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RESUMO



A sindrome anorexia-caquexia € observada em cerca de 80% dos pacientes com
cancer em estdgio avancado e contribui diretamente para o aumento da morbidade e
mortalidade desses pacientes. Postula-se que a patogénese da anorexia do cancer seja
mediada por persistentes sinais anorexigénicos no hipotdlamo, contribuindo com a reducao
da ingestdo alimentar e do peso corporal. No presente estudo, demonstramos que as vias
anorexigénicas mediadas pela insulina e pela leptina no hipotdlamo estdo hipersensiveis
durante a anorexia induzida por tumor em roedores. Identificamos que a expressdo proteina
tirosina fosfatase 1B (PTP1B), proteina que modula negativamente a via de transmissao do
sinal da insulina e da leptina, estd significativamente reduzida no tecido hipotalamico em
diferentes modelos de anorexia induzida pelo céincer, contribuindo assim para o aumento
dos sinais anorexigénicos mediados principalmente pela STAT-3. Evidenciamos que
mediadores pré-inflamatérios clédssicos, como a IL-1 e o TNF-o, participam do
controle da expressdo e atividade da PTP1B em neurdnios. Demonstramos que a infusdo
central do anticorpo anti-IL-1 3 ou do inibidor especifico do TNF-a, o Infliximab,
restaurou a atividade da PTPIB, reduzindo a sensibilidade a insulina e a leptina,
aumentando a ingestdo alimentar, peso corporal e a sobrevida em animais com tumor.
Inversamente, as inje¢des do recombinante da IL-1 B ou do TNF-a diretamente no terceiro
ventriculo hipotaldmico foram capazes de suprimir a expressao PTP1B neuronal e aumentar
a sensibilidade a insulina e a leptina em animais controle. Finalmente, a reducdo seletiva da
expressdo da PTP1B em dreas em torno do terceiro ventriculo hipotalamico através do uso
do oligonucleotideo antisense contra a PTP1B (PTP1B ASO), provocou anorexia, perda de
peso corporal severa e morte em ratos controle e ainda inibiu os efeitos do anticorpo anti-
IL-1 B e do Infliximab em ratos com anorexia. Coletivamente, estes dados mostram que a
PTPIB hipotalamica € proteina chave para o controle da ingestdo alimentar e do peso
corporal em roedores e representa um potencial avo terapéutico para o tratamento da

anorexia induzida pelo cancer.
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ABSTRACT



The anorexia-cachexia syndrome is observed in 80% of patients with advanced
cancer and contributes directly to increased morbidity and mortality of these patients. It is
postulated that the pathogenesis of cancer anorexia is mediated by persistent anorexigenic
signs in the hypothalamus, contributing to the reduction of food intake and body weight. In
this study, we demonstrated that the anorexigenic pathways mediated by insulin and leptin
in the hypothalamus are hypersensitive during tumor-induced anorexia in rodents. We
found that the expression protein tyrosine phosphatase 1B (PTP1B), a protein that
negatively modulates the route of signal transmission of insulin and leptin, is significantly
reduced in the hypothalamic tissue in different models of cancer-induced anorexia,
contributing to the increase in anorexigenic signals mediated by STAT-3. We showed that
classical pro-inflammatory cytokines, such IL-1f3 and TNF-o modulate PTP1B activity in
neurons. We have shown that central infusion of, anti-IL-1f antibody or specific inhibitor
of TNF-a, Infliximab, restored the PTP1B activity, reducing insulin and leptin sensitivity,
increasing food intake, body weight and survival in tumor-bearing animals. Conversely,
intracerebroventricular injections of recombinant IL-1 or TNF-a were able to suppress the
PTPI1B expression and increase the central insulin and leptin sensitivity in control animals.
Finally, the selective reduction of PTP1B expression in areas around the third ventricle of
the hypothalamus using the antisense oligonucleotide against PTP1B (PTP1B ASO),
evoked anorexia, severe weight loss and death in control rats, in addition, PTP1B ASO
blunted the effects of anti-IL-1f antibody or Infliximab in anorectic rats. Collectively, these
data show that the hypothalamic PTP1B is key protein in the control of food intake and
body weight in rodents and presents an attractive opportunity for the treatment of cancer-

induced anorexia.
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I-INTRODUCAO



A incidéncia de cancer no Brasil e no mundo.

Atualmente as neoplasias figuram entre as doengas com maior taxa de mortalidade
em todo o mundo. Em 2005, de um total de 58 milhdes de mortes ocorridas no mundo, 0s
obitos por cancer somaram 7,6 milhdes, o que representou 13% de todas as mortes. O
cancer de pulmdo foi o que apresentou maior mortalidade, seguido pelos tumores de
estomago, figado, c6lon e mama (WHO, 2009). Estima-se que no final da aproxima década
ocorram cerca de 15 milhdes de novos casos por ano (WHO, 2009). No Brasil, as
estimativas mais recentes apontam que, a cada ano ocorram cerca de 466.000 casos novos
de cancer (INCA, 2009). Os tipos mais incidentes, a excecdo do cancer de pele do tipo ndo
melanoma, sdo os canceres de prdstata e de pulmdo, no sexo masculino, e os canceres de
mama e de colo do ttero, no sexo feminino, acompanhando o mesmo perfil da magnitude
observada no mundo (INCA, 2009). Diante de tal cenério, fica clara a necessidade de novos
investimentos e estratégias para o controle do cincer, nos diferentes niveis de atuacdo
como: na promog¢do da sadde, na deteccdo precoce, na assisténcia aos pacientes, na
vigilancia, na formagdo de recursos humanos, na comunica¢do e mobilizacdo social e no

desenvolvimento cientifico e tecnoldgico.

Durante as ultimas décadas, importantes avangos cientificos e tecnoldgicos
aumentaram a capacidade de deteccdo precoce do cincer e aumentaram a eficdcia dos
esquemas de tratamento antineopldsicos. Esses avangos proporcionaram aumento da
expectativa de vida e maior chance de cura em diversos tipos cancer. Consequentemente, o
cuidado paliativo € cada vez mais importante no manejo de pacientes com cancer.
Atualmente, oncologistas visam cada vez mais influenciar positivamente a qualidade de
vida, o estado nutricional, bem como a sobrevivéncia (Laviano 2003). Os principais
cuidados paliativos em pacientes oncoldgicos estdo relacionados aos sintomas mais
frequentes da doenga, como, dor, fadiga e anorexia, (Laviano 2003). Em especial, a
anorexia vem ganhando destaque nos ultimos anos por influenciar diretamente a qualidade
de vida dos pacientes e por ser considerada fator determinante para piora do progndstico

dos pacientes oncoldgicos (Bruera, 1997; Tisdale, 1997; Larkin, 1998).
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Desenvolvimento da sindrome anorexia-caquexia em pacientes com cancer

O crescimento tumoral € frequentemente associado com o desenvolvimento de uma
sindrome conhecida como, sindrome da anorexia-caquexia. Etimologicamente, o termo
anorexia deriva do grego “an”, defici€ncia ou auséncia de, e “orexis”, apetite. Desta forma,
a anorexia pode ser definida como a perda do desejo de comer. A anorexia é um relevante
problema no manejo clinico de pacientes com cancer, uma vez que afeta o curso clinico da
doenca e esta diretamente associada ao aumento da morbidade e mortalidade dos pacientes

(Bruera, 1997; Tisdale, 1997; Larkin, 1998).

A anorexia € um dos principais indutores de caquexia, embora o padrio de perda de
peso observado na caquexia difira daquele observado na restricdo alimentar (Tisdale,
1997). A chamada sindrome anorexia-caquexia € observada em cerca de 80% dos pacientes
com cancer em estdgio avancado (Ramos et al., 2004). A caquexia € um estado involuntério
de perda de peso encontrado em doencgas neopldsicas, infecciosas e inflamatérias que

contribui diretamente para a mortalidade dessas moléstias.

A palavra caquexia deriva do grego “kakos” que significa “mal” e “hexis” que quer
dizer “condicdo” (Tisdale, 1997). Aproximadamente metade dos pacientes com cancer
desenvolve caquexia, caracterizada por anorexia e diminui¢do do tecido adiposo e da massa
muscular. Geralmente, pacientes com tumores sOlidos t€m uma maior frequéncia de
caquexia (Bruera, 1997). No momento do diagnéstico, aproximadamente 80% dos
pacientes com cancer do trato gastrointestinal e 60% dos pacientes com cancer de pulmao
tém perda de peso significativa. A caquexia é mais comum em criangas e idosos e se torna
mais pronunciada com a evolu¢do da neoplasia. Pacientes oncolégicos com perda ponderal
maior que 10% do peso corporal possuem menor sobrevida quando comparado a pacientes
com o0 mesmo tipo e estiddio da doenca que se mantém eutréficos (Whitman, 2000).
Evidéncias obtidas em estudo clinico apontam ainda que o hipermetabolismo e a perda de
peso significativa predispdem a menor sobrevida, enquanto o aumento da ingestdo

energética foi associado ao aumento da sobrevida (Bosaeus et al., 2002).
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O hipotalamo no controle da anorexia induzida pelo cancer.

A sindrome anorexia-caquexia é desencadeada por uma inter-relacdo complexa de
varidveis metabdlicas e comportamentais que se correlacionam com progndsticos ruins e
comprometimento da qualidade de vida (Bruera, 1997; Tisdale, 1997; Larkin, 1998).
Apesar da etiologia da caquexia ndo ser bem definida, vérias hipdteses tém sido exploradas
incluindo a participacdo de citocinas, hormodnios circulantes, neuropeptideos,
neurotransmissores e fatores derivados dos tumores (Schwartz et al., 1995; Plata-Salaman,
1997; Larkin, 1998). Entretanto, a hipdtese de que a sindrome anorexia-caquexia seja
causada pela acdo das citocinas potencializando os sinais anorexigénicos no sistema

nervoso central (SNC) tem ganhado destaque nos tltimos anos.

Postula-se que numerosas citocinas (TNF-o, IL-1, IL-6, IFN-y) participem da
sindrome anorexia-caquexia observada em pacientes com cancer. As citocinas podem ser
produzidas pelo tumor, liberadas na circulacdo e transportadas para o cérebro através da
barreira hematoencefélica e 6rgdos circunventriculares (dreas que permitem a passagem
mais facil de moléculas na barreira hematoencefédlica). Uma vez no tecido hipotalamico,
estas citocinas induzem potentes sinais anorexigé€nicos, resultando em menor ingestdo

alimentar, maior gasto energético (Figura 1).

Figura 1
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Figura 1- Mecanismo de acdo das citocinas inflamatorias na inducdo de anorexia

mediada por tumor.

Por outro lado, as citocinas também sio produzidas por neur6nios e células da glia
do sistema nervoso central, em resposta ao aumento das citocinas periféricas (Hopkins &
Rothwell, 1995; Rothwell & Hopkins, 1995; Licinio & Wong, 1997; Sternberg, 1997;
Haslett, 1998; Mantovani et al., 1998). Embora o local da sintese de citocinas no sistema
nervoso central seja dependente da natureza do estimulo, as doengas sistémicas parecem
influenciar predominantemente a atividade hipotalamica, drea com a maior densidade de

receptores para a maioria das citocinas (Hopkins & Rothwell, 1995).

A administracdo cronica dessas citocinas prd-inflamatorias, tanto isoladamente
como em conjunto sdo capazes de reduzir a ingestdo alimentar e reproduzir as diferentes
caracteristicas da sindrome anorexia-caquexia (Gelin et al., 1991; Moldawer et al., 1992;
Matthys & Billiau, 1997b; Tisdale, 1997; Mantovani et al., 1998). Outras evidéncias do
envolvimento dessas citocinas na regulagdo do peso corporal no hipotdlamo foram
adquiridas através de estudos com neutralizacdo especifica das diversas citocinas através de
anticorpos (Sherry et al., 1989; Noguchi et al., 1996; Matthys & Billiau, 1997a).

Recentemente descrevemos que a AMP-activated protein kinase (AMPK) neuronal pode
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desempenhar papel antiinflamatério importante durante a anorexia induzida pelo cancer. A
administragdo intracerebroventricular, intraperitoneal ou oral de diferentes ativadores da
AMPK, foi capaz de reduzir a expressio de moléculas inflamatérias e modular
neuropeptideos envolvidos do controle da ingestdo alimentar, atenuando a anorexia e

aumentando a sobrevida em ratos com anorexia induzida por tumor (Ropelle et al., 2007).

Alguns estudos apontam que, 0s sinais anorexigénicos gerados pelas citocinas pro-
inflamatérias no hipotdlamo ocorram em virtude da ativacdo de uma sub-populacdo de
neurdnios especializada na propagacdo de sinais anorexigénicos. Esses sinais podem ser
mediados principalmente pelos receptores de melanocortinas 3 e 4 MC3R e MC4R
(Laviano et al., 2008). Além disso, postula-se que as citocinas pro-inflamatorias possam
também induzir anorexia através da complexa rede neural que envolve vias de sinalizacdo
responsaveis pela transmissdo de sinais anorexigénicos mediados por hormoénios como
insulina e leptina. Estudos conduzidos em ratos demonstraram que a administragcdo
intracerebroventricular de interleucina-6 (IL-6) € capaz de potencializar os efeitos
anorexigénicos mediado pela leptina e pela insulina no hipotdlamo (Flores et al., 2006;
Ropelle et al., 2008), sugerindo uma relacio sinérgica entre esta citocina e a transmissiao do
sinal desses dois hormonios na supressio do apetite. Adicionalmente, Johnen e
colaboradores identificaram que a proteina Macrophage inhibitory cytokine-1 (MIC-1)
produzida e liberada na circulacdo a partir do desenvolvimento tumoral, é capaz de alcancar
o sistema nervoso central e induzir anorexia através da ativacdo da proteina distal da via de
sinalizacdo da leptina a Signal Transducers Activators of Transcription 3 (STAT3),
modulando neuropeptideos hipotalamicos envolvidos no controle da saciedade (Johnen et
al., 2007). Coletivamente, esses dados sugerem que as vias de transmissdo dos sinais
mediados por insulina e leptina no sistema nervoso central t€ém participacdo crucial na
perpetuacdo de sinais anorexigénicos durante o desenvolvimento tumoral, entretanto, os
mecanismos moleculares que envolvem a acdo de citocinas sobre sinalizacdo da leptina e
insulina no hipotdlamo no desenvolvimento da anorexia induzida pelo tumor ainda sdo

desconhecidos.

Transmissao do Sinal de Insulina e Leptina em Hipotalamo de Ratos: Inter-relacoes e

Implicac¢oes Fisiopatologicas
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A leptina € expressa principalmente no tecido adiposo e em menores quantidades no
epitélio gastrico e placenta (Maffei et al., 1995; Masuzaki et al., 1997; Bado et al., 1998).
A proteina do gene ob estd presente no plasma de camundongos normais, como um
mondmero com peso molecular de 16 kDa, ndo foi detectada em plasma de camundongos
ob/ob, e foi observada em concentragdes elevadas em camundongos db/db (Halaas et al.,
1995). A administracdo de leptina a camundongos ob/ob resulta em diminuicao da ingestao
alimentar, perda de peso e redugdo dos niveis glicémicos (Campfield et al., 1995), além de
aumentar a atividade simpética em tecido adiposo marrom, com conseqiiente aumento do
gasto energético (Pelleymounter et al., 1995). Entretanto, o mesmo resultado ndo foi

observado quando este hormonio 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 populagdes estudadas (Frederich et al., 1995; Maffei
et al., 1995; Considine et al., 1996; Havel et al., 1998). A secrecdo desse hormdnio diminui
com o jejum prolongado e estimulo B-adrenérgico (Ahima et al., 1996) e aumenta em
resposta a administracdo de insulina e glicocorticéides (De Vos et al., 1995; Saladin et al.,
1995). A leptina € secretada de forma pulsatil e inversamente relacionada a atividade do
eixo ACTH-Cortisol, ou seja, ocorre diminuicdo da secrecdo 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 ingestao
alimentar e o gasto energético. Assim, a reducdo da quantidade de tecido adiposo leva a
diminuicdo dos niveis circulantes de leptina, estimulando a ingestdo alimentar e reduzindo
o gasto energético. Contrariamente, o aumento do estoque de tecido adiposo estd associado
a elevagdo dos niveis séricos de leptina, diminuindo a ingestdo alimentar e aumentando o

gasto energético.

O receptor de leptina (OBR) € membro da familia gp130 da classe I dos receptores
de citocinas (Tartaglia et al., 1995). E encontrado em muitos tecidos com vérias formas de
splicing, sendo as mais encontradas a forma curta (OBRs), expressa em vdrios tecidos, que
apresenta dominios intracelulares truncados, e a forma longa (OBRL), que apresenta
dominios intracelulares longos e € expressa principalmente no hipotdlamo (nucleos

paraventricular, arqueado, ventromedial e dorsomedial (Mercer et al., 1996; Woods et al.,
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1996). O OBRs ndo tem sua funcdo bem definida, mas parecem influir no transporte da

leptina através da barreira hematoencefélica.

A homologia do receptor de leptina a classe I dos receptores de citocinas forneceu
informagdes importantes para a descoberta dos possiveis mediadores intracelulares da agdo
da leptina. Os receptores da classe I das citocinas agem através das familias das proteinas
Jak (Janus Kinase) e STAT (Signal Transducers Activators of Transcription) (Heldin,
1995). Tipicamente, as proteinas Jak estdo constitutivamente associadas com sequéncias de
aminodcidos dos receptores, € adquirem sua atividade tirosina quinase apds a ligacdo do
hormonio a seu receptor. Uma vez ativada, a proteina Jak fosforila o receptor induzindo a
formagdo de um sitio de ligacdo para as proteinas STAT, as quais sdo ativadas apds terem
se associado ao receptor e serem fosforiladas pela Jak. As proteinas STATSs ativadas, sdo
translocadas para o nucleo e estimulam a transcricdo génica (Figura 2). No entanto a
homologia do receptor de leptina a classe I dos receptores de citocinas, permite que véarias
outras citocinas amplifiquem a transmissdo do sinal da leptina. Assim as proteinas
subsequentes ao receptor de leptina (Jak e STAT) podem exercer uma interface no controle
da ingestdo alimentar, regulando fatores de saciedade e adiposidade a longo prazo (através
da prépria leptina) ou desenvolvendo sinais anorexigénicos patoldgicos (através de

citocinas) (Plata-Salaman, 1996).

O receptor de leptina é 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-K) (Heldin, 1995), e € possivel que a capacidade do OBR
controlar o peso dependa também destas vias de sinalizacdo (Tartaglia, 1997; Niswender et

al., 2001).

ApOs a ativacdo dos receptores de leptina no cérebro e das proteinas envolvidas na
transmissdo do sinal desse hormonio, respostas neuronais integradas sao necessdrias para
modular a ingestdo 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 reducdo da ingestdo alimentar como o cocaine-and
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anphetamine—regulated transcription (CART) (Kristensen et al., 1998) e o melanocyte
stimulating hormone (a-MSH) (Fan et al., 1997). A leptina regula o balanco energético
diminuindo os niveis de neuropeptideos anabdlicos NPY e AGRP e aumentando a
concentracio de neuropeptideos catabdlicos CART e a-MSH. Os neur6nios que expressam
esses neuropeptideos interagem com cada outro e com sinais advindos da periferia (como a
insulina, leptina, grelina, etc), atuando na regula¢do do controle e do gasto energético
(Flier, 2004). A localizacdo precisa dos receptores neurais para cada sinal orexigé€nico e
anorexigénico ndo esta totalmente compreendida. Sabe-se, no entanto, que os receptores
para estes sinais estdo presentes principalmente no nucleo arqueado (ARC) e
paraventricular (PVN) hipotalamico, mas eles ndo estdo restritos a estas areas (Wynne et

al., 2005).

