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RESUMO



O efeito do exercicio fisico prolongado de média a alta intensidade interfere,
profundamente, no balango energético de ratos. Em ratos machos, em particular,
programas de exercicio de moderados a muito intensos levam a redugio da ingestdo
alimentar, o que leva a0 menor acumulo energético. Entretanto as causas exatas para 0s
efeitos supressores do apetite, advindas do exercicio n3o sdo totalmente conhecidas.
Recentemente, demonstrou-se neste laboratorio que a insulina e a leptina tém seus efeitos
anorexigenos mediados via PI 3-quinase. Neste trabalho, foi verificado se o exercicio altera
a expressdo e/ou atividade de proteinas envolvidas na transmissdo hipotaldmica do sinal
insulinico depois de estimulagio com insulina e leptina. Ratos machos nadaram 6 horas por
1 dia. Foram tratados com insulina ou leptina através de infuséo (icv) imediatamente apos o
término do exercicio. A infusfo de insulina ou leptina reduziu a ingestdo alimentar do
grupo exercitado mais acentuadamente do que o verificado no grupo sedentario.
A fosforilago dos IRS—1/2, a associagdo da PI 3-quinase aos IRSs e a fosforilagio da AKT
estimulados por insulina ou leptina em hipotadlamos dos ratos sedentarios estavam
diminuidas se comparadas aos ratos exercitados; interessantemente, a fosforilagdo basal em
serina da AKT estava mais alta nos ratos exercitados. O presente trabalho oferece
pardmetros diretos da sinalizagdo insulinica hipotaldmica, e comprova o aumento da
sensibilidade do hipotalamo para a sinalizagdo da insulina e da leptina em ratos exercitados.
Estes dados ddo suporte para a hipotese de que o exercicio pode ter agdes supressoras do

apetite mediadas pela via hipotalémica da PI 3-quinase.

Hesumo



ABSTRACT



Prolonged exercise of medium to high intensity is known to profoundly affect energy
balance in rats. In male rats, in particular, moderately to severely intense programs lead to a
reduction in food intake that coniributes to retard deposition of energy as both fat and
protein constituents. However the exact causes for the appetite-supressive effects of
exercise are not known. Recently we and others have demonstrated that insulin and leptin
have their anorectic-induced effect mediated by the PI 3-kinase pathway. In the present
study we determined whether exercise alters the expression and/or activity of proteins
involved in insulin-signal transduction in hypothalamus after leptin or insulin stimulus.
Male Wistar rats swam 6h/day for one day. Then, animals were treated with or without
intracerebroventricular (i.c.v) insulin or leptin immediately after the exercise bout. Lc.v.
insulin or leptin infusion reduced food intake in exercised rats to a greater extent than that
observed in sedemtary rats. Insulin or leptin-stimulated phosphorylation of IRS-1/2,
the associations of PI 3-kinase to IRS-1/2 and phosphorylation of Akt in hypothalamus
were decreased in sedentary rats compared to exercised rats, interestingly basal serine
phosphorvlation of Akt was higher in the exercised rats. The present study provides direct
measurements of insulin signaling in hypothalamus, and documents increased sensitivity to
insulin and leptin signaling in hypothalamus of exercised rats. These findings provide
support for the hypothesis that exercise could have appetite-suppressive actions mediated

by the hypothalamic PI 3-kinase pathway.

Abstract
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1 - INTRODUCAO



A obesidade é a doenga nutricional mais comum do ocidente. O aumento da
massa corporal esta associado ao desenvolvimento de hipertensdo arterial sistémica,
diabetes mellitus, colecistopatia crénica calculosa, dislipidemia, doengas cardiacas e
algumas formas de cincer (GRUNDY e BARNETT, 1990). A obesidade € uma doenca
atualmente de carater epidémico e esta rapidamente se tornando um grave problema de

satde pablica (KOPELMAN, 2000).

Nio obstante a universaliza¢do 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 necessano, a “gordura extra”,
de alguma, forma sinaliza ao cérebro que o corpo esta mais alimentado que o normal
(KENNEDY, 1953). Com efeito, o ammal passa & comer menos ¢ 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 uitimos 30 anos: os camundongos 0b/ob e
db/db. Estes camundongos tém fenotipos idénticos, pesam trés vezes mais € apresentam um
aumento de cinco vezes da gordura corporal comparado zos camundongos controle

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

Os primeiros estudos informativos sobre 0s defeitos primarios nestes animais
foram obtidos com experimentos em que se realizava conexdo parcial dos sistemas
circulatorios de camundongos através de enxertos (parabiose) (COLEMAN, 1973).
A parabiose realizada entre camundongos 0d/0b ¢ controle magro, resulta em normalizagio
do peso do mutante ob/ob. Isto sugere que o camundongo ob/ob é deficiente de um fator
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 alteragdo na capacidade de
responder ao fator que induz 2 saciedade. Entretanto essas conclusdes ndo foram muito
valorizadas e a sua confirmagio sO foi possivel apds a clonagem e seqilenciamento do

produto do gene 0b, a leptina, do grego lepios; magro (ZHANG et al., 1994).

Introducdo
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Transmissdo do Sinal de Insulina e Lepiina em Hipotilamo de Ratos:

Inter-relagoes e Implicacdes Fisiopatologicas

A leptina é expressa principalmente no tecido adiposo e em menores
quantidades no epitélio gastrico e placenta (MAFFEI et al., 1995, MASUZAKTI et al., 1997,
BADO et al., 1998). A proteina do gene ob presente no plasma de camundongos normais,
como um mondmero com peso molecular de 16 kDa, ndo foi detectada em plasma de
camundongos 0b/ob, ¢ foi observada em concentragdes elevadas em camundongos db/db
(HALAAS et al, 1995). A administra¢gio de leptina a camundongos 0b/ob resulta em
diminuigdo da ingestio alimentar, perda de peso e redugdo dos niveis glicémicos
(CAMPFIELD et al., 1995), além de aumentar a atividade simpética em tecido adiposo
marrom, com consegiiente aumento do gasto energético (PELLEYMOUNTER et al., 1995).
Entretanto o mesmo resultado nio fol observado quando este hormdnio foi injetado nos

amimais db/db.

Os niveis séricos de leptina correlacionam-se de forma positiva
com o indice de massa corporal na grande maioria das populacdes estudadas
(FREDERICH et al, 1995; MAFFEI et al, 1995; CONSIDINE et al, 1996,
HAVEL et al, 1998). A secregdo desse hormdnio diminui com o jejum prolongado e
estimulo B-adrenérgico (AHIMA et al., 1996) e aumenta em resposta a administragio de
insulina e glicocorticoides (DE VOS et al., 1995; SALADIN et al., 1995). A leptina ¢
secretada de forma pulsatil e inversamente relacionada 2 atividade do eixo ACTH-Cortisol,
ou seja, ocorre diminui¢io da secregdo 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 hipotalidmicos, que regulam a ingest3o alimentar e o gasto energético.
Assim, a redu¢iio da quantidade de tecido adiposo leva & diminuigdo dos nivels circulantes
de leptina, estimulando a ingestio alimentar e reduzindo o gasto energético.
Contrariamente, o aumento do estoque de tecido adiposo esta associado a elevacdo dos
niveis séricos de leptina, diminnindo a ingestdo alimentar e aumentando o gasto energético.

