tissue extracis were immunoprecipitated with anti-JAK2 (IP) and immunoblotted with anti-phosphotyrosine antibody (pY) (IB, immuno-
blotting). Quantitation of the phosphorylation of JAK2 protein is shown in the bar graph, and represents the mean £ S.E.M. of four independ-
ent experiments. D: The equal loading of proteins was verified by reblotting with anti-JAK2 antibodies. **P < 0.0] compared to rats treated
with saline {control) (factonal ANOVA)
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dephosphorylation of JAK2 by one of several phosphatases
during the storage and manipulation of hypothalamic tissue.

As demonstrated in other tissues, insulin stimulated IR au-
tophosphorylation and kinase activity in the rat hypothala-
mus (Fig. 3A,B). To investigate whether insulin could induce
JAK2 tyrosine phosphorylation in the rat hypothalamus, as
described m other tissues and cultured cells [30,46), we infused
msulin 1.cv. followed by immunoprecipitation and Western
blotting of hypothalamic extracts using anti-JAK?2 and anti-
phosphotyrosine antibodies, respectively. As shown in Fig. 3,
maximal tyrosine phosphorylation of JAK?2 occurred 1 min
after insulin infusion and disappeared by 15 min (Fig. 3C,D).

Insulin acts in the same hypothalamic areas as leptin to
suppress feeding [19]. We have performed immunohistochem-
ical analysis of rat hypothalami using IR- and OBR-specific
antibodies and the results showed high concentrations of both
receptors in the arcuate nucleus and, to a lesser extent, in
some periventricular neuronal bodies (data not shown). The
presence of both receptors in the same hypothalamic areas
may allow a cross-talk between these two hormones. To de-
termine whether there was a direct interaction between the
insulin and leptin signaling systems, insulin, leptin or insulin
plus leptin were infused i.c.v. and OBR tyrosine phosphory-
lation was assessed. Immunoprecipitation and Western blot-
ting of hypothalamic extracts were done using the anti-leptin
receptor (SC 8325) and anti-phosphotyrosine antibodies, re-
spectively. As shown in Fig. 4A (right side), the leptin recep-
tor (the band just below 208 kDa) was strongly phosphory-
lated 15 and 30 min after an i.c.v. infusion of leptin. There
was also an increase in OBR tyrosine phosphorylation as
early as 5 min after exposure to insulin; maximal phosphor-
ylation occurred at 15 min and then decreased by 30 min after
msulin infusion (Fig. 4A, left side). Based on these results. we
hypothesized that insulin could interfere with the leptin signal-
g system. When insulin was infused simultaneously with
leptin. the levels of OBR phosphorylation increased by
1.720.2-fold (P<0.01) compared with leptin  treatment
alone. The mechanism by which insulin can induce leptin
receptor  phosphorylation is unknown, but may involve
JAK2. In agreement with this hypothesis, the time-course of

A. Phospho(Tyr)-STAT3

C 35 1530 5 15 30 15(min)

Ins Lep Ins+Lep
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Fig. 4. Effect of insulin and leptin en OBR phosphorylation and
STAT3 association in extracts of hypothalami from rats treated
with leptin, insulin or a combination of the two for the indicated
times. A: Western blots ol anti-OBR immunoprecipitates (IP) with
anti-phosphotyrosine antibody (pY) (IB. immunoblotting). The bar
graph shows the quantilative phesphorylation of OBR proteins. B
The same membranes were reblotied with anti-STAT3 antibodies.
The bar graph represents the guantitative association of STAT3
with OBR. The data in (A) and (B) are the means+S.EM. of four
to six independent experiments. C. The equal loading of proteins
was verified by reblotting with OBR antibodies. *P <005 and
**P<001 vs. control; ¥P<0.01 vs. leptin-treated rats {factorial
ANOVA),

B. STAT3 Activity

Arbitrary Units

C 5 153 5 15 30 30(mn)

Ins Lep Ins+Lep

Fig 5. Insulin (Ins) does not induce STAT3 activation but positively modulates leptin-induced activation of this protein. A: Hypothalami were
stimulated with insulin, leptin (Lep), or a combination of the two for the indicated times. Hypothalami were lysed and the proteins were sepa-
rated by SDS-PAGE on 8% gels and blotted with phosphotyrosine-specific STAT.3 antibodies. Leptin, but not insulin increased the phosphory-
laion of STAT3; combining the two hormones increased the phosphorylation compared to leptin alone. A representative Western blotting of
each 1s shown. The bar graphs represent the means+S.EM. of three to four independent experiments. B: Insulin- and leptin-induced STAT3
DNA-binding activity in rat hypothalami. Rais were starved for 6 h and then received leptin, insulin or insulin plus leptin. The animals were
sacnficed at the indicated times, and nuclear extractions were used for EMSA (see Section 2). Each lane represents four hypothalami. All ex-
periments were done wice with similar results. A representative gel shift is shown for each treaiment. *P < 0.05 and **P <001 vs. control:

HP <001 vs. leptin-treated rats (factorial ANOVA)
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Fig 6 Maodel for insulinfleptin cross-talk in rat hypothalamus. A: Insulin infusion. The phosphorylated IR binds and phosphorylates JAK2,
which phosphorylates the lepuin receptor. The leptin receptor binds STAT3, but there is no nuclear activation. B: Leptin mnfusion. The leptin
receptor binds and activates JAK2, which phosphorylates the leptin receplor. The leptin receptor then binds and activates STAT3. C: Insulin+-
leptin infusion. The simultaneous stimulation with insulin and leptin delivers an addictive signal, which leads to enhanced STAT3 association

and nuclear activation

insulin-induced JAK2 tyrosine phosphorylation preceded that
of OBR phosphorylation.

Tyrosine phosphorylation of the OBR leads to the binding
of STAT3 [47]. To detect the OBR/STAT3 association, nitro-
cellulose membranes containing samples previously immuno-
precipitated with anti-OBR antibody were blotted with anti-
STAT3 antibodies. There was an increase in OBR/STAT3
association after leptin stimulation, and this was concomitant
with the increase in OBR tyrosine phosphorylation (Fig. 4B,
right side). The same membrane was reprobed with anti-IR
antibody, and no band was detected, demonstrating that there
was not non-specific antibody interaction. Insulin was also
able to recruit STAT3 to OBR (Fig. 4B, left side). This in-
sulin-induced increase in the OBR recruitment of STAT3 n-
dicated that msulin can modulate the OBR. The simultaneous
stimulation with leptin and insulin dramatically increased this
association compared to leptin treatment alone (Fig. 4B).

To determine the additive effect of insulin on the leptin
signal transduction pathway, we evaluated the activity of
STAT3 after the infusion of these hormones (Fig. 5A,B). Ini-
tially, we measured insulin-induced tyrosine phosphorylation
of STAT3 by immunobloiting with specific phospho-STAT3
antibodies. As shown in Fig. 3A, msulin did not induce tyro-
sine phosphorylation of STAT3. Western blotting was also
used to examine the tyrosyl phosphorylated STAT3 proteins
before and after stimulation with leptin. Fig. 5A shows that
there was a marked increase in leptin-stimulated STAT3 phos-
phorylation in rat hypothalami which was maximal at 15 min.
Comparison of the bands from simultaneous stimulation re-
vealed that the extent of STAT3 phosphorylation increased
2.1+04-fold (P<0.035) in rats receiving leptin plus insulin
compared to the leptin-treated group. The results were con-
firmed by EMSA experiments. A time-course curve for
STAT3 activation after i.c.v. leptin administration in normal
rats showed an increase in STAT3 nuclear binding after stim-
ulation with this hormone. The maximal response was ob-
tained immediately after tvrosine phosphorylation, e, 15-30
min after 10 pg of leptin 1.c.v. and was similar to the maximal
response time observed after the iv injection of leptin [17]. In
agreement with the results for STAT3 phosphorylation, there

was no STAT3 activation after stimulation with insulin. How-
ever, the simultaneous admimistration of insulin and leptin
increased the activation of STAT3 by 1.9 £0.5-fold compared
to treatment with leptin alone. These findings indicate that
insulin modulates leptin signal transduction by increasing
the association of the leptin receptor with STAT3, leading
to activation of the latter,

Based on these results we propose a model for the cross-
talk between the insulin and leptin pathways in rat hypothal-
amus (Fig. 6). According to this model insulin alone induces
IR tyrosine phosphorylation which is rapidly followed by
JAK2 tyrosine phosphorylation. Activated JAK2 then induces
the phosphorylation of OBR. This pathway leads to OBR/
STAT3 association, but no activation of STAT3. Leptin on
its turn, phosphorylates and activates JAK2, which leads to
OBR tyrosine phospherylation and STAT3 recruitment ac-
companied by its activation. Co-stimulation with insulin and
leptin provides an additive signal which leads to enhanced
STAT3 association and nuclear activation.

Integrated responses to insulin and leptin in the hypothal-
amus participate in the physiological control of food ingestion
and body weight. The chnical outcomes observed in some
animal models and in humans may reflect a disruption of
the normal events in either of these signaling pathways. Obe-
sity occurs in mice lacking the IR in the central nervous sys-
tem (NIRKO) [19], despite elevated circulating leptin concen-
trations. This suggests that organ-specific insulin resistance in
the central nervous system leads to central leptin resistance.
On the other hand, the lack of leptin in obfob mice leads to
obesity accompanied by hyperinsulinemia, which by itsell 1s
not sufficient to reverse the obese phenotype. Finally, in hu-
mans with type 1 diabetes, a hypoinsulinemic and a hypolep-
tinemic status may contribute to the ensuing hyperphagia.
Thus insulin resistance, as well as a complete absence of in-
sulin, may impair some of the leptin responses, Our results
indicate a mechanism for modulation of the leptin/STAT3
signal transduction pathway by nsulin. Insulin rapidly in-
creased the phosphorylation of OBR, and improved the stim-
ulation of leptin-mediated STAT3 phosphorylation, with a
conscquent gain in STAT3 signaling to the nucleus. This
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mechanism may normally function to potentiate the activity
of both of these pathways, and to increase stimulation in
physiological processes such as the regulation of body weight
and food intake, that are under the combined control of in-
sulin and leptin. The potential for this interaction as a site for
new therapeutic approaches in treating leptin resistance, and
for increasing our understanding of leptin signaling and tyro-
sine kinase-mediated pathways, deserves further exploration.
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Abstract

By acting in the brain, insulin suppresses food intake. However, little is known
regarding insulin signaling in the hypothalamus in insulin-resistant states. In this report, in
vivo insulin signaling through the phosphatidylinositol 3-kinase (PI 3-kinase) and mitogen-
activated protein (MAP) kinase pathways were compared in the hypothalamic tissues of
lean (Fa/?) and obese Zucker (fa/fa) rats. Icv insulin infusion reduced food intake in lean
rats but no effect was observed in obese Zucker rats. Pretreatment with PI 3-kinase
inhibitors prevents insulin-induced anorexia in lean rats. Insulin-stimulated tyrosine
phosphorylation of insulin receptor (IR), IR substrates (IRS-1, IRS-2), the associations of
p85 subunit of PI 3-kinase to the IRS proteins and serine phosphorylation of Akt in the
hypothalamus of obese rats were significantly decreased compared with the lean rats. In
contrast, insulin stimulated tyrosine phosphorylation of MAP kinase was similar in lean and
obese rats. The present study provides direct measurements of insulin signaling in
hypothalamic tissues, and document selective resistance to insulin signaling in the
hypothalamus of obese Zucker rats at the molecular level. These findings have provided
support for the hypothesis that insulin may have anti-obesity actions mediated by the PI 3-
kinase pathway and that the impaired PI 3-kinase signal pathway in the hypothalamus may

lead to the development of obesity in insulin resistance and diabetic patients.

Mesh-Medline key words: Obesity/*physiopathology; Insulin Resistance/*physiology;
Hypothalamus/*drug effects/*metabolism; Phosphatidylinosito]l 3-Kinase/metabolism

phosphatidylinositol 3-kinase; Mitogen-Activated Protein Kinase.
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1. Introduction

Insulin receptors (IR) are expressed in most tissues of the body, including the classic
insulin-sensitive tissues (liver, muscle, and fat), as well as “Insulin-insensitive” tissues,
such as red blood cells and neurons of the CNS. In the CNS, the IR displays distinct
patterns of expression in the olfactory bulb, the hypothalamus, and the pituitary (1-3),
although its function in these regions remains largely unknown. Previous experiments have

documented a rolé for insulin si gnaling in the regulation of food intake (4-6).

In the past decade, many of the proteins involved in insulin action have been
defined at the molecular level in nonhypothalamic cells. The insulin receptor is a protein
tyrosine kinase which, when activated by insulin binding, undergoes rapid
autophosphorylation and phosphorylates intracellular protein substrates, including insulin
receptor substrates (IRSs — IRS-1 and IRS-2 are the most important) (7-9) and Shc (10).
Following tyrosine phosphorylation, the IRSs act as docking proteins for several Src
homology 2 domain-containing proteins, including phosphatidylinositol 3-kinase (PI 3-
kinase), Grb2, SHP2, Nck and Fyn (1 1-15). Downstream PI 3-kinase there is activation of a
serine/threonine kinase, Akt, (16). On the other side, downstream to Grb2 activation there
is activation of the mitogen-activated protein kinase, which is important in the regulation of

gene-expression and cell growth (17-19).