Assim como a leptina, a insulina também € considerada um hormoénio que sinaliza
ao hipotdlamo o estoque de tecido adiposo e modula a ingestdo alimentar (Woods et al.,
1979; Woods et al., 1985). A insulina circula em niveis proporcionais ao contetido de
tecido adiposo e atravessa a barreira hematoencefdlica via um sistema de transporte
saturdvel em niveis proporcionais aos plasmaticos (Baura et al., 1993). Os receptores de
insulina sdo expressos por neurdnios envolvidos na ingestdo alimentar (Baskin ef al., 1988;
Cheung et al., 1997; Baskin et al., 1999). A administracdo de insulina no sistema nervoso
central reduz a ingestdo alimentar e diminui o peso corporal, enquanto a deficiéncia desse

hormoénio causa hiperfagia (Sipols et al., 1995).

A correlag@o dos niveis séricos de insulina com o conteido de gordura corporal é
consequéncia 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
(Polonsky et al., 1988; Kahn et al., 1993). A sinaliza¢do intracelular da insulina em tecidos
insulino-sensiveis inicia-se com a ligacdo do hormdnio a um receptor especifico de
membrana, uma proteina heterotetramérica com atividade quinase, composta por duas
subunidades a e duas subunidades . A ligacdo da insulina a subunidade o estimula a
autofosforilacdo da regido intracelular da subunidade  do receptor. Uma vez ativado, o

receptor de insulina fosforila varios substratos protéicos em tirosina incluindo membros da
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familia dos substratos dos receptores de insulina (IRS-1/2/3), Shc, Gab-1 e Cbl. A
fosforilagdo em tirosina das proteinas IRS cria sitios de reconhecimento para moléculas
contendo dominios com homologia a Src 2 (SH2). Dentre estas se destaca a PI 3-quinase. A
fosforilacdo das proteinas IRSs cria sitios de ligacdo para a PI 3-K, promovendo a sua
ativacdo (Figura 2). Atualmente, a PI 3-K ¢ a tinica molécula intracelular inequivocamente
considerada essencial para o transporte de glicose (Czech & Corvera, 1999). As proteinas
alvo conhecidas dessa enzima sdo a Akt e as isoformas atipicas da PKC ( e A), porém a
funcdo dessas proteinas no transporte de glicose ainda ndo estd bem estabelecida (Kohn et
al., 1996; Bandyopadhyay et al., 1997; Kitamura et al., 1998; Kotani et al., 1998; Kim et
al., 1999).

Dentre os alvos da Akt, destaca-se a forkhead transcriptional factor subfamily
forkhead box O1 (Foxo-1 ou FKHR), que atua como fator de transcri¢do. A fosforilacido da
Akt induz a fosforilacdo e a manuten¢cdo da Foxol no meio citplasmadtico, inibindo sua
atividade transcricional (Figura 2). Por outro lado, a baixa fosforilacdo desta proteina é
correlacionada com o aumento da sua expressdo e atividade transcricional no nicleo
celular. A Foxol estd presente em neurdonios POMC e AgRP, tendo sua regido promotora
em regido adjacente a regido promotora da STAT3 nestes neurdnios, promovendo uma
constante competi¢do pela regido promotora (Kim et al., 2006; Kitamura et al., 2006). A
hiperexpressdo da Foxol em neurdnios é responsdvel por inibir a acdo anorexigénica da
leptina, aumentando a ingestdo alimentar e o peso corporal em camundongos (Kitamura et
al., 2006). Desta forma a Foxol pode ser considerada principal proteina, distal a via da
insulina, responsavel pelo controle da homeostase energética. O esquema abaixo representa

as vias de sinalizac¢do da insulina e leptina no controle da ingestio alimentar (Figura 2).

Figura 2
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Figura 2- Esquema representativo das vias de sinalizagcdo da insulina (a esquerda)

e da leptina (a direita) no controle da ingestdo alimentar em células neuronais.
A PTP1B neuronal no controle da ingestao alimentar.

O balango entre a fosforilacdo e a desfosforilacdo de proteinas é a base para o
controle de diversos eventos biologicos disparados por efetores extracelulares, como
hormonios, agentes carcingénicos, citocinas, neurotransmissores € substancias ou
metabdlicos téxicos (Harrison et al., 1999). Estima-se que 30% das proteinas intracelulares
sao fosfoproteinas e que cerca de 4% do genoma eucaridtico codifique proteinas quinases e
proteinas fosfatases (Hunter, 1995). As atividades de proteinas quinases e fosfatases sdao
minuciosamente reguladas in vivo. Modificacdes na atividade dessas enzimas podem
proporcionar consequéncias graves, que incluem neoplasias, diabetes, inflamacgdo e doengas
resultantes de defeitos imunoldgicos (Harrison et al., 1999). Recentemente a descri¢do da
atividade da Proteina Tirosina Fosfase 1B (PTP1B) no sistema nervoso central ajudou a
elucidar como ocorrem as alteragdes do status de fosforilacdo das proteinas envolvidas na

transmissdo do sinal da insulina e da leptina no tecido hipotalamico de roedores obesos.
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A PTPIB ¢€ a principal proteina tirosina fosfatase implicada na regulagdo da acdo da
insulina e da leptina (Seely et al., 1996; Elchebly et al., 1999). Evidéncias genéticas e
bioquimicas demonstram um importante papel da PTP1B como um regulador negativo da
fosforilacdo da tirosina de componentes principais da via de sinaliza¢do da insulina e da
leptina. Diversos estudos examinaram a expressdo PTP1B em roedores e seres humanos
com a resisténcia a insulina, diabetes e obesidade, relatando aumento da expressao e / ou
atividade da PTP1B nestes estados (Ahmad & Goldstein, 1995; Dadke er al., 2000;
Venable et al., 2000; Ropelle et al., 2006).

Essa fosfatase é expressa em diferentes tecidos sensiveis a insulina e a leptina e
diferentes estudos em cultura de células e em roedores, indicam que esta enzima se associa
ao receptor de insulina (IR) e aos substratos 1 e 2 do receptor de insulina (IRS-1 e IRS-2)
promovendo a desfosforilacdo dessas proteinas atenuando o sinal da insulina (Goldstein et
al., 2000; Di Paola er al., 2002; Hirata et al., 2003). De forma semelhante, a PTP1B
também regula negativamente a transmissdo do sinal da leptina através da interacdo direta
com a proteina Jak2 (Cheng et al., 2002; Johnson et al., 2002). A figura 3 demonstra o

mecanismo de a¢do da PTP1B nas vias de sinalizacao da insulina e leptina (Figura 3).

Figura 3
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Figura 3- A Proteina tirosina fosfatase IB (PTPIB) tem a capacidade de se
associar ao receptor de insulina (IR), ao substrato do receptor de insulina-1 (IRS-1) e a
Janus quinase 2 (Jak2). A ligagdo a estas proteinas é acompanhada da desfosforilacdo de
residuos de tirosina e atenuagdo da transducdo dos mediados pela insulina e pela leptina.
Em neuronios hipotalamicos o aumento da atividade da PTPIB resulta em aumento da

ingestdo alimentar.

Um tunico estudo conduzido em cultura de células embrionarias de rim humano
(HEK) 293 demonstrou e que a PTPIB também é capaz de desfosforilar a STAT3,
reduzindo sua capacidade transcricional (Lund et al., 2005). No entanto, a acdo da PTP1B

sobre a atividade da STAT3 necessita de novos estudos.

O papel da PTPIB hipotalamica no controle dos sinais de saciedade passou a ser
explorado apenas nos ultimos 7 anos. A primeira evidéncia de que essa fosfatase poderia
induzir resisténcia a leptina em neurdnios, partiu de um estudo realizado em uma linhagem
de células hipotalamicas de camundongos, GT1-7. A hiperexpressdo da PTP1B nestas

células atenuou a transmissdo do sinal da leptina reduzindo a ativagdo da via Jak/STAT
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(Kaszubska er al., 2002). Posteriormente, estudos em modelo experimental de obesidade
evidenciaram que roedores submetidos a dieta rica em gordura apresentaram elevados
niveis de PTPIB no tecido hipotalamico, em paralelo a menor sensibilidade a insulina e

leptina (Picardi et al., 2008; White et al., 2009).

Neste sentido, Picardi e colaboradores estabeleceu que a reducido da expressio da
PTP1B em neur6nios que controlam o apetite é capaz de atenuar a resisténcia central a
insulina e a leptina em hipotdlamo de animais obesos, reduzindo o peso corporal. Para tal,
os autores utilizaram a infusdo intracerebroventricular do oligonucleotideo antisense contra
a PTPIB. O tratamento durante 4 dias consecutivos foi suficiente para a reduzir a expressao
da PTP1B e restabelecer a ativacdo das vias PI3-K/Akt e Jak/STAT no hipotdlamo (Picardi
et al., 2008). Adicionalmente, recente estudo demonstrou que a auséncia da PTP1B
hipotaldmica estd envolvida no aumento da sinaliza¢do anorexigénica em camundongos.
Bence e colaboradores observaram que a animais gerados com auséncia da PTPIB,
especificamente no hipotdlamo, apresentaram hipersensibilidade a leptina e aumento
considerdvel do gasto energético evidenciando a importancia da participacdo desta proteina
em neurdnios hipotaldmicos para o controle dos sinais anorexigénicos em roedores (Bence

et al., 2006).

Coletivamente, esses dados apontam que a PTP1B neuronal € proteina chave no
controle da homeostase energética, de forma que, o aumento da sua atividade se relaciona
estreitamente com a prevaléncia da hiperfagia e obesidade, por outro lado, sua auséncia
proporciona aumento dos sinais anorexigénicos e maior gasto energético. Embora alguns
estudos tenham centrado esfor¢os para investigar o papel da PTP1B no desenvolvimento da
obesidade, evidéncias da participagdo desta fosfatase no sistema nervoso central no

desenvolvimento da anorexia sdo inexistentes.
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2.1 Objetivo geral

Caracterizar as vias de transmissdo de sinal da insulina e da leptina em hipotdlamo
de roedores com anorexia induzida por tumor, bem como, evidenciar papel da PTP1B

neuronal neste contexto.

2.2 Objetivo especifico

e (aracterizar a sensibilidade a insulina e a leptina em hipotdlamo de amimais com
anorexia induzida por tumor.

® Investigar o papel de diferentes moduladores da via de sinalizacdo da insulina e da
leptina, como a SOCS-3, SH-PTP2 e a PTPI1B, no hipotdlamo durante anorexia
induzida por tumor.

e Investigar os efeitos da infusdo intracerebroventricular de mediadores
antiinflamatorios sobre a expressdo da PTP1B hipotalamica, sobre a sensibilidade a
insulina e a leptina, ingestdo alimentar, gasto energético e sobrevida em animais
com anorexia induzida por cancer.

e Determinar os efeitos da infusdo intracerebroventricular do recombinante da
Interleucina-1 Beta (IL-1PB) e do Fator de Necrose Tumoral Alfa (TNF-o) sobre a
expressao da PTP1B hipotaldmica e sobre a sensibilidade a insulina e a leptina em
ratos controle.

e Avaliar os efeitos da infusdo intracerebroventricular do oligonucleotideo antisense
contra a PTP1B (ASOPTP1B) sobre a sensibilidade a insulina e a leptina, ingestao

alimentar, gasto energético e sobrevida em ratos controle.
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ABSTRACT

Cancer anorexia-cachexia syndrome is observed in 80% of patients in the advanced
stages of cancer and is a strong independent risk factor for mortality. Accumulating
evidence indicates that the pathogenesis of cancer anorexia is mediated by persistent
anorexigenic signals into the hypothalamus. Here, we show that neuronal Protein Tyrosine
Phosphatase 1B (PTP1B) represents a core modulator of food intake and energy
expenditure during cancer-induced anorexia. Hypothalamic PTP1B expression is markedly
reduced in different models of cancer-induced anorexia in rodents, contributing to
anorexigenic signals mediated by STAT-3. Furthermore, we found that classical pro-
inflammatory mediators are able to suppress neuronal PTPIB expression. A selective
transient reduction of PTP1B expression in areas surrounding the third ventricle of the
hypothalamus, driven by antisense oligonucleotide (ASO PTP1B), evoked anorexia, severe
weight loss and death in control rats. Intrahypothalamic infusion of recombinant IL-1§ or
TNF-a reduces the PTP1B expression in the hypothalamus of control rats. Conversely,
central infusion of anti-IL-1f antibody or the specific TNF-o inhibitor, Infliximab, restored
PTPI1B activity, increasing food intake, body weight and survival in tumor-bearing animals.
Conversely, forced reduction in PTP1B expression, using an intrahypothalamic infusion of
ASOPTP1B blunts the effects of anti-IL-1p antibody or Infliximab on increased food intake
and survival in tumor-bearing rats. Collectively, these data show that hypothalamic PTP1B
activity links the central inflammation and the anorexigenic signals during cancer-induced

anorexia.
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INTRODUCTION

Anorexia and weight loss are part of the wasting syndrome of late-stage cancer and
are a major cause of morbidity and mortality in cancer (1, 2). Anorexic cancer patients
often report early satiety, which together with a reduced appetite has been postulated to be
caused by the production of factors by the tumor that exerts their effects by acting on
hypothalamic cells, amplifying the anorexigenic signals (3, 4). The pro-inflammatory
cytokines such as tumor necrosis factor-o. (TNF-at), interleukin 1 (IL-1B), and interferon
gamma (IFN ) are the major products secreted by the tumor proposed to play a role in the
etiology of cancer-induced anorexia (3). Distinct neuron subpopulations of the arcuate
nucleus of the hypothalamus act as the sensors for the energy stores in the body and
coordinate a complex network of neurons that, in due course, control the balance of hunger
versus satiety, and pro- versus anti-thermogenesis (5, 6). These first-order neurons are
equipped with receptors and intracellular molecular systems capable of detecting subtle or

chronic changes in the levels of hormones and nutrients present in the bloodstream (6).

It is well established that Protein Tyrosine Phosphatase 1B (PTP1B), a negative
modulator of leptin and insulin signaling, is a key phosphatase involved in the control of
food intake and energy expenditure by acting in the hypothalamus (7, 8). PTPIB is
localized to the cytoplasmic face of the endoplasmic reticulum and is expressed
ubiquitously (9). This phosphatase can associate with and dephosphorylate activated insulin
receptor (IR), insulin receptor substrates (IRS), Jak2 and STAT3 (10-14). Thus, once
activated, hypothalamic PTP1B activity induces insulin and leptin resistance, as

demonstrated in an animal model of obesity (8, 15), and leptin resistance in aging rats (16).
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Conversely, previous studies have demonstrated that the selective ablation of neuronal
PTP1B induces hypersensitivity to insulin and leptin in rodents (7, 8). In addition, specific
neuronal PTP1B knockout mice have reduced body weights, adiposity and increased energy

expenditure.

To date, increased PTP1B activity has been implicated in the development of central
insulin and leptin resistance and obesity, whereas the impact of PTP1B on the development
of anorexia has not been addressed. Thus, we examined the role of hypothalamic PTP1B on
the control of food intake and energy expenditure in different models of cancer-induced

anorexia in rodents.
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MATERIALS AND METHODS

Reagents for SDS-PAGE and immunoblotting were from Bio-Rad Laboratories
(Hercules, CA). Tris, aprotinin, ATP, dithiothreitol, phenylmethylsulfonyl fluoride, Triton
X-100, Tween 20, glycerol, and BSA (fraction V) were from Sigma Chemical Co. (St.
Louis, MO). Nitrocellulose paper (BAS85, 0.2 mm) was from Schleicher & Schuell (Keene,
NH). Ketamine hydrochloride was from Cristdlia (Itapira SP, Brazil). Anti-phospho- Jak2
antibody was from Upstate Biotechnology (Charlottesville, VA, USA). Anti-Jak2, anti-
STAT?3, anti-phospho-IRp, anti-IRP, anti-phospho-IRS-1, anti-IRS-1, anti-FOXO1, anti-IL-
1B, anti-UCP-1 and anti-PGC-1a antibodies were from Santa Cruz Biotechnology, Inc.
Anti -phospho- STAT3 (rabbit, anti-phospho-Akt, anti-phospho-FOXO1, anti-beta tubulin
and anti-Akt were from Cell Signalling Technology (Beverly, MA, USA). Recombinant
IL-1B, TNF-ae and leptin were from Calbiochem (San Diego, CA, USA). Human
recombinant insulin (Humulin R) was from Lilly (Indianapolis, IN, USA). The anti-TNF-a
monoclonal antibody, Infliximab, was from Centocor (Horsham, PA). Routine reagents
were purchased from Sigma Chemical Co. (St. Louis, MO), unless otherwise specified. The

doses administrated in each experimental group are given below.

Animals and surgical procedures

Adult male Wistar rats (250-300 g), C57BL6/J (21-23 g) and SCID (18-22 g), were
used in all of the experiments in accordance with the guidelines of the Brazilian College for
Animal Experimentation; the Ethics Committee at the State University of Campinas

approved experiments. Room temperature was maintained (28 + 1° C), and rats were

housed in individual cages, subjected to a standard light-dark cycle (0600—-1800/1800-0600
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h) and provided with standard rodent chow and water ad libitum. After an overnight fast,
the rats were anesthetized with ketamine hydrochloride (100 mg/kg, ip) and positioned on a
Stoelting stereotaxic apparatus. The implantation of an intracerebroventricular (i.c.v.)
catheter into the third ventricle has been previously described (17). After a 5-day recovery
period, cannula placement was confirmed by a positive drinking response after
administration of angiotensin II (40 ng per 2 ul), and animals that did not drink 5 ml of

water within 15 min after treatment were not included in the experiments.

Cell culture

The human prostate cancer cell line, PC-3, and Lewis lung carcinoma (LLC) were
obtained from ATCC, Philadelphia, PA, USA and the Walker-256 tumor cell line
(originally obtained from the Christ Hospital Line, National Cancer Institute Bank,
Cambridge, UK). Cells were cultured in RPMI containing 10% fetal bovine serum and
glutamine without addition of antibiotics or fungicides; they were maintained at 37°C, 5%

CO2.

Tumor xenograft models

Male SCID mice were implanted with 1.0 x 10° PC-3 cells as previously described
(18), and male C57BL6/J mice were implanted with 5.0 X 10° LLC cells into the dorsal
subcutis of the right flank. About 30-35 days after the injections, PC-3 or LLC cells
induced anorexia in mice. Four days after the onset of anorexia, the mice were killed, the

hypothalamic tissue was excised and mice were weighed with and without tumor.
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Walker-256 tumor cells were obtained from the ascitic fluid of the peritoneal cavity
of Wistar rats, 5 days after the intraperitoneal injection of 20 x 10° carcinoma cells. After
cell harvesting, the percentage of viable cells was determined by using 1% Trypan blue
solution in a Neubauer chamber. Tumor cells (2 x 10° cells in 1 mL saline solution) were
injected in the right flank after the surgical implantation of the intracerebroventricular

(i.c.v.) cannula.

Definition of cancer anorexia and treatments

Each animal’s individual baseline 24-h food intake was defined as the average daily
food intake over a period of 3 consecutives days. Subsequent food intake data are expressed
as individual percentages and baseline daily food intake. In tumor-bearing animals, cancer
anorexia was defined as a single value of less than 70% of baseline occurring after a steady

decline of at least 3 days duration, as previously described (19).

Intracerebroventricular treatments

When criteria for anorexia had been met, tumor-bearing animals were daily treated
with i.c.v. injection (2 ul bolus injection), anti-IL-1 antibody (25ng), Infliximab (0.3 pg)
or its vehicles. These treatments were performed for 4 days before Western blot and
cumulative food intake analysis and the daily chronic treatment were conducted for survival
curve determination. Water intake was not altered by these treatments, compared with the

respective control group (data not shown).

Control rats were acutely injected with i.c.v. (2 pul bolus injection) of recombinant

IL-1B (2.5ng) or TNF-q. (10'6M) or vehicle at 18:00h and the hypothalamus was obtained 0,
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I, 3 and 6 hours after each injection for Western blot analysis and food intake was

measured 24-hours later.

For insulin and leptin sensitivity, hypothalami samples were obtained 15 minutes

after insulin (200mU) or leptin (10'6M) infusion.