Através deste mecanismo, 0 peso do individuo se mantém estavel durante varios anos.

Introducio
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Por que, entdo, alguns individuos desenvolvem obesidade e outros ndo? Acredita-se que a
sensibilidade a leptina seja variavel e que individuos obesos sejam resistentes & leptina
(MAFFEI et al, 1995, CONSIDINE et al, 1996; FRIEDMAN e HALAAS, 1998).
Apenas uma infima parte da populagio obesa tem baixos niveis séricos de leptina e
desenvolvem  obesidade de forma  semelhante ao  camundongo  ob/ob

(MONTAGUE et al., 1997, FAROOQI et al., 2001).

Varios mecanismos podem contribuir para a resisténcia a leptina, como a
reducio do transporte de leptina através de cdlulas endoteliais e da barreira
hematoencefilica impedindo a chegada da leptina no fluido intersticial cerebral.
Entretanto nio é claro se alteragdes nesse processo podem levar & obesidade, mas
resultados de pesquisas indicando que humanos obesos tém menor relagdo entre a leptina
liquorica e a plasmética, se comparados com individuos controle, s&o condizentes com essa
possibilidade (CARO et al., 1996). Outra potencial causa de resisténcia & leptina € a
redugdo da sensibilidade hipotalimica a esse hormonio. Esta alteragio pode ser observada
em roedores (rato Zucker (DA SILVA et al., 1998) e camundongo db/db (LEE et al., 1996))
que apresentam mutagdes do receptor de leptina, assim como em ratos alimentados com
dieta hiperlipidica (EL-HASCHIMI et al., 2000), demonstrando que fatores ambientais sdo

capazes de modular a via de sinalizagdo da leptina.

A identifica¢do de receptores especificos para leptina em plexo cordide de ratos
levou a uma melhor compreensdo de como acontece a sinalizagdio 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) €
membro da familia gpl130 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 (OBRr), que apresenta
dominios intracelulares longos e ¢ expressa principalmeniec no hipotalamo
(niicleos paraventricular, arqueado, ventromedial e dorsomedial (MERCER et al., 1996;
WOODS et al., 1996)).

Introducio
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O OBRg niio tem sua fungio bem definida, mas parece influir no transporte da
leptina através da barreira hematoencefalica e talvez contribua para a depuracio da leptina

atuando como uma fonte de receptor solavel.

A homologia do receptor de leptina a classe I dos receptores de citocinas
fornecen informagdes importantes para a descoberta dos possiveis mediadores
intracelulares da agdo da leptina. Os receptores da classe 1 das citocinas agem através das
familias das proteinas JAK (Janus Kinase) € STAT (Signal Transducers Activators of
Transcription) (HELDIN, 1995). Tipicamente, as proteinas JAK estfio constitutivamente
associadas com seqiiéncias de aminoacidos dos receptores, € adquirem sua atividade
tirosina quinase apds a ligagdo do horménio a seu receptor. Uma vez ativada,
a proteina JAK fosforila o receptor induzindo 2 formagio de um sitio de ligagéo para as
proteinas STAT, as quais sdo ativadas apOs terem se associado ao receptor € serem
fosforiladas pela JAK  As proteinas STAT ativadas s3o translocadas para o nicleo e

estimulam a transcrigio.

O OBR_ é capaz de estimular as proteinas STAT em resposta 4 sua ativacdo.
Dois estudos (BAUMANN et al., 1996; GHILARDI et al , 1996) mostraram que a leptina
ativa 0 STAT3 e o STATS em células COS transfectadas com © OBR,, mas discordaram
em relagio & atividade do STATI1 e do STAT6. A proteina da familia STAT mais
importante para a regulagio do peso corporal ainda néo foi identificada. No entanto € pouco
provavel que tanto o STAT1 como o STATS6 estejam envolvidos de forma significativa,
uma vez que a auséncia de expressdo desses genes em camundongos knockout nio resultou
em obesidade (DURBIN et al., 1996; MERAZ et al., 1996, SHIMODA et al, 1996;
TAKEDA et al., 1996). Embora o OBRy, seja capaz de ativar as proteinas STAT3 e STATS
em células COS, as proteinas do STAT que sio realmente ativadas in vivo podem diferir
das que sdo observadas nestas linhagens celulares (TARTAGLIA, 1997). Apenas a ativagdo
do STATS3 foi detectada no hipotalamo de camundongos, apos a administra¢ao exogena 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 (P 3-quinase) (HELDIN, 1995), e ¢ possivel que a capacidade

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

proteina, SOCS3, quando ativada, diminui a resposta 2 leptina (BJORBAEK et al., 1998).

Ap6s a ativagio dos receptores de leptina no cérebro e das proteinas envolvidas
na transmissdo do sinal desse hormdnio, respostas neuronais integradas sd0 necessarias para
modular a ingestdio alimentar e o gasto energético. Alguns neurotransmissores importantes
para o funcionamento dessa rede neuronal estimulam a ingestio alimentar como o
neuropeptideo Y (NPY) (STEPHENS et al, 1995) e o Agouti related peptide (AGRP)
(SHUTTER et al., 1997), enquanto outros provocam reduciio da ingestfio alimentar como o
cocaine-and anphetamine—regulated transcription (CART) (KRISTENSEN et al,, 1998} e
o melanocyte stimulating hormone (a-MSH) (FAN et al., 1997). A leptina regula o balango
energético diminuindo os niveis de neuropeptideos anabolicos NPY e AGRP ¢ aumentando

a concentracio de neuropeptideos catabdlicos CART e a-MSH.

Assim como a leptina, a insulina também ¢ considerada um horménic que
sinaliza ao hipotalamo o estogue de tecido adiposo e modula a ingestdo alimentar
(WOODS et al,, 1979, WOODS et al., 1985). A insulina circula em niveis proporcionais ao
conteido de tecido adiposo e atravessa a barreira hematoencefalica 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., 1988; CHEUNG et al., 1997; BASKIN et al., 1999). A administra¢do de
insulina no sistema nervoso central reduz a ingesto alimentar e diminui o peso corporal,

enquanto a deficiéncia desse hormdnio causa hiperfagia (SIPOLS et al., 1995).

A correlacio dos niveis séricos de insulina com o contendo de gordura corporal
é conseqiiéncia da resisténcia & insulina induzida pelo aumento da gordura corporal
(SCHWARTZ et al., 1997). Assim, 2 medida que o peso corporal aumenta a insulina deve
aumentar para compensar a fesisténcia & insulina e manter a homeostase de glicose
(POLONSKY et al, 1988; KAEN et al, 1993). A faléncia da célula B em alcangar este

aumento adaptativo causa hiperglicemia, e provavelmente contribui para a associagio entre

Introdugdo
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diabetes tipo 2 € obesidade. Acredita-se que o aumento progressivo da secre¢do de insulina
que ocorre durante o desenvolvimento da obesidede atue como uma alca de

retroalimentacéo limitando o acimulo de tecido adiposo.