Besides its epidemiological association with obesity, insulin resistance and
hyperinsulinemia may primarily contribute to the development of obesity (20). Mechanisms
to explain the weight gain caused by insulin resistance and hyperinsulinemia have been
attributed to direct insulin’s effects on adipocyte growth and defective insulin signaling in

hypothalamus (4, 6, 20-22). To test the latter possibility, we have characterized the direct
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insulin’s actions on the PI 3-kinase and MAPK pathway in hypothalamic tissues from both

lean (Fa/?) and obese Zucker (fa/fa) rats.
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2. Materials and methods

2.1. Animals and surgical procedures

Four to five-month old male Zucker rats were used. All experiments involving
animals were in accordance with the guidelines of the Brazilian College for Animal
Experimentation (COBEA). Room temperature was maintained between 21-23°, and a 12-
hour light, 12-hour-dark cycle was used. Physiological parameters of the Zucker lean and
obese rats are described in Table 1. After an overnight fast, the rats were anesthetized with
ketamine hydrochloride (100 mg/kg, ip) and positioned on a Stoelting stereotaxic apparatus
using head and chin holders. An appropriate side arm holding the guide cannula was
attached. The vertical coordinate of the side arm was set at 0° in the lateral plane and at 90°
in the horizontal plane. The scalp was removed in the midline to expose the saggital suture,
and the periosteum was then opened and reflected away from the surgical field. The lateral,
anteroposterior and dorsoventral coordinates of the lateral ventricle were obtained from a
standard atlas (23). The bregma was used as the reference point and a hole was drilled in
the parietal bone at the junction of the lateral and anteroposterior coordinates. Two smaller
holes were drilled around this central hole, and stainless-steel screws were inserted halfway
through the holes. The cannula was positioned over the central hole and lowered carefully
until the necessary dorsoventral coordinate was reached. The cannula was fixed to the skull
using cranioplastic cement after ensuring hemostasis. As soon as the cement was set, the
cannula was released from the side arm and a dummy cannula was inserted to close the
outer cannula. The rats were then allowed to recover from anesthesia and the surgical

procedure for 7 days.

2.2. Intracerebroventricular infusions
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After a 6 h fast, the rats were anesthetized with sodium amobarbital (15 mg/kg body
weight, ip), and used as soon as anesthesia was assured by the loss of pedal and comeal
reflexes. Insulin (2 mU — human insulin from E. Lilly), Wortmannin (100 nmol), or its
saline vehicle were taken up into an internal infusion cannula connected to a polyethylene
supply tube. This tubing was then connected to a 2 pl syringe primed with the infusate. The
dummy cannula was removed and the infusion cannula was introduced into the outer guide
cannula after which the solution was injected into the lateral ventricle. After the appropriate
time interval (2 or 15 min), the cranium was opened and the hypothalamus excised. In
preliminary experiments we determined blood glucose and serum insulin levels in animals
that received icv insulin infusion. Insulinemia and glycemia were not altered by third
ventricle insulin or saline microinjection. Under the experimental conditions, no retrograde

insulin trafficking through the blood-brain barrier was observed.

2.3. Assay of satiety activity of insulin.

The satiety effect of insulin was assayed by intracerebroventricular injection into
Zucker lean and obese rats. After surgery, the rats were housed in individual cages and kept
on a 12-h light-dark cycle with and fed a standard rodent chow. The rats were then allowed
to recover from anesthesia and the surgical procedure for 7 days. In the eighth day
pretreatment with wortmannin (100 nmol icv), or vehicle was followed 30 min later, just
before the onset of dark cycle, by icv administration of insulin or vehicle were injected icv

(2 ul). Total, individual chow ingestion was measured in the following 12h.

2.4. Western blot analysis
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The hypothalami were removed minced coarsely and homogenized immediately in
the solubilization buffer containing 100 mM Tris (pPH 7.6), 1% Triton X-100, 150 mM
NaCl, 0.1 mg aprotinin, 35 mg PMSF/ml, 10 mM Na;VO,, 100 mM NaF , 10 mM NayP,0-,
and 4 mM EDTA, using a politron PTA 20S generator operated at maximum speed for 30 s
and clarified by centrifugation. Equal amounts of protein were used for
immunoprecipitation followed by western blot analysis with the indicated antibodies and
'»I-Protein A. Quantitative analysis of the blots was done using Scion Image software. The
antibodies to: IR (SC-711), IRS-1, IRS-2 (SC-8299) and anti-phosphotyrosine (SC-508)
were obtained from Santa Cruz Biotechnology. Antibodies against the p85 subunit of PI 3-
kinase (06-195) were from Upstate Biotechnology. Antibodies against phospho-Akt

(9271L) were purchased from New England Biolabs.

2.5. Statistical Analysis

Where appropriate, the results were expressed as the mean + S.E.M. accompanied
by the indicated number of experiments. Unless indicated otherwise comparisons of data
were performed using the Kruskal-Wallis 1-way ANOVA. P values less than 0.05 were

considered to be significantly different.
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3. Results

Intracerebroventricular insulin reduces food intake of lean but not obese Zucker rats. As
shown in Table 1, the obese rats had higher body weight, glucose and fasting insulin levels
than their age-matched lean controls. Insulin (2 mU) and its saline vehicle were infused into
the lateral cerebral ventricle of male lean or obese Zucker rats. The average total food
intake at 12h of the insulin-infused group was decreased by ~85% (p less than 0.01) as
compared with that of the saline-infused group. On the other side, insulin infusion induced
a nonsignificant reduction on food intake in the obese rats relative to their saline-infused

controls (Fig. 1).

In vivo effect of insulin on tyrosine phosphorylation of IR in the hypothalamus. The effect
of in vivo insulin on tyrosine phosphorylation of IR was examined in the hypothalamus of
Zucker lean (Fa/?) and obese (fa/fa) rats. Hypothalami from insulin or vehicle —treated rats
were submitted to immunoprecipitation with antibody to IR and immunoblotted with anti-
phosphotyrosine antibody. As shown in Figure 2A, insulin increased IR tyrosine
phosphorylation in the hypothalamus from both lean and obese rats. In lean animals, the
increment was 8.4-fold above basal level, while it was only 3.2-fold in the obese rats. To
determine whether this ~70% reduction in the obese rats was associated with a diminished
amount of the IRP proteins, the same membranes were reblotted with antibodies to IRB. As
shown in Figure 2B (bottom), protein levels of IR were not different between lean and

obese rats.

Protein expression and tyrosine phosphorylation of IRS-1/2 and their association with the
p85 subunit of PI 3-kinase in the hypothalamus. The protein expression of IRS-1 and IRS-2

in the hypothalamus from control and obese rats were quantitated by immunoprecipitation
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and immunoblotting with aIRS-1 or oIRS-2 antibodies and decreases of 35% and 20%,
respectively were detected, in the hypothalamus of obese rats as compared with lean
controls (Figure 3A). In vivo experiments, insulin-stimulated IRSs phosphorylation,
quantitated by immunoprecipitation with anti-IRS-1 or anti-IRS-2 antibodies and
immunoblotting with apY antibody, showed an increase of 7.8-fold and 8.1-fold in tyrosine
phosphorylation of IRS-1 and IRS-2, respectively, in the hypothalamus of lean rats (Figure
3, B and C), compared with increases of 3.8- and 4-fold, respectively, in the hypothalamus
of obese rats (P < 0.05), representing decreases of ~50% in the obese rats. The same
membranes used to detect tyrosine phosphorylation of IRS-1 and IRS-2 were reblotted with
antibodies against the p85 subunit of PI 3-kinase. In the lean rats insulin led to increases of
10- and 9-fold in p85 association to IRS-1 and IRS-2, respectively, (Figure 3, D and E),
whereas only 4- and 4.5-fold increases were observed in the hypothalamus of obese rats,

representing reductions of ~60% in these animals (P <0.05).

Role of PI 3-kinase in anorectic response to insulin. Pharmacological inhibitors of PI 3-
kinase activity, such as wortmannin, can block insulin activity in vitro (24), suggesting that
PI 3-kinase-dependent signaling is needed for certain intracellular responses to insulin. We
tested whether the inhibitory effects of insulin on food intake depend on PI 3-kinase, by icv
infusion of wortmannin into lean rats. Treatment with insulin markedly reduced food intake
at 12 h in rats pre-treated with vehicle, but we did not detect insulin-induced anorexia after

pretreatment with wortmannin (Fig.4A).

Akt is a serine/threonine kinase that is serine phosphorylated and can be activated
by insulin through the PI 3-kinase pathway (16). In the hypothalamus from lean rats, insulin

increased serine phosphorylation of Akt by 8.4-fold over the basal levels (Figure 4B). The
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basal levels of serine phosphorylation of Akt were significantly higher in hypothalamus of
obese rats than lean animals (P < 0.05; » = 6), and insulin increased Akt serine
phosphorylation by only 1.2-fold in these animals. By comparison to lean rats there was a
reduction of ~45% in insulin-induced Akt phosphorylation in hypothalamus of obese rats.
To confirm the biological efficacy of PI 3-kinase blockage with wortmannin we determined
the effect of insulin in the activation of AKT in rats pretreated with wortmannin. As shown
in figure 4B wortmannin impedes insulin-induced serine phosphorylation of Akt in the

hypothalamus of lean rats.

Tyrosine phosphorylation of MAP kinase (ERK-1/2) in hypothalamic tissues. Using
antibodies against tyrosine-phosphorylated ERK-1/2, the levels of ERK-1/2 activation were
examined in hypothalamus after insulin stimulation. As shown in Figure 5, insulin
stimulated tyrosine phosphorylation of ERK-1/2 equally in the hypothalamus of lean and
obese rats. Insulin increased tyrosine phosphorylation of ERK-1/2 by 4.5-fold in the
hypothalamus of lean rats, and 4.3-fold increases in the obese rats. The protein levels of
ERK-1/2 were not significantly different in the hypothalamus between lean and obese

animals.
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4. Discussion

In the present study we have characterized insulin signaling in the hypothalamus of
lean and obese Zucker rats. Obese Zucker rats have insulin resistance, hyperinsulinemia,
hyperlipidemia and glucose intolerance, features similar to those present in obesity-related
insulin resistance and type 2 diabetes mellitus (25). Here we show that treatment with
insulin markedly reduced food intake at 12 h in lean rats pre-treated with vehicle, but we
did not detect insulin-induced anorexia after pretreatment with a PI 3-kinase inhibitor. On
the other side, in accordance with a previous report (22), our results show that central
insulin administration fails to suppress food intake and body weight in the obese rats.
Defective insulin action in the brain may thus contribute to the pathogenesis of obesity in
the fa/fa rats. In addition, the results of the present study demonstrate an impairment of
insulin activation of the PI 3-kinase-Akt pathway in the obese and insulin-resistant animals.
However, insulin stimulated tyrosine phosphorylation of ERK-1/2 MAP kinase similarly in

both phenotypes.

The sites of insulin-signaling impairment appear to be at the IR and postreceptor
levels in the hypothalamus of obese Zucker rats. Although the total amount of receptor
protein is not changed, IR tyrosine phosphorylation induced by insulin is significantly
lower in the hypothalamus of obese than in the lean rats. The reduction in IR tyrosine
phosphorylation in the hypothalamus is similar to that observed in liver and vascular cells

(26).

As observed in liver (27), a moderate decrease in IRS-1 and IRS-2 protein
expression occurs in the hypothalamus of the obese rats. In parallel, there is also a decrease

in IRS-1 and IRS-2 tyrosine phosphorylation, reflecting the decrease in protein levels as
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well as a decrease in the stoichiometry of phosphorylation. These reductions are
accompanied by a decrease in insulin-induced IRS-1 and IRS-2 association with PI 3-
kinase and Akt phosphorylation. However, the basal level of Akt serine phosphorylation is
significantly higher in the hypothalamus of obese animals, probably as a consequence of

the hyperinsulinemia, but only a mild increase occurs after acute insulin infusion.

There are probably several mechanisms that can cause decrease in insulin signaling
pathway in the hypothalamus of obese insulin-resistant rats. First, increase in serine and
threonine phosphorylation of IR may reduce receptor kinase activity and
autophosphorylation. It has been reported that activation of PKC induces serine
phosphorylation of IR, which can inhibit its tyrosine kinase activity, leading to a decrease
of insulin-induced PI 3-kinase activity (28, 29). Activation of protein kinase C-a, -B, -,
and -6 have been reported in skeletal muscle of obese Zucker and diabetic Goto-Kakizaki
rats (30). Second, tumor—necrosis factor-o (TNF —a) has been suggested as important
mediator of insulin resistance in obese animals through its overexpression from fat tissue
(31). TNF-o. has been shown to produce serine phosphorylation of IRS-1, resulting in
reduced insulin receptor kinase activity and insulin resistance (32). In rodents, anti-TNF-o
reagents significantly improved insulin resistance (33). Last, altered phosphotyrosine
phosphatase activity might lead to reduction in tyrosine phosphorylation of IR and IRS

protein (34-36).