Dissection of the hypothalamic regions

Rats were killed by decapitation and hypothalamic nuclei were quickly dissected
and frozen in liquid nitrogen. Later on, each region of the hypothalamus was dissected from
I mm thick sagittal sections of fresh brain. PVH, ARH, and VMH plus DMH were
dissected from the first sections from the midline of the brain, and LH was dissected from
the next lateral sections. Coordinates for each hypothalamic region are as follows; PVH:
square area with anterior margin (posterior region of anterior commisure), dorsal margin
(border with thalamus), ventral margin, and posterior margin (white matter separating
PVH/anterior hypothalamus and VMH/DMH); VMH plus DMH: triangular area with
anterior margin (white matter separating PVH/anterior hypothalamus and VMH/DMH),
posterior margin (border with mammilary body), and ventral margin (border with ARH);
ARH: ventral part of the medial hypothalamus with anterior and dorsal margin and

posterior margin (border with mammilary body).

Physiological and metabolic parameters

After 6 h of fasting, the animals, tumors and epididymal fat were weighted. RIA

was used to measure serum insulin, according to a previous description (20). Leptin
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concentrations were determined using a commercially available ELISA kit (Crystal Chem

Inc., Chicago, IL).

Morphological analysis of brown adipose tissue.

Brown adipose tissue (BAT) depots were fixed by immersion in 4% formaldehyde
in 0.1 mM phosphate buffer, pH 7.4, dehydrated, cleared, and then embedded in paraffin.
Serial sections (5.0 um thick) were obtained and then stained by hematoxylin and eosin to

assess the morphology by light microscopy.

Body composition determination.

The carcass (without the gastrointestinal tract) was weighed and stored at —20°C for
analysis of body composition. Carcass water was determined as the difference between the
dry and wet weights. Total fat was extracted with petroleum ether using a Soxhlet

apparatus. The carcass without fat was dried to determine the lean mass.

Proinflammatory-cytokine determination

Cytokine levels (IL-1f and TNF-a) were determined in samples of hypothalamic
protein extracts (2.0 mg/ml) as well as serum TNF- o using ELISA kits (Pierce Endogen,

Rockford, IL), according to the manufacturer’s instructions.

Phosphorthioate-modified oligonucleotide treatment

The sequences of sense and antisense (ASO) phosphorthioate oligonucleotides,

specific for PTP1B (sense, 5'-AAA GTG CTG TTG G-3' and antisense, 5'-CCA ACA GCA
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CTT T-3'"), were selected among three unrelated pairs of oligonucleotides on the basis of
their ability to block PTPIB protein expression, as evaluated by immunoblotting total
protein extracts of hypothalamus using specific anti-PTP1B antibodies. The antisense
oligonucleotide sequences were submitted to BLAST analyses (www.ncbi.nlm.nih.gov)
and matched only for the Rattus norvegicus PTP1B coding sequence. Control and tumor-
bearing rats were cannulated, housed in individual cages and treated with sense
oligonucleotide (PTP1B-Sense) or PTP1B antisense oligonucleotide (PTP1B-ASO). Sense
and antisense PTP1B oligonucleotides were diluted in TE buffer (10 mM Tris-HCI, 1 mM
EDTA) and treatment was achieved by icv infusions, twice a day (0800 h/1800 h) with a
total vol. of 2.0 ul/ dose (4.0 nmol/ul) for 4 days and the hypothalamus was excised 4 hours
after the last injection. In tumor-bearing rats, the treatment was administered twice a day

when the criteria of anorexia had been met.

Protein tyrosine phosphatase activity assay

The hypothalami were removed and homogenized in the solubilization buffer
containing (mm): Tris 20 (pH 7.6), EDTA 5, PMSF 2, EGTA 1 and NaCl 130, and 0.1 mg
aprotinin ml-1 and 1% Triton X-100. The lysates were centrifuged (15 000 g for 25 min at
4°C) and the supernatants were collected for immunoprecipitation. Immunoprecipitates
were washed in PTP assay buffer containing (mm): Hepes 100 (pH 7.6), EDTA 2, DTT 1
and NaCl 150, and 0.5 mg ml-1 bovine serum albumin. The pp60c-src C-terminal
phosphoregulatory peptide (TSTEPQpYQPGENL; Biomol) was added to a final
concentration of 200 um in a total reaction volume of 60 pl in a PTP assay buffer for the

immunoprecipitation. The reaction was then allowed to proceed for 1 h at 30°C. At the end

42



of the reaction, 40 pl aliquots were placed into a 96-well plate, 100 pul Biomol Green

reagent (Biomol) was added, and absorbance was measured at 630 nm.

Confocal microscopy

Paraformaldehyde-fixed hypothalami were sectioned (5 um). The sections were
obtained from the hypothalami of six rats per group in the same localization (antero-
posterior = —1.78 from bregma) and used for regular single- or double-immunofluorescence
staining using DAPI, anti-PTP1B, anti-IL-1p receptor, anti-TNF-o receptor, Jak2 and
STAT3 (1:200; Santa Cruz Biotechnology) antibodies, according to a previously described
protocol (21). Analysis and photodocumentation of results were performed using a LSM
510 laser confocal microscope (Zeiss, Jena, Germany). The anatomical correlations were

made according to the landmarks given in a stereotaxic atlas.

Immunoblotting

Four days after the respective treatments, animals 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. Samples from liver, gastrocnemius muscle and BAT
were obtained, thereafter, rats were killed and the basal diencephalon, including the
preoptic area and the hypothalamus, was removed at the time points indicated, minced
coarsely, and homogenized immediately in solubilization buffer containing (mM) 100 Tris
(pH 7.6), 1% Triton X-100, 10 Na3VO4, 100 NaF, 10 Na4P207, 4 EDTA, 150 NaCl, 0.1
mg aprotinin, and 35 mg phenylmethylsulfonyl fluoride per milliliter, using a polytron PTA

20S generator (model PT 10/35; Brinkmann Instruments, Westbury, NY) operated at
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maximum speed for 30 seconds and clarified by centrifugation. Hypothalami (200 pg
protein) were used for immunoblotting followed by Western blot analysis with the
indicated antibodies. Blots were exposed to preflashed XAR film (Kodak, Rochester, NY)
with Cronex Lightning Plus intensifying screens at —80° C for 1248 h. Band intensities
were quantitated by optical densitometry (Scion Image software; Scion Corp., Frederick,

MD).

Statistical analysis

The survival curves were estimated using Kaplan-Meier’s estimates, and curves
were compared using the log-rank test and the level of significance was set at P < 0.001.
Where appropriate, results are expressed as the means * SEM, accompanied by the
indicated number of rats used in experiments. Comparisons among groups were made using
parametric one-way ANOVA; where F ratios were significant, further comparisons were
made using the Bonferroni test. The level of significance was set at P < 0.05. The results of
blots are presented as direct comparisons of bands in autoradiographs and quantified by

densitometry.
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RESULTS

Down regulation of hypothalamic PTP1B expression during cancer-induced

anorexia in rats.

To evaluate the hypothalamic PTP1B expression during cancer induced-anorexia,
Walker-256 tumor cells (W-256) were injected in the subcutaneous tissue of male wistar
rats and induced to severe anorexia (Figures 1A), decreasing the cumulative food intake
during by 75% four days after the onset of anorexia (Figure 1B) and weight loss (Figure
1C), and reducing fat and lean mass, by 50 and 35%, respectively (Figure 1D). In addition,
we determined the energy expenditure by monitoring the brown adipose tissue (BAT)
profile in control and tumor-bearing rats. The macroscopic characteristics of BAT were
clearly modified four days after the onset of anorexia. Its reddish color was more intense
(Figure 1E) and its relative mass was significantly increased (Figure 1F) in the W-256
group. Under light microscopy examination, the fat droplets were reduced and nuclei were
more densely distributed, suggesting a reduction in mean cell size (Figure 1G). The
Western blot assay revealed that the expression of UCP1, a key protein involved in BAT
thermogenesis, was increased in BAT obtained from W-256 group (Figure 1 H). In
addition, the expression of PGCla, an important protein involved in the mitochondrial

biogenesis was increased in the BAT of W-256 group (Figure 1H).

Using Western blotting and protein tyrosine phosphatase assays, we observed that
PTP1B expression and activity were reduced by 65 and 62%, respectively, in the
hypothalami samples obtained from the W-256 group at four days after the onset of

anorexia (Figures 11 and J). Consistent with a decreased PTP1B activity, hypothalamic
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Jak/STAT signaling was increased in the W-256 group, as indicated by Jak2 and STAT3
tyrosine phosphorylation (Figure 1 K). We also observed that the expression of other
negative modulators of leptin signaling, such as, SH-PTP2 and SOCS3, were not altered in

the hypothalamus of anorectic rats (Figure Supplementary 1A).

Thereafter, the accuracy of the dissection of the hypothalamus was assessed by
measuring the expression of PTP1B in specific hypothalamic nuclei. We observed abundant
PTP1B expression in the arcuate nucleus when compared to DMH/VMH, PVN and LH I
control rats (Figure 1L). Thus, we examined PTP1B expression and activation of Jak/STAT
signaling in the arcuate nuclei of control and anorectic rats. Figure 1M shows that PTP1B
expression was reduced and Jak2 and STAT3 tyrosine phosphorylation were increased in
the arcuate nuclei of the W-256 group, when compared to the control (Figure 1M). In
addition, immunohistochemistry with anti-PTP1B-specific antibody showed that PTPIB is
expressed in the majority of neurons in the arcuate nuclei of control animals (Figure 1N-left
panel). Double-staining confocal microscopy showed that most neurons expressing PTP1B
in the arcuate nucleus were shown to possess Jak2 and STAT3 in control rats (Figure 1N-

right panel).

Neuronal PTP1B expression is reduced in different models of cancer-induced

anorexia.

To extend our hypothesis, we investigated hypothalamic PTP1B expression in other
models of cancer-induced anorexia. Lewis lung carcinoma (LLC) and human prostate
cancer (PC3) cell were injected in the subcutaneous of C57BL6/J and SCID mice,

respectively. LLC and PC-3 induced anorexia and cachexia, reducing the cumulative food
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intake (Figures 2A and E) and inducing weight loss (Figure 2B and F) in these mice. As
observed in Wistar rats with Walker tumor, hypothalamic expression of PTPIB was
reduced in LLC and PC-3 injected mice by about 50 and 35%, respectively, compared to
the control group (Figure 2C and G). The statuses of Jak2 and STAT3 tyrosine
phosphorylation were higher in the hypothalamus of both strains of mice during the
anorexia period when compared to control animals (Figures 1D and H). The hypothalamic
expressions of SH-PTP2 and SOCS3 were similar between tumor-bearing mice, when
compared to respective control groups (Figure Supplementary 1B and C). These data
indicated that hypothalamic PTP1B expression was reduced in different models of cancer-

induced anorexia.

Up regulation of insulin and leptin sensitivity in the hypothalamus of rats during

cancer-induced anorexia.

We next evaluate whether the reduction of hypothalamic PTP1B during anorexia
modulates central insulin and leptin signaling, four days after the onset of anorexia, tumor-
bearing rats and the respective control group were fasted during six hours and injected with
insulin (200 mU) or leptin (10'6 M) or vehicle into the third ventricle and the hypothalamus
were removed then fifteen minutes after each injection. Hypothalami samples from insulin
or vehicle-treated rats were submitted to Western blot analysis. Insulin, induced increases
in IRPB and IRS-1 tyrosine phosphorylation and Akt and Foxol serine phosphorylation in
hypothalamus from both control and anorectic rats, but the levels of IR and IRS-1 tyrosine
phosphorylation and Akt and Foxol serine phosphorylation were ~ 50% higher in the

hypothalamus of rats during anorexia, when compared to control animals injected with
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insulin (Figure 3 A-D- upper panels). The expressions of IRP, IRS-1, Akt and Foxol were

similar between the groups (Figure 3 A-D- lower panels).

Leptin, induced increases in Jak2 and STAT3 tyrosine phosphorylation in
hypothalamus from both control and anorectic rats, but the levels of Jak2 and STAT3
tyrosine phosphorylation were 55 and 50% higher, respectively, in the hypothalamus of rats
during anorexia, when compared to control animals injected with leptin (Figure 3 E and F-
upper panels). The expressions of Jak2 and STAT3 were similar between the groups

(Figure 3 E and F- lower panels).

Interestingly, the serum levels of fasting insulin and leptin were drastically reduced

in tumor-bearing rats, when compared to control rats (Figures 3G and H).

Central inflammation modulates PTP1B activity.

Several studies have shown that proinflammatory cytokines such as IL-1f3 and TNF-
o are involved in the anorectic response during cancer-induced anorexia (19, 22-24). Thus,
we investigated the role of the inflammatory response in PTP1B activity, insulin and leptin
sensitivity and food intake in tumor-bearing rats. Four days after anorexia onset, we found
high levels of TNF-a and IL-f3 in the hypothalamus of the W-256 group (Figure 4A and
Supplementary Figure 2A). We tested whether the inhibition of TNF-ot modulates PTP1B
activity and insulin and leptin signaling. After the onset of anorexia had been met, the
specific TNF-a inhibitor, Infliximab (0.6 pg) or its vehicle were injected into third cerebral
ventricle of tumor-rearing rats during 4 days. The Infliximab treatment was able to increase

the PTP1B protein expression (48%) and PTP1B activity (28%) in the hypothalamus of the
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W-256 group when compared to the W-256 group treated with vehicle (Figures 4B and C).
Infliximab treatment also reduced the Jak2 and STAT3 tyrosine phosphorylation in the
hypothalamus of rats bearing the W-256 tumor, whereas, this treatment did not change the
Jak/STAT signaling in control animals (Figure 4 D). Moreover, insulin and leptin
sensitivity were reduced by about 60% in the hypothalamus of tumor-bearing rats after
Infliximab treatment, as detected by Akt serine and STAT3 tyrosine phosphorylation after
insulin or leptin intrahypothalamic infusion, respectively (Figures E and F). Infliximab
treatment also increased the cumulative food intake (49%) and body weight (18%) in the

W-256 group (Figures 4G and H).

We also performed a chronic Infliximab treatment to evaluate the survival in tumor-
bearing rats. As shown in the Kaplan-Maier graphs, a daily intrahypothalamic infusion of
Infliximab statistically prolonged the survival in the W-256 group when compared to the
vehicle treatment, whereas, the median survival of the W-256 group treated with vehicle
was 7.5 days, while the median survival of the W-256 group treated with Infliximab was 10

days (p<0.0214) (Figure 4I).

Additionally, intrahypothalamic treatment with the anti-IL-1B antibody increased
the expression and activity of neuronal PTP1B, reduced the Jak2 and STAT3 tyrosine
phosphorylation in the hypothalamus, reduced the insulin and leptin signaling and
increased the food intake and body weight and survival in tumor-bearing rats by the same

magnitude as that promoted by Infliximab treatment (Supplementary Figures 2B-I).

To further investigate the isolated roles of TNF-ot and IL-1f in PTP1B activity, we

injected recombinant TNF-o or IL-1p into the third cerebral ventricle of control rats. As
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expected, acute intrahypothalamic infusion of recombinant TNF-o (10° M) reduced the
food intake in control rats (Figure 5A). In addition, we observed that central infusion of
recombinant TNF-o reduced PTP1B expression in a time-dependent manner and,
conversely, the STAT3 tyrosine phosphorylation increased in a time-dependent manner
after TNF-a infusion (Figure 5B). We also observed that recombinant TNF-a infusion into
the hypothalamus of control rats increased the anorexigenic effects mediated by insulin or
leptin (Figures 5C and D)and increased the insulin and leptin sensitivity, as determined by
Akt and STAT3 tyrosine phosphorylation (Figures SE and F). Similar results were found

when we injected recombinant IL-1B (5.0 ng) (Figure Supplementary 3A-F).

Despite the high levels of PTP1B in the arcuate nucleus, we sought to determine
whether the IL-1 receptor (IL-1R) and the TNF receptor (TNFR) are co-localized with
PTP1B in the arcuate nucleus in control animals. Figure 5G shows that both IL-1R and

TNFR, are localized in the same specific neuronal subtypes that possess PTP1B.

Neuronal PTP1B disruption evokes anorexia, weight loss and death in control

rats.

Next, we sought to investigate whether the reduction of hypothalamic PTP1B
expression modulates the food intake and body weight, independently of tumor
development. We generated a selective, transient reduction in PTP1B by intrahypothalamic
infusion of an antisense oligonucleotide (ASOPTP1B) designed to blunt the expression of
PTP1B in rat hypothalamic areas surrounding the third ventricle in control rats. Two daily
doses of ASOPTPI1B during 4 days reduced hypothalamic PTP1B expression in a dose-

dependent manner (Figure 6A). The treatment with ASOPTP1B (4.0 nM) during 4 days did
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not change PTP1B expression in other brain areas such as cortex and cerebellum and did
not affect the PTP1B expression in peripheral tissues such as, skeletal muscle and hepatic
tissue (Figure 6B). Intrahypothalamic ASOPTP1B treatment also reduced the hypothalamic
PTPIB activity (60%) when compared to sense treatment (Figure 6C). Furthermore, we
observed that the intrahypothalamic infusion of ASOPTPIB activated Jak/STAT signaling
in animals (Figure 6D). We did not observe differences in the expression of SOCS3 and
SH-PTP2 in the hypothalamus after ASOPTP1B treatment (Figure 6E). In addition,
although ASOPTPIB treatment reduced the serum levels of insulin and leptin, we observed
an increased insulin and leptin sensitivity in the hypothalamus (Supplementary Figure 4A-

H).

Next, we examined the effects of the disruption of hypothalamic PTP1B, mediated
by central ASOPTPI1B treatment, on food intake and body weight. ASOPTP1B treatment
dramatically reduced the food intake in control rats (Figures 6F), reducing the cumulative
food intake by about 75%, when compared to sense treatment (Figure 6G). We found that
wistar rats presented severe anorexia during treatment with ASOPTPI1B, but rapidly
recovered food consumption after the termination of the treatment (Figure 6F), indicating
that ASOPTPIB does not induces a persistent state of anorexia. Four days of ASOPTP1B
treatment were sufficient to induces weight loss (Figure 6H), reducing fat and lean mass by
55 and 30%, respectively, in control rats (Figure 6I). The macroscopic characteristics of
BAT were modified four days after the ASOPTPIB treatment. Its reddish color was more
intense (Figure 6J) and its relative mass was significantly increased (Figure 6K) in
ASOPTPIB treated animals. Under light microscopy examination, the fat droplets were

reduced and nuclei were more densely distributed, suggesting a reduction in mean cell size
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(Figure 6L). The Western blot assay revealed that the expression of UCP1 and PGCla was

increased in BAT obtained after intrahypothalamic ASOPTP1B treatment (Figure 6M).

Thereafter, we examined the effects of chronic ASOPTP1B treatment in control
rats. Interestingly, we found that chronic ASOPTPI1B treatment induced death in control

animals, whereas the survival median was 6 days (Figure 6N).

ICV anti-inflammatory treatments require hypothalamic PTP1B expression to

increase food intake and lifespan in tumor-bearing rats.

Next, we investigate whether the anti-inflammatory approaches to restoring food
intake in tumor-bearing animals are dependent on PTPIB expression. To address this
question, we injected anti-IL-1 antibody or Infliximab during cancer-induced anorexia at
the same time that we forced low levels of hypothalamic PTPIB using daily
intrahypothalamic ASOPTPIB injections in control animals. While intrahypothalamic
infusion of anti-IL-1pB antibody increased the cumulative food intake and reduced STAT3
tyrosine phosphorylation in the hypothalamus of tumor-bearing rats, the treatment with
ASOPTPIB blunted all these effects mediated by anti-IL-1f antibody treatment (Figures
7A and B). In addition, the treatment with anti-IL-1f antibody did not increase the lifespan
in W-256 group during ASOPTP1B treatment, p=0.756 (Figures 7C). Similar results were
found during central infusion of Infliximab (Figures 7D-F). These results indicate that the

anti-inflammatory strategies to restore food intake are dependent upon the increase in

PTPI1B hypothalamic levels.
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DISCUSSION

Approximately 80% of cancer patients at advanced stages of the disease suffer from
anorexia, which leads to significant weight loss and progressive cachexia, an important
factor that contributes to death. Cancer anorexia may be a result of an imbalance between
orexigenic signals and anorexigenic signals into the hypothalamus (25). It has been
postulated that hypothalamic PTP1B, a negative regulator of insulin and leptin signaling,
modulates food intake and energy expenditure in control and obese animals (7, 8, 15). In
the present study, we expand the knowledge of these data, showing that PTP1B is a crucial
phosphatase that regulates the aberrant anorexigenic signal in different models of cancer-

induced anorexia.