Varias observacdes indicam que a leptina desempenha uma fungio mais
importante que a insulina no hipotilamo 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 nao
causa obesidade. Entretanto este tipo de comparagdo é 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, nfio pode ocorrer ganho de peso quando
a deficiéncia de insulina esta presente, mesmo com um consumo de grande quantidade de
alimento. Outro exemplo interessante é o diabetes descompensado, onde a ingestéo
alimentar aumenta marcadamente (LEEDOM ¢ MEEHAN, 1989), mas a quantidade de
gordura corporal esta baixa, bem como os niveis plasmaticos de leptina
(HAVEL et al., 1998; HATHOUT et al,, 1999). Como tanto os niveis séricos de insulina
como o de leptina estio baixos nesta situagdo, a “hiperfagia diabética” poderia ser resultado
da diminuigio da sinalizacio da insulina, da leptina ou de ambas. Um estudo recente
esclarecen esie assunto mostrando que a reposigio isolada de leptina
(mas ndo a de insulina) é capaz de prevenir a “hiperfagia diabética”, indicando que a leptina
realmente ¢ mais potente que a insulina no controle central da homeostase energética.
Apesar disso, recentemente, foi descrito que a inativago do receptor de insulina apenas no
sistema nervoso central de camundongos resulta em aumento da ingestio alimentar e
obesidade leve, aumento dos niveis plasmaticos de leptina, aumento da secrecdo de
insulina, bem como resisténcia 4 insulina leve, demonsirando a necessidade da integridade
da via de sinalizacio da insulina cerebral para o controle do peso corporal
(BRUNING et al., 2000).

A sinalizacdio intracelular da insulina em tecidos insulino-sensiveis inicia-se
com a ligagdo do horménio a um receptor especifico de membrana, uma proteina
heterotetramérica com atividade quinase, composta por duas subunidades o e duas
subunidades f. A ligagio da insulina 3 subunidade o estimula a autofosforilagdo da regido

intracelular da subunidade 3 do receptor.
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Uma vez ativado, o receptor de insulina fosforila varios substratos protéicos em
tirosina incluindo membros da familia dos substratos dos receptores de insulina
(IRS-1/2/3/4), Shc, Gab-1 e Cbl (Figura 1). A fosforilagdo 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 fungdes fisiologicas 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 ndo ¢ diabético
(ARAKI et al., 1994). Foi demonstrado que o IRS-2 poderia compensar parcialmente a
auséncia de IRS-1, o que explicaria o fenotipo de resisténcia a insulina sem hiperglicemia
do camundongo knockout de IRS-1. O camundongo que ndo expressa o IRS-2 foi
posteriormente gerado (WITHERS et al, 1998) e mostrou um fenétipo diferente do
camundongo sem IRS-1: hiperglicemia acentuada devido a diversas anormalidades na agdo
da insulina nos tecidos periféricos associada a faléncia da atividade secretoria das células B.

Esta ultima alteragdo é, provavelmente, conseqiiéncia da redugdo significativa da massa de

células B pancreaticas.
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Figura 1 -Vias de sinalizag@o da insulina.

Introducdo
21



A fosforilagiio das proteinas IRSs cria sitios de ligagio para a PI 3-quinase,
promovendo a sua ativacdo. Atualmente, a PI 3-quinase € a tinica molécula intracelular
inequivocamente  considerada  essencial para o transporic de  glicose
(CZECH e CORVERA, 1999). As proteinas alvo conhecidas dessa enzima s3o a Akt e as
isoformas atipicas da PKC ({ e A), porém a fungio dessas proteinas no transporte de
glicose ainda nfo estd bem estabelecida (KOHN et al., 1996; BANDYOPADHYAY et al |
1997, KITAMURA et al., 1998; KOTANI et al., 1998; KiM et al., 1999).

Exercicio e Sistema Nervoso Central

A importéncia do exercicio fisico no sucesso de programas para perda de peso é
reconhecida hi varios anos (PRONK et al., 1994; MILLER et al., 1997). O exercicio fisico
aumenta a perda de peso em curto prazo €, quando combinado & dieta, € um dos melhores
preditores de perda de peso em longo prazo (PRONK et al., 1994). Entretanto o efeito do
exercicio nas vias neurais para controle da ingestdo alimentar e gasto energético ndo é
claro. Atualmente, existem poucos estudos que se voltam para a expiicagio da relagdo entre
0 exercicio e as vias hipotalimicas que regulam a homeostasia energética
(RIVEST e RICHARD, 1990; BOVETTO e RICHARD, 1995; LEVIN et al., 2003; LEVIN
e DUNN-MEYNELL, 2004). Por outro lado, estudos demonstram os efeitos do exercicio
sobre outras fungdes cerebrais que também usam neurotransmissores e fatores troficos para
o controle da homeostasta energética. Estes incluem fator liberador de corticotropina CRF
(TIMOFEEVA et al, 2003), norepinefrina (NE), serotonina (5HT),
GABA (DISHMAN, 1997), e fator neurotrofico derivado do cérebro (BDNF)
(NEEPER et al., 1996), 1996). Agindo no hipotalamo, NE (LEIBOWITZ et al., 1984) e
GABA (KELLY et al, 1977) tém efeitos anabdlicos, enquanto CRF,
SHT (WALDBILLIG et al., 1981), e BNDF (LYONS et al., 1999) tém efeitos catabdlicos.

Em trabalho recente (BI et al., 2005) verificaram que animais obesos
submetidos a sessGes aerobicas de exercicio tiveram redugfo significativa da adiposidade e
a tecuperagdo do peso foi retardada. Apesar de terem sido verificadas concentragdes
plasmaticas reduzidas de leptina, ndo se observou aumento da ingestio alimentar como
forma compensatoria para a perda de peso. Este efeito foi secundirio & agdo direta do
exercicio nos nicleos dorsomediais do hipotalamo, regulando a expressio dos

neuropeptideos CRF e NPY. Além disso, foi demonstrado que o exercicio reduz a
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expressio de NPY em hipotalamo de ratos diabéticos sugerindo que o exercicio seja capaz
de modular a ingestio alimentar € o gasto energético através circuitos neuronais

(SHIN et al., 2003).