Selective impairment of insulin signaling on PI 3-kinase pathway in the
hypothalamus could be pathophysiologically important in the development of obesity. A
recent study by Niswender KD ez a/ (37) showed that activation of the PI 3-kinase pathway

could be involved in leptin’s anorexigenic effect. Taken together with the present data in an
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insulin-resistant state, this finding may indicate that the anti-obesity actions induced by
insulin could be blunted due to the partial inhibition of the PI 3-kinase pathway and that
neuronal PI 3K is important for the effects of insulin on food intake. If the mechanism used
by insulin to reduce food intake is PI 3-kinase-dependent, as our results suggest, the
defective activation of PI 3-kinase in hypothalamic neurons may reduce the ability of

insulin to promote weight loss in the obese rodents.

The profound insulin resistance on the PI 3-kinase pathway contrasts markedly with
the ability of insulin to stimulate the MAP kinase pathway in the hypothalamus of the obese
rats. Insulin resistance does not affect the MAP kinase pathway, since insulin
administration increased ERK1/2 phosphorylation to the same extent in lean and obese rats.
This finding of selective insulin resistance has been recently observed in the vasculature of
Zucker rats (26). Two possible reasons for this difference may be proposed: alternate
insulin signaling pathways and differential signal amplification. With regard to the former,
the MAP kinase pathway can be activated through Grb2/Sos interaction with IRS-1/2 or
She. Because IRS-1 tyrosine phosphorylation is dramatically reduced in the obese animals,
it is possible that insulin activation of the MAP kinase pathway in vivo primarily occurs
through She activation. Evidence from i vitro and in vivo studies supports this concept (38,
39). Maintenance of insulin stimulation of the MAP kinase pathway in the presence of
insulin resistance on the PI 3-kinase pathway may be important in the development of
insulin resistance. ERKs can phosphorylate IRS-1 on serine residues (40), and serine
phosphorylation of IRS-1 and of the insulin receptor itself as described above, can be

implicated in desensitizing insulin receptor signaling (41).

In summary our data have provided direct evidence that insulin can activate both the

PI 3-kinase-Akt and MAP kinase pathways in the hypothalamus and that the ability of
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insulin to reduce food intake is PI 3-kinase-dependent. In an insulin-resistant state, PI 3-
kinase pathway appears to be selectively blunted in hypothalamic tissues, compared with
MAP kinase. These findings support the hypothesis that insulin may have anti-obesity
actions mediated by the PI 3-kinase pathway and that the impaired PI 3-kinase signaling
pathway in the hypothalamus may lead to the development of obesity in insulin resistance

and diabetic patients.
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Figure Legends

Figure 1. Effect of insulin on food ingestion in lean (L) and obese (F) Zucker rats in vivo.
Insulin was injected icv at the onset of dark cycle and total, individual chow ingestion was
measured in the following 12h. ** P < 0.001, insulin lean vs. vehicle lean. * P < 0.05,

insulin lean vs. insulin obese.

Figure 2. IR protein expression and tyrosine phosphorylation in the hypothalamus of lean
(L) and obese (F) Zucker rats in vivo. (A) Hypothalamic extracts from lean and obese rats
treated with insulin or vehicle for 15 min were prepared as described in Methods. Tissue
extracts were immunoprecipitated with anti-IR antibody (IP, Immunoprecipitation) and
immunoblotted with anti-phosphotyrosine antibody (pY) (IB, immunoblotting). (B)
Stripped membranes were reblotted with anti-IR antibody. Data (mean + SEM; n = 4) are
expressed as relative to control, assigning a value of 100% to the lean control mean. *P <

0.05, insulin lean vs. insulin obese.

Figure 3. IRS-1 and IRS-2 protein expression and tyrosine phosphorylation, and their
association with the P85 subunit of PI 3-kinase in the hypothalamus of lean (L) and obese
(F) Zucker rats in vivo. (A) Protein levels of IRS-1 and IRS-2. Isolated hypothalami were
homogenized, and equal amounts of protein were subjected to immunoprecipitation (IP)
with oIRS-1 or aIRS-2, separated by SDS-PAGE, and immunoblotted (IB,
immunoblotting) with the same antibody. The bar graph shows the protein levels of IRS
proteins. Data (mean + SEM; n = 4) are expressed as relative to control, assigning a value
of 100% to the lean insulin mean. *P < 0.05 lean vs. obese. (B and C) Insulin-stimulated

tyrosine phosphorylation of IRS-1 and IRS-2. Hypothalami from rats treated with insulin or
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vehicle for 15 min were lysed, and tissue extracts were immunoprecipitated with anti-IRS-1
or anti-IRS-2 antibodies and blotted with anti-phosphotyrosine antibody (pY). The bar
graph shows the quantitative phosphorylation of IRS proteins. (D and E) The same
membranes used for IRS-1 and IRS-2 tyrosine phosphorylation were stripped and reblotted
with anti-PI 3 kinase antibodies. The bar graph represents the quantitative association of PI
3 kinase with IRS-1 or IRS-2. Data (mean = SEM; n = 6) are expressed as relative to
control, assigning a value of 100% to the lean insulin mean. * P < 0.05 insulin lean vs.

insulin obese.

Figure 4. Role of PI 3-kinase signaling in the anorectic response to insulin in lean Zucker
rats. (A) Pretreatment with wortmannin (100 nmol) or vehicle was followed 30 min later,
just before the onset of the dark cycle, by i.c.v. administration of insulin, individual chow
ingestion was measured in the following 12h. *P < 0.05, relative to controls. (B) Insulin-
stimulated serine phosphorylation of Akt in hypothalamus of lean (L) and obese (F) Zucker
rats in vivo. Pretreatment with wortmannin (100 nmol) or vehicle was followed 30 min later
by i.c.v. administration of insulin, or vehicle for 15 minutes, the hypothalamus was lysed
and the proteins were separated by SDS-PAGE on 12% gels and blotted with
phosphoserine-specific AKT antibodies (IB, immunoblotting). A representative western
blotting of each group is shown. The bar graph represents the quantitative serine
phosphorylation of AKT. Data (mean + SEM; n = 4) are expressed as relative to control,
assigning a value of 100% to the lean insulin mean. # P < 0.05, vehicle lean vs. vehicle

obese, * P < 0.05, insulin lean vs. insulin obese

Figure 5. Effects of insulin on tyrosine phosphorylation of MAP kinase (ERK-1/2) in
hypothalamus of lean (L) and obese (F) Zucker rats in vivo. (A) Hypothalami from rats

treated with insulin or vehicle for 15 minutes were lysed and the proteins were separated by
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SDS-PAGE on 12% gels and blotted with phosphotyrosine-specific ERK antibodies (IB,
immunoblotting). (B) Stripped membranes were reblotted with anti-ERK antibody. A
representative western blotting of each is shown. The bar graph represents the quantitative
tyrosine phosphorylation of MAP-kinase. Data (mean + SEM; n = 4) are expressed as
relative to control, assigning a value of 100% to the lean insulin mean. * P < 0.05, insulin

lean vs. insulin obese.

Table 1. Characteristics of obese Zucker (fa/fa) rats and their age-matched lean Zucker

(Fa/?) controls.

Groups Number of rats Body weight ~ Blood glucose Serum insulin
(n) (2) (mg/dl) (ng/ml)
Lean (Fa/?) 10 262+ 8 805 kR
Obese (fa/fa) 10 394+ 20" 111 +4" 25316

" P<0.001 vs. lean group; unpaired Student’s 7 test.
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FIGURE 1 - Effect of insulin on food ingestion in lean (L) and obese (F) Zucker
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FIGURE 2 - IR protein expression and tyrosine phosphorylation in the
hypothalamus of lean (L) and obese (F) Zucker rats in vivo.
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SUMMARY

Chronic leptin treatment markedly enhances the action of insulin on hepatic glucose
production out of proportion to the body weight loss and increased insulin sensitivity. In the
present experiments the cross-talk between insulin and leptin was evaluated in rat liver.
Leptin, upon stimulation of JAK2 tyrosine phosphorylation, induced JAK2 co-
immunoprecipitation with STAT3, STATSb, IRS-1 and IRS-2. This phenomenon parallels
the leptin-induced tyrosine phosphorylation of STAT3. STATSb, IRS-1 and IRS-2. Acutely
injected insulin stimulated a mild increase in tyrosine phosphorylation of JAK2, STAT3
and STATSb. Leptin was less effective than insulin at stimulating IRSs phosphorylation
and their associations with PI 3-kinase. Simultaneous treatment with both hormones
promoted no change in maximal phosphorylation of STAT3. IRS-1. IRS-2 and Akt, but led
to marked increase in tyrosine phosphorylation of JAK2 and STATSb when compared with
1solated administration of insulin or leptin. Thus, there is a positive cross-talk between

isulin and leptin signaling pathways at the level of JAK2 and STATSb in rat liver.

KEY WORDS

Insulin/*physiology / Leptin/*pharmacology / Liver/metabolism /Protein-Tyrosine

Kinase/metabolism / DNA-Binding Proteins/metabolism / Signal Transduction/drug effects.
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1. Introduction

Leptin, the protein encoded by the ob gene, is a hormone that is produced by
adipocytes and acts through distinct receptors in target organs to control food intake and
energy metabolism (Tartaglia er al, 1995; Zhang et al, 1994). Insulin resistance
characterizes states of severe leptin deficiency or resistance, such as ob/ob or db/db mice,
or genetic models of lipoatrophic diabetes. In some of these, administration of exogenous
leptin improves glucose tolerance and insulin sensitivity independently of effects on food
intake, probably by affecting neuroendocrine pathways that modulate insulin action in the
liver and muscle (Halaas ez al., 1995; Shimomura er al, 1999), inasmuch this cytokine
might also have direct effects on hepatic cells (Lee er al, 2001). Furthermore, recent
evidences indicate that leptin treatment in insulin deficient diabetic rats restores
normoglycemia (Chinookoswong et al, 1999), and the transgenic mice overexpressing
leptin shows increased insulin sensitivity (Ogawa ez a/, 1999). These observations, taken

together, suggest a potent antidiabetogenic effect of leptin in vivo.

Direct cross-talk between the leptin and insulin signaling systems remain unclear.
Some data suggest that leptin can impair the early steps of insulin signaling including
tyrosine phosphorylation of IRS-1 in hepatocytes (Cohen er al, 1996). Other studies
demonstrate that leptin can mimic effects of insulin such as stimulation of glucose transport
and glycogen synthesis in C2C12 myotubes and that these effects may be mediated by
stimulation of PI 3-kinase (Berti et al., 1997; Kellerer et al., 1997). In isolated muscle or
adipocytes, short-term incubation with leptin does not stimulate glucose transport or

lipogenesis (Ranganathan et al., 1998; Zierath ez al., 1998).
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Leptin exerts its effects through specific receptors of which five isoforms have been
described, arising through alternative splicing of the primary transcript (Lee ef al., 1996).
The leptin receptor is a member of the cytokine I receptor family of which gp 130 is a
prototype. This class of receptors stimulates gene transcription via activation of cytosolic
STAT proteins (Darnell 1996; Darnell 1997). The long form of the leptin receptor (OBRb)
has the capacity to activate the JAK/STAT (Baumann e al., 1996; Ghilardi and Skoda
1997; Ghilardi et al., 1996; Tartaglia 1997: Vaisse et al.. 1996; White et al., 1997) and
MAPK (Bjorbaek er al, 1997) pathways, stimulate tyrosine phosphorylation of IRS-1
(Bjorbaek ez al, 1997), and increase transcription of Jos, jun (Bjorbaek et al., 1997;
Murakami et al., 1997). OBRb is highly expressed in the hypothalamus, the primary site
where leptin is thought to act (Tartaglia e al., 1995). Leptin has been shown to activate
STAT3 in the hypothalamus via JAK2 (Carvalheira ef al., 2001). Tyrosine-phosphorylated
STAT is translocated to the nucleus where it is thought to bind to specific DNA sequences
and activate genes important for energy homeostasis. Leptin may also exert direct effects at
the level of gene expression or cellular function on nonhypothalamic target tissues
including hematopoietic cells, T cells, the endocrine pancreas, the pituitary, the ovary,
adipocytes, skeletal muscle, and hepatocytes either through the short or long forms of the
receptor (Bennett ez al, 1996; Cusin et al., 1998; Emilsson et al.. 1997; Liu et al., 1998;

Lord et al., 1998; Shimabukuro et al., 1997; Siegrist-Kaiser et al., 1997; Yu er al., 1997).