In recent years genetic and biochemical evidences have shown an important activity
of PTPIB as a negative regulator of tyrosine phosphorylation of the main components of
the insulin and leptin pathway signaling. Several studies have examined the PTP1B
expression in rodents and humans with insulin resistance, diabetes and obesity and many
reports have shown increased expression and/or activity of PTP1B in these states (13, 26,
27). Conversely, our data demonstrate that, during anorexia, PTPIB expression was
markedly reduced in the hypothalamus of rodents, increasing STAT3 tyrosine
phosphorylation and central insulin and leptin sensitivity and energy expenditure. Our data
show that different tumor cell xenografts in the subcutaneous of rodents induced severe
anorexia, weight loss and death, in parallel; we observed an expressive down regulation of
hypothalamic PTP1B expression and activity. This finding is consistent with the increase of
hypothalamic insulin and leptin sensitivity, and even low levels of serum insulin and leptin

in anorectic animals are able to regulate the food intake in a low magnitude hypothalamic

53



set point. The increased leptin sensitivity in the hypothalamus may help to understand why
circulating concentrations of leptin are inversely related with the inflammatory response
and depend only on the total amount of fat in anorectic patients, despite the decreased food

intake observed in these individuals (28-30).

Amounting evidence has shown that central infusion of pro-inflammatory cytokines
induces anorexia and weight loss in rodents (23, 24, 31). Interestingly, in the present study,
we observed that by blocking TNF-a or IL1-B in the central nervous system, PTP1B
expression and activity was restored, decreasing STAT3 phosphorylation, and increasing
food intake and body weight in anorectic rats. Furthermore, the infusion of recombinant IL-
1B or TNF-a decreased PTP1B expression and increased the anorexigenic effects of
insulin and leptin. These data demonstrate that the inflammatory response observed in
tumor-bearing animals modulates the hypothalamic PTP1B activity. Conversely, some
studies have suggested that inflammation up-regulates PTP1B expression in the
hypothalamus; thus, in these studies, low doses of TNF o increase PTP1B mRNA and
protein levels and induce insulin and leptin resistance (32, 33). Pro-inflammatory signaling
in the hypothalamus play a dual role in the control of feeding and thermogenesis, in some
cases promoting anorexia and catabolism (1, 34) and in other cases precipitating
hyperphagia and obesity (35, 36), and in both cases PTP1B has a central role. Thus, PTP1B
plays a crucial role in the control of food intake during hyperphagic or anorectic response,
but the signaling network that the pro-inflammatory molecules use to control PTP1B

expression remains unsolved and deserves further investigations.
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In cachexia, both the reduction in caloric intake and the increase in energy
expenditure, mostly due to increased thermogenesis, act in synergy to accelerate body mass
depletion. Weight loss in cancer patients is due to a dramatic reduction in total body fat and
an important skeletal muscle wasting (37). Interestingly, the exclusive disruption of PTP1B
in the central nervous system was able to; induces anorexia, severe weight loss and death,
as observed in tumor-bearing animals. In accordance to our data, the neuronal PTP1B
knockout mice, shows reduced food consumption, weight and adiposity, and increased
energy expenditure (7), however these animals are viable suggesting that PTP1B knockout
mice develops alternative pathways that counter-balance the potent effect of hypothalamic
PTPIB blockade. In line with this idea our data show that; Firstly, intrahypothalamic
PTPIB blockade increased energy expenditure in control animals, as determined by BAT
analysis, reduced fat mass. Secondly, as previously demonstrated, and by a similar fashion
to tumor-bearing animals we also observed an increased insulin and leptin sensitivity in the
hypothalamus submitted to PTP1B knockdown (8). Finally, we observed that different
anorexigenic cytokines converge their signals to PTP1B, since the use of anti-inflammatory

agents failed to increase the food intake during central PTP1B knockdown.

Traditionally, the lean body mass loss observed during cachexia has been
considered to be dependent on humoral factors, including pro-inflammatory cytokines.
Surprisingly, we observed that neuronal PTP1B disruption reduced the lean weight in
control animals in a similar magnitude as observed in tumor-bearing rats. These data are in
accordance with Wisse and colleagues that showed that reduction of food intake by LPS

administration depends upon central, rather than peripheral inflammatory signals (38).
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Thus, altogether these data suggest a direct role of the central nervous system in the control

of lean mass.

In summary, our data provide important insights into the control of food intake
during anorexia. Decreased PTP1B expression in the CNS during anorexia, despite a
reduction in fuel and nutrients, could produce a reduction in nutrient intake, at the level of
stored fat and lean mass. These findings support the hypothesis that PTP1B links the central

inflammation and anorexigenic signals during cancer-induced anorexia.
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FIGURE LEGENDS

Figure 1. PTP1B expression in the hypothalamus of control and tumor-bearing rats.
Walker-256 tumor cells (20 x 106) were injected in to the subcutaneous of wistar rats to
evaluate food intake, body weight, energy expenditure and hypothalamic PTP1B
expression. (A) Curve of food intake (B) cumulative food intake four days after the onset of
anorexia. (C) Total body weight (excluding the tumor). (D) Body weight composition. (E)
Typical BAT macroscopic features from right portion, representative of 5 independent
experiments. (F) Total BAT mass/whole body mass. (G) Histological analysis of BAT
stained with hematoxilin and eosin. (H) UCP1 and PGCla expression from BAT samples.
(I) Hypothalamic PTPIB expression, representative Western blot of 4 independent
experiments. (J) PTPase activity in PTP1B immunoprecipitates from hypothalamic
samples. (K) Hypothalamic Jak2 and STAT3 tyrosine phosphorylation. (L) PTP1B
expression in the medio basal, lateral hypothalamus and cortex in control rats. (M) PTP1B
expression and Jak2 and STATS3 tyrosine phosphorylation in the arcuate nucleus from
control and anorectic rats. (N) Confocal microscopy was performed using anti-PTP1B-
specific antibody (green) and DAPI (blue), with 50x magnification (left panel) and co-
localization of PTP1B (green) and Jak2 and STAT3 (red) in the arcuate nuclei of control
rats, with 200x magnification. Bars represent means £ S.E.M. of n = 6-8 rats. *P < 0.05,

versus control rats and #P < 0.05, versus DMH/VMH, PVN and LH.

Figure 2. Reduced hypothalamic PTP1B expression in different models of cancer-
induced anorexia. Male C57BL6/J and SCID mice were implanted with 5.0 x 10° LLC
cells or 1.0 x 10° PC-3 cells, respectively into the dorsal subcutis of right flank. (A and E)

cumulative food intake four days after the onset of anorexia. (B and F) Total body weight
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(excluding the tumor). (C and G) Hypothalamic PTP1B expression, representative of 4
independent experiments (n=5). (D and H) Hypothalamic Jak2 and STAT3 tyrosine
phosphorylation. Bars represent means + S.E.M. of n = 6—8 mice. *P < 0.05, versus control

mice.

Figure 3. Hypothalamic insulin and leptin sensitivity during cancer-induced anorexia.
Four days after onset of anorexia, hypothalamic extract from tumor-bearing and control rats
were obtained 15 minutes after i.c.v. insulin or leptin infusion. Tissue extracts were
immunoblotted (IB) with specific antibodies to evaluate the levels of (A) IR, (B) IRSI,
(C) Akt (D) Foxol (E) Jak2 and (F) STAT3 phosphorylation. (G) Fasting insulin and (H)
leptin levels. The results of scanning densitometry were expressed as arbitrary units. Bars

represent means + S.E.M. of n = 6-8 rats. *P < 0.05, versus control rats.

Figure 4. The effects of Infliximab on hypothalamic PTP1B activity in tumor-bearing
rats. (A) Hypothalamic levels of TNF-a in control and tumor-bearing rats during cancer-
induced anorexia period. The effects of daily intrahypothalamic treatment with Infliximab
(0.6 ng) on (B) hypothalamic PTPIB protein expression and (C) protein tyrosine
phosphatase activity of PTP1B. (D) Hypothalamic extracts from tumor-bearing and control
rats were obtained at 60 minutes after the last infusion of Infliximab to evaluate Jak2 and
STATS3 tyrosine phosphorylation. (E and F) One hour after the last infusion of rabbit pre-
immune serum (RPIS) or Infliximab, tumor-bearing rats received intrahypothalamic
infusion of insulin or leptin for evaluation of hypothalamic Akt and STAT3
phosphorylation, respectively. (G) Cumulative food intake and (H) body weight of control

and tumor-bearing rats during cancer-induced anorexia period after RPIS or Infliximab
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treatment. (I) Representative survival curves demonstrating the effect of chronic
administration of central Infliximab treatment on the life span of tumor-bearing animals.
The survival curves were estimated using Kaplan-Meier’s estimates, and curves were
compared using the log-rank test, P = 0.0214 (n = 10). Bars represent means + S.E.M. of n

= 6-8 rats. *P < 0.05, versus control rats and #P < 0.05, versus W-256 plus vehicle.

Figure 5. The effects of TNF-a on PTP1B activity and insulin and leptin sensitivity in
the hypothalami of control animals. (A) Effects of intrahypothalamic infusion of
recombinant TNF-o (10'6 M) on food intake in control animals. (B) Time-course
representing STAT3 tyrosine phosphorylation and PTP1B expression in the hypothalamus
of control rats injected with recombinant TNF-o . (C and D) Food intake was determined
after central TNF-at infusion plus insulin or leptin in control animals. (E and F) Three hours
after TNF-o infusion, insulin or leptin was injected for evaluation of Akt and STAT3
phosphorylation, respectively. The results of scanning densitometry were expressed as
arbitrary units. Bars represent means + S.E.M. of n = 5-6 animals. *P < 0.05, versus
control animals and § P < 0.05, versus pSTAT3. (G) Confocal microscopy was performed
using anti-PTP1B-specific antibody (green) and DAPI (blue), with 50x magnification (left
panel) and co-localization of PTP1B (green) and TNFR and IL-1R (red) in the arcuate

nuclei of control rats, with 200x magnification.

Figure 6. Effects of intrahypothalamic infusion of ASOPTP1B in control rats.
Antisense oligonucleotide (ASOPTP1B) designed to blunt the hypothalamic expression of
PTP1B of control rats. (A) Dose course (0.5-1.0 nM) of ASOPTPIB on hypothalamic

PTPIB expression (B) PTP1B expression in different tissues after intrahypothalamic
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infusion of ASOPTPIB. (C) PTPase activity in PTP1B immunoprecipitates from
hypothalamic samples. (D) Hypothalamic Jak2 and STAT3 tyrosine phosphorylation. (E)
Hypothalamic SOCS3 and SH-PTP2 protein expression after ASOPTP1B infusion. (F)
Food intake during ASOPTPIB infusion. (G) Cumulative food intake during four days of
ASOPTPIB treatment. (H) Total body weight. (I) Body weight composition. (J) Typical
BAT macroscopic features from right portion, representative of 5 independent experiments.
(K) Total BAT mass/whole body mass. (L) Histological analysis of BAT stained with
hematoxilin and eosin. (M) UCP1 and PGCla expression from BAT samples after sense or
ASOPTPIB treatments. Bars represent means = S.E.M. of n = 6-8 rats. *P < (.05, versus
control rats. (N) Representative survival curves demonstrating the effect of chronic
administration of sense and ASOPTP1B treatments on life span of control animals. The
survival curves were estimated using Kaplan-Meier’s estimates, and curves were compared

using the log-rank test, P < 0.0001 versus sense treatment (n = 10).

Figure 7. Anti-inflammatory strategies require hypothalamic PTP1B expression to
reverse anorexia. Antisense oligonucleotide (ASOPTP1B) and anti-IL-1f antibody or
Infliximab were injected in the hypothalamus after anorexia onset, in tumor-bearing
animals. (A) Cumulative food intake during four days of ASOPTP1B (4.0 nM) and/or anti-
IL-1p antibody (50 ng) treatments. (B) Hypothalamic STAT3 tyrosine phosphorylation. (C)
Representative survival curves demonstrating the effect of chronic administration of anti-
IL-1B or anti-IL-1B plus ASOPTPIB treatments on life span of tumor-bearing animals,
p=0.756, n = 10. (D) Cumulative food intake during four days of ASOPTPIB (4.0 nM)
and/or Infliximab (0.6 pg) treatments. (E) Hypothalamic STAT3 tyrosine phosphorylation.

Bars represent means =+ S.EIM. of n = 5-6 rats. *P < 0.05, versus control rats. (F)
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Representative survival curves demonstrating the effect of chronic administration of
Infliximab and Infliximab plus ASOPTPIB on life span of tumor-bearing animals,
p=0.427, n = 10. The survival curves were estimated using Kaplan-Meier’s estimates, and

curves were compared using the log-rank test.
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Figure 3
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Figure 4
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Figure 6
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Figure 7
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Supplementary Figures 1

[Control | W-256 |

lB:sHPTP2 [ e:sHpe2 e

Wistar C57BL6/J SCID

Supplementary Figure 1. SOCS3 and SH-PTP2 expression in the hypothalamus of anorectic
rodents. (A) Hypothalamic SOCS3 and SH-PTP2 expression, in Walker-256 tumor-bearing rats. (B) Male
C57BL6/] mice were implanted with 5.0 x 10° LLC cells into the dorsal subcutis and hypothalami samples were
removed to evaluation of SOCS3 and SH-PTP2 expression. (C) Male SCID mice were implanted with 1.0 x 10°

PC-3 cells into the dorsal subcutis and hypothalami samples were removed to evaluation of SOCS3 and SH-

PTP2 expression.
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Supplementary Figures 2
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Supplementary Figure 2. The effects of anti-IL-1 antibody on hypothalamic PTP1B activity in tumor-
bearing rats. (A) Hypothalamic levels of TNF-a in control and tumor-bearing rats during cancer-induced
anorexia period. The effects of daily i.c.v. treatment with anti-IL-1p antibody (50 ng) on (B) hypothalamic
PTP1B protein expression and (C) Protein tyrosine phosphatase activity of PTP1B. (D) Hypothalamic
extract from tumor-bearing and control rats were obtained 60 minutes after the last i.c.v. anti-IL-1f antibody
infusion to evaluate Jak2 and STAT3 tyrosine phosphorylation. (E and F) One hour after the last i.c.v. rabbit
pre-immune serum (RPIS) or anti-IL-1p antibody infusion, tumor-bearing rats received i.c.v. insulin or
leptin infusion to evaluation of hypothalamic Akt and STAT3 phosphorylation, respectively. (G) Cumulative
food intake and (H) body weight of control and tumor-bearing rats during cancer-induced anorexia period
after RPIS or anti-IL-1p antibody treatment. (I) Representative survival curves demonstrating the effect of

chronic administration of anti-IL-1f antibody on life span of tumor bearing-animals. The survival curves
were estimated using Kaplan-Meier's estimates, and curves were compared using the log-rank test, P <
0.001 (n=10).
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Supplementary Figures 3
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Supplementary Figure 3. The effects of IL-1b on PTP1B activity and insulin and leptin sensitivity in
hypothalamus of control animals. (A) Effects of i.c.v. infusion of recombinant IL-13 (5.0 ng) infusion
on food intake in control animals. (B) Time-course representing STAT3 tyrosine phosphorylation and
PTP1 expression in the hypothalamus of control rats injected with recombinant IL-1f . (C and D) Food
intake was determine after i.c.v. IL-1f infusion plus insulin or leptin in control animals. (E and F) Three
hours after IL-1p infusion, insulin or leptin was injected to evaluation of Akt and STAT3 phosphorylation,
respectively. The results of scanning densitometry were expressed as arbitrary units. Bars represent means
+ S.E.M. of n = 56 animals. *P < 0.05, versus control animals and §P < 0.05, versus pSTAT3.
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Supplementary Figure 4. Intrahypothalamic infusion of ASOPTP1B increase insulin and leptin
sensitivity in rats. Four days after ASOPTP1B (4.0nM) treatment, reduced serum insulin and leptin levels (A and
B) as determined by ELISA assays. hypothalamic extract were obtained 15 minutes after i.c.v. insulin or leptin
infusion. Tissue extracts were immunoblotted (IB) with specific antibodies to evaluate the levels of © IR, (D)

IRS1, (E) Akt (F) Foxol (G) Jak2 and (H) STAT3 phosphorylation. The results of scanning densitometry were

expressed as arbitrary units. Bars represent means + S.E.M. of n=68 rats. * P <0.05, versus control rats.
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4-CONCLUSAO



O presente estudo caracterizou as vias de transmissdo dos sinais de saciedade
promovidos pela insulina e pela leptina no hipotdlamo de roedores durante a anorexia
induzida pelo desenvolvimento tumoral e documentou a importancia da expressdo da
PTP1B neuronal no controle da anorexia. Demonstramos que as vias anorexigénicas
mediadas pela insulina e pela leptina no hipotdlamo estao hipersensiveis durante a anorexia
induzida por tumor em consequéncia da baixa expressio da PTPIB hipotalamica.
Evidenciamos ainda que a infusdo central de agentes antiinflamatérios como o anticorpo
anti-IL-1 B ou o Infliximab, foi capaz de restaurar a expressdo e a atividade PTP1B em
neurdnios, reduzindo a sensibilidade a insulina e a leptina, aumentando a ingestao
alimentar, peso corporal e de sobrevida em animais com tumor. Inversamente, a injecao
intracerebroventricular do recombinante da IL-1 3 ou do TNF-a reduziu a expressdo
PTP1B neuronal e aumentou a sinalizacdo anorexigénica modulada pela a insulina e pela
leptina em animais controle. Finalmente, infusdo central do oligonucleotideo antisense
contra a PTP1B (PTP1B ASO), provocou anorexia, perda de peso corporal severa e morte
em ratos controle. Assim, estes dados sugerem que a PTP1B neuronal € fosfatase chave
para o controle dos sinais anorexigénicos e representa um potencial alvo terapéutico para o

tratamento da anorexia em pacientes com cancer.
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5-ARTIGOS RELACIONADOS



O sistema nervoso central € responsdvel por perceber e identificar as condi¢des
ambientais externas, bem como as condi¢des reinantes dentro do proprio corpo e elaborar
respostas que adaptem a essas condi¢Oes, no intuito de manter a homeostase. Acredita-se
que ndao haja funcdo no organismo humano que, direta ou indiretamente, ndo seja
controlada pelo hipotdlamo (Cross, 1964) (The hypothalamus in mammalian homeostasis).
Desta forma, as fungdes hipotalamicas desempenham papel determinante para a
manutencio da saide. Dentre estas fungdes o controle da ingestdao alimentar tem sido o

principal alvo de investigac@o a mais de meio século.

Além do desenvolvimento tumoral outros distirbios metabdlicos podem interferir
diretamente no funcionamento do hipotdlamo e alterar sensivelmente a homeostase
energética. Dentre estes distirbios metabdlicos, destaca-se a obesidade. Diversos grupos
em todo o mundo se propuseram a entender como os hormonios, os nutrientes e a atividade

fisica estdo envolvidos no controle da ingestao alimentar.

Mediante a este cendrio, além do trabalho anteriormente apresentado, outros estudos
com base no controle da ingestdao alimentar mediado pelo hipotdlamo foram conduzidos
durante o periodo de doutoramento. A seguir, descrevo um breve resumo de cada trabalho,

bem como os artigos publicados na integra (em Apéndices).
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5.1- ARTIGO 2



Um extenso acumulado de evidéncias aponta que distirbios funcionais do
hipotdlamo participam de forma importante da génese da obesidade. Tais distirbios podem
em algumas circunstancias decorrer de defeitos genéticos que levam a expressdo andomala
de proteinas com fungdes centrais no controle da fome e da termogénese. Entretanto,
distirbios hipotalamicos gerados por fatores ambientais tém maior relevancia
epidemioldgica no desenvolvimento da obesidade.