O que se pode deduzir dos experimentos com exercicio em roedores que
possam ser generalizados em humanos? Talvez o mais importante seja a identificac@o de
fatores que “dizem” ao cérebro que o corpo estd se exercitando. De fato, o exercicio gera
um nimero de sinais metabolicos, hormonais e neuronais que chegam até o cérebro.
Dentre estes fatores, a interleucina-6 (IL- 6) ¢é particularmente interessante pelo fato de ser
liberada pelo miisculo em contragdo € pode, juntamente a sinalizagdo da melanocortina,
aumentar a expressio de CRF no nucleo paraventricular (DISHMAN 1997) e também,
possivelmente, no nicleo dorsomedial. Os estudos conduzidos por Bi ef al apontam para
um novo estado de algumas proteinas hipotalimicas responsaveis pela homeostasia
energética, que apds inieragirem com moléculas liberadas pelo musculo em contragio,
respondem por novos padrdes energéticos nos ratos exercitados, como a diminuigio da

ingestio alimentar e 0 menor acimulo adipocitario.
Exercicio e Transmissio do Sinal de Insulina

Em diversas condi¢des fisioldgicas, o transporte de glicose através da
membrana celular é um fator limitante na utilizagio de glicose pelo musculo esquelético
(KUBO e FOLEY, 1986, CLINE et al, 1999). A insulina e o exercicio fisico sfio os
estimuladores fisiologicos mais relevantes do transporte de glicose no musculo esquelético
(HAYASHI et al., 1997; GOODYEAR e KAHN, 1998). Embora agudamente o exercicio
nido seja capaz de aumentar a fosforilagdo em tirosina do IR ¢ nem de aumentar a
fosforilagdo em tirosina do IRS-1, estimulada por insulina (HENRIKSEN, 2002),
observa-se que o exercicio potencializa o efeito da insulina na fosforilagao do IRS-2 com
conseqiiente aumento da atividade da PI(3)K (HOWLETT et al., 2002). Além disso, ocorre
também uma maior fosforilagdo em serina da Akt, proteina fundamental para mniciar a
translocagfio do GLUT4 para a membrana citoplasmatica (WOJTASZEWSKI et al., 1999).
Resultados publicados por nosso laboratério mostraram que o exercicio de endurance
melhora a sensibilidade 4 insulina, aumentando a fosforilagdo do IRS-1 ¢ IRS-2, bem como
a associagdo dessas proteinas com a PI(3)K em animais estimulados com insulina quando

comparados aos animais controle (LUCIANO et al., 2002).
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O GLUT4 é o maior transportador de glicose expresso no musculo esquelético,
¢ a sua translocagio do meio intracelular até a membrana plasmatica e tubulos T
constitui-se no principal mecanismo através do qual insulina e exercicio efetuam o
transporte de glicose no misculo esquelético (HAYASHI et al., 1997, GOODYEAR ¢
KAHN, 1998). A atividade contratil do misculo pode estimular a translocagéo do GLUT4
na auséncia de insulina (HAYASHI et al, 1997, GOODYEAR e KAHN, 1998),
e alguns estudos sugerem que existem dois diferentes “pools”™ intracelulares de GLUT4,
um  estimulado por imsulina e um  estimulado pelo exercicio
(DOUEN et al, 1990; CODERRE et al., 1995). Portanto os efeitos da insulina e da
contragio muscular sdo aditivos, sugerindo que a insulina e o exercicio ativam os

transportadores de glicose por diferentes mecanismos.

O estilo de vida sedentario é um fator que contribui para o desenvolvimento ou
aumento da resisténcia 4 insulina (BASSUK e MANSON, 2005). Estudos demonstraram
que a sensibilidade 2 insulina pode aumentar com exercicios fisicos, independentemente da
reducdo do peso e de mudangas na composic¢io corporal (ODONOVAN et al., 2005), e que
o principal efeito do exercicio pode ser o aumento da expressdo de elementos intracelulares
da via de sinalizacdo da insulina, em particular dos transportadores de glicose (GLUT-4) na
musculatura esquelética (TERAN-GARCIA et al., 2005). Interessantemente em paciente
com diabetes do tipo 2, o transporte de glicose estimulado pela contragio muscular se
mantém sem alteracBes (KENNEDY et al., 1999).

Estudos experimentais demonstraram que o exercicio fisico em ratos diabéticos
foi capaz de aumentar a fosforilagio do receptor de insulina ¢ da Akt, melhorando
conseqiieniemente a captacdo de glicose (HEVENER et al., 2000). Todos esses dados
confirmam a importancia da atividade fisica para a melhora da captagio da glicose mediada

por insulina.

O presente estudo avaliara a hipdtese de que, além dos efeitos diretos do
exercicio nas vias de sinalizagio no misculo, o exercicio também modula as vias de
sinalizagio da insulina € leptina no sistema nervoso central propiciando uma integragio

mais ampla do metabolismo energético corporal.
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Caracterizar os efeitos da Leptina na via JAK/STAT e PI 3-quinase/Akt no

hipotalamo de ratos Wistar submetidos a exercicio fisico.

Caracterizar os efeitos da Insulina na via PI 3-quinase/Akt no hipotdlamo de

ratos Wistar submetidos a exercicio fisico.

Avaliar a influéncia da Interleucina- 6 sobre a sinalizag@o hipotaldmica da

Leptina e Insulina de ratos Wistar submetidos a exercicio fisico.
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ABSTRACT

Prolonged exercise of medium to high intensity is known to promote a
substantial effect on the energy balance of rats. In male rats moderately to severely intense
programs lead to a reduction in food intake. However, the exact causes for the
appetite-supressive effects of exercise are not known. Here we show that ic.v. insulin,
or leptin infusion, reduced food intake in exercised rats to a greater extent than that
observed in control animals. Exercise was associated with a markedly increased
phosphorylation/activity of several proteins involved in leptin and insulin signal
transduction in the hypothalamus. The regulatory role of IL-6 in mediating the increase in
leptin and insulin sensitivity in hypothalamus was also investigated. Treatment with insulin
or leptin markedly reduced food intake in exercised rats that were pre-treated with vehicle,
although no increase in sensitivity to leptin- and insulin-induced anorexia after pretreatment
with anti-IL-6 antibody was detected. The present study provides direct measurements of
leptin and insulin signaling in the hypothalamus and documents increased sensitivity to
these hormones in the  hypothalamus of  exercised rats in an
[1-6-dependent manner. These findings provide support for the hypothesis that the

appetite-suppressive actions of exercise may be mediated by the hypothalamus.
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Prolonged exercise of medium to high intensity is known to profoundly affect
energy balance (1-3). Studies of individuals who have maintained significant weight loss
for more than a year have demonstrated that dieters who achieve long-term success are
often those who engage in regular and extensive exercise programs (4). Whilst the energy
expenditure aspects of such exercise may contribute to the effects of weight maintenance,
it has been suggested that even acute exercise may also contribute to the energy balance by
altering appetite and reducing food intake (4). The mechanisms underlying the effects of

exercise on food intake have not yet been identified, however.

The circulating peptide, leptin, is secreted predominantly by white adipose
tissue and provides feedback information on the extend of the body’s fat stores to
hypothalamic leptin receptors (OBR) that coordinate food intake and body weight
homeostasis (5; 6). Wild-type OBR possess a number of signaling capabilities; these
include activation of the Janus kinase-signal transducer and activator of transeription
(JAK-STAT) (7-11) and mitogen-activated protein (MAP) kinase pathways and stimulation
of tyrosine phosphorylation of the insulin receptor substrates (IRS-1 and IRS-2),
phosphatidylinosito! 3-kinase (P1 3-kinase) (10-13).