Therefore, it is not completely resolved whether, and by what mechanisms, a component of
the important metabolic effects of leptin could be exerted directly at the level of peripheral
tissues, as opposed to indirectly though the central nervous system. In the present study we
have characterized leptin signal transduction in liver and determined whether insulin and

leptin share common intracellular signal transduction pathways.
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3. Results

3.1. In vivo effect of leptin on tyrosine phosphorylation of JAK/STAT pathway in liver

To determine leptin-induced tyrosine phosphorylation of JAK2 we performed
immunoprecipitation and Western blotting of liver extracts with anti JAK2 and anti-
phosphotyrosine antibodies, respectively. The time course experiments were performed
injecting 10°M of leptin through the portal vein of rats and collecting liver specimens in
different time points. As shown in Fig. 1 JAK? is strongly phosphorylated after 30 seconds
of leptin treatment, with maximal phosphorylation occurring at 90 seconds and decaying

after 3 minutes (Fig. 1A).

To assess the ability of leptin to activate tyrosine phosphorylation of STAT3 and —
5b we determined the time course for this activation. Initially, we measured leptin-induced
tyrosine phosphorylation of STAT3 by immunoblotting with specific phospho-STAT3
antibodies. Fig. 1B shows that there was a moderate increase in leptin-stimulated STAT3
phosphorylation in rat liver which was maximal at 3 min. Co-immunoprecipitation between
JAK2 and STAT3 in liver was observed in a similar fashion of JAK2 tyrosine
phosphorylation. Subsequently we measured leptin-induced tyrosine phosphorylation of
STATSb, by immunoprecipitation experiments using specific STATSb antisera and then the
immunoprecipitates were immunoblotted with anti-phosphotyrosine antibody. There was a
time dependent increase in STATSb phosphorylation after leptin injection, which paralleled
the increase of JAK2 phosphorylation after leptin stimulation (Fig. 1C). Similar to STAT3,
there was also Co-immunoprecipitation between STAT5b and JAK2 after leptin
stimulation. As expected, there was no alteration in STATSb protein expression after leptin

infusion.
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Our results show a very rapid, and presumably direct effect of leptin to phosphorylate
STATSb in liver. To confirm these data we measured leptin induced STATS5b tyrosine
phosphorylation in the liver of fa/fa rat, which has a mutation that decreases the cell-surface
expression and leptin binding affinity to leptin receptor as a negative control (da Silva et
al., 1998; White et al., 1997). In in vivo experiments, there was an increase of 6.9-fold in
leptin induced tyrosine phosphorylation of STATSb in the liver of lean rats (Figure 1, D),
compared with increases of 2.4-fold in the liver of obese rats (P < 0.05), representing

decreases of ~70% in STATSb phosphorylation in obese rats.

3.2. Effects of Leptin on IRS-1 and IRS-2 Tyrosine Phosphorylation, PI 3 kinase docking

and Akt serine phosphorylation in rat liver.

IRS proteins represent an important multifunctional interface between many
receptors and intracellular pathways. A possible pathway towards the IRS proteins
phosphorylation is via JAK kinases (Berti et al., 1997; Bjorbaek et al., 1997; Carvalheira et
al,, 2001; Kellerer et al., 1997). Since JAK2 was activated by leptin, we evaluated the
ability of leptin to stimulate JAK2/IRS-1 and JAK2/IRS-2 associations. Co-
immunoprecipitation between JAK2 and IRS-1 or IRS-2 in liver were detected. In
immunoprecipitates of JAK2 that were blotted with anti-IRS-1 or anti IRS-2 antibodies,
there was an evident association between these proteins after leptin stimulation. These
results demonstrate that JAK2 interacts with IRS-1 and IRS-2 developing stable complexes

in rat liver (Fig 2A).

Figure 2B shows a clear increase in leptin-stimulated IRS-1 phosphorylation, which
was maximal at 90 sec and almost vanished after 3 minutes. To better define the levels of

IRS-2 phosphorylation, we performed Western blot analysis of tyrosyl-phosphorylated
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proteins in anti-IRS-2 immunoprecipitates before and after stimulation with leptin.
Analogously, Figure 2C shows that there was a marked increase in leptin-stimulated IRS-2

phosphorylation in the rat liver, which was maximal at 90 sec followed by a striking decay.

Previous studies (Backer et al., 1992; Folli et al., 1992) have suggested that there is
relatively stable, high affinity interaction between IRS-1 or IRS-2 and the 85 kDa subunit
of the PI 3-kinase such that both proteins can be co-precipitated by antibodies to either
protein. Blots that had been previously immunoprecipitated with antibodies against IRS-1
or IRS-2 were subsequently incubated with antibodies against the 85 kDa subunit of PI 3-
kinase (Fig. 2 B and C). There was little PI 3-kinase immunoreactivity in the basal state of
control rats. After 30 seconds of stimulation with leptin, there were a significant increases
in IRS-1 or IRS-2 — PI 3-kinase associations, which suffered slight increase thereafter and
reduced to basal levels after 3 minutes. These observations are consistent with the
formation of a stable association between IRS-1 or IRS-2 and PI 3-kinase after leptin

stimulation. As predictable, there were no changes in IRS-1 and IRS-2 protein levels.

Using antibodies against serine-phosphorylated Akt, the levels of Akt activation were
examined in liver after leptin stimulation. As shown in Figure 2D, Akt phosphorylation in

liver was unaltered by leptin injection.

3.3. The effect of simultaneous administration of leptin and insulin on JAK/STAT pathway

At first, we measured the tyrosine phosphorylation of JAK?2 in the liver from rats
that were stimulated with insulin, leptin or both hormones for 90 seconds. The
phosphorylation of JAK2 in liver showed an increase of approximately 3.8-fold with

insulin stimulation and of approximately 3.6-fold with leptin. Insulin and leptin together
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showed ~8.4-fold increase in JAK2 tyrosine phosphorylation, representing increases of
~230% above the effects of leptin alone (Fig. 3 A). Second, we evaluated insulin and/or
leptin stimulated JAK2/STAT3 association and STAT3 tyrosine phosphorylation in the
liver from rats that were stimulated with insulin, leptin or both hormones for 3 minutes.
Insulin-stimulated STAT3 association with JAK2 showed an increase of ~3.5-fold and
STAT3 phosphorylation 2.0-fold over the basal levels, leptin led to ~6.2 and 3.3-fold
increase in JAK2/STATS3 association and STAT3 tyrosine phosphorylation, respectively.
However, simultaneous stimulation did not display additive effect on JAK2/STAT3
association and STAT3 tyrosine phosphorylation (Fig. 3 B and 3 C). Last, we assessed the
association between JAK2 and STAT5b and STATSb tyrosine phosphorylation in the liver
from rats that were stimulated with insulin, leptin or both hormones for 3 minutes. Insulin
led to increases of ~2.5 fold in JAK2/STATSb association and 4.6-fold in tyrosine
phosphorylation of STAT5b over the basal levels, whereas leptin induced ~4.6-fold
increases in JAK2/STATSb association and 6.1-fold increases in STATS5b tyrosine
phosphorylation. Insulin and leptin together showed ~9.3 increase in JAK2/STATSb
association and ~10-fold increase in STATS5b tyrosine phosphorylation, representing
increases of ~200 % and ~170%, respectively, above the effects of leptin alone (Fig. 3 D

and 3 E).

3.4. The effect of simuitaneous administration of leptin and insulin on PI 3-kinase/Akt

pathway

We next examined whether simultaneous stimulation with leptin and insulin could
affect the early steps of the insulin signal transduction pathways. We measured the tyrosine

phosphorylation of IRS proteins in the liver from rats that were stimulated with insulin,
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leptin or both hormones for 90 seconds. The phosphorylation of IRS-1 in liver showed an
increase approximately 9.0-fold with insulin stimulation and approximately 3.3-fold with
leptin. The effect of insulin and leptin was similar to insulin alone (Fig. 4 A). IRS-2
tyrosine phosphorylation upon insulin and/or leptin stimulation was comparable with that
obtained in IRS-1 immunoprecipitates (Fig. 4 B). Akt serine phosphorylation was examined
in the liver from rats that were stimulated with insulin, leptin or both hormones for 5
minutes. Leptin alone had no effect on Akt tyrosine phosphorylation in liver. Insulin
induced ~4- fold increase in Akt phosphorylation and no additive effect was observed with

the addition of leptin (Fig 4 C).
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3. Discussion

In the present study, we have investigated the possibility of direct interactions
between insulin and leptin action in liver, focusing on some key intermediate steps on these
signaling pathways. Our results show that leptin, upon stimulation of JAK2 tyrosine
phosphorylation, induced JAK2 co-immunoprecipitation with STAT3, STAT5b, IRS-1 and
IRS-2. These phenomena parallel the leptin-induced tyrosine phosphorylation of STATS3,
STATSb, IRS-1 and IRS-2. Insulin stimulated a mild increase in tyrosine phosphorylation
of JAK2, STAT3 and STATSb in liver. Leptin was much less effective than insulin at
stimulating IRS/PI 3-kinase pathways. Akt phosphorylation were not changed by leptin but
increased with insulin. Whereas there was no change in maximal phosphorylation of IRS-1,
IRS-2, Akt and STAT3, simultaneous stimulation with both hormones resulted in a marked
increase in tyrosine phosphorylation of JAK2 and STATSb when compared with isolated
administration of insulin or leptin. Thus, there is direct cross-talk between the insulin and
leptin signaling pathways at the level of JAK2 and STATSb, such that the simultaneous
administration of both hormones modulates the signal that is transduced through the

common elements of these pathways.

The molecular mechanisms by which OBR couples to tyrosine phosphorylation
events in liver are not known. In the present study the rapid tyrosine phosphorylation and
association of JAK2 with IRS-1, IRS-2, STAT-3 and —5b proteins, suggests that a large
signaling complex is formed with the OBR upon leptin treatment. Co-immunoprecipitation
of JAK2 and IRSs, STAT-3 and —5b could be due the direct association of JAK2, IRSs,
STAT3 and STATSb with the OBR, or indirect association of IRSs, STAT3 and —5b with

the JAK2 kinase. There are several mechanisms by which JAK2, IRSs and STATs may
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associate to OBR. One possibility is that JAK?2 initially associates with the OBR and leads
to recruitment of IRSs, STAT3 and —5b proteins. A second is that OBR recruit IRSs and/or
STAT proteins, which serve as adapter molecules for binding JAK2. A third possibility is
that both JAK2, IRSs and STATSs associate with the receptor, and upon ligand binding to
the receptor, JAK2 phosphorylates the associated IRSs and STAT proteins. Further studies
(mutational analysis of the OBR and or experiments in JAK2 deficient cell lines) will be

required to assess this issue.

A previous in vivo study implicated only STAT3 in hypothalamic leptin signaling,
whereas experiments involving transfected cells provide evidence for the activation of other
STAT isoforms, depending on the cellular model (Baumann et al., 1996; Ghilardi ef al.,
1996; Vaisse er al., 1996; White e al., 1997). The nature of the STAT isoforms required
for transducing the leptin signal is still controversial and may depend on the cellular context
and the concomitant presence of other stimuli in vivo. Here we show that not only tyrosine
phosphorylation of STAT3, but also STATS5b, is robustly activated in hepatic tissue by
leptin administration. These results are in accordance with a recent study showing that
leptin administration iv induces STATSb gel shift in nuclear extracts of hepatocytes
(Briscoe ez al., 2001). The current study is the first demonstration of leptin-induced

STATSDb activation in liver in vivo.

Originally, it was thought that the hypothalamus was the only tissue expressing
OBRb. However, recent evidence at the level of messenger RNA expression and cellular
function suggest that peripheral organs including adipose tissue also express OBRb (Cohen
et al.,, 1996; Emilsson et al., 1997; Siegrist-Kaiser et al., 1997; Yu et al., 1997). The short

1soform of the leptin receptor (OBRa), unlike OBRb, appears incapable of activating

Resultados
127



STATS, although it can mediate tyrosine phosphorylation of JAK2 (Bjorbaek et al., 1997).
Several studies have analyzed alteration in leptin signaling induced by the fe mutation in
OBR, demonstrating a defective activation of STATSb by the mutant receptor (White et al.,
1997). Thus, our data showing leptin-induced STATS5b phosphorylation in liver of lean rats,
but a mild STATSb phosphorylation in liver of Zucker fa/fa rats support the notion that

hepatocytes express OBRb as previous suggested (Kim ez al., 2000).