Dentre as diversas vias de sinaliza¢do neuronais envolvidas no controle da ingestao
alimentar, as vias intracelulares moduladas pela insulina e pela leptina ganharam maior
destaque nos ultimos anos. Embora os mecanismos de transducdo dos sinais gerados pela
insulina e pela leptina sejam considerados complexos, parece haver um consenso de que
fatores de transcricdo como a forkhead transcriptional factor subfamily forkhead box O1
(Foxol), que participa da transmissdo do sinal insulinico, e a Signal Transducer and
Activator of Transcription-3 (STAT-3), que € proteina distal da via de sinalizacdo da
leptina, sdo moléculas importantes para o controle da fome e da saciedade em mamiferos.

Desta forma o trabalho intitulado “Inhibition of hypothalamic Foxol expression
reduced food intake in diet-induced obesity rats” publicado em 2009, foi conduzido em
modelo experimental de obesidade induzida por dieta e aponta que a inibicdo da Foxol em
neurdnios hipotalamicos € capaz de reduzir a ingestdo alimentar e o peso corporal em ratos
e desta forma representa um potencial alvo terapéutico para o combate a obesidade (artigo

APENDICE ).
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5.2- ARTIGO 3



Desde a teoria glicostatica de Mayer e a teoria lipostédtica de Kennedy, acreditava-se
que os nutrientes possuiam a capacidade de modular o apetite por agdes no sistema nervoso
central (Mayer et al., 1952; Christophe & Mayer, 1960; Hales & Kennedy, 1964). Estudos
desenvolvidos principalmente na tultima década revelaram que a glicose e 4cidos graxos
tém capacidade de modular a ingestdo alimentar através de redes neurais especificas
localizadas no hipotdlamo. No ano de 2006, Cota e colaboradores descreveram pela
primeira vez, que além da glicose e dos dcidos graxos, os aminodcidos também sinalizam
para o sistema nervoso central e controlam a ingestdo alimentar. Os autores demonstraram
que a proteina mammalian Target of Rapamycin (mTOR) € capaz de modular a ingestdo
alimentar integrando sinais hormonais (leptina) e nutricionais (leucina) no tecido

hipotalamico (Cota et al., 2006).

Mais recentemente, o estudo desenvolvido em nosso laboratério intitulado “A
central role for neuronal AMP-activated protein kinase (AMPK) and mammalian target of
rapamycin (mTOR) in high-protein diet-induced weight loss”, publicado em 2008 na revista
Diabetes, demonstrou que a via AMPK/mTOR ¢ sensibilizada pela dieta rica em proteinas,
e que a leucina € o principal aminodcido presente na dieta hiperproteica responséavel pela
modulacdo da via AMPK/mTOR no hipotdlamo. A inibicio da AMPK e a ativa¢do da
mTOR mediada pela leucina sdo essenciais para o controle da ingestdo alimentar e do peso
corporal, tanto em ratos normais como em modelo de camundongo diabético. Além disso,
este trabalho demonstra a estreita relacio existente entre a AMPK e a mTOR em neur6nios
contribuindo diretamente para o controle da homeostase energética, evidenciando a
capacidade de aminodcidos especificos em modular circuitos neuronais responsaveis pela
ingestdo alimentar. Esses achados ampliam as teorias criadas por Mayer e Kennedy,

colocando os aminodcidos como nutrientes centrais no controle da ingestdo alimentar

(APENDICE II).
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5.3- ARTIGO 4



A atividade fisica € uma das pedras angulares tanto na preven¢do como no
tratamento de doencas associadas a obesidade como diabetes tipo 2 e doencgas
cardiovasculares. O dispéndio energético proporcionado tanto por exercicios aerdbicos
como pelos exercicios resistidos € um dos fatores mais importantes na reducdo do peso
ponderal. No entanto, recentes evidéncias demonstram que além de proporcionar maior
gasto energético, a atividade fisica também é capaz de amplificar os sinais anorexigénicos
no hipotdlamo, contribuindo significativamente para a redug¢do da ingestdao alimentar e
reducdo do set point para o peso corporal em roedores (Bi et al., 2005; Flores et al., 2006;
Patterson et al., 2009). A primeira evidéncia de que a atividade fisica poderia modular
sinais anorexigénicos no sistema nervoso central foi descrita por Flores e colaboradores em
2006. Os autores descreveram que a citocinas IL-6 é a principal molécula, produzida
durante a contracdo muscular, responsdvel por amplificar as acOes anorexigénica em
hipotdlamo de ratos. Neste sentido investigamos se a atividade fisica, através da IL-6,
poderia modular a via AMPK/mTOR no sistema nervoso central.

Identificamos que a IL-6 modulou a via AMPK/mTOR em neurdnios hipotalamicos
através do aumento da razdio AMP:ATP no sistema nervoso central, aumentando
significativamente a sensibilidade desta via em resposta a leptina. O estudo intitulado
“Central exercise action increases the AMPK and mTOR response to leptin” foi publicado

na revista PLoS One em 2008 (artigo APENDICE II0).
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5.4- ARTIGO 5



Postula-se que o desenvolvimento de um processo inflamatério sub-clinico,
decorrente da obesidade, seja a principal causa da resisténcia central a acdo da leptina e da
insulina no tecido hipotalamico, resultando em hiperfagia e perpetuacdo da obesidade.
Recentemente, a proteina IKK[ foi identificada como uma molécula chave na sinalizagido
inflamatdria responsdvel por atenuar os sinais anorexigénicos mediados pela insulina e
leptina no tecido hipotalamico (Zhang et al., 2008; Milanski et al., 2009). No entanto, a
maioria das terapias antiinflamatérias testadas, tendo como alvo a proteina IKKp, foram
incapazes de concentrar seus efeitos especificamente no sistema nervoso central. Desta
forma, elaboramos a hipétese de que a atividade fisica poderia ser uma importante
estratégia para atenuar a inflamagao no sistema nervoso central e restabelecer a transmissao
dos sinais da insulina e da leptina em hipotdlamo de animais obesos. O estudo intitulado
“IL-6 Anti-inflammatory Activity Links Exercise to Hypothalamic Insulin and Leptin
Sensitivity through IKK 3 and ER Stress Inhibition”, fornece evidéncias substanciais de que
a atividade fisica promove uma resposta antiinflamatdria no tecido hipotalamico através do
aumento da expressdo das proteinas IL-6 e IL-10. Descrevemos que a IL-6 e IL-10 sdo
importantes contribuintes fisioldgicos produzidas pelo exercicio, responsdveis por
recuperar a sensibilidade a insulina e a leptina no hipotdlamo e atenuar a hiperfagia em
diferentes modelos de obesidade em roedores. Desta forma, a atividade fisica pode ser uma
estratégia terapéutica para restaurar a sensibilidade central a insulina e leptina em
individuos obesos desempenhando papel importante na manutencdo em longo prazo do

fendtipo magro. (artigo em fase de publicacdo na revista PLoS Biology- APENDICE IV)
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5.5- ARTIGO 6



Por fim, a convite de um dos editores da revista Neurologia, elaboramos um artigo
de revisdo intitulado “Brain regulation of food intake and expenditure energy: molecular
action of insulin, leptin and physical exercise”onde descrevemos muitos dos nossos
achados, enfatizando principalmente a acdo da IL-6 no controle da ingestdo alimentar e do
gasto energético. Além disso, evidenciamos as mais novas descobertas a respeito da
sinalizac@o da insulina e da leptina no sistema nervoso central, no que concerne a regulacao

da homeostase energética (APENDICE V).
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6- DEMAIS ARTIGOS PUBLICADOS



Além dos artigos anteriormente mencionados, elaborei, executei e colaborei com o

desenvolvimento de outros projetos com enfoque nos mecanismos de resisténcia a insulina

em tecidos periféricos como miusculo, figado e tecido adiposo. Dentre estes trabalhos,

destaco dois, nos quais sou primeiro autor de um e divido a primeira autoria do outro com a

Dra. Patricia Prada. Os artigos sdo:

Acute exercise modulates the Foxol/PGC-lalpha pathway in the liver of diet-
induced obesity rats. Ropelle ER, Pauli JR, Cintra DE, Frederico MJ, de Pinho RA,
Velloso LA, De Souza CT. J Physiol. 2009. 587:2069-76. (APENDICE VI).

EGFR Tyrosine Kinase Inhibitor (PD153035) Improves Glucose Tolerance and
Insulin Action in High-Fat Diet-Fed Mice. Prada PO, Ropelle ER, Mourdao RH, de
Souza CT, Pauli JR, Cintra DE, Schenka A, Rocco SA, Rittner R, Franchini KG,
Vassallo J, Velloso LA, Carvalheira JB, Saad MJ. Diabetes. 2009. 58(12):2910-19
(APENDICE VII).

Por fim, relaciono os demais trabalhos que participei como co-autor durante o

processo de doutoramento. Sao eles:

Hypothalamic Actions of Tumor Necrosis Factor {alpha} Provide the Thermogenic
Core for the Wastage Syndrome in Cachexia. Arruda AP, Milanski M, Romanatto
T, Solon C, Coope A, Alberici LC, Festuccia WT, Hirabara SM, Ropelle E, Curi R,
Carvalheira JB, Vercesi AE, Velloso LA. Endocrinology. 2010. 151(2):683-94.
(APENDICE VIII)

Aspirin attenuates insulin resistance in muscle of diet-induced obese rats by
inhibiting inducible nitric oxide synthase production and S-nitrosylation of
IRbeta/IRS-1 and Akt. Carvalho-Filho MA, Ropelle ER, Pauli RJ, Cintra DE,
Tsukumo DM, Silveira LR, Curi R, Carvalheira JB, Velloso LA, Saad MIJ.
Diabetologia. 2009. 52(11):2425-34. (APENDICE IX).

94



Acute exercise reverses TRB3 expression in the skeletal muscle and ameliorates
whole body insulin sensitivity in diabetic mice. Matos A, Ropelle ER, Pauli JR,
Frederico MJ, de Pinho RA, Velloso LA, De Souza CT. Acta Physiol (Oxf). 2009
198(1):61-9. (APENDICE X).

New mechanisms by which physical exercise improves insulin resistance in the
skeletal muscle. Pauli JR, Cintra DE, Souza CT, Ropelle ER. Arg Bras Endocrinol
Metabol. 2009. (4):399-408 (APENDICE XI).

Acute exercise reduces insulin resistance-induced TRB3 expression and
amelioration of the hepatic production of glucose in the liver of diabetic mice. Lima
AF, Ropelle ER, Pauli JR, Cintra DE, Frederico MJ, Pinho RA, Velloso LA, De
Souza CT. J Cell Physiol. 2009. 221(1):92-7. (APENDICE XII).

Antineoplastic effect of rapamycin is potentiated by inhibition of IRS-1 signaling in
prostate cancer cells xenografts. Oliveira JC, Souza KK, Dias MM, Faria MC,
Ropelle ER, Flores MB, Ueno M, Velloso LA, Saad ST, Saad MJ, Carvalheira JB. J
Cancer Res Clin Oncol. 2008. 134(8):833-9. (APENDICE XIII).

Statin modulates insulin signaling and insulin resistance in liver and muscle of rats
fed a high-fat diet. Lalli CA, Pauli JR, Prada PO, Cintra DE, Ropelle ER, Velloso
LA, Saad MJ. Metabolism. 2008. 57(1):57-65. (APENDICE XIV)
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e Acute physical exercise reverses S-nitrosation of the insulin receptor, insulin
receptor substrate 1 and protein kinase B/Akt in diet-induced obese Wistar rats.
Pauli JR, Ropelle ER, Cintra DE, Carvalho-Filho MA, Moraes JC, De Souza CT,
Velloso LA, Carvalheira JB, Saad MIJ. J Physiol. 2008. 15;586(2):659-71.
(APENDICE XV)
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Inhibition of hypothalamic Foxo1 expression reduced food
intake in diet-induced obesity rats

Eduardo R. Ropelle?, José R. Pauli!, Patricia Prada?, Dennys E. Cintra?, Guilherme Z. Rocha?,
Juliana C. Moraes?, Marisa J. S. Frederico®, Gabrielle da Luz?, Ricardo A. Pinho?, José B. C. Carvalheira?,
Licio A. Velloso?, Mario A. Saad? and Claudio T. De Souza?®
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Insulin signalling in the hypothalamus plays a role in maintaining body weight. The forkhead
transcription factor Foxol is an important mediator of insulin signalling in the hypothalamus.
Foxo1 stimulates the transcription of the orexigenic neuropeptide Y and Agouti-related protein
through the phosphatidylinositol-3-kinase/Akt signalling pathway, but the role of hypothalamic
Foxol in insulin resistance and obesity remains unclear. Here, we identify that a high-fat diet
impaired insulin-induced hypothalamic Foxol phosphorylation and degradation, increasing the
nuclear Foxol activity and hyperphagic response in rats. Thus, we investigated the effects of the
intracerebroventricular (1.c.v.) microinfusion of Foxol-antisense oligonucleotide (Foxo1-ASO)
and evaluated the food consumption and weight gain in normal and diet-induced obese (DIO)
rats. Three days of Foxo1-ASO microinfusion reduced the hypothalamic Foxol expression by
about 85%. 1.c.v. infusion of Foxol-ASO reduced the cumulative food intake (21%), body
weight change (28%), epididymal fat pad weight (22%) and fasting serum insulin levels (19%)
and increased the insulin sensitivity (34%) in DIO but not in control animals. Collectively, these
data showed that the Foxo1-ASO treatment blocked the orexigenic effects of Foxo1 and prevented
the hyperphagic response in obese rats. Thus, pharmacological manipulation of Foxol may be
used to prevent or treat obesity.

(Received 29 January 2009; accepted after revision 25 March 2009; first published online 30 March 2009)
Corresponding author C. T. De Souza: Programa de Pés-Graduagdo em Ciéncias da Satide, PPGCS, Universidade do
Extremo Sul Catarinense, CEP 88806-000 — Criciiima, SC, Brazil. Email: ctsouza@unesc.net

Abbreviations AgRP, Agouti-related peptide; Akt, protein kinase B; ASO, antisense oligonucleotide; CBP, citrate
binding protein; DIO, diet-induced obesity; DTT, dithiothreitol; EDTA, ethylenediamine tetraacetic acid; Foxol,
forkhead box protein; 1.C.V., intracerebroventricular; IR, insulin receptor; IRS-1, insulin receptor substrate 1; IRS-2,
insulin receptor substrate 2; Kitt, glucose disappearance rate; NPY, neuropeptide Y; PI3K, phosphatidylinositol-3-kinase;
POMC, proopiomelanocortin; RIA, radioimmunossay; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electro-
phoresis; STAT3, signal transducer-activated transcript-3; PMSE, phenylmethanesulphonylfluoride; RNA, ribonucleic
acid.
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Obesity is a major public health problem, associated
with morbidity and mortality, and continues to increase
worldwide (Zimmet et al. 2001). Food intake and energy
expenditure are tightly regulated by complex physiological
mechanisms, and a disturbance in these processes may lead
to obesity (Spiegel et al. 2005). The hypothalamus is critical
in the regulation of food intake-controlling neural circuits,
which produce a number of peptides that influence food
intake. The hypothalamus receives and integrates neural,
metabolic and humoral signals from the periphery, such
as insulin and leptin from pancreatic and adipose tissue,

© 2009 The Authors. Journal compilation © 2009 The Physiological Society

respectively (Schwartz et al. 2000). However, the under-
lying mechanisms by which these hormones regulate the
food intake are unclear.

Insulin acts at the same hypothalamic areas as leptin to
suppress feeding (Carvalheira et al. 2003). The insulin
receptor (IR) is a protein with endogenous tyrosine
kinase activity that, following activation by insulin,
undergoes rapid autophosphorylation and, subsequently,
phosphorylates intracellular protein substrates, including
IRS-1 and IRS-2 (Cheatham & Kahn, 1995). After
stimulation by insulin, IRS-1 and IRS-2 associate with
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Table 1. Components of rat chow and high fat diet

Ingredients Standard chow kcal kg~! High fat diet kcal kg~!
(gkg™) (gkg™)

Cornstarch (Q.S.P) 397.5 1590 115.5 462
Casein 200 800 200 800
Sucrose 100 400 100 400
Dextrinated starch 132 528 132 528
Lard — — 312 2808
Soybean oil 70 630 40 360
Cellulose 50 — 50 —
Mineral mix 35 — 35 —
Vitamin mix 10 — 10 —
L-Cysteine 3 — 3 —
Choline 2.5 — 2.5 —
Total 1000 3948 1000 5358

several proteins, including phosphatidylinositol 3-kinase
(PI3K) (Folli et al. 1992; Saad et al. 1993; Williamson
et al. 2003). Downstream from PI3K, the serine threonine
kinase, Akt, is activated and plays a pivotal role in
the regulation of various biological processes, including
apoptosis, proliferation, differentiation, and intermediary
metabolism (Downward, 1998; Chen et al. 2001). Among
the targets of activated Akt is forkhead transcriptional
factor subfamily forkhead box O1 (Foxol or FKHR),
which is inhibited by Akt-mediated phosphorylation
(Tang et al. 1999).

It has been suggested that hypothalamic Foxol is an
important regulator of food intake and energy balance
(Kim et al. 2006; Kitamura et al. 2006). Nuclear Foxol
expression stimulates the transcription of the orexigenic
neuropeptide Y and Agouti-related protein and suppresses
the transcription of anorexigenic proopiomelanocortin
(POMC) by antagonizing the activity of signal
transducer-activated transcript-3 (STAT3) (Kim et al
2006; Kitamura et al. 2006). In addition, the PI3K/Akt
signalling pathway can exclude the Foxol from the
nucleus and lead Foxol to proteosomal degradation
(Matsuzaki et al. 2003; Aoki et al. 2004). These molecular
events can repress Foxol-induced orexigenic signals in
the hypothalamus. In the present study, we sought
to determine the contribution of the hypothalamic
Foxol on food intake and body weight in diet-induced
obesity (DIO) rats. Moreover, we examined the effects
of intracerebroventricular (1.C.v.) microinfusion of Foxol
antisense oligonucleotide (Foxol-ASO) in the hypo-
thalamus of control and DIO rats and evaluated the food
intake and body weight.

Methods

Experimental animals

Male 4-week-old Wistar rats from the University of
Campinas Breeding Center were randomly divided into

two groups: control, fed standard rodent chow ad libitum,
and DIO, fed a fat-rich diet ad libitum (Table 1). This
diet composition has been previously used (Ropelle et al.
2006; Pauli et al. 2008). For Western blot analysis, hypo-
thalami and other tissues were obtained from six to eight
rats of each group after 8 weeks of dieting. The University’s
Ethical Committee approved the protocols. The animals
were maintained on a 12-h artificial light, 12-h dark cycle
and kept in individual cages.

Physiological and metabolic parameters

After 6 h of fasting, control and DIO rats were submitted
to an insulin tolerance test (1 U (kg body weight)™' of
insulin). Rats were injected with insulin and blood samples
were collected at 0, 4, 8, 12 and 16 min from the tail
for serum glucose determination. The rate constant for
plasma glucose disappearance was calculated using the
formula 0.693/biological halflife (¢1,). The plasma glucose
ty, was calculated from the slope of last square analysis
of the plasma glucose concentration during the linear
phase of decline (Bonora et al. 1989). Plasma glucose
was determined using a glucose meter (Roche Diagnostic,
Rotkreuze, Switzerland), and RIA was used to measure
serum insulin, according to a previous description (Scott
et al. 1981). Following the experimental procedures,
the rats were killed under anaesthesia (200 mgkg™!
thiopental) following the recommendations of the NIH.

Intracerebroventricular cannulation

The Wistar rats were stereotaxically instrumented
under sodium amobarbital (15 mg (kg body weight)™!)
anaesthesia with chronic unilateral 26-gauge stainless
steel indwelling guide cannulae, aseptically placed into
the lateral ventricle (0.2 mm posterior, 1.5 mm lateral,
and 4.2 mm ventral to bregma), as previously described
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(Pereira-da-Silva et al. 2003). After a 1week recovery
period, all rats were submitted to experimental protocols.