Insulin acts at the same hypothalamic areas as leptin to suppress feeding (6; 14).
The insulin receptor (IR) is a protein tyrosine kinase that is activated by insulin binding,
undergoing rapid autophosphorylation and phosphorylating intracellular protein substrates,
inciuding insulin receptor substrates (IRS-1 and IRS-2) (15; 16). Following tyrosine
phosphorylation, the IRSs act as docking proteins for several SH2 domain-containing
proteins, including PI 3-kinase, Grb2, SHP2, Nck and Fyn (17-21). PI 3-kinase activates
two kinases: PDK1, which phosphorylates Akt on Thr-308, and a putative PDK2, which
phosphorylates Akt on Ser-473, leading to an increase in Akt kinase acttvity (22).

The level of circulating interleukin-6 (IL-6) increases dramatically in response
1o exercise (23), with IL-6 being produced by working muscle (24; 25) and adipose tissue
(26-28). IL-6 seems to have several important roles in metabolism, including induction of
lipolysis (26; 29) and enhancement of msulin sensitivity when injected into IL-6-deficient
mice (30). Furthermore, it appears that centrally acting IL-6 plays a role in the regulation of
appetite, energy expenditure and body composition (30). Intracellular interactions between
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different signaling systems may enhance or counterregulate hormone actions. Thus, 1t is
possible that the effects of acute exercise on central ingulin and leptin sensitivity may be
dependent on IL-6. The status of leptin and insulin signaling in hypothalamus has not
previously been assessed in rats after acute exercise. We, therefore, examined hypothalamic
JAK-STAT and TRSs-PI 3-kinase signaling pathway as well as the role of IL-6 in insulin

and leptin signaling in rats after acute exercise.
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RESEARCH DESIGN AND METHODS

Materials

The reagents for sodium dodecyl sulfate polyacrylamide gel electrophoresis and
immunoblotting were from Bio-Rad. Tris[hydroxymethyljamino-methane (Tris), aprotinin,
ATP, dithiothreitol, phenylmethylsulfonyl fluoride, Triton X-100, Tween 20, glycerol, and
bovine serum albumin (fraction V) were from Sigma Chemical Co. (St. Louis, MO).
Protein  A-Sepharose 6 MB, ‘PLprotein A and nitrocellulose  paper
(Hybond ECL, 0.45 um) were from Amersham Pharmacia Biotech United Kingdom Ltd.
(Buckinghamshire, United Kingdom). Sodium amobarbital (Amytal) and human
recombinant insulin (Humulin R) were from Eli Lilly Co. (Indianapolis, IN). Leptin was
from Calbiochem (San Diego, CA). IL-6 was from Santa Cruz Biotechnology
(Santa Cruz, CA). Ketamine hydrochloride was from Cristalia (Itapira SP, Brazil).
Antibodies to IR, IRS-1, IRS-2, Akt, JAK2, Ob-R, SOCS3, PTP1b and STAT3 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The Akt phosphoserine
473-specific antibody and the STAT3 phosphotyrosine 705-specific antibody were from
New England Biolabs (Beverly, MA), and the antibody to the p85 subunit of PI 3-kinase
was from Upstate Biotechnology (Lake Placid, NY). Routine reagents were purchased from
Sigma Chemical Co. (St. Louis, MO) unless otherwise specified.

Animals and Surgical Procedure

Male Wistar rats (60 days old/ 250-300g) from the University of Campinas
Central Animal Breeding Center were used in the experiments. All experiments involving
animals were in accordance with the guidelines of the Brazilian College for Animal
Experimentation (COBEA) and were approved by the ethics committee at the University of
Campinas. Rats were maintained on a 12-h light-dark cycle and were provided free access
to water and standard rodent chow before the exercise; they were randomly assigned to one
of two groups: 6-hour-exercised, or control. After an overnight fast, the rats were
anesthetized with ketamine hydrochloride plus diazepan and positioned on a Stoelting
stereotaxic apparatus. The implantation of an intracerebroventricular (i.c.v.) catheter into

the third ventricle was performed as previously described (10). Cannula placement was
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confirmed by a positive drinking response after admnistration of angiotensin II
(40 ng/2 uL), and animals that did not drink 5 mL of water within 15 minutes after

treatment were not inclhuded in the experiment.
Exercise Protocol

Rats were acclimated to swimming for 10 min per day for 2 days.
The swimming protocol was performed as previously described (31). The rats swam in
groups of three, in plastic barrels of 45 cm in diameter, filled to a depth of 50 cm, the water
temperature was maintained at 34-35°C. Animals performed two 3-h exercise bouts,

separated by one 45-min rest period.
Treatments and Measurement of Food Intake

After the last bout of exercise, animals were ic.v. injected
(2-pL bolus injection) with either vehicle, insulin (3.6 pg/ul; human insulin from E. Lilly),
leptin (5 pg/pL; rat leptin from NIH), anti-IL-6 (2-ug/pL; rabbit interleukin-6 from Santa
Cruz) plus leptin or inmsulin or vehicle (2-pL in the control animals). Thereafter,
standard chow was given, and food intake was determined by measuring the difference
between the weight of chow given and the weight of chow at the end of a 12-hour period.
In preliminary experiments, we determined plasma glucose and serum insulin levels in
amimals that received i.c.v. insulin infusion. Insulinemia and plasma glucose were not

altered by third ventricle insulin or saline microinjection.
Western Blot Analysis

Immediately after the last exercise bout, animals were treated with vehicle,
insulin, or leptin, according to the protocols described in the preceding section,
they were then decapitated and the hypothalami were removed at the time-points indicated,
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 phenylmethylsulfony! fluoride/mE., 10 mM NazVO,, 100 mM NaF, 10 mM NagP20-,
and 4 mM EDTA, using a polytron PTA 20S generator (Model PT 10/35, Brinkmann
Instruments, Westbury, N'Y) operated at maximum speed for 30 seconds and clarified by
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centrifugation. Equal amounts of protein were used for immunoprecipitation followed by
Western blot analysis with the indicated antibodies and '*’I-Protein 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
(DuPont, Wilmington, DE) at —80 °C for 12 to 48 hours. Band intensities were quantitated
by optical densitometry (Scion Image software, ScionCorp, Frederick, MD) of the
developed autoradiographs.

P1 3-Kinase Assay

Aliquots of supernatants containing equal amounts of protein were incubated
overnight at 4 °C using antibodies against IRS-1 or IRS-2, and the immunocomplexes were
precipitated with a 50% solution of protein A-Sepharose 6MB. In vitro PI 3-kinase assays
were performed as described (17). The **P-labeled 3-P-phosphatidylinositol was quantitated

using Scion Image Software.
Statistical Analysis

Where appropriate, the results are expressed as the mean + SEM accompanied
by the indicated number of rats used in experiments. Comparisons among groups were
made using parametric two-way ANOVA; where F ratios were significant, further

comparisons were made using the Bonferron test.
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RESULTS

Physiological parameters measured in basal conditions after 6-h exercise.
The plasma glucose level was lower in the exercised group compared to the control group
(61.8 vs 80.2 mg/dl, Fig. 1a) and the insulin levels were also lower (0.2 vs 3.3 nmol/ml,
Fig. 1b). Exercise did not, however, reduce plasma leptin (3.7 vs 4.2 ng/ml, Fig. 1c).