Intracellular interactions between different signaling systems may function as
mechanisms for enhancing or counter-regulating hormone action. In the case of insulin, the
cross-talk with leptin-mediated pathways resulted in direct interactions between insulin and
leptin signaling systems at the level of JAK2 and STATSb. Simultaneous stimulation with
both hormones led to increased tyrosine phosphorylation of JAK2 and STATSb and the
association of JAK2 with STATSb. In contrast, no effect on STAT3 phosphorylation or
JAK2/STAT3 association was observed when compared with acute insulin or leptin
administration. These results suggest that the positive cross-talk between insulin and leptin
signaling was due to additive effects on JAK2 activation and divergence of association
between JAK2 and STAT3 and -5b. Another possible reason for this difference is
differential insulin/leptin signal amplification. STATSb can be activated either by insulin
through the insulin receptor in a JAK-independent fashion (Sawka-Verhelle er al., 1997,
Sawka-Verhelle ez al., 2000) or with OBRb by leptin (Briscoe e? al., 2001). In contrast the
role of insulin in the activation of the STAT3 is controversial (Carvalheira et al., 2001;
Ceresa and Pessin 1996; Kim et al., 2000) and may be tissue specific. Here we show a mild

activation of STAT3, but this effect was not additive with leptin.
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Although leptin has an insulin-sensitizing effect, which is evident from the rapid
reduction of glucose and insulin levels in leptin-deficient, insulin-resistant ob/ob mice after
leptin administration (Pelleymounter et al., 1995) and the enhanced insulin-stimulated
glucose disposal in normal rats infused with leptin (Sivitz et al., 1997), in the present study
we find that leptin and insulin elicit overlapping but distinct signaling pathways towards PI
3-kinase/AKT pathway. Notably, iv injection of leptin results in phosphorylation of JAK2
and a mild phosphorylation of IRS-1 and IRS-2 with a parallel increase in IRSs/PI 3-kinase
association compared with the large effects of insulin on these signaling steps. In liver, Akt

have enhanced serine phosphorylation after insulin, but not after leptin stimulation.

The effect of leptin stimulation on IRS-1 and IRS-2 tyrosine phosphorylation and its
effects on insulin-induced signaling have a broad range of variation that is dependent of the
cell line utilized. Cohen et al. (1996) reported that leptin caused attenuation of several
insulin-induced activities, including tyrosine phosphorylation of the IRS-1 on human
hepatic cells. On the other hand Wang et a/ (1997) showed that leptin treatment increase
IRS-1 and IRS-2 tyrosine phosphorylation on hepatoma cells. Furthermore Kellerer et al
(1997) demonstrated that leptin have insulin like effects on glucose transport and glycogen
synthesis in C,C;» myotubes and these effects were dependent on IRS-2 tyrosine
phosphorylation. In accordance with Kim et al (2000) here we show that in the liver the
treatment with the combination of the two hormones is not additive, synergistic or

inhibitory in the PI 3-Kinase-Akt pathway.

In conclusion, we have provided evidence for rapid direct effects of leptin
administration in vivo on intracellular signaling pathways in the liver and we observe a

convergence of leptin and insulin signaling at the level of PI 3-Kinase-Akt pathway without
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synergism. Moreover, our results indicate a direct and positive cross-talk between insulin
and leptin at the level of JAK2 and STATS5b tyrosine phosphorylation and association. This
mechanism may serve to potentiate the activity of both insulin and leptin pathways and to
increase stimulation in physiological processes such as the regulation of carbohydrate and

lipid metabolism, that are under the combined control of insulin and leptin.
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2. Materials and methods

2.1. Materials

The reagents for SDS-PAGE and immunoblotting were obtained from Bio-Rad (Richmond,
CA). Tris, phenylmethylsulfonylfluoride, aprotinin, dithiothreitol, Triton X-100, Tween-20,
glycerol, affinity-purified rabbit anti-mouse IgG and bovine serum albumin (BSA, fraction
V) were obtained from Sigma Chemical Co. (St. Louis, MO). Leptin was acquired from
Calbiochem (La Jolla, CA). Sodium amobarbital and human recombinant insulin (Humulin
R) were purchased from Eli Lilly & Co. (Indianapolis, IN). Protein A-Sepharose 6Mb,
['*I]Protein A and Nitrocellulose paper (Hybond ECL, 0.45 pum) were obtained from
Amersham (Piscataway, N). Antibodies to IRS-1 (SC-559), IRS-2 (SC-8299), JAK2 (SC-
294G), STAT3 (SC-483), STATSb (SC-835) and phosphotyrosine (SC-508) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against the p85
subunit of PI 3-kinase (06-195) were from Upstate Biotechnology (Lake Placid, NY). Anti-

Akt-Ser-473 (9271L) and anti-STAT3 phosphotyrosine 705-specific antibodies (9131) were

from New England Biolabs (Beverly, MA).
2.2. Animals

Eight-week-old male Wistar and Zucker rats were allowed access standard rodent chow and
water ad libitum. All experiments involving animals were in accordance with the guidelines
of the Brazilian College for Animal Experimentation (COBEA). Room temperature was

maintained between 21-23°, and a 12-hour light, 12-hour-dark cycle was used.

2.3. Surgical procedures and tissue preparation
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After 7 hours fast, rats were anesthetized with sodium amobarbital (15 mg/kg body weight,
intraperitoneally), and submitted to the surgical procedure as soon as the anesthesia was
assured by the loss of pedal and comneal reflexes. The abdominal cavity was opened, the
portal vein was exposed, and in vivo stimulation of the liver was obtained by injection of
500 pl of normal saline (0,9% NaCl), insulin (10°M), leptin (10° M) or an equimolar
mixture of insulin (10 M) and leptin (10 M) into the portal vein. Fragments of the livers
were excised in a time dependent manner. The tissue was minced coarsely, and
homogenized immediately in extraction buffer [1% Triton-X 100, and 100 mM Tris (pH
7.4) containing 100 mM sodium pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA,
10 mM sodium vanadate, 2 mM phenylmethylsulfonylfluoride, and 0.1 mg aprotinin/ml] at
4° C with a Polytron PTA 20S generator (model PT 10/35, Brinkmann Instruments, Inc.,
Westbury, NY) operated at maximum speed for 30 sec The extracts were centrifuged at
30,000 X g and 4 C in a Beckman Coulter, Inc. 70.1 Ti rotor (Palo Alto, CA) for 20 min to
remove insoluble material, and the supernatant of these tissues was used for

immunoprecipitation with the indicated antibodies.
2.4. Protein analysis by immunoblotting

The precipitated proteins were treated with Laemmli sample buffer (Laemmli 1970)
containing 100 mM dithiothreitol and heated in a boiling water bath for 4 min, after which
they were subjected to SDS-PAGE in a Bio-Rad miniature slab gel apparatus (Mini-
Protean, Bio-Rad Laboratories, Inc., Richmond, CA). 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 (Towbin et al., 1979) except for the addition

0f 0.02% SDS to the transfer buffer to enhance the elution of high molecular mass proteins.
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Nonspecific protein binding to the nitrocellulose was reduced by preincubating the filter for
2 h at room temperature at 4° C in blocking buffer (5% nonfat dry milk, 10 mM Tris, 150
mM Na(l, and 0.02% Tween-20). The nitrocellulose blot was incubated with the indicated
antibodies; diluted in blocking buffer (0.3% BSA instead of nonfat dry milk) overnight at
4° C; and then washed for 20 min with blocking buffer without milk. An amplification step
with rabbit anti-mouse IgG (1:1000 final dilution) was added to the standard protocol when
monoclonal anti-phosphotyrosine antibodies were employed in Western blotting
experiments. The blots were subsequently incubated with 2 mCi ['*’I]Protein A (30
mCi/mg) in 10 ml blocking buffer for 2 h at room temperature and then washed again for
20 min as described above. ['*I]Protein A bound to the antipeptide antibodies was detected
by autoradiography using preflashed Kodak XAR film (Eastman Kodak Co., Rochester,
NY) with Cronex Lightning Plus intensifying screens at -80°C for 12-48 h. Band
intensities were quantitated by optical densitometry (Scion Image software) of the
developed autoradiographs. To exclude unspecific interactions between the investigated
proteins and protein-A sepharose control-precipitations without the specific antibodies were
performed, followed by immunoblotting with anti-JAK2, anti IRS-1, anti-IRS-2,
antiSTAT3 and anti-STATS5b and no band was detected. The results indicated that the
immunoprecipitation performed in the experiments described herein do not allow the

detection of unspecific interactions.

2.5. Statistical analysis

Where appropriate, the results were expressed as the mean + S.E.M. accompanied
by the indicated number of experiments. Kruskal-Wallis 1-way ANOVA test was used in

the statistical comparisons with p < 0.05 indicating significance.
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Figure Legends

Fig. 1. Effect of Leptin on JAK2, STAT3 and -5b tyrosine phosphorylation and STAT3 and
~5b association with JAK?2 in the liver in vivo. (A) Liver extracts from animals treated with
leptin for the time points indicated, were prepared as described in Methods. Tissue extracts
were immunoprecipitated with anti-JAK2 antibody (IP, immunoprecipitation) and
immunoblotted with anti-phosphotyrosine antibody (P-Tyr). Stripped membranes were
reblotted with anti-JAK2 anOtibody (n = 6). (B) Leptin-stimulated tyrosine phosphorylation
of STAT3. Tissue extracts from rats treated with leptin for the time points indicated were
immunoprecipitated with anti-STAT3 and blotted with anti-phospho-specific STAT3 (P-
Tyr-STAT3). The same membranes used for STAT3 tyrosine phosphorylation were
stripped and reblotted with anti-JAK2 and anti STAT3 antibodies. (n = 6). (C) Leptin-
stimulated tyrosine phosphorylation of STATSb. Tissue extracts from rats treated with
leptin for the time points indicated were immunoprecipitated with anti-STAT5b and blotted
with anti-phosphotyrosine antibody. The same membranes used for STATS5 b tyrosine
phosphorylation were stripped and reblotted with anti-JAK2 and anti STATSb antibodies (n
= 6). (D) Liver extracts from lean (L) and fat (F) rats treated with leptin for 90 seconds,
were prepared as described in Methods. Tissue extracts were immunoprecipitated with anti-
STATS5b and immunoblotted with anti-phosphotyrosine antibody. The bar graphs represent
the quantitative tyrosine phosphorylation of STATSb. Data (mean = S.EM. n = 4) are
expressed as relative to control, assigning a value of 100% to the lean control before leptin

stimulation. *P < 0.01, leptin lean vs. leptin obese.

Fig. 2. Leptin-stimulated tyrosine phosphorylation of IRS-1 and IRS-2 and their association

with p85 subunit of PI 3-kinase in liver in vivo. (A) Liver extracts from animals treated
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with leptin for the time points indicated, were prepared as described in Methods. Tissue
extracts were immunoprecipitated with anti-JAK2 antibody (IP, immunoprecipitation) and
immunoblotted with anti-IRS-1 and anti IRS-2. Stripped membranes were reblotted with
anti-JAK2 antibody (» = 4). (B) Leptin-stimulated tyrosine phosphorylation of IRS-I.
Tissue extracts from rats treated with leptin for the time points indicated were
immunoprecipitated with anti-IRS-1 and blotted with anti-phosphotyrosine antibody (P-
Tyr). The same membranes used for IRS-1tyrosine phosphorylation were stripped and
reblotted with anti-PI 3-kinase and anti IRS-1 antibodies (» = 6). (C) Leptin-stimulated
tyrosine phosphorylation of IRS-2. Tissue extracts from rats treated with leptin for the time
points indicated were immunoprecipitated with anti-IRS-2 and blotted with anti-
phosphotyrosine antibody. The same membranes used for IRS-2 tyrosine phosphorylation
were stripped and reblotted with anti-PI 3-kinase and anti IRS-2 antibodies (n = 6). (D)
Leptin-stimulated serine phosphorylation of Akt. Liver extracts from rats that were
stimulated with leptin for the time point indicated were lysed and the proteins were
separated by SDS-PAGE on 12% gels and blotted with phosphoserine-specific Akt

antibodies.