Foxo1 antisense oligonucleotide (Foxo1-ASO)

Sense and antisense Foxol oligonucleotides were diluted
in TE buffer (10 mm Tris-HCI, 1 mm EDTA) and injected
(Hamilton syringe) twice a day at 08.00 h and 16.00 h, with
a total volume of 2.0 ul per dose (final concentrations of
0.1, 0.2 and 0.4 nmol), 24, 48 and 72 h after the onset of
the experimental period. Rats were randomly assigned
to treatment conditions: rats without oligonucleotide
treatment (control); rats with sense (5GAT GCT GGA
CAT GGG AGA T 3') oligonucleotide treatment (Sense)
and rats with antisense (5 ATC TCC CAT GTC CAG CAT
C 3') oligonucleotide treatment (ASO).

Treatments and measurement of food intake

Rats deprived of food for 6 h with free access to water
were 1.C.V. injected (2 ul) with saline or insulin (107° m).
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 h period. Similar studies were carried out in rats
that were initially injected 1.C.v. with sense or Foxo1-ASO
(4 nmol).

Protein analysis by immunoblotting

As soon as anaesthesia was assured by the loss of
pedal and corneal reflexes, 2.0 ul of normal saline or
insulin (107°M) was injected 1.C.v. using a Hamilton
syringe. Ten minutes after insulin injection, the cranium
was opened and the basal diencephalon, including
the preoptic area and hypothalamus, was excised.
The hypothalami were pooled and 200 ug of protein
was used as whole tissue extract. For evaluated
insulin-induced Foxol expression, hypothalamus was
excised 30 min after insulin injection, as shown for
Kim and colleagues (Kim et al. 2006). Tissues were
pooled, minced coarsely and homogenized immediately
in extraction buffer (1% Triton X-100, 100 mM Tris,
pH 7.4, containing 100 mM sodium pyrophosphate,
100mM  sodium fluoride, 10mm EDTA, 10mMm
sodium vanadate, 2 mM phenylmethanesulphonylfluoride
(PMSF) and 0.1mgml™' aprotinin) at 4°C with a
Polytron PTA 20S generator (Brinkmann Instruments
model PT 10/35) operated at maximum speed for
15s. The extracts were centrifuged at 9000g and
4°C in a Beckman 70.1 Ti rotor (Palo Alto, CA,
USA) for 45min to remove insoluble material, and
the supernatants of these tissues were used for protein
quantification, using the Bradford method (Bradford,
1976). Proteins were denatured by boiling in Laemmli

© 2009 The Authors. Journal compilation © 2009 The Physiological Society
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sample buffer (Laemmli, 1970) containing 100 mMm
DTT, run on SDS-PAGE, transferred to nitrocellulose
membranes. Antibodies used for immunoprecipitation
and immunoblotting were anti-phosphotyrosine, anti-IR,
anti-IRS-2 anti-Akt, anti-phospho-Akt, anti-e-tubulin
and anti-histone (Santa Cruz Biotechnology, Inc., CA,
USA), anti-phospho-Foxol and anti-Foxo1 (Cell Signaling
Technology, MA, USA). Blots were exposed to preflashed
Kodak XAR film with Cronex Lightning Plus intensifying
screens at —80°C for 12-48h. Band intensities were
analysed by optical densitometry (Scion Image software,
ScionCorp, Frederick, MD, USA) of the developed auto-
radiographs.

Nuclear extraction

To characterize the expression and subcellular localization
of Foxol, a subcellular fractionation protocol was
employed as described previously (Prada et al. 2006).
The hypothalami from untreated rats or rats treated
with Foxol-ASO (0.4 nmol), according to the protocols
described above, were minced and homogenized in
2vol. of STE buffer (0.32M sucrose, 20 mm Tris—HCI
(pH 7.4), 2mM EDTA, 1mM DTT, 100 mM sodium
fluoride, 100 mM sodium pyrophosphate, 10 mM sodium
orthovanadate, 1 mM PMSF, and 0.1 mg ml ™! aprotinin) at
4°C with a Polytron homogenizer. The homogenates were
centrifuged (1000 g, 25 min, 4°C) to obtain pellets. The
pellets were washed once with STE buffer (1000 g, 10 min,
4°C) and suspended in Triton buffer (1% Triton X-100,
20 mm Tris-HCI (pH 7.4), 150 mMm NaCl, 200 mm EDTA,
10 mM sodium orthovanadate, 1 mm PMSEF 100 mMm
NaF, 100 mM sodium pyrophosphate, and 0.1 mgml™!
aprotinin), kept on ice for 30 min, and centrifuged
(15000 g, 30 min, 4°C) to obtain the nuclear fraction. The
samples were used for immunoprecipitation with Foxol
antibody and Protein A-Sepharose 6MB (Amersham
Pharmacia Biotech UK Ltd). Thereafter they were treated
with Laemmli buffer with 100 mm DTT and heated in
a boiling water bath for 5min, and aliquots (100 ug
of protein) were subjected to SDS-PAGE and Western
blotting with anti-CBP/p300 or Foxol antibodies, as
described elsewhere (Gasparetti ef al. 2003).

Statistical analysis

All numerical results are expressed as the means % s.E.M.
of the indicated number of experiments. The results of
blots are presented as direct comparisons of bands in
autoradiographs and quantified by densitometry using
the Scion Image software. Data were analysed by ANOVA
followed by post hoc analysis of significance (Bonferroni
test) when appropriate, comparing experimental and
control groups. The level of significance was set at
P < 0.05.
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Results

Metabolic parameters and energy intake of control
and DIO rats

Figure 1 shows comparative data regarding control and
DIO rats. Rats fed on the high-fat diet for 8 weeks had
a greater body weight, epididymal fat pad weight and
fasting serum insulin than age-matched controls. The
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Figure 1. Metabolic parameters and energy intake of control
and diet-induced obese (DOI) rats

A, total body weight. B, epididymal fat pad weight. C, fasting serum
insulin. D, insulin tolerance test. E, energy intake 4 and 12 h after
saline or insulin infusion in the hypothalamus of control and DOI rats.
Bars represent means =+ s.e.m. of eight rats. *P < 0.004 versus control,
#P < 0.04 versus respective saline groups, §P < 0.01 obese rats plus
saline versus control plus saline.
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glucose disappearance rate (Kitt) was decreased in DIO
animals when compared to control groups (Fig. 1A-D).
The fasting glucose concentration was similar between the
groups (data not shown).

Next, we evaluated the effect of insulin (2 ul, 107 M)
or its saline vehicle on the control of food intake. In the
control and DIO rats treated with saline, we observed that
the energy intake was higher in DIO rats, 27% and 63%
during 4 and 12 h, respectively, when compared to control
animals. Insulin induced reductions in the 4 and 12 h of
food intake of both control and DIO rats. In the control
group, insulin reduced food intake by about 31% and
41% during 4 and 12 h, respectively, while in the obese
rats the same dose induced reductions of about 21% and
14% respectively, indicating that insulin was much less
effective in DIO rats (Fig. 1E).

Intracerebroventricular insulin activates
the hypothalamic IR/IRS-2/Akt/Foxo1 pathway
in control rats to a greater extent than in DIO rats

Insulin (2 ul, 107°M) 1C.V. induced increases in IR,
IRS-2, Akt and Foxol phosphorylation in hypothalamus
from both control and DIO rats. However, insulin was
much less effective in inducing IR, IRS-2, Akt and Foxol
phosphorylation in DIO rats when compared to control
rats (Fig.2A-D, upper panels). We did not observe
differences in IR, IRS-2, Akt and Foxol phosphorylation
between control and DIO groups treated with saline.

In addition, we evaluated the Foxol nuclear expression
and the association between Foxol and CBP/p300 in
control and DIO rats after insulin and saline injection. In
the hypothalamus of control rats, insulin reduced Foxol
expression in the nuclear fraction by 89%, compared with
a 22% reduction in the hypothalamus from DIO rats
(Fig. 2E, upper panel). Insulin also reduced Foxol/CBP
interaction by 89% in control rats and 29% in the
hypothalamus of DIO rats (Fig.2F, upper panel). We
did not observe differences in Foxol nuclear expression
and Foxo1/CBP binding between control and DIO groups
treated with saline.

Insulin reduced Foxo1 expression in the
hypothalamus of control but not in DIO rats

Previous studies suggested that insulin controlled the
Foxol expression in the hypothalamus of lean mice
(Kim et al. 2006). We sought to determine the effects
of 1.c.v. infusion of insulin on the expression of Foxol
in the hypothalamus of control and DIO rats. First,
we observed that insulin did not change the IR, IRS-2
and Akt protein expression in the hypothalamus of
control and DIO rats (Fig.3A). However, 30 min of
insulin 1.C.v. infusion reduced Foxol expression in the
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hypothalamus of control rats by about 27%. Interestingly,
in the hypothalamus of DIO rats, insulin did not change
the Foxol expression (Fig.3B). We did not observe
differences in Foxol expression between control and DIO
groups treated with saline.

Determining the dose-response and time course
effects of 1.c.v.-injected Foxo1 antisense upon
hypothalamic Foxo1 expression

To evaluate the effect of Foxo1-ASO on Foxol expression
in the hypothalamus, 1.C.v.-cannulated control rats were
treated for 1 day with antisense Foxol at low doses (0.1
and 0.2 nmol Foxol-ASO) or at a high dose (0.4 nmol
Foxo1-ASO). As shown in Fig. 4, a single infusion of
Foxol1-ASO (0.4 nmol) induced a reduction of Foxol
expression by about 50% in the hypothalamus of control

Inhibition of Foxo1 expression reduces food intake
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animals. In addition, injection of a high dose (0.4 nmol)
of Foxol-ASO for 1, 2 and 3 days was able to reduce
Foxol expression in a time-dependent manner. Three days
after Foxo1-ASO treatment we observed a great reduction
(85%) in the expression of Foxol in the hypothalamus of
control rats (Fig. 4B). This treatment with Foxo1-ASO did
not change the IR, IRS-2 and Akt protein expression in
the hypothalamus of control rats (Fig. 4D, upper panels)
and did not change the Foxo-1 protein expression in the
peripheral tissues such as gastrocnemius muscle, liver and
white adipose tissue (Fig. 4C).

Effects of Foxo1-ASO treatment on food intake
and body weight in control and DIO rats

To determine the impact of Foxol-ASO treatment on
food intake and body weight, we injected Foxol-ASO
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Figure 2. Effects of 1.c.v. infusion of insulin on insulin signalling in the hypothalamus of control and DIO

rats

A-D, upper panels, representative blots show the insulin-stimulated tyrosine phosphorylation of insulin receptor (IR;
A), insulin receptor substrate-2 (IRS-2; B), Akt serine phosphorylation (C) and Foxo1 phosphorylation of control and
DIO rats (D). A-D, lower panels, total protein expression of a-tubulin. The evaluation of nuclear Foxo1 expression
(E) and the association between Foxo1 and CBP/p300 (F), were performed using nuclear extract of control and
DIO rats as described in Methods. The results of scanning densitometry were expressed as arbitrary units. Bars
represent means =+ s.e.M. of six rats. *P < 0.001 versus control plus saline, #P < 0.01 versus DIO plus saline.
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(0.4 nmol) in the hypothalamus of control and DIO
rats during 3 days. Foxo1-ASO reduced Foxol expression
in control and DIO rats in a time-dependent manner
(Fig. 5A). The nuclear Foxol expression was reduced by
about 71 and 64% in control and DIO rats, respectively,
when compared to the respective control group treated
with sense after 3 days (Fig.5B). We also observed that
Foxo1-ASO reduced Foxo1/CBP interaction by about 70%
and 73% in control and DIO rats, respectively, when
compared to the respective control group treated with
sense after 3 days (Fig. 5C).

Three days after Foxo1-ASO treatment the cumulative
food intake, body weight, epididymal fat pad weight,
fasting insulin levels and insulin sensitivity were similar in
control animals when compared to sense-injected control
rats (Fig.5D-H). However, 3 days after Foxol-ASO
treatment in DIO rats, there was a reduction in cumulative
food intake (21%), body weight change (28%), epididymal
fat pad weight (22%) and fasting serum insulin levels
(19%) and an increase in insulin sensitivity (34%) when
compared to sense-injected DIO rats (Fig. 5D-H). The
fasting glucose concentration was similar between the
groups (data not shown).

Discussion

During the last decade, advances have been made in the
characterization of the role played by the hypothalamus
in the coordination of food intake and energy expenditure
(Friedman, 2000; Flier, 2004). Multiple hypothalamic
neuronal signalling pathways and the cross talk between
these pathways are involved in the control of energy intake
(Schwartz et al. 2000; Minokoshi et al. 2004; Cota et al.
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2006; Ropelle et al. 2007, 2008b). In addition to leptin,
insulin is also able to reduce food intake (Schwartz et al.
2000; Carvalheira et al. 2001; Niswender et al. 2003). It
has been demonstrated that the increased responsiveness
of leptin and insulin action in the hypothalamus could
be pathophysiologically important in the prevention of
obesity (Picardi et al. 2008; Ropelle et al. 2008a) and
Foxol is a distal protein of the insulin signalling that
contributed to anorexigenic effects of insulin (Romanatto
et al. 2007; Belgardt et al. 2008). In the present
study, we demonstrate that intracerebroventricular (1.C.v.)
microinfusion of insulin reduced Foxol expression in the
hypothalamus of control but not in rats with diet-induced
obesity (DIO). We showed that the injection of Foxol
antisense oligonucleotide (Foxol-ASO) in the hypo-
thalamus leads to reduced Foxol expression in both
control and DIO rats, and reduced food consumption and
body weight gain in DIO but not in control rats.

As in peripheral tissues, neuronal insulin action
involves the IR/IRS/phosphatidylinositol 3-kinase (PI3K)
signal transduction pathway (Schwartz et al. 2000). The
hypothalamic insulin signalling increases after either 1.C.V.
or systemic insulin administration (Niswender et al. 2003)
and the inhibitory effect of 1.c.v. insulin on both food
intake (Carvalheira et al. 2001; Niswender et al. 2003) and
the impairment in this pathway contribute to the hyper-
phagic response (Carvalheira et al. 2003; De Souza ef al.
2005). On the other hand, the improvement in the
hypothalamic =~ IR/IRS-2/Akt  pathway  increases
insulin-induced anorexigenic signals (Flores et al.
2006). Foxol is a downstream target of Akt. Activation of
Akt phosphorylates Foxol, leading to its nuclear exclusion
and proteosomal degradation (Matsuzaki et al. 2003; Aoki
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Figure 3. Effects of 1.c.v. insulin infusion on Foxo1 expression in the hypothalamus of control and DIO

rats

A, representative blots show the protein expression of insulin receptor (IR), insulin receptor substrate-2 (IRS-2)
and Akt in the hypothalamus of control and DIO rats injected with saline (2.0 ul) or insulin (2.0 ul, 107 ).
B, representative blots show the protein expression of Foxo1 in the hypothalamus of control and DIO rats injected
with saline (2.0 ul) or insulin (2.0 ul, 1076 m). The results of scanning densitometry were expressed as arbitrary
units. Bars represent means =+ s.e.M. of six rats. *P < 0.03 versus control plus saline.
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etal. 2004), and thereby inhibiting its anorexigenic actions.
Here, we showed that 1.C.v. insulin infusion increased
the IR/IRS-2/Akt/Foxol phosphorylation in control rats
to a greater extent than in DIO animals. This aberrant
molecular signalling also reduced insulin-induced Foxol
degradation in the hypothalamus of DIO rats compared
with control rats. These data suggest that hypothalamic
Foxol phosphorylation and degradation are required
for the induction of anorexia by insulin, establishing
a signalling pathway through which insulin acts in
hypothalamus neurons to control food intake.

Foxol is expressed in cells in the hypothalamus,
in POMC and Agouti-related protein (AgRP) neurons
(Kitamura et al. 2006). In these neurons, Foxo1l stimulates
the transcription of the orexigenic neuropeptide Y (NPY)
and AgRP through the PI3K/Akt signalling pathway, and
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suppresses the transcription of anorexigenic POMC by
antagonizing the activity of STAT3 in lean mice (Kim
et al. 2006; Kitamura et al. 2006). Different groups have
demonstrated that the hypothalamic Foxol expression
controls food intake in rodents (Kim et al. 2006; Kitamura
et al. 2006). It has been proposed that insulin and leptin
decrease hypothalamic Foxol expression. In agreement
with this, activation of insulin signalling by expression
of PI3K and Akt or treatment with insulin and leptin
inhibits Foxol-stimulated NPY transcription (Kim et al.
2006).

In the present study, we sought to determine the
effects of Foxol-ASO in the hypothalamus of DIO
rats. The LcC.v. treatment with Foxol-ASO promoted
reduction of Foxol protein expression in a time-
and dose-dependent manner. Foxol-ASO also reduced
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Figure 4. Effects of 1.c.v. Foxo1-ASO injection in hypothalamic Foxo1 expression in lean rats

Representative Western blots demonstrating the dose-dependent effect of 24 h of treatment with saline, sense
or Foxo1-ASO in lean rats (A) and hypothalamic Foxo1 expression in a time-dependent manner after central
infusions of Foxo1-ASO in lean rats (B). C, representative Western blots show the protein expression of Foxo1
in the gastrocnemius muscle, hepatic tissue and white adipose tissue after 1.c.v. infusion of Foxo1-ASO in lean
rats during 3 days (0.4 nmol). D, representative Western blots show the protein expression of IR, IRS-2, Akt and
a-tubulin in the hypothalamus of lean rats after 1.c.v. infusion of Foxo1-ASO in lean rats during 3 days (0.4 nmol).
The results of scanning densitometry were expressed as arbitrary units. Bars represent means =+ s.t.M. of eight rats.

*P < 0.01 versus sense treatment.
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Figure 5. The effect of central infusion of Foxo1-ASO on total Foxo1 expression, food intake and body
weight in control and DIO rats
Hypothalamic Foxo1 expression was evaluated after 72 h of central infusions of Foxo1-ASO in lean and DIO rats.
Rats received I.c.v. saline (C), sense (S) or Foxo1-ASO (0.4 nmol) during 2 or 3 days (A). The evaluation of nuclear
Foxo1 expression (B) and the association between Foxo1 and CBP/p300 (C) were performed using nuclear extract
of control and DIO rats as described in Methods. Determination of 3 days of cumulative energy intake (D), body
weight change (), epididymal fat pad weight (F), fasting serum insulin (G) and insulin tolerance test (H) of control
and DIO rats 3 days after Foxo1-ASO or sense I.C.v. infusion. Bars represent means =+ s.e.m. of 6-8 rats; *P < 0.001,
ASO versus control plus sense; #P < 0.03, versus DIO plus sense.
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nuclear interaction between Foxol and CBP/p300 in
the hypothalamus of control and DIO rats. Three
days of treatment with Foxo-ASO (4 nmol) reduced
the cumulative energy intake, body weight gain and
epididymal fat pad weight, fasting insulin levels and
increased insulin sensitivity in DIO but not in control
animals. Although Kim and colleagues showed that
bilateral injection of the Foxol siRNA into the arcuate
nucleus of hypothalamus decreased daily food intake
and body weight in lean mice (Kim et al. 2006), our
results showed that a daily infusion of Foxo1-ASO during
3 days reduced the cumulative food intake in DIO but
not in control animals. Our data are in accordance with
Kitamura and coworkers who explored the contribution
of loss-of-function of Foxol on orexigenic signalling
and food intake using two different approaches in lean
mice. The injection of a dominant-negative of Foxol
prevented induction of AgRP expression caused by fasting
but the AgRP expression was similar in mice under normal
conditions. Furthermore, in Foxol haploinsufficient
mice (Foxol*/~), the food intake was similar under
basal conditions when compared to wild-type littermate
controls and the difference in food intake occurred
only after 1.c.v. leptin infusion in Foxol™~ mice when
compared to control mice (Kitamura et al. 2006). These
apparent contradictory results in lean animals may be
related to the different approaches and model of rodent
and deserves further investigation.

The in vivo physiological importance of Foxo
transcription factors in the brain has been reported.
Several studies showed that Foxol is expressed in different
areas of murine brain, including hippocampus, neocortex,
hypothalamus and other areas (Fukunaga et al. 2005;
Hoekman et al. 2006; Kitamura et al. 2006). In the hypo-
thalamus of rodents, Foxol is expressed in a majority of
cells in the arcuate nucleus, ventromedial hypothalamus
and dorsomedial hypothalamus (Kitamura et al. 2006).
Although the Foxo1-ASO injection into the third ventricle
of rats reduced Foxol expression in a tissue-specific
manner as demonstrated in Fig. 4, we cannot exclude the
possibility that Foxo1-ASO reduced the Foxol expression
in other areas of the brain.