Intracerebroventricular leptin  reduces food intake and activates the
hypothalamic JAK-STAT pathway in exercised rats to a greater extent than in control
animals. The effect of leptin, or its vehicle, on the control of food intake was studied by
measuring the total food intake for 12h afier a session of exercise and a single ic.v.
injection of leptin or its vehicle. Leptin induced reductions in the 12-h food intake in both
control and exercised rats. In the exercised rats, leptin reduced food intake by about 37.1%,
while in the control group it induced reductions of about 15.4%, indicating that leptin was

much more effective in exercised rats (Fig. 2a).

To determine the effects of exercise upon the early steps of the leptin signaling
pathway, the OBR and JAK2 tyrosine phosphorylation was assessed in the hypothalamus of
exercised and control rats. Immunoprecipitation and western blotting of hypothalamic
extracts were performed using the anti-OBR, anti-JAK2 and anti-phosphotyrosine
antibodies. Leptin induced increases in OBR and JAK2 tyrosine phosphorylation levels in
hypothalamus from both control and exercised rats. In the exercised animals,
leptin increased OBR and JAK?2 tyrosine phosphorylation by 6.0- and 4.7-fold respectively,
compared with 2.1- and 2.7-fold increases in the hypothalami from control rats,
representing increases in OBR tyrosine phosphorylation of 4.7- and 2 2-fold respectively
(Fig. 2b, c-upper panels). The same membranes, used to detect tyrosine phosphorylation of
OBR and JAK?2, were reblotted with OBR and JAK2 antibodies and, as expected,
there were no changes in OBR and JAK?2 protein expression (Fig. 2b, c-lower pamels).
Hypothalamic extracts from exercised and contro} rats that were stimulated with leptin were
lysed and the proteins separated by SDS-PAGE gel and blotted with pSTAT3 antibodies.
In the hypothalami from exercised animals, leptin increased STAT3 tyrosine
phosphorylation by 5.3-fold, compared with 2.4-fold increases in the hypothalami from
control rats, representing increases in STAT3 tyrosine phosphorylation of 3.2-fold
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(Fig. 2d upper panel). No changes were observed in STAT3 protein expression
(Fig. 2d lower panel).

Intracerebroventricular leptin activates hypothalamic the IRSs-PI 3-kinase
pathway in exercised rats to a greater exient than in control animals. Immunoprecipitation
and Western blotting of hypothalamic extracts were performed using the anti-IRS-1 and
anti-IRS-2 and anti-phosphotyrosine antibodies. Leptin induced increases i IRS1/2
tyrosine phosphorylation levels in hypothalamus from both control and exercised rats. In
the exercised animals, leptin increased IRS-1 and IRS-2 tyrosine phosphorylation by
5.8- and 5.6-fold respectively, compared with 3.4- and 3.8-fold increases in the
hypothalami from control rats, representing increases in IRS-1 and IRS-2 tyrosine

phosphorylation of 2.0- and 1.6-fold respectively (Fig. 3a, c-upper panels).

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.
The PI 3-kinase association with IRS-1 and IRS-2 paralleled the changes in the
phosphorylation of these proteins (Fig. 3a, c-middle panels). There were no changes in
IRS-1 and IRS-2 proteins expressions (Fig. 3a, c—lower panels). To determine whether
there was PI 3-kinase activity in IRS-1 and IRS-2 immunoprecipitates, hypothalami were
prepared and immunoprecipitated with anti-IRS-1 or anti-IRS-2 antibodies from both
control and exercised rats. After a treatment with leptin, there was an increase in
PI 3-kinase activity associated with IRS-1 and IRS-2. In the exercised animals, leptin
increased PI 3-kinase activity associated with IRS-1 and IRS-2 by 5.5- and 5.2-fold
respectively, compared with 2.4- and 3.8-fold increases in the hypothalami from control
rats, representing increases in PI 3-kinase activity associated with IRS-1 and IRS-2 of

2.0- and 1.6- fold, respectively (Fig. 3b, d).

Intracerebroventricular insulin reduces food iniake and activates the
hypothalamic IR, IRS-1/2-PI 3-kinase pathway in exercised rats to a greater extent than in
control animals. The effect of insulin or its vehicle on the control of food intake was
studied by measuring the total food intake for 12-h after a session of exercise and a single
i.c.v. injection of insulin or its vehicle. Insulin induced reductions in the 12-h food intake in

both control and exercised rats. In the exercised animals, insulin reduced food intake by
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about 41.6%, while in the control group it induced reductions of about 27.8%,

indicating that leptin was much more effective in exercised rats (Fig. 4a).

To determine the effects of exercise upon the early steps of the insulin signaling
pathway, the IR, IRS-1 and IRS-2 tyrosine phosphorylation was assessed in the
hypothalamus of trained and control rats. Immunoprecipitation and western blotting of
hypothalamic extracts were done using the anti-IR, anti-IRS-1, anti-IRS-2 and
anti-phosphotyrosine antibodies. Insulin induced increases in IR, IRS-1 and IRS-2 tyrosine
phosphorylation levels in the hypothalamus of both control and exercised rats. In the
exercised animals, insulin increased IR, IRS-1 and IRS-2 tyrosine phosphorylation by 6.0-,
5.5- and 5.8-fold respectively, compared with 2.7-, 2.3- and 2.5-fold increases in the
hypothalami from control rats, representing increases in IR, IRS1/2 tyrosine
phosphorylation of 3.0-, 3.6- and 3.2-fold, respectively (Fig. 4b, c, d-upper panels).

The same membranes, used to detect tyrosine phosphorylation of IRS-1/2, were
reblotted with antibodies against the p85 subunit of PI 3-kinase. The PI 3-kinase association
to IRS-1 and IRS-2 paralleled the changes in phosphorylation of these proteins
(Fig. 4c, d-middle panels).

To determine whether there was PI 3-kinase activity in the IRS-1/2
immunoprecipitates, hypothalami from control and exercised rats treated with insulin, after
a session of exercise, were prepared and immunoprecipitated with anti-IRS-1 or anti-JRS-2
antibodies. After treatment with insulin, there was an increase in PI 3-kinase activity
associated with IRS-1 and IRS-2. In the exercised animals, insulin increased PI 3-kinase
activity associated with IRS-1 and IRS-2 by 5.8- and 6.0-fold respectively, compared with
2.5- and 2.6-fold increases in the hypothalami from control rats, representing increases in

PI 3-kinase activity associated with IRS-1 and IRS-2 of 2.0- and 1.6-fold, respectively
(Fig. 5a, b).

Hypothalamic extracts from exercised and control rats that were stimulated with
insulin were lysed and the proteins separated by SDS-PAGE on gel and blotted with pAkt
antibodies. In the hypothalami from exercised animals, insulin increased Akt serine

phosphorylation by 5.7-fold, compared with 2.8-fold increases in the hypothalami from
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control rats, representing increases in Akt serine phosphorylation of 2.7-fold

(Fig. 5c upper pamel). No changes were observed in Akt protein expression
(Fig. 5¢ lower panel).