Fig. 3. Effect of insulin and leptin on JAK/STAT pathway in extracts of livers from rats
treated with leptin, insulin or a combination of the two. (A) Tissue extracts from rats treated
with saline, leptin, insulin or both hormones were immunoprecipitated with anti-JAK2 and
blotted with anti-phosphotyrosine antibody. The bar graph shows the quantitative
phosphorylation of JAK2. Data (mean + S.E.M. n = 6) are expressed as relative to control,
assigning a value of 100% to the control mean. (B) Tissue extracts from rats treated with
saline, leptin, insulin or both hormones were immunoprecipitated with anti-STAT3 and

blotted with anti-JAK2 antibody. The bar graph shows the quantitative association of
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STAT3 with JAK2. Data (mean = S.EM. n = 6) are expressed as relative to control,
assigning a value of 100% to the control mean. (C) Tissue extracts from rats treated with
saline, leptin, insulin or both hormones were immunoprecipitated (IP, Immunoprecipitation)
with anti-STAT3 and blotted with anti-phospho-specific STAT3 (P-Tyr-STAT3). The bar
graph shows the quantitative phosphorylation of STAT3. Data (mean = S.EM. n = 6) are
expressed as relative to control, assigning a value of 100% to the control mean. (D) Tissue
extracts from rats treated with saline, leptin, insulin or both hormones were
immunoprecipitated with anti-STAT5b and blotted with anti-JAK2 antibody. The bar graph
shows the quantitative association of STATS5b with JAK2. Data (mean = S.EM. n = 6) are
expressed as relative to control, assigning a value of 100% to the control mean. (E) Tissue
extracts from rats treated with saline, leptin, insulin or both hormones were
immunoprecipitated with anti-STAT5b and blotted with anti-phosphotyrosine antibody (P-
Tyr). The bar graph shows the quantitative phosphorylation of STAT5b. Data (mean +
S.E.M. n = 6) are expressed as relative to control, assigning a value of 100% to the control
mean. * P<0.05 vs. leptin-treated rats

Fig. 4. Effect of insulin and leptin on IRS-1, IRS-2 and Akt phosphorylation in extracts of
livers from rats treated with leptin, insulin or a combination of the two (A) Tissue extracts
from rats treated with saline, leptin, insulin or both hormones were immunoprecipitated
with anti-IRS-1 and blotted with anti-phosphotyrosine antibody. The bar graph shows the
quantitative phosphorylation of IRS-1. Data (mean + S.E.M. n = 6) are expressed as relative
to control, assigning a value of 100% to the control mean. (B) Tissue extracts from rats
treated with saline, leptin, insulin or both hormones were immunoprecipitated with anti-
IRS-2 and blotted with anti-phosphotyrosine antibody. The bar graph shows the

quantitative phosphorylation of IRS-2. Data (mean + S.E.M. 1 = 6) are expressed as relative
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to control, assigning a value of 100% to the control mean. (C) Western blots of livers’
extracts from rats treated with leptin for 5 minutes with phosphoserine-specific Akt
antibodies. The bar graph shows the quantitative phosphorylation of Akt. Data (mean =+
S.E.M. n = 6) are expressed as relative to control, assigning a value of 100% to the control

mean.

Resultados
145



A. B.

IP: JAK2 IP: STAT3
Leptin(min): 0 % 1 1% 3 5§ Leptin (min): 0 % 1 1% 3 5§
(10° M) (10° M)
-STAT3

Blot: JAK2 Blot: JAK2

Blot: STAT3

C. IP: STATSb D. IP: STATSb
Leptin (min): 0 Y% 1 1% 3 35 .
(10° M) AR - e
=
. 1200
Blot: P-Tyr - . .._'-I % .
r . = 2 1000
2 2 800
=9
L
2 2 400 *
6L
200
= -
“n 0
Leptin - + - +
Rats L F

FIGURE 1 - Effect of Leptin on JAK2, STAT3 and -5b tyrosine phosphorylation
and STAT3 and 5b association with JAK2 in the liver in vivo.
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FIGURE 2 - Leptin-stimulated tyrosine phosphorylation of IRS-1 and IRS-2 and
their association with p835 subunit of PI 3-kinase in liver in vivo.
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FIGURE 3 - Effect of insulin and leptin on JAK/STAT pathway in extracts of livers
from rats treated with leptin, insulin or a combination of the two.
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FIGURE 4 - Effect of insulin and leptin on IRS-1, IRS-2 and Akt phosphorylation
in extracts of livers from rats treated with leptin, insulin or a combination of the
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5. DISCUSSAO
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1. Transmissdo do Sinal de Insulina e Leptina em Hipotalamo de Ratos:

Inter-relagio e Implicagdes Fisiopatolégicas (Trabalhos 1 e 2)

Na obesidade e no diabetes tipo 2, os tecidos estio freqlientemente expostos a altas
concentragdes de insulina e leptina (CONSIDINE e a/., 1996; REAVEN et al., 1993). O
receptor de insulina (IR) e algumas formas do receptor de leptina (OBR) estdo presentes em
areas similares do sistema nervoso central (SNC) e na maioria dos tecidos corporais,
levantando a possibilidade de que esses dois sistemas de sinalizagio possam interagir e

modificar a a¢do isolada de cada um desses horménios nessas morbidades.

A inter-relagdo entre as diversas vias de sinalizacdo é um elemento chave na
determinagdo da resposta celular. Como a insulina e a leptina desempenham fungdes ora
similares (redugdo da ingestao alimentar, aumento do gasto energetico, diminui¢do da
producdo hepatica de glicose) ora antagdnicas (secre¢do de insulina) e atuam em varias
proteinas intracelulares de sinalizagdo semelhantes, neste estudo nds caracterizamos a
transmissao do sinal de leptina e interagdo com insulina nos principais 6rgios alvos desses

hormonios.

Inicialmente, caracterizamos sistematicamente as vias de sinalizacdo da insulina e
leptina em hipotalamo de ratos através da avaliagdo da capacidade da insulina e leptina de
ativarem suas proteinas de sinalizagdo no hipotilamo; em seguida descrevemos a inter-
relacio entre os dois horménios nesse tecido ¢ finalmente examinamos o comportamento da
transmissdo do sinal de insulina no hipotadlamo de ratos Zucker (modelo animal de

resisténcia a insulina).
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No hipotalamo, rapidamente apés estimulo intracerebroventricular (icv) com
insulina, a subunidade B do IR sofre autofosforilagio. Como conseqiiéncia, ocorre um
aumento na fosforilagdo do IRS-1 e IRS-2 e na associagio desses substratos com a
PI 3-quinase. Além disso, observamos aumento na fosforilagdo da JAK2 e ativacdo da Akt
e ERK1/2 apés a administragdo de insulina. Estes dados demonstram um efeito direto da
insulina no hipotdlamo, com o envolvimento das proteinas classicamente associadas a

transmissdo do sinal da insulina em tecidos como hepatico, muscular e adiposo (SAAD et

al., 1994; SAAD et al., 1993; WHITE & YENUSH, 1998).

Durante os tiltimos dez anos o papel da insulina na regulac@o do peso corporal vem
sendo enfatizado. As evidéncias disponiveis indicam que a insulina n3o ¢é sintetizada em
cérebro de ratos adultos em quantidades significativas (DEVASKAR et al., 1994), mas é
derivada da insulina circulante, a qual entra no SNC através de processos especializados de
transporte (BAURA e al., 1993). Acredita-se que no SNC a insulina afete a ingestao de
alimentos alterando a expressio de NPY no hipotalamo (SCHWARTZ er al, 1992). A
sintese e liberagdo de NPY apresentam-se aumentadas em condi¢des metabdlicas
associadas com baixos niveis de insulina, incluindo o jejum e diabetes tipo 1. O NPY ¢
sintetizado no niicleo arqueado do hipotalamo e transportado para o nucleo paraventricular,

onde sua liberagdo € um potente estimulo para a alimentacdo (SCHWARTZ et al., 1992).

Recentemente, as vias de sinalizag@o da insulina em hipotalamo de ratos foram
relacionadas a coordenagdo da regulagio da reproducdo e homeostase energética. As
fémeas dos camundongos sem IRS-2 tém varias alteragdes no eixo hipotalamo-hip6fise-
ovario, além de aumento tanto da ingestdo alimentar como da gordura corporal (BURKS et

al., 2000). Os camundongos sem IR apenas no SNC (BRUNING ez al., 2000) apresentam
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obesidade, hiperleptinemia, resisténcia a insulina e hipertrigliceridemia. As vias de
sinaliza¢do usadas pela insulina para reduzir a ingestao alimentar nio s3o conhecidas, mas
os resultados obtidos nesta pesquisa podem contribuir para a formulagio da caracterizacao

inicial destes efeitos.

A homologia do OBR a classe I dos receptores de citoquinas revelou imediatamente
importantes pistas para os possiveis mediadores da ativagdo dos receptores de leptina. A
classe I dos receptores de citoquina ¢ conhecida por agir por meio da ativagio das proteinas
JAK e STAT (KELLERER et al., 1997; VAISSE et al., 1996). Tipicamente as proteinas
JAK estdo constitutivamente associadas ao receptor, se autofosforilam e fosforilam o
receptor apos a ligagdo horménio-receptor. A fosforilacdo do receptor leva 4 formagio de
um sitio de ligagdo para as proteinas STAT as quais sdo ativadas apds se ligarem ao
receptor. As proteinas STAT ativadas sZo translocadas para o nicleo e estimulam a
transcricao. Nossos resultados mostram que a leptina é capaz de induzir a fosforilacio em
tirosina da JAK2 no hipotalamo, uma proteina essencial para a transmissdo do sinal de
leptina, diferentemente dos resultados encontrados por McCowen ez al. (1998). Entretanto,
essa discrepancia de resultados provavelmente deveu-se a falha em estimular respostas
mensuraveis da fosforilagdo da proteina JAK2 ou a desfosforilagdo da JAK2 por uma das
varias fosfatases durante o estoque e manipulagdo do tecido hipotalamico no estudo de

McCowen et al (1998).

Os resultados deste trabalho demonstram que a leptina é capaz de fosforilar o OBR,
a ERK 172 e o STAT3 com conseqiiente ativa¢do do ultimo, no entanto néo se conseguiu
detectar a ativacdo do STATI e STATSb. Em cultura de células, muitas cascatas de

sinalizagdo mostraram-se ativadas apds tratamento com leptina, incluindo STATI
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(linhagem de células derivadas de adenocarcinoma renal humano, hepatoma, e células COS
expressando intensamente a forma longa do OBR), STATS e STAT6 (linhagem de células
COS), MAPK (linhagem de células embrionarias de camundongos e células COS
expressando HA-ERK1) (BJORBAEK er al, 1997; GHILARDI & SKODA, 1997;
ROSENBLUM et al, 1996; TAKAHASHI et al., 1996 WANG et al., 1997), mas a
relevancia destes resultados no animal intacto in vivo ¢ incerta. Tem sido mostrado
repetidamente que resultados de sinalizagio obtidos em culturas de células que
freqiientemente tém expressdo aumentada do receptor ou de componentes da cascata de
sinalizagio nd3o sdo reproduzidos in vivo. Nossos resultados confirmam as observacdes de
Vaisse et al. (1996) e McCowen et al. (1998) de que a leptina ativa apenas o STAT3 e a

MAPK.

Este estudo demonstra pela primeira vez que a leptina, além de induzir a
fosforilagdo em tirosina da via JAK2/STAT3, pode também mediar a fosforilagio em
tirosina do IRS-1 e IRS-2 e associagio desses substratos com a PI 3-quinase em hipotalamo
de ratos in vivo. Outros membros da familia dos receptores de citoquinas, ao qual OBR

pertence, possuem esta fun¢ao (HELDIN, 1995).

O efeito do estimulo da leptina sobre o IRS-1 e o IRS-2 tem um grande espectro de
variag3o que € dependente da linhagem celular utilizada. Embora, Cohen et al. (1996)
tenham reportado que a leptina causasse atenuagdo de varias atividades induzidas pela
insulina, incluindo a fosforilagdo em tirosina do IRS-1, dois relatos mais recentes
(BJORBAEK et al., 1997, WANG ez al, 1997) ndo foram capazes de reproduzir os
resultados de Cohen et al. (1996) mostrando inclusive a fosforilacdo do IRS-1 em resposta

a leptina. Kellerer et al. (1997) descreveram efeitos semelhantes a insulina no transporte de
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glicose ¢ sintese de glicogénio em células de miotibulos de ratos. Esses efeitos foram
dependentes da fosforilagdo do IRS-2. Nossos resultados demonstram que a leptina ¢ capaz
de fosforilar as proteinas IRS-1 e IRS-2 no hipotalamo provavelmente via JAK2, uma vez
que estudos com receptores da mesma familia do OBR, incluindo LIFR/OSMR, sio
capazes de fosforilar as proteinas IRSs (ARGETSINGER et al, 1996; WHITE &

YENUSH, 1998) via JAKs (ARGETSINGER et al., 1996; JOHNSTON et al., 1995).

A PI 3-quinase medeia a ativagao de duas quinases (PDK1 que fosforila a treonina
308 da Akt e a PDK2 que fosforila a serina 473) levando ao aumento da atividade da Akt
(KOBAYASHI & COHEN, 1999). Apesar de termos detectado a fosforilacio do IRS-1 e
IRS-2 ¢ a associag@o destes com a PI 3-quinase, ndo detectamos fosforilagio da Akt apés a
administragdo de leptina. Um estudo recente (NISWENDER er al., 2001) mostrou que a
ativagdo da PI 3-quinase estd envolvida na reducdo de apetite induzida pela leptina.
Associando este resultado com os nossos podemos sugerir que o efeito da leptina na

reducdo de apetite seja independente da ativagdo da Akt.

A integracdo das respostas da insulina e leptina no hipotdlamo tem participacio
fundamental no controle da ingestao alimentar e do peso corporal. Embora a insulina seja
secretada pelas células B do pancreas, suas concentragdes circulantes sdo proporcionais a
quantidade de tecido adiposo (POLONSKY e al., 1988). Insulina e leptina entram no SNC
via um sistema mediado por receptor, em que o transporte dos horménios ocorre de forma
saturvel através das células endoteliais do cérebro (BAURA et al., 1993). Os receptores de
insulina e leptina estdo localizados nos mesmos nucleos hipotaldmicos (BASKIN et al.,

1988). Finalmente, os dois horménios reduzem o peso corporal de forma dose dependente

Discussdo
155



quando administrados no SNC, e ndo provocam sintomas de fraqueza (CHAVEZ et al.,

1995; THIELE et al., 1997; WOODS et al., 1996; WOODS et al., 1979).