Collectively, these data showed that central
insulin resistance diminished insulin-induced Foxol
phosphorylation and insulin-induced Foxol degradation.
Thus, we identify that a high-fat diet impaired the
hypothalamic Foxol phosphorylation and increased the
nuclear activity, increasing the hyperphagic response in
rats. Foxo1-ASO treatment blocked the orexigenic effects
of hypothalamic Foxol and prevented the hyperphagic
response in these animals. Thus, pharmacological
manipulation of Foxol may be used to prevent or treat
obesity.
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A Central Role for Neuronal AMP-Activated Protein
Kinase (AMPK) and Mammalian Target of Rapamycin
(mTOR) in High-Protein Diet-Induced Weight Loss

Eduardo R. Ropelle,' José R. Pauli," Maria Fernanda A. Fernandes,' Silvana A. Rocco,’
Rodrigo M. Marin,' Joseane Morari,' Kellen K. Souza,! Marilia M. Dias,! Maria C. Gomes-Marcondes,>
José A.R. Gontijo,' Kleber G. Franchini,' Licio A. Velloso,! Mario J.A. Saad," and

José B.C. Carvalheira'

OBJECTIVE—A high-protein diet (HPD) is known to promote
the reduction of body fat, but the mechanisms underlying this
change are unclear. AMP-activated protein kinase (AMPK) and
mammalian target of rapamycin (mTOR) function as majors
regulators of cellular metabolism that respond to changes in
energy status, and recent data demonstrated that they also play
a critical role in systemic energy balance. Here, we sought to
determine whether the response of the AMPK and mTOR path-
ways could contribute to the molecular effects of an HPD.

RESEARCH DESIGN AND METHODS—Western blotting,
confocal microscopy, chromatography, light microscopy, and
RT-PCR assays were combined to explore the anorexigenic
effects of an HPD.

RESULTS—An HPD reduced food intake and induced weight
loss in both normal rats and 0b/0b mice. The intracerebroventric-
ular administration of leucine reduced food intake, and the
magnitude of weight loss and reduction of food intake in a
leucine-supplemented diet are similar to that achieved by HPD in
normal rats and in ob/ob mice, suggesting that leucine is a major
component of the effects of an HPD. Leucine and HPD decrease
AMPK and increase mTOR activity in the hypothalamus, leading
to inhibition of neuropeptide Y and stimulation of pro-opiomela-
nocortin expression. Consistent with a cross-regulation between
AMPK and mTOR to control food intake, our data show that the
activation of these enzymes occurs in the same specific neuronal
subtypes.

CONCLUSIONS—These findings provide support for the hy-
pothesis that AMPK and mTOR interact in the hypothalamus to
regulate feeding during HPD in a leucine-dependent manner.
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ow-carbohydrate, high-protein diets (HPDs) have

become increasingly popular, and many bestsell-

ing diet books have promoted this approach

(1-3). However, only in recent years have studies
begun to examine the effects of HPD on energy expendi-
ture, subsequent energy intake, and weight loss, as com-
pared with lower-protein diets (4—6). Currently, there is
convincing evidence that a higher protein intake increases
thermogenesis and satiety, compared with diets of lower
protein content (7). The weight of evidence also suggests
that high-protein meals lead to a reduced subsequent
energy intake (7,8).

Recently, hypothalamic AMP-activated protein kinase
(AMPK) signaling has become an important focus of
interest in the control of food intake (9-11). AMPK is the
downstream component of a kinase cascade that acts as a
sensor of cellular energy charge, being activated by rising
AMP coupled with falling ATP. Once activated, AMPK
phosphorylates acetyl-CoA carboxylase (ACC) and switches
on energy-producing pathways at the expense of energy-
depleting processes (12). Another target molecule for the
control of food intake and energy homeostasis is the
mammalian target of rapamycin (mTOR) catalytic activity,
which has been suggested to be affected by the phospha-
tidylinositol 3-kinase/Akt pathway (13). Activated signal-
ing through mTOR phosphorylates the serine/threonine
kinase p70S6K and the translational repressor eukaryotic
initiation factor (eIF) 4E binding protein (4EBP1) (14).
mTOR signaling is inhibited under conditions of low
nutrients, such as glucose and amino acids, and low intracel-
lular ATP levels (15). Whereas mTOR was presumed to
serve as the direct cellular sensor for ATP levels (16),
mounting evidence has implicated AMPK in the regulation
of mTOR activity (17-19).

Leucine has been reported to more potently activate
mTOR than other amino acids (20). Leucine may regulate
mTOR signaling through the tuberous sclerosis complexes
and Rheb (21). However, Xu et al. (22) recently proposed
that leucine stimulates the mTOR pathway, in part, by
serving both as a mitochondrial fuel through oxidative
carboxylation and an allosteric activation of glutamate
dehydrogenase. This hypothesis may support the idea that
leucine modulates mTOR function, in part by regulating
mitochondrial function and AMPK activity.

In this study, we sought to determine whether the
response of the AMPK and mTOR pathways could contrib-
ute to the molecular effects of an HPD. We therefore
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TABLE 1
Components of standard rodent chow, HPD, and leucine-
supplemented diet

Standard Leucine-
chow HPD supplemented

(g/kg diet) (g/kg diet) diet (g/kg diet)
Casein 202 593.5 202
Leucine — — 50
Sucrose 100 39 100
Cornstarch 397 150 347
Dextrinated starch 130.5 47 130.5
Soybean oil 70 70 70
Cellulose 50 50 50
Mineral mix AIN-93 35 35 35
Vitamin mix AIN-93 10 10 10
l-cystin 3 3 3
Choline 2.5 2.5 2.5
Total 1,000 1,000 1,000
Energy (kj/g) 15.9 15.8 15.9

examined the hypothalamic modulation of the AMPK/ACC
and mTOR signaling pathways induced by HPD as well as
the role of leucine in these signaling pathways.

RESEARCH DESIGN AND METHODS

2-Deoxy-D-glucose (2-DG) and 1-leucine were from Sigma (St. Louis, MO). The
amino acid mix consisted of all amino acids without leucine. Alanine, arginine,
asparagine, aspartic, cysteine, glutamic, glutamine, glycine, histidine, isoleu-
cine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan,
tyrosine, and valine were also from Sigma. The mTOR inhibitor, rapamycin,
was from LC Laboratories (Woburn, MA). mTOR antisense oligonucleotide
(ASO) was obtained from Invitrogen (Gaithersburg, MD). The sequence was
obtained from NCBI Entrez Nucleotide Bank based on the Mus musculus
mTOR mRNA complete code (sense 5 GAACCTCAGGGCAAGAT 3’ and
antisense 5" ATCTTGCCCTGAGGTTC 3’). Routine reagents were purchased
from Sigma, unless otherwise specified.
Animals and diets. Male 8-week-old Wistar-Hannover rats from the Univer-
sity of Campinas Breeding Center and male 10-week-old ob/ob and db/db mice
(C57BL/6J background), originally imported from The Jackson Laboratory
(Bar Harbor, ME), were used in accordance with the guidelines of the
Brazilian College for Animal Experimentation (COBEA), and the ethics
committee at the State University of Campinas approved experiments.
Control animals were fed standard rodent chow (Table 1), given ad libitum.
Diets were designed to maintain similar contributions of energy from different
macronutrients. The HPD consisted of a 50% protein-enriched diet (Table 1).
The leucine-supplemented diet was obtained with leucine addition in place of
an equivalent amount of casein used in an HPD (Table 1).
Physiological and metabolic parameters. After 6 h of fasting, rats were
submitted to an insulin tolerance test (1 unit/kg body wt of insulin) as
previously described (23). Plasma glucose was determined using a glucose
meter (Roche Diagnostic, Rotkreuze, Switzerland), and radioimmunoassay
was used to measure serum insulin, according to a previous description (24).
Leptin concentrations were determined using an enzyme-linked immunosor-
bent assay kit (Crystal Chem, Chicago, IL). Cerebrospinal fluid (CSF) and
plasma leucine were measured following the spectrophotometric methods
described by Rosen (25).
Body composition determination. The carcass (without the gastrointestinal
tract) was weighed and stored at —20°C for analysis of body composition.
Carcass water was determined as the difference between the dry and wet
weights. Total fat was extracted with petroleum ether using a Soxhlet
apparatus. The carcass without fat was dried to determine the lean mass.
Taste reactivity test. The video cameras (JVC, Digital Still Camera GR-
DVL557) were placed outside the chamber, 300 mm from the ring holding the
food cup. The video signal was recorded on a conventional VHS tape at 50
frames/s using a recorder (Compact Super VHS, JVC: GR-SXM307). Videotapes
were analyzed by slow-motion playback to count taste reactivity components.
Taste reactivity components to HPD or leucine-supplemented diet were
classified as hedonic, aversive, or neutral, as has previously been described
(26).
Intracerebroventricular cannulation and cisterna magna puncture. The
rats were anesthetized with intraperitoneal injection of a mix of ketamin (10
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mg) and diazepam (0.07 mg) (0.2 ml/100 g body wt), after overnight fasting and
positioning on a Stoelting stereotaxic apparatus. The implantation of an
intracerebroventricular catheter into the third ventricle (27) and the method
for liquor sampling (28) have been previously described.

Treatments. In acute treatments, rats were deprived of food for 6 h with free
access to water and were injected intracerebroventricularly (3 pl bolus
injection) with vehicle, rapamycin (15 pg), leucine (0.5, 2.0, or 4.0 mmol/l),
mTOR ASO (1 mmol/pl), or amino acid mix (4.0 mmol/l for each amino acid).
Chronic treatment with leucine (4.0 mmol/l) or mTOR ASO was performed by
intracerebroventricular infusion every day between 5:00 and 6:00 p.m., during
1 or 3 weeks. Similar studies were carried out in rats that were initially
pretreated with i.p. 2-DG, intracerebroventricular microinjection of rapamycin
or either vehicles, and after 40 min with intracerebroventricular leucine (4.0
mmol/l) or vehicles, respectively.

Western blot analysis. After the diets and intraperitoneal, intravenous,
and/or intracerebroventricular treatments, animals were anesthetized with an
intraperitoneal injection and brown adipose tissue, gastrocnemius muscle,
and hypothalamus were quickly removed, minced coarsely, and homogenized
immediately. Western blot was performed as previously described (29).

The antibodies used for Western blot were as follows: anti-Akt phospho-
serine 473-specific, anti-p70S6K phosphothreonine 389-specific, anti-p70S6K,
anti-eIF4AE phosphoserine 209-specific, and anti-e[F4E antibodies from Cell
Signaling Technology (Beverly, MA); anti-UCP-1, anti-IR, anti-Akt, and an-
tiphosphotyrosine antibodies from Santa Cruz Biotechnology (Santa Cruz,
CA); and the anti-mTOR antibodies (mTAB1 and 2) from Upstate Biotechnol-
ogy (Lake Placid, NY).
mRNA isolation and RT-PCR. mRNA isolation and RT-PCR were performed
as previously described (30). The primers used were as follows: RPS-29
(NCBL: NM012876), sense: 5'-AGGCAAGATGGGTCACCAGC-3', antisense: 5'-
AGTCGAATCATCCATTCAGGTCG-3'; neuropeptide Y (NPY) (NCBL
NMO012614), sense: 5'-AGAGATC CAGCCCT GAGACA-3', antisense: 5'-AACG
ACAACAAGGGAAATGG-3'; pro-opiomelanocortin (POMC) (NCBL
AF510391), sense: 5'-CTCCTGCTTCAGACCTCCAT-3', antisense: 5-TTGGGG
TACACCTTCACAGG-3'.

Chromatography. Chromatographic analyses were carried out on a Waters
Alliance equipment series 2695 (Milford, MA) equipped with a quaternary
pump, an autosampler, a degasser, and a Waters 2475 fluorescence detector
model. The fluorescence of derivatized compounds (ATP, ADP, and AMP) was
monitored with excitation and emission wavelengths set at 280 and 420 nm,
respectively, as previously described (31).

Light microscopy. Visceral (epididymal) white adipose tissue depots were
dissected and assessed by light microscopy as previously described (32).
Confocal microscopy. Paraformaldehyde-fixed hypothalami were sectioned
(5 pm) and used in regular single- or double-immunofluorescence staining
using DAPIL, anti-AMPK (1:200; Santa Cruz Biotechnology), anti-phospho-
p70SK (1:200; Santa Cruz Biotechnology), anti-mTOR (1:200; ABCAM, Cam-
bridge, MA), and anti-phospho-ACC (1:200; Cell Signaling Technology)
antibodies, according to a previously described protocol (33). Analysis and
photodocumentation of results were performed using a LSM 510 laser
confocal microscope (Zeiss, Jena, Germany). The anatomical correlations
were made according to the landmarks given in a stereotaxic atlas (34).
Statistical analysis. Where appropriate, the results are expressed as the
mean *= SE accompanied by the indicated number of animals used in
experiments. Comparisons among groups were made using parametric two-
way ANOVA; where F ratios were significant, further comparisons were made
using the Bonferroni test.

RESULTS

An HPD reduces food intake and body weight in
rodents. We gave male Wistar rats and ob/ob mice stan-
dard rodent chow or HPD for 3 weeks. HPD significantly
reduced food intake and body weight in Wistar rats and
ob/ob mice (Fig. 1A and B). Next, we assessed whether
these differences in weight were related to alterations in
adiposity. Weight gain and expansion of fat mass was
significantly attenuated in HPD-fed rats without changes in
total water and lean body mass (Fig. 1C). The fat pad
weights of Wistar rats and ob/ob mice after 3 weeks on an
HPD showed a 50 and 35% decreased, respectively, com-
pared with the respective control groups (Fig. 1D). In
accordance, sections of adipose tissue from rats and mice
submitted to HPD exhibit decreases in adipocyte size
relative to controls (Fig. 1F). To evaluate the possibility
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that the anorectic effect of HPD was caused by an aversive
effect, we measured taste reactivity. As shown in Fig. 1F,
the total numbers of hedonic and neutral reactions during
the 15-min recording period remained the same; the aver-
sive reactions were increased on the first day of HPD and
returned to control levels thereafter.

Uncoupling protein (UCP-1) in brown adipose tissue is a
chief regulator of energy expenditure in rodents (35).
Normal rats and obese mice on HPD during 1 week
demonstrated an increase of 2.2- and 1.9-fold, respectively,
in UCP-1 protein expression in brown adipose tissue (Fig.
1G), indicating that weight loss on an HPD may also be
associated with an increase in energy expenditure.

We also observed that 1 week of HPD did not alter

plasma glucose in Wistar rats under fasting conditions, but
increased insulin levels compared with standard rodent
chow (1.82 = 0.36 vs. 1.05 £ 0.17 ng/ml, respectively; P <
0.05) and reduced leptin levels (3.59 = 1.43 vs. 5.43 = 1.12
ng/ml, respectively; P < 0.05). In addition, 1 week of HPD
promoted reduction in plasma glucose in 0b/0b mice under
fasting conditions when compared with the respective
control group (166.7 £ 9.0 vs. 275.9 = 8.8 mg/dl, respec-
tively; P < 0.05) and increased insulin levels (13.1 = 2.04
vs. 8.98 = 2.566 ng/ml, respectively; P < 0.05). Despite the
increased insulin levels, we did not observe changes in
insulin tolerance test (Fig. 1H) and in insulin receptor (Fig.
17) and Akt (Fig. 1J) phosphorylation in Wistar rats. The
phosphorylated p70S6K was increased in HPD-fed rats at
both basal and after insulin stimulation (Fig. 1K).
HPD modulates the hypothalamic AMPK/ACC signal-
ing pathway. To assess the effect of HPD on hypotha-
lamic AMPK signaling, we gave an HPD to Wistar rats and
obese mice (ob/ob) for 3 weeks. HPD suppressed AMPK
and ACC phosphorylation in the hypothalamus of Wistar
rats in a time-dependent manner (Fig. 2A). Similar results
were observed in ob/ob mice (Fig. 2B).

To further delineate the mechanism by which the HPD

reduced the AMPK/ACC pathway, we analyzed ATP con-
tent and the AMP-to-ATP ratio in the hypothalami tissues
of HPD-fed rats. The chromatographic analysis shows that
3 days of HPD changed the hypothalamic ATP, ADP, and
AMP concentrations in Wistar rats (Fig. 2C). HPD mark-
edly increased ATP content by ~35% (Fig. 2D) and re-
duced the AMP-to-ATP ratio by ~60% in the hypothalamus
of Wistar rats (Fig. 2F).
HPD activates mTOR in the hypothalamus. We next
examined whether HPD modulates mTOR activity in hy-
pothalamus. HPD caused a significant increase in the
phosphorylation of two downstream targets of mTOR—
p70 ribosomal S6 kinase (p70S6K) and eukaryotic initia-
tion factor 4E (eIF4E)—in a time-dependent manner in the
hypothalamus of Wistar rats (Fig. 34). Similar results were
observed in ob/ob mice (Fig. 3B).

To determine whether mTOR is required for the HPD-
dependent reduction of food intake, we chronically admin-
istered mTOR ASO in animals submitted to HPD. As
shown in Fig. 3C, intracerebroventricularly administration
of mTOR ASO reduced mTOR expression in a time-
dependent manner and completely reversed the HPD-
induced anorexia in Wistar rats (Fig. 3D). Moreover, while
HPD-fed rats lost a significant amount of weight, the
mTOR ASO treatment prevented the effect of HPD on body
weight during the time frame observed (Fig. 3F). Accord-
ing to these data, treatment with mTOR ASO during 3 days
prevents the increase in phosphorylation of p70S6K and
elF4E, both induced by HPD (Fig. 3F and G).
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FIG. 2. Effects of HPD on hypothalamic AMPK activity and ATP
content. Representative Western blots of six independent experiments
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HPD modulates AMPK and mTOR in the same specific
neuronal subset and modulates hypothalamic neu-
ropeptides. To investigate coexpression of AMPK with
mTOR, we carried out double-staining confocal micros-
copy. Using this technique, most neurons expressing
AMPK in arcuate and paraventricular nuclei were shown
to possess mTOR (Fig. 4A4). Consistent with results to
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detect AMPK, we found that hypothalamic phosphorylated
ACC (pACC) immunoreactivity was highly localized in
neurons of the arcuate and paraventricular nuclei in fasted
rats (Fig. 4B). After 3 days of HPD in rats, low-intensity
pACC immunofluorescence was detected in cells of arcu-
ate and paraventricular nuclei of rats (Fig. 4D). Con-
versely, high-intensity pp70S6K immunofluorescence was
detected in cells of arcuate and paraventricular nuclei of
rats after HPD treatment (Fig. 4D). Similar results were
observed in lateral nucleus (data not shown). The HPD-
induced pp70S6K immunoreactivity was not increased in
surrounding hypothalamic areas, including the ventrome-
dial hypothalamic nucleus and zona incerta area (Fig. 4C
and E).

To explore the mechanism(s) by which HPD regulates
food intake, we examined the expression of hypothalamic
neuropeptides involved in the control of energy homeosta-
sis in Wistar rats. Under ad libitum fed and 12 h fasting,
HPD decreased NPY mRNA levels to a greater extent than
in controls (Fig. 4D, left panel). Consistent with these
findings, HPD increased POMC mRNA levels to a greater
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Vehicle

SO ASO

chow diet or HPD treated with mTOR ASO or SO.

HPD *P < 0.05 vs. other groups.

extent than in controls (Fig. 4D, right panel). Similar
results were observed in 0b/ob mice (Fig. 4F).