Role of IL-6 in anorectic response to leptin and insulin. IL-6 expression was
detected in control animals, however a significant increase was observed in exercised
animals (Fig, 6a). We tested whether the inhibitory effects of leptin and insulin on food
intake depend on IL-6 by i.c.v. infusion of anti-IL-6 into exercised rats. Treatment with
leptin or insulin markedly reduced 12 h-food intake in exercised rats pre-treated with
vehicle, although no exercise-induced leptin or insulin sensitivity was detected after
pretreatment with anti-IL-6, respectively (Fig. 6b, c). Consistent with the increase in leptin
sensitivity, JAK2 and STAT3 phosphorylation were induced by exercise and reversed by
anti-IL-6 in a similar fashion to the food intake (Fig 6d). As shown in Figure 6e,
insulin induced a significant increase in IR and Akt phosphorylation in the hypothalamus of
exercised rats pretreated with vehicle. In animals pretreated with anti-IL-6, the effect of

exercise in insulin signaling was reversed.
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DISCUSSION

Exercise training has multiple effects on metabolism and gene expression (31).
However, little is known about the mechanisms by which exercise leads to reduced
appetite. Here we provide evidence for a molecular mechamism to account for increased
insulin and leptin action in hypothalamus after exercise. L.c.v. insulin or leptin infusion
reduced food intake in exercised rats to a greater extent than that observed in control
animals. Exercise was associated with a marked increase in the phosphorylation/activity of
several proteins involved in leptin and insulin sigpal transduction in hypothalamus.
In addition, we investigated the regulatory role of IL-6 in mediating the increase in leptin
and insulin sensitivity in hypothalamus. Treatment with insulin or leptin markedly reduced
food intake in exercised rats that were pre-treated with vehicle, although no increase in
sensitivity to leptin- and insulin anorexia was detected after pretreatment with anti-IL-6
antibody. Increased leptin and insulin action in the brain may, thus, contribute to the

modulation of energy homeostasis in exercised rats.

QOur data demonstrate that after exercise there were no changes in the
expression of hypothalamic proteins involved in leptin and insulin signal transduction,
however the phosphorylation status of these proteins was deeply modified. Exercise led to
an increase in leptin- and insulin-stimulated OBR/JAK?2 and IR tyrosine phosphorylation,
respectively. The next step in leptin and insulin signaling may involve the tyrosine
phosphorylation of IRS-1 and IRS-2. As shown above, the amounts of IRS-1 and IRS-2
were unchanged in the hypothalamus of exercised rats. In contrast, the phosphorylation of
IRS-1 and IRS-2 after stimulation with leptin or insulin increased in those rats, compared
with control animals. As IRS-1 and IRS-2 are the main molecules linking leptin and insulin
signaling to PI 3-kinase activity, we examined the leptin and insulin induced association of
IRS-1 and TRS-2 with the p85 subunit of PI 3-kinase and found it to be increased in the
hypothalamus of exercised rats. After IRS-1 or IRS-2—PI 3-kinase association, PI 3-kinase
is activated and may, in turn, activate Akt, a serine kinase with pleiotropic actions in
several tissues (32). The activation of Akt-1/PKB is accompanied by an increase in its
serine and threonine phosphoryiation (22). Thus, the increase in the association between

IRS-1 or IRS-2 and PI 3-kinase, and increased P1 3-kinase activity after leptin or insulin
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infusion in the hypothalamus of exercised rats may play a role in the increased

responsiveness to leptin and insulin in these animals.

Selective impairment of leptin and insulin signaling through the PI 3-kinase
pathway in the hypothalamus could be pathophysiologically important in the development
of obesity. Recent studies have shown that the activation of the PI 3-kinase pathway could
be involved in the anorexigenic effect of insulin or leptin (14; 33; 34). Our findings,
in a model of exercise, are relevant since insulin-induced tyrosine phosphorylation of IRSs
and PI 3-kinase activity are reduced in the hypothalamus of different animal models of
obesity (14; 35; 36). Thus, exercise training may be one therapeutic strategy to restore

impaired leptin and insulin signal transduction in the hypothalamus of obese individuals.

In addition to the increased insulin and leptin sensitivity observed in the
PI 3-kinase pathway, our data also provide evidence that there is an increase in leptin
sensitivity in the JAK2/STAT3 pathway. Leptin activation of STAT3 requires the leptin
receptor, which associates with and activates JAK2 in a ligand dependent manner
(8; 9; 12; 37). One potential mediator of increased STAT3 activation in the hypothalamus
of exercised rats is SOCS-3, a suppressor of cytokine signaling, expression.
Forced expression of SOCS-3 in mammalian cells antagonizes leptin signaling, probably by
binding and antagonizing JAK activity (38). Using Western blotting, we examined the
expression of SOCS-3 in hypothalami of rats exercised. No significant differences were
found between the two groups (data not shown). In addition, we found no significant
difference in hypothalamic PTP1b expression and its association with JAK2 and OBR
between the two groups (data not shown). Thus, a molecular basis for the observed
increased in leptin’s ability to activate STAT3 signaling after 1 day of exercise remains to
be determined.

Perhaps the most striking finding was the reversal of exercise-induced increased
hypothalamic insulin and leptin sensitivity by blocking the action of IL-6 action.
These data are in accordance with earlier studies demonstrating that IL-6 treatment
enhances energy expenditure in both rodents and humans (30; 39-41). It has been
previously shown that IL-6 treatment stimulates energy expenditure at the level of the brain
in rodents (30, 40; 42), and it might be assumed that endogenous IL-6 also acts on the brain
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during exercise. The IL-6 exerting this effect during exercise could be produced by the
brain itself, which has been shown to have increased IL-6 production during exercise {43).
Alternatively, the large quantities of endocrine IL-6 produced from working skeletal muscle
(44) might reach appropriate sites in the brain (23).

Numerous biologic responses of different cell types are induced by IL-6, which
activates STAT3 and Ras-ERK1/2 via JAKS, and the balance of activation of both
pathways is considered to direct the cell fate in response to IL-6 (45). The cross-talk of
signals mediated by a cytokine and growth factor has been previously reported in the case
of the phosphorylation of tyrosine kinase receptors by the growth hormone-activated JAK2
(46). This suggests that the IL-6-induced activation of JAK2 is involved in the activation of
insulin and leptin receptor-mediated signals in rat hypothalamus. Conversely, it has been
reported that the P 3-kinase and Akt pathways may be activated via gp130 recruitment of
adaptor molecules to create binding sites to the SH2 domain of the p85 subunit of

P1 3-kinase (47).