Os nossos resultados demonstram que a insulina e a leptina utilizam vias distintas,
mas que se conectam durante a ativagdo das vias da MAPK e IRS-PI 3-quinase, e
apresentam inter-relagdo direta e positiva na via JAK/STAT. Notavelmente, a injecio de
leptina resultou em fosforilagio transitéria do IRS-1 e IRS-2 e associagdo do IRS-1 ou IRS-
2 com a PI 3-quinase e nio ativou a Akt comparado com os efeitos duradouros da insulina
nessa via de sinalizagdo. Em contrapartida, o efeito da insulina na ativagao da MAPK s6 foi
observado quinze minutos apés o estimulo, enquanto o efeito da leptina foi duradouro e ja
estava presente dois minutos apés a administragio do horménio.Assim, as cinéticas de
ativagio da insulina e leptina sio diferentes, com a leptina induzindo uma ativa¢ao mais
precoce ¢ permanente da MAPK e transitéria da via IRSs/PI 3-quinase comparada a
insulina. O efeito da administragdo simultinea dos horménios nessas vias de sinalizacéo

nao foi aditivo, inibitério ou sinérgico.

Surpreendentemente, a inter-relag3o entre a insulina e leptina em diregao a ativacio
da via JAK/STAT foi singular. Assim, a insulina isoladamente induz a fosforilacio da
JAK2. A JAK?2 ativada fosforila o OBR. O recrutamento desta via leva a associacdo do
OBR ao STAT3, ndo ocorrendo ativagdo do STAT3. Por outro lado, a leptina fosforila e
ativa a JAK2, que fosforila o OBR e recruta o0 STAT3 ativando-o0. O estimulo simultaneo
com insulina e leptina gera um sinal mais potente aumentando a associagdo OBR/STAT3 e

a ligagdo do STAT3 ao niicleo.

Varias manifestages clinicas observadas em alguns modelos animais e em humanos

podem ser atribuidas a uma ruptura da transmisséo normal do sinal da insulina e leptina no
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hipotalamo. Camundongos que nio tém IR no SNC (NIRKO) (BRUNING e al., 2000)
apresentam obesidade, apesar dos elevados niveis circulantes de leptina. Isso sugere que a
resisténcia especifica a insulina no SNC leva a resisténcia 2 leptina. Por outro lado, a falta
de leptina no camundongo 0b/0b leva & obesidade acompanhada de hiperinsulinemia, a qual
por si s6 néo € capaz de reverter o fen6tipo obeso. Finalmente, em humanos com diabetes
do tipo 1, os estados de hipoinsulinemia e hipoleptinemia podem contribuir para a
hiperfagia. Assim, resisténcia & insulina, bem como auséncia total de insulina podem
impedir algumas das respostas da leptina. Nossos resultados indicam um mecanismo para
modulag@o da via de sinalizag3o da leptina pela insulina. A insulina aumenta rapidamente a
fosforilagdo do OBR, e incrementa a fosforilagio do STAT3 mediada por leptina, com um
consequente aumento na atividade do STAT3. Esse mecanismo pode funcionar
normalmente para potencializar a atividade dessas vias, aumentando o estimulo fisiolégico
€m processos como a regulagdo do peso corporal e da ingestao alimentar. O potencial desta
interagdo como um novo sitio para desenvolvimento de novas drogas no tratamento da
resisténcia a leptina e para aumento de nosso entendimento da sinalizacio da leptina ¢ das

vias das familias das tirosina quinase, merecem investigacio a posteriori.

Concluindo, nossos dados demonstram efeitos rapidos e diretos da leptina e insulina
em hipotalamo de ratos sugerindo que os mecanismos centrais controladores do apetite
estdo sob o controle combinado da insulina e leptina e envolvem convergeéncia e sinergismo

entre as vias de sinalizagdo desses hormédnios.
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2. Redug¢do da sinalizagdo da insulina em hipotilamo de ratos Zucker

obesos (Trabalho 3)

Para demonstrar que a interdependéncia entre as vias de sinalizacio da insulina e
leptina € essencial para o adequado controle de peso corporal, investigamos a sinalizagdo da
insulina em hipotadlamo de ratos Zucker magros e obesos. Os ratos Zucker obesos t2m
resisténcia periférica & insulina, dislipidemia e intolerancia a glicose, caracteristicas
semelhantes & obesidade relacionada a resisténcia a insulina e ao diabetes do tipo 2 (BRAY,
1977). Mutagdes do receptor de leptina sio algumas das causas descritas para obesidade em
roedores. A mutagdo fa que é responsavel pela obesidade nos ratos Zucker ¢ uma mutagao
do tipo missense (269 gln->pro) na porgio extracelular do receptor de leptina. Essa
mutagdo diminui a express3o na superficie celular, além de diminuir a afinidade da ligag@o
da leptina ao receptor. Além disso, foi demonstrado que 0 OBR 2% "7 ter defeito na
sinalizacZo da via JAK/STAT (DA SILVA et al., 1998). Nossos resultados demonstraram
que a administragao de insulina icv reduziu marcadamente a ingestdo alimentar em ratos
magros tratados anteriormente com veiculo, mas n3o detectamos o efeito anorético da
insulina em ratos anteriormente tratados com um inibidor da PI 3-quinase. Por outro lado,
de acordo com um relato prévio, a administragio central de insulina falhou em suprimir o
apetite de ratos Zucker obesos (fa/fa) em contraste com o efeito adequado desse horménio
nos controles magros. Assim, a resisténcia a agao insulinica no cérebro pode contribuir
diretamente para a patogénese da obesidade desses animais. Observamos que a capacidade
da insulina em fosforilar IR, IRS-1/2, induzir as associagdes entre IRSs/PI 3-quinase e
fosforilar em serina a Akt apresenta-se significativamente reduzida nos ratos Zucker
obesos, embora os niveis de fosforilacio no estado basal da Akt fossem significativamente

maiores nos animais obesos comparados com os controles magros. Notavelmente, a
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fosforilagao em tirosina induzida por insulina da ERK1/2 MAPK ¢ semelhante em

hipotalamos dos ratos magros e obesos.

A resisténcia a sinalizagdo da insulina em hipotdlamo de ratos Zucker obesos
provavelmente acontece no IR e nas etapas iniciais da sinalizagdo. Observamos reducio na
fosforilagdo em tirosina do IR e semelhanca na quantidade total do receptor em hipotalamo
de ratos Zucker obesos comparados ao ratos magros, de forma analoga ao observado nas

células vasculares desses animais (JIANG ez al., 1999).

Como observado em figado (ANAI et al., 1998), no hipotalamo de ratos obesos
houve uma redug¢do moderada na expressio de IRS-1 e IRS-2. Em paralelo, a fosforilagdo
do IRS-1 e IRS-2 também estavam diminuidas, refletindo a redugdo dos niveis protéicos
assim como uma diminuig¢do da estequiometria dos niveis de fosforilagdo. Essas redugdes
foram acompanhadas de decréscimo da associacdo entre o IRS-1 e IRS-2 com a
PI 3-quinase e a fosforilagao da Akt. Apesar da fosforilagdo basal da Akt ser
significativamente maior no hipotdlamo dos animais obesos, efeito provavelmente
decorrente da hiperinsulinemia desses animais, apenas um pequeno incremento da

fosforialg@o pode ser observado apds a infusdo de insulina.

Existem varios possiveis mecanismos que podem causar a redugdo da sinalizacio
insulinica em hipotalamo de ratos obesos. Primeiro, aumentos na fosforilagio em serina e
treonina do IR podem reduzir a atividade quinase do receptor e conseqiientemente a
autofosforilagdo do mesmo. Ha evidéncias de que a ativagao da PKC induz fosforilagdo em
serina do IR, a qual pode inibir a sua atividade tirosina quinase e levar a reducZo da

atividade da PI 3-quinase induzida por insulina (CHIN et a/., 1993; PILLAY et al., 1996).

A ativagdo das proteinas quinases C-a, -B, -g, € -8 foi demonstrada em musculos de ratos
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Zucker e no rato diabético Goto-Kakizaki (AVIGNON er al., 1996). Segundo, o fator de
necrose tumoral -o. (TNF —at) é considerado um importante mediador de resisténcia i
insulina em animais obesos (HOTAMISLIGIL et al., 1994). O TNF-a induz fosforilagio
em serina do IRS-1, resultando em diminuic@o da atividade quinase do IR e resisténcia a
insulina (HOTAMISLIGIL et al., 1996). Em roedores, anticorpos anti-TNF-o. melhoram
significativamente a resisténcia a insulina (VENTRE ef al, 1997). Por fim, a alteracdo da

atividade de fosfatases poderiam levar a reducdo da fosforilag@o em tirosina do IR e das

proteinas IRS (AHMAD et al., 1997, KUSARI ez al., 1994; WORM ez al., 1996).

A diminui¢@o da sinaliza¢3o da insulina na via da PI 3-quinase no hipotélamo dos
ratos obesos pode ser de relevancia fisiopatoldgica para o desenvolvimento da obesidade.
Um estudo recente (NISWENDER et al., 2001) demonstrou que a ativagdo da via da
PI 3-quinase estava envolvida nos efeitos anoréticos da leptina. Em associagio com os
dados apresentados nesse estudo em situacio de resisténcia a insulina, este resultado pode
indicar que as agdes antiobesidade da insulina podem estar reduzidas devido a uma inibicdo
parcial da via da PI 3-quinase. Se o mecanismo usado pela insulina para reduzir o apetite
seja dependente da PI 3-quinase como nossos dados sugerem, o defeito na ativacdo da
PI 3-quinase nos neurdnios hipotalamicos podem reduzir a capacidade da insulina em

promover a redugio do peso corporal nos ratos Zucker obeso.

A resisténcia a insulina na via de sinalizacio da PI 3-quinase contrasta
marcadamente com a capacidade da insulina em estimular a via da MAPK em hipotalamo
de ratos obesos. A hiperinsulinemia aumenta a fosforilacio da ERK1/2 de forma
semelhante nos controles magros e nos ratos Zucker obesos, isto &, a resisténcia a insulina

ndo afeta a via de sinalizagao da MAPK no hipotalamo dos animais obesos. A resisténcia 2
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insulina seletiva observada é semelhante aquela observada nos vasos desses animais
(JIANG ez al., 1999). Duas possiveis razdes para essa diferenga sdo vias de sinalizacio
alternativas e amplificag@io diferenciada da transmissio do sinal. Em consideragao a ultima
hipétese, a via da MAPK também pode ser ativada através da interag@o entre o Grb2/Sos
com a proteina Shc. Uma vez que a fosforilagio do IRS-1 e¢ IRS-2 estio bastante
diminuidas nos ratos obesos, € possivel que a ativagio da via da MAPK pela insulina in
vivo ocorra principalmente através da proteina Shec. Algumas evidéncias de nosso
laboratério e de outros amparam esta hipéotese (PAEZ-ESPINOSA ez al., 1999; SASAOKA

etal., 1994).

A manutengdo do estimulo da MAPK na presenca de resisténcia a sinalizacZo
insulinica na via da PI 3-quinase pode ser importante no desenvolvimento ou manuten¢io
da resisténcia a insulina. As ERKs podem fosforilar o IRS-1 em serina (DE FEA & ROTH,
1997) e como visto acima a fosforilacio do IRS-1 e do préprio receptor nestes residuos tém
sido relacionados a dessensibilizagdo da via de sinalizacdo da insulina (DUNAIF et al.,
1995). A atividade da ERK mantida em situacio que a foforilagao do IRS-1 ja esta
diminuida pode levar & piora da resisténcia a insulina. Assim, ratos obesos podem ter niveis

inapropriadamente elevados de atividade da MAPK no hipotalamo.

Em resumo, nossos dados demonstram que a insulina pode ativar tanto a
PI 3-quinase como a via da MAPK no hipotalamo ¢ que a capacidade da insulina em
reduzir a ingestdo alimentar ¢ dependente da via da PI 3-quinase. Em estado de resisténcia a
insulina a via da PI 3-quinase parece estar seletivamente prejudicada, quando comparada a
via da MAPK. Esses resultados amparam a hipétese que a insulina pode ter suas agdes

antiobesidade mediadas pelas vias da PI 3-quinase e que a diminui¢Zo da sinalizaco na via
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da PI 3-quinase no hipotdlamo pode levar ao desenvolvimento da obesidade em situacdes

de resisténcia a insulina.

3. A Leptina Modula a Sensibilidade a Insulina em Tecido Hepatico

(Trabalho 4)

Inicialmente, achava-se que o hipotilamo era o tnico tecido a expressar a forma
longa do receptor de leptina. Entretanto, evidéncias posteriores demonstraram que varios
tecidos periféricos também expressam a forma longa do receptor de leptina, como o figado
e o pancreas (COHEN et al., 1996; EMILSSON ez al., 1997; SIEGRIST-KAISER et al.,
1997; YU et al., 1997). Assim, a etapa seguinte deste estudo constituiu-se na avalia¢io da
possibilidade de interagdes diretas entre as vias de sinalizag4o de insulina e leptina em

figado de ratos.