Jn the present study, using an in vivo approach, we saw a synergistic effect of
[L-6 on the insulin-stimulated tyrosine phosphorylation of the insulin receptor, IRS-1,
and on the serine phosphorylation of PKB/Akt in rat hypothalamus. These results are
clearly different from the findings of Senn ez al. (48) in HepG2 cells and may indicate that
the induction of SOCS-3 by IL-6 either follows a different time course in fat cells or that
the major effect of IL-6 is exerted through other mechanisms such as the transcniptional
regulation identified in the present work. However, the recent finding (49) that a high IL-6
infusion for 2 h in rats did not reduce the insulin effect during a euglycemic clamp,
clearty supports the theory that any acute inhibitory effects of IL-6, mediated through a
transient activation of SOCS-3, are of less importance for whole body insulin sensitivity.
Similar results have recently been reported in man (50). Since IL-6 has been shown to
interfere with insulin-signaling pathways in the liver and adipocytes in an inhibitory manner
and to reduce insulin-stimulated glycogen synthesis in hepatocytes, the cross talk of IL-6

with insulin-signaling pathways appearsto be tissue-specific.

The present study provides direct measurements of leptin and insulin signaling

in the hypothalamus, and documents increased sensitivity to these hormones in the
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hypothalamus of exercised rats in an Ii-6 dependent manmer. These findings provide
support for the hypothesis that exercise could have appetite-suppressive actions mediated

by the hypothalamus.
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FIGURE LEGENDS

Figure 1. Physiological characteristics of control and exercised rats. Effects of exercise on
plasma glucose concentration (ng/dl) (a), plasma insulin concentration (nmol/ml) (b) and
plasma leptin concentration (ng/ml) (c). Data are expressed as means + SEM, n=12.

* p <0.01

Figure 2. Leptin inhibition of the 12-h cumulative food intake and leptin signaling in the
hypothalamus of control and exercised rats. Vehicle (-) or leptin (+) was myjected 1.c.v. after
a 6-h session of exercise and rats were immediately exposed to food for 12h. Data are
expressed as means = SEM of 8-14 animals per group (a). Tissue extracts were
immunoprecipitated {(IP, immunoprecipitation) with anti-OBR and anti JAK2 and
immunoblotted (IB, immunoblotting) with antiphosphotyrosine antibody (pY)
(b, c-upper panel). Whole-tissue extracts were immunoblotted with pSTAT3 antibody
(d-upper pamel). Stripped membranes were reblotted with anti-OBR, anti-JAK2 and
anti-STAT3 antibodies (b, ¢, d-lower parnel). The results of scanning densttometry (n=6)
were expressed as arbitrary units. Columns and bars represent the mean + SEM. *, p <0.05,

leptin control vs leptin exercise. #, p <0.05, leptin control vs control.

Figure 3. Leptin stgnaling in the hypothalamus of control and exercised rats. Hypothalami
extracts from rats injected with vehicle (-) or leptin (+} were prepared as decribed in
Materials and  Methods. Tissue extracts WETe immunoprecipitated
(IP, immunoprecipitation) with anti-IRS-1 and anti-IRS-2 antibodies and immunoblotted
(IB, immunoblotting) with antiphosphotyrosine {(pY) (a, c-upper panel), anti-P1 3-kinase
(a, c-middle panel), anti-IRS-1 and anti-IRS-2 antibodies (a, c-lower panel). PI 3-kinase
assays were performed as described. Fluorographs show the silica TLC plates of IRS-1 or
IRS-2 associated PI 3-kimase activity (b, d). PIP indicates the migration position of
phosphatidylinositol 3—phosphate. The results of scanning densitometry (n=6) were
expressed as arbitrary units. Columns and bars represent the mean £ SEM. *, p <0.05,

leptin control vs leptin exercise.

Capitulo
49



Figure 4. Insulin inhibition of the 12-h cumulative food intake and insulin signaling in the
hypothalamus of control and exercised rats. Vehicle or insulin was injected i.c.v. afier a
session of 6-h exercise and rats were immediately exposed to food for 12h. Data are
expressed as means + SEM of 8-14 animals per group (a) Tissue extracts were
immunoprecipitated (IP, immunoprecipitation) with anti-IR antibody and immunoblotted
(IB, immunoblotting) with antiphosphotyrosine antibody (pY) (b-upper panel) and anti-IR
antibody (b-lower panel). Tissue extracts were also immunoprecipitated with anti-IRS-1
and anti-IRS-2  antibodies and immunoblotted with  antiphosphotyrosine
(c, d-upper panels), anti-P1 3-kinase (c, d-middle panels), anti-IRS-1 or anti-IRS-2
antibodies (c, d-lower pamels). The results of scanning densitometry (n=6) were expressed
as arbitrary units. Columns and bars represent the mean + SEM. *, p <0.05, insulin control

vs insulin exercise. #, p <0.05, insulin control vs control.

Figure 5. Insulin signaling in the hypothalamus of control and exercised rats. Hypothalami
from rats injected with vehicle (-} or insulin (+) were prepared as described in Materials
and Methods. Fluorographs show the silica TL.C plates of IRS-1 or IRS-2 associated
PI 3-kinase activity. PIP indicates the migration position of phosphatidylinositol
3—phosphate (a, b).Whole tissue extracts immunoblotted (IB, immunoblotting) with
anti-phospho Akt {c-upper panel) and with anti-Akt antibodies (c-lower panel). The results
of scanning densitometry (n=6) were expressed as arbitrary units. Columns and bars

represent the mean + SEM. *, p <0.05, insulin control vs insulin exercise.
P p s

Figure 6. Blockade of leptin and insulin-induced inhibition of food intake by anti-IL-6.
Hypothalami from rats were prepared as described in Materials and Methods.
Tissue extracts from control and exercised rats were immunoblotted with anti-IL-6
antibody (a). Leptin and insulin were injected i.c.v. in control rats, exercised rats and
exercised rats pre-treated with anti-IL-6 and the animals were immediately exposed to food
for 12h. Data are expressed as means = SEM of 8-14 animals per group (b, ¢).
Tissue extracts from control rats, exercised rats and exercised rats pretreated with anti-IL-6
were treated with leptin and immunoprecipitated (IP, immunoprecipitation) with anti-JAK2
antibody and immunoblotted (IB, immunoblotting} with antipbosphotyrosine antibody
(d-upper parel). Whole tissue extracts were immunoblotted with anti-phospho STAT3
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antibody (d-lower pamel). Hypothalami tissues extracts from control, exercised and
exercised plus anti-IL-6 rats were treated with insulin and immunoprecipitated with anti-IR
antibody and immunoblotted with antiphosphotyrosine antibody (e-upper panel). Whole
tissue extracts were immunoblotted with anti-phosphoserine Akt antibody (e-lower panel).
The results of scanning densitometry (n=6) are expressed as arbitrary units. Columns and

bars represent the mean = SEM. *, p <0.05, insulin control vs insulin exercise.
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Fig. 3
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4 - CONCLUSAO



O presente estudo caracterizou a sinalizagio da leptina e insulina no
hipotidlamo, e documentou o aumento da sensibilidade do hipotalimica para a a¢dc destes
horménios, de forma dependente da interleucina-6 (IL-6) nos animais exercitados.
Estes dados ddo suporte a hipotese de que o exercicio pode ter suas agdes supressoras do

apetite mediadas pelo hipotalamo.

Conclusdo
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