Nossos resultados no tecido hepético demonstram que a leptina apds estimular a
fosforilagio em tirosina da JAK?2, induz a co-imunoprecipitagdo da JAK2 com o STAT3,
STATS5b, IRS-1 e IRS-2. Este fendmeno acontece em paralelo a fosforilagio do STAT3,
STATSb, IRS-1 e IRS-2. A insulina induz um discreto aumento na fosforilagdo em tirosina
da JAK2, STAT3 e STATS5b no figado. A leptina é bem menos efetiva que a insulina em
estimular a via IRS/PI 3-quinase. A fosforilacio da Akt nio modifica com leptina, mas
aumenta significativamente apds estimulo com insulina. O estimulo simultineo com
insulina e leptina ndo induziu modifica¢des na fosforilagao maxima do IRS-1, IRS-2, Akt, e
STAT3, mas resultou em aumento expressivo da fosforilacio da JAK2 e do STATSb

quando comparado com a administracio isolada de insulina ou leptina. Assim, existe uma
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inter-relag@o direta entre as vias de sinalizagio da insulina e leptina na ativagdo da JAK2 e
do STATS5b, de forma que a administracao simultanea de ambos os horménios modula o

sinal que € enviado através de elementos comuns dessas vias.

O mecanismo molecular pelo qual o OBR causa a fosforilagio em tirosina no figado
¢ desconhecido. Neste estudo, a fosforilacdo e associagio da JAK2 com o IRS-1, IRS-2,
STAT3 e STATSb, sugerem que seja formado um grande complexo de sinalizacio em
torno do OBR apos o tratamento com leptina. A co-imunoprecipitagdao da JAK2 com o IRS-
1, IRS-2, STAT3 e STATSb pode ser decorrente da associacdo direta da JAK2, IRSs,
STAT3 e STATSb com o OBR, ou a uma associagdo indireta entre a JAK2 e as proteinas
IRS-1, IRS-2, STAT3 e STATSb. Existem varios mecanismos que podem explicar como a
JAK2, IRSs e STATs podem se associar ao OBR. Uma possibilidade € que a JAK2
inicialmente se associe ao OBR e leve ao recrutamento dos IRSs, STAT3 e STATSb. Uma
segunda possibilidade ¢ que o OBR recrute os IRSs e/ou STATs, que sirvam de moléculas
adaptadoras para a ligagdo da JAK2. Finalmente, a JAK2, IRSs ¢ STATs podem estar
constitutivamente associadas ao OBR, e apos a ligagdo da leptina, a JAK2 seria ativado e

induziria a fosforilagdo dos IRSs e STATs.

Anteriormente, haviamos constatado que no hipotalamo o STAT3 ¢ a tnica
molécula da familia STAT que ¢é ativada apds estimulo com leptina. Entretanto,
experimentos envolvendo células transfectadas demonstraram a ativagdo de outras
isoformas da familia STAT dependendo do modelo celular utilizado (BAUMANN et al,
1996; GHILARDI ez al., 1996; VAISSE et al., 1996; WHITE et al., 1997). Assim, as
isoformas necessarias para a adequada sinalizagdo da leptina ainda s3o motivo de

controvérsia e podem depender do contexto celular e da presenca concomitante de outros
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estimulos in vivo. Nesse estudo, demonstramos nio apenas a fosforilagdgo do STAT3, mas
também que o STATSb ¢ fortemente ativado no tecido hepatico apés estimulo com leptina.
Estes resultados estao de acordo com um estudo recente que mostra que a leptina induz a
ativagdo do STATS5b em hepatécitos (BRISCOE et al, 2001). Esta € a primeira
demonstragdo da ativagdo do STATSb in vivo. Varios estudos analisaram as alteragdes da
sinalizagdo da leptina induzida pela mutagio fa do OBR, demonstrando uma ativacio
defeituosa do STATSb pelo receptor mutante (WHITE et al., 1997). Assim, nossos dados
mostrando que a leptina induz a fosforilacio do STATSb em figado de ratos controle e uma
leve fosforilagdo no figado de ratos Zucker obesos, fortalece a hipétese de que hepatdcitos

expressam a forma longa do receptor como sugerido previamente (KIM et al., 2000)

As inter-relagdes entre as diferentes vias de sinalizag3io servem como mecanismos
para aumentar ou contra-regular a agdo hormonal. No caso da insulina, a inter-relacio com
as vias de sinalizagao da leptina resulta em interacdes diretas na fosforilacdo da JAK2 e do
STATSb. O estimulo simultaneo com insulina e leptina aumentou a fosforilag@o em tirosina
da JAK2 e do STATSb, enquanto n3o se observaram efeitos na fosforilacio do STAT3,
quando comparado com a administracio isolada de insulina ou leptina. Uma boa razio para
essa diferenga € a ampliacdo diferenciada do sinal. O STATSb pode ser ativado tanto por
insulina através do IR de forma independente do JAK2 (SAWKA-VERHELLE et al., 1997;
SAWKA-VERHELLE et al., 2000) como pela leptina através do OBR-JAK?2 (BRISCOQE et
al., 2001). Em contraste, o papel da insulina na ativagio do STAT3 é controversa
(CARVALHEIRA er al,, 2001; CERESA & PESSIN, 1996; KIM et al., 2000) e pode ser
tecido-especifica. Neste estudo detectamos um leve aumento da fosforilagdao do STAT3,

mas esse efeito nao foi aditivo com a leptina.
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Apesar dos efeitos da leptina em melhorar a sensibilidade a insulina, o que se torna
evidente pela rapida redugdo da glicemia e dos niveis de insulina nos camundongos ob/ob
(deficentes em leptina e com resisténcia a insulina) apds administracio de leptina
(PELLEYMOUNTER et al., 1995) e pelo aumento da captagdo de glicose em ratos normais
apos a infusdo de leptina (SIVITZ ez al., 1997), nesse estudo demonstramos que a insulina e
a leptina induzem a ativagio de vias de sinalizagdo distintas, mas que se interrelacionam na
diregdo da via PI 3-quinase. Notoriamente, a administragio de leptina resultou na
fosforilagdo da JAK2 e em fosforilagdo discreta do IRS-1 e IRS-2 além de um aumento
proporcional da associacdo desses substratos com a PI 3-quinase, quando comparado com o
potente efeito da insulina nessa via de sinalizagdo. No figado, a Akt teve aumento de sua
fosforilagdo em serina apds estimulo com insulina, o que ndo foi observado apds a
administragdo de leptina. O tratamento combinado com os dois horménios ndo foi sinérgico

nem antagdnico.

Em resumo, demonstramos efeitos rapidos e diretos da leptina em figado de ratos
com uma convergéncia do sinal da insulina e leptina sem sinergismo ou antagonismo na via
PI 3-quinase/Akt. Interessantemente, demonstramos uma inter-relagdo direta e positiva
entre insulina e leptina na ativagdo do STATS5b. Assim, esse mecanismo pode potencializar
a atividade de ambos horménios e aumentar o estimulo fisiolégico em processos como a
regulagdo do metabolismo de carboidratos e lipideos que estdo sob o controle combinado

da insulina e leptina.

Concluindo, estes estudos caracterizaram as vias de transmisséo do sinal de leptina

em hipotalamo e figado, evidenciando mecanismos para a integragdo da sinalizacio de
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insulina e leptina bem como a modulago destas vias em modelo animal de resisténcia a

insulina e leptina nesses tecidos.
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6. SUMMARY
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Insulin and leptin have overlapping effects in the control of energy homeostasis and
glucose metabolism, but the molecular basis of this synergism is unknown. Insulin signals
through a receptor tyrosine kinase that phosphorylates and activates the docking proteins
IRSs (insulin receptor substrates), whereas the leptin receptor and its associated protein
tyrosine kinase JAK2 (Janus kinase 2) mediate phosphorylation and activation of the

transcription factor STAT3 (signal transducer and activator of transcription).

To investigate whether insulin and leptin share common intracellular signal
transduction pathways and to determine whether these hormonal signaling systems
modulate each other’s action in rat hypothalamus male Wistar rats were studied after
chronic implantation of an intracerebroventricular (i.c.v.) catheter into the third ventricle.
Immunoprecipitation, immunoblotting and EMSA assays were used to examine the

activation of insulin and leptin signaling molecules in the rat hypothalamus.

Acute i.c.v. administration of insulin resulted in a time-dependent increase in
tyrosine phosphorylation of the insulin receptor (IR), insulin receptor substrate 1 (IRS-1),
insulin receptor substrate 2 (IRS-2) and MAPK (mitogen activated proein kinase), PI 3
kinase docking and serine phosphorylation of Akt. The i.c.v. administration of leptin
resulted in tyrosine phosphorylation of JAK2, IRS-1, IRS-2 and MAPK and PI 3 kinase
docking but no phosphorylation of Akt was observed. Simultaneous stimulation with both
hormones did not increment tyrosine phosphorylation of IRS-1, IRS-2, Akt and MAPK
when compared with isolated administration of insulin. In addition insulin induced JAK2
tyrosine phosphorylation and leptin receptor phosphorylation, which in the presence of
leptin, augmented the interaction between STAT3 and this receptor. Insulin also increased

the leptin-induced phosphorylation of STAT3 and its activation.
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Leptin rapidly activates classically insulin signaling pathways directly at the level of
hypothalamus, and these pathways overlap with, but are distinct from, those engaged by
insulin. On the other side, insulin modulates the leptin signal transduction pathway, and
may provide a molecular basis for the coordinated effects of insulin and leptin in feeding

behavior and weight control.

To demonstrate the interdependence between insulin and leptin signaling in rat
hypothalamus in vivo insulin signaling through the phosphatidylinositol 3-kinase (PI 3-
kinase), mitogen-activated protein (MAP) kinase were compared in the hypothalamic
tissues of lean (Fa/?) and obese Zucker (fa/fa) rats (animal model of insulin resistance,
which has a defect in the leptin receptor). Icv insulin infusion reduced food intake in lean
rats but no effect was observed in obese Zucker rats. Pretreatment with PI 3-kinase
inhibitors prevents insulin-induced anorexia in lean rats. Insulin-stimulated tyrosine
phosphorylation of insulin receptor (IR), IR substrates (IRS-1, IRS-2), the associations of
p85 subunit of PI 3-kinase to the IRS proteins and serine phosphorylation of Akt in the
hypothalamus of obese rats were significantly decreased compared with the lean rats. In
contrast, insulin stimulated tyrosine phosphorylation of MAP kinase was similar in lean and
obese rats. This segment of the study provides direct measurements of insulin signaling in
hypothalamic tissues, and document selective resistance to insulin signaling in the
hypothalamus of obese Zucker rats at the molecular level. These findings have provided
support for the hypothesis that insulin may have anti-obesity actions mediated by the PI 3-
kinase pathway and that the impaired PI 3-kinase signal pathway in the hypothalamus may

lead to the development of obesity in insulin resistance and diabetic patients.

Originally, it was thought that the hypothalamus was the only tissue expressing

OBRb. However, recent evidence at the level of messenger RNA expression and cellular
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function suggest that peripheral organs including liver also express OBRb. Therefore the
second part of the study was designed to investigate the rapid and potentially direct effects
of leptin on signal transduction in liver and to determine whether insulin and leptin share

common intracellular signal transduction pathways.

Chronic leptin treatment markedly enhances the action of insulin on hepatic glucose
production out of proportion to the body weight loss and increased insulin sensitivity. In the
present experiments the cross-talk between insulin and leptin was evaluated in rat liver.
Leptin, upon stimulation of JAK2 tyrosine phosphorylation, induced JAK2 co-
immunoprecipitation with STAT3, STAT5b, IRS-1 and IRS-2. This phenomenon parallels
the leptin-induced tyrosine phosphorylation of STAT3, STATSb, IRS-1 and IRS-2. Acutely
injected insulin stimulated a mild increase in tyrosine phosphorylation of JAK2, STAT3
and STATS5b. Leptin was less effective than insulin at stimulating IRSs phosphorylation
and their associations with PI 3-kinase. Simultaneous treatment with both hormones
promoted no change in maximal phosphorylation of STAT3, IRS-1, IRS-2 and Akt, but led
to marked increase in tyrosine phosphorylation of JAK2 and STATSb when compared with
isolated administration of insulin or leptin. Thus, there is a positive cross-talk between

insulin and leptin signaling pathways at the level of JAK2 and STAT5b in rat liver.

We have characterized the leptin signaling pathway in hypothalamus and liver and
demonstrate various mechanisms for the integration between insulin and leptin in these
tissues. We have also showed that the cross-talk between these hormones is tissue
dependent and that the effects of this interaction affects the energetic homeostasis and

glucose metabolism in the various steps.
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