Leucine reduces food intake and body weight in
rodents. To determine whether a major component of
HPD is responsible for its effect in the control of food
intake and body weight, we tested the possibility of a
direct activation of this kinase by leucine. We measured
plasma and CSF leucine levels after 1 week of treatment;
leucine supplementation increased plasma and CSF
leucine concentrations to a similar extent to HPD, com-
pared with standard rodent chow (Fig. 5A). To determine
whether leucine reduces food intake and body weight, we
chronically administered leucine in Wistar rats and in two
models of obese mice (ob/ob and db/db). The addition of
leucine, in place of an equivalent amount of casein used in
the HPD, to the diet of Wistar rats during 3 weeks led to a
large decrease in food intake and body weight (Fig. 5B and
(). Weight gain and expansion of fat mass were signifi-
cantly attenuated in leucine-supplemented rats without
changes in total water and lean body mass (Fig. 5D). To
evaluate the possibility that the anorectic effects of leucine
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supplementation were caused by diet taste aversion, we
carried out a taste reactivity test. As shown in Fig. 5F, the
total numbers of hedonic and neutral reactions during the
15-min recording period remained the same; the aversive
reactions were increased on the first day of HPD and
returned to control levels thereafter. We also did not
observe changes in insulin tolerance test (Fig. 5F) and on
insulin receptor (Fig. 5G) and Akt (Fig. 5H) phosphoryla-
tion in Wistar rats. The phosphorylated p70S6K was in-
creased in leucine-supplemented rats at both basal and
after insulin stimulation (Fig. 5I). To explore the anorectic
effects of leucine-supplemented diet in obese model ani-
mals, we gave this diet to ob/ob and db/db mice. Leucine
supplementation promoted a reduction in cumulative food
intake and induced weight loss in 0b/0b (Fig. 5J and K) and
db/db (Fig. 5L and M) mice.

Leucine decreases hypothalamic AMPK and activates
mTOR signaling. To determine whether leucine modu-
lates hypothalamic AMPK/ACC signaling, we injected
leucine into the third ventricle of rats and evaluated food
intake and AMPK signaling. Leucine caused a significant
reduction in food intake (Fig. 6A) and suppressed hypo-
thalamic AMPK and ACC phosphorylation in a dose-
dependent manner (Fig. 6B and C). We next investigated
whether the microinfusion of leucine modulates the hypo-
thalamic ATP concentration. Figure 6D shows that leucine
(4.0 mmol/l) changed ATP, ADP, and AMP concentrations
in the hypothalamus of rats, whereas 40 min after leucine
injection, the ATP content increased by ~32% (Fig. 6F)
and reduced the AMP-to-ATP ratio by ~55% in Wistar rats
(Fig. 6F).

Interestingly, the activation of the AMPK/ACC pathway
is inhibited by intracerebroventricular leucine in vivo;
thus, we evaluated the effect of intraperitoneal 2-DG on
the activities of these enzymes in male Wistar rats. We
showed that the activation of AMPK results in an increase
in food intake (Fig. 6G) and body weight gain (Fig. 6H);
however, pretreatment with intracerebroventricular
leucine with a dose that did not alter food intake (0.5
mmol/l) reversed the effects of 2-DG. In parallel, intraperi-
toneal injection of 2-DG induced hypothalamic AMPK (Fig.
6I) and ACC (Fig. 6J) phosphorylation, and these effects
were blocked by leucine.

Consistent with previous work (13), leucine increased
p70S6K and pelF4E phosphorylation in a dose-dependent
manner (Fig. 6K and L). To determine whether the effects
of leucine on food intake are mTOR dependent, we first
identified a dose of rapamycin that did not alter food
intake (15 pg) when administered at the onset of the dark
cycle. We then evaluated the effect of intracerebroventric-
ular pretreatment with this dose of the inhibitor, or its
vehicle, on the anorectic response to intracerebroventric-
ular leucine (4 mmol/l), and we observed that the anorec-
tic response to intracerebroventricular leucine was
reversed by rapamycin (Fig. 6M).

Leucine modulates AMPK and mTOR in the same
specific neuronal subset and modulates hypothalamic
neuropetides. After the administration of leucine intrac-
erebroventricularly into rat hypothalamus, low intensity of
pACC immunofluorescence was detected in cells of arcu-
ate and paraventricular nuclei of rats. Conversely, high
intensity of pp70S6K immunofluorescence was detected in
cells of arcuate and paraventricular nuclei of rats (Fig.
7A). Similar results were observed in the lateral nucleus
(data not shown). The leucine-induced pp70S6K immuno-
reactivity was not increased in surrounding hypothalamic
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areas, including the ventromedial hypothalamic nucleus
and zona incerta area (not shown).

To explore the mechanism(s) by which leucine regu-
lates food intake, we examined the expression of hypotha-
lamic neuropeptides involved in the control of energy
homeostasis in Wistar rats. Under ad libitum fed and 12 h
fasting, HPD decreased NPY mRNA levels to a greater
extent than in controls (Fig. 7B). Consistent with these
findings, leucine increased POMC mRNA levels to a
greater extent than in controls (Fig. 7C), and rapamycin
blocked the decrease in NPY and the increase in POMC
caused by leucine (Fig. 7B and C).

DISCUSSION

The results of this study show that an HPD markedly
reduces food intake and body weight in both normal rats
and ob/ob mice. Our data indicate that an HPD, signaling
through AMPK and mTOR, inhibits NPY and increases
POMC expression in the hypothalamus. The intracerebro-
ventricular administration of leucine, but not other amino
acids (data not shown), reduced food intake in a dose-
dependent manner, and the magnitude of weight loss and
reduction of food intake in leucine-supplemented diet is
similar to that achieved by an HPD in normal rats and in
ob/ob mice, suggesting that leucine is a major component
of the effects of HPD.

Another possibility that should be mentioned as a cause
of the reduced food intake is that an HPD may induce
conditioned taste aversion (36). Conversely, another study
has shown that the behavioral effect of HPD is not caused
by conditioned taste aversion, but is probably due to a
lower initial palatability of HPD and its enhanced satiety
effect (26). We cannot exclude the influence of the adverse
reaction to the HPD or leucine-supplemented diet to
reduce food intake, since our results showed an increased
aversiveness to these diets on the first day.

Although leucine, when administered to rat brains,
suppresses feeding and weight gain (13), it is critical to
determine whether physiological changes in amino acid
concentration act on the hypothalamus to influence energy
balance. Our results show that, after 3 weeks of HPD, the
body weights of rats and ob/ob mice fed on an HPD were
much lower than these of rats fed on a standard diet.
Subcutaneous fat pad measurements and expansion of fat
mass revealed remarkable differences between the two
groups. These results are in agreement with others (37,38)
and can be explained, to some extent, by the reduction in
caloric intake, but we also observed increased UCP-1
levels that may reflect an increase in energy expenditure.

Changes in hypothalamic AMPK activity regulates food
intake; orexigenic factors (e.g., ghrelin) activate hypotha-
lamic AMPK, whereas anorexigenic agents (e.g., leptin)
suppresses AMPK activity in the hypothalamus. To gain
further insight into the mechanism by which HPD pro-
duces weight loss, we examined the role of AMPK. Our
results demonstrate that after HPD, hypothalamic ATP
level was increased and the AMP-to-ATP ratio was re-
duced. In parallel, we observed a decrease in AMPK and
ACC phosphorylation in rats submitted to HPD.

The mTOR, central to integrating similar signals to
control food intake, has now emerged as a detector of
hormonal and nutritional signals in the hypothalamus (13).
In this study, we investigated whether HPD activates
mTOR. HPD increased mTOR activity; moreover, knock-
down of central mTOR reverses the anorectic effect of
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HPD. Consistent with a cross-regulation between AMPK
and mTOR to control food intake, our data show that the
activation of these enzymes occurs in the same specific
neuronal subtypes.

Several factors make leucine an ideal direct nutrient
signal to the brain. First, in contrast to plasma glucose and
triglyceride concentrations, which do not change appre-
ciably with feeding, leucine concentrations increased sev-
eralfold in circulation during a meal (39). Second, leucine
regulates the mTOR-signaling pathway in neurons, in vivo
(40). Third, leucine is more efficacious than other amino
acids as a modulator of mTOR signaling. Indeed, in accor-
dance with Cota et al. (13), we did not observe the other
amino acids to be regulators of mTOR signaling in hypo-
thalamus. Lastly, leucine is the most abundant amino acid
in many dietary proteins. To further explore the potential
nutrient regulation of food intake by leucine, we examined
the effect of leucine supplementation on food intake.
Animals eating the rat food supplemented with leucine had
lower food intake and weight gain than the control ani-
mals.

Consistent with the hypothesis that leucine is a major
regulator of the mTOR-sensitive response of food intake to
HPD, HPD caused a similar reduction in food intake, fat
mass, and increased CSF leucine compared with when
leucine was supplemented in the diet. Furthermore, mTOR
knockdown causes a similar change in the HPD-associated
rise in food intake, compared with when leucine was
supplemented in the diet. Similarly to an HPD, leucine
enhances POMC and diminishes NPY expression in the
hypothalamus in an AMPK- and mTOR-dependent manner;
on the other hand, we could not detect alterations in food
intake with other amino acids. However, the ability of HPD
to effect contrasting changes in NPY and POMC neurons
deserves further investigation.

How leucine activates mTOR in neurons is unknown. In
other cells, it has been suggested that amino acids may
activate the mTOR/Raptor/G-protein—p-subunit-like pro-
tein complex by promoting phosphorylation of the tumor
suppressor complex and inhibition of the small Ras ho-
molog enriched in brain GTPase (41,42). Recently, it has
been shown that intracerebroventricular administration of
leucine or leptin increases hypothalamic mTOR signaling
and decreases food intake (13). Our data extend these
findings by implicating AMPK in the anorectic actions of
leucine and suggest an intricate relationship between
these enzymes.

Nevertheless, this study shows that an HPD is associ-
ated with decreased AMPK and increased mTOR activity
that results in a reduction in food intake and weight loss in
rats and in 0b/ob and db/db mice and suggests leucine to be
the principal modulator of the AMPK and mTOR pathway
present in HPD. These findings provide support for the
hypothesis that AMPK and mTOR interact in the hypothal-
amus to regulate feeding during HPD in a leucine-depen-
dent manner.
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Abstract

AMP-activated protein kinase (AMPK) and mammalian Target of Rapamycin (mTOR) are key regulators of cellular energy
balance and of the effects of leptin on food intake. Acute exercise is associated with increased sensitivity to the effects of
leptin on food intake in an IL-6-dependent manner. To determine whether exercise ameliorates the AMPK and mTOR
response to leptin in the hypothalamus in an IL-6-dependent manner, rats performed two 3-h exercise bouts, separated by
one 45-min rest period. Intracerebroventricular IL-6 infusion reduced food intake and pretreatment with AMPK activators
and mTOR inhibitor prevented IL-6-induced anorexia. Activators of AMPK and fasting increased food intake in control rats to
a greater extent than that observed in exercised ones, whereas inhibitor of AMPK had the opposite effect. Furthermore, the
reduction of AMPK and ACC phosphorylation and increase in phosphorylation of proteins involved in mTOR signal
transduction, observed in the hypothalamus after leptin infusion, were more pronounced in both lean and diet-induced
obesity rats after acute exercise. Treatment with leptin reduced food intake in exercised rats that were pretreated with
vehicle, although no increase in responsiveness to leptin-induced anorexia after pretreatment with anti-IL6 antibody, AICAR
or Rapamycin was detected. Thus, the effects of leptin on the AMPK/mTOR pathway, potentiated by acute exercise, may
contribute to appetite suppressive actions in the hypothalamus.
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Introduction

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 >1 year have
demonstrated that dieters who achieve long-term success are
often those who engage in regular and extensive exercise programs
[4]. Although the energy expenditure aspects of such exercise may
contribute to the effects of weight maintenance, it has been
suggested that exercise may also contribute to the energy balance
by altering food intake [5,6]. Rodents submitted to exercise have
increased sensitivity to leptin, conversely animals with diet-induced
obesity and most obese humans are resistant to leptin [5,7,8].
Thus, the mechanism for leptin increased responsiveness in
exercise is of great interest and understanding this mechanism
could lead to new approaches to prevent or treat obesity.

The hypothalamus plays a central role in integrating hormonal
(leptin and insulin) and nutritional signals from the periphery and
modulating food intake, energy expenditure, and peripheral
metabolism [9]. Multiple factors control food intake, including
hormones, fuels and behaviour. AMPK is the downstream
component of a kinase cascade that acts as a sensor of cellular
energy charge, being activated by rising AMP coupled with falling
ATP. Once activated, AMPK phosphorylates acetyl-CoA carbox-
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ylase (ACC) and switches on energy-producing pathways at the
expense of energy-depleting processes [10-12]. Another target
molecule for the control of food intake and energy homeostasis is
represented by the phosphoprotein mammalian target of rapamy-
cin, mTOR, in which the PI(3)K/Akt pathway has been suggested
to affect the mTOR phosphorylation state and catalytic activity
[13]. Activated signaling through mTOR phosphorylates the
serine/threonine kinase p70S6K and the translational repressor
cukaryotic initiation factor (elF) 4E binding protein (4EBPI)
[14,15]. mTOR signaling is inhibited under conditions of low
nutrients, such as glucose and amino acids and low intracellular
ATP levels [16]. While mTOR was presumed to serve as the direct
cellular sensor for ATP levels [17], mounting evidence has
implicated AMPK in the regulation of mTOR activity [15,18-20].

The level of circulating interleukin-6 (IL-6) increases dramat-
ically in response to exercise [21], with IL-6 being produced by
working muscle [22,23] and adipose tissue [24,25] and its
concentration correlates temporally with increases in AMPK in
multiple tissues [26]. In addition, AMPK activity is diminished in
IL-6 deficient mice at rest and the absolute increases in AMPK
activity in these tissues caused by exercise is diminished compared
with control mice [27]. It also appears that centrally-acting IL-6
plays a role in the regulation of appetite, energy expenditure, and
body composition [5,28]. The signaling mechanism of IL-6 in the
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hypothalamus is, however, not fully understood. In cells, binding
IL-6 to the o subunit of its receptor triggers the recruitment of
gp130, subsequently leading to the activation of the gpl30-
associated JAK [29-31]. JAK links cytokine receptor to the
STAT3 and MAP kinase pathway [29,30,32]. In addition to JAK/
STAT and MAP kinase pathways, IL-6 also activates the PI(3)K/
Akt pathway [33].

In this study, we sought to determine whether the improved
response of the AMPK and mTOR pathways to leptin could
contribute to the increased molecular response of leptin in rats
submitted to exercise in an IL-6-dependent manner. We therefore,
examined hypothalamic modulation of AMPK/ACC and mTOR
signaling pathways, induced by IL-6, as well as the role of IL-6 in
those signaling pathways induced by leptin in rats after acute
exercise.

Results

IL-6 decreases hypothalamic AMPK and increases mTOR
signaling

To determine whether IL-6 modulates hypothalamic AMPK/
ACC signaling, we injected IL-6 into the third ventricle of rats and
evaluated food intake and AMPK signaling. IL-6 caused a
significant reduction in food intake (Figure la). We next
investigated whether the microinfusion of IL-6 modulates the
hypothalamic ATP concentration. Figure lb shows that IL-6
(200 ng) changed ATP, ADP and AMP concentrations in the
hypothalamus of rats, whereas, sixty minutes after IL-6 injection,
the ATP content increased by ~88% (Figure lc) and decreased
AMP:ATP ratio by ~54% in Wistar rats (Figure 1d). Consistent
with the modulation of the AMP:ATP ratio, we observed reduced
hypothalamic AMPK and ACC phosphorylation induced by IL-6
(Figures le and f); whilst IL-6 increases p70S6K and 4EBP1
phosphorylation (Figures 1g and h). The aAMPK, ACC, p70S6K
and 4EBP1 protein levels were not different between the groups
(Figures le—h, lower panels).

If the effect of IL-6 on food intake is mediated by AMPK
inhibition, AICAR infusion at doses that do not change food
intake, but still increase AMPK and ACC phosphorylation, could
be sufficient to block the effects of IL-6. Thus, to determine
whether the effects of IL-6 on food intake are AMPK-dependent,
we first identified a dose of AICAR that did not alter food intake
(0.5 mM) when administered at the onset of the dark cycle. We
then evaluated the effect of i.c.v. pretreatment with this dose of
AICAR, or its vehicle, on the anorectic response to i.c.v. IL-6
(200 ng) and we observed that the anorectic response to i.c.v. IL-6
was reversed by AICAR at the time points studied (figure la).
These findings indicate that inactivation of neuronal AMPK is
necessary for some of the effects of IL-6 on food intake.

Immunohistochemistry with anti-Interleukin-6 Receptor (IL-
6R)-specific antibody showed that IL-6R is expressed in a majority
of neurons in the arcuate nucleus (Figure 1i). Double-staining
confocal microscopy showed the positive immunoreactivity of IL-
6R and AMPK in the hypothalamic arcuate nucleus of rats
60 minutes after ic.v. saline or IL-6 (200 ng) infusion. The
immunoreactivity of IL-6R and pp70S6K was not detected in the
hypothalamic arcuate nucleus of rats after i.c.v. saline infusion.
However, we observed the positive double-staining of IL-6R and
pp70S6K 60 minutes after i.c.v. IL-6 (200 ng) infusion (Figure 1j).

IL-6 induction of hypothalamic mTOR does not require
changes in PI(3)K signaling

If the effect of IL-6 on food intake is mediated by mTOR
activation, Rapamycin infusion at doses that do not change food
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intake, but still decrease p70S6K and 4EBP1 phosphorylations
could be sufficient to block the effects of IL-6. Thus to determine
whether IL-6 modulates hypothalamic mTOR signaling, we
injected IL-6 (200 ng) into the third ventricle of rats and evaluated
food intake and mTOR signaling. IL-6 caused a significant
reduction in food intake (Figure 2a) and induced hypothalamic
p70S6K and 4EBP1 phosphorylation (Figures 2b and c). The
p70S6K and 4EBP1 protein levels were not different between the
groups (Figures 2b and c, lower panels). To determine whether the
effects of IL-6 on food intake are mTOR-dependent, we first
identified a dose of Rapamycin that did not alter food intake
(25 pg) when administered at the onset of the dark cycle. We then
evaluated the effect of ic.v. pretreatment with this dose of
Rapamycin or its vehicle, on the anorectic response to i.c.v. IL-6
and we observed that IL-6 reduction of food intake was reversed
by Rapamycin.

We next examined whether PI(3)K signaling is required for the
IL-6-dependent reduction of food intake, by IL-6 administration in
LY294002 pretreated (i.c.v.) animals. Pretreatment with
LY294002 at a dose that did not alter food intake (I nmol) had
no effect on anorectic response to ic.v. IL-6 (Figure 2d).
Consistent with these data, we observed that a single IL-6 i.c.v.
injection did not change Akt phosphorylation status in the
hypothalamus (Figure 2e¢). The Akt protein levels were not
different between the groups (Figure 2e, lower panel). These
findings indicates that activation of neuronal mTOR is necessary
for some of the effects of IL-6 on food intake and that these effects
of IL-6 do not require any change in PI(3)K signaling.

We also injected IL-6 (200 ng) into the third ventricle of rats
and evaluated food intake and JAK2/STAT3 signaling. IL-6
caused a significant reduction in food intake (Figure 2f) and
induced hypothalamic JAK2 and STAT3 phosphorylation
(Figures 2g and h). The JAK2 and STAT3 protein levels were
not different between the groups (Figures 2g and h, lower panels).
To determine whether the effects of IL-6 on food intake are also
JAK2/STAT3-dependent, we first identified a dose of AG490 that
did not alter food intake when administered at the onset of the
dark cycle. We then evaluated the effect of i.c.v. pretreatment with
this dose of AG490 or its vehicle, on the anorectic response to i.c.v.
IL-6 and we observed that IL-6 reduction of food intake was
reversed by AG490 (Figure 2f).

Physiological parameters measured in basal conditions
after exercise protocol

The plasma glucose level was lower in the exercised group
compared to the control group (3.6%£0.8 vs 4.6+0.5 mmol/L;
n=1>5; $<<0.05) and the insulin levels were also lower (88*12 us
193+17 pmol/L, n=5; p<<0.05). Exercise did not, however,
reduce plasma leptin (2.6%=0.5 vs 2.3%0.7 ng/ml). Insulinemia and
leptinemia were not altered by third ventricle microinjection of
leptin (data not shown).

Exercise partially reverses the effects of AMPK agonists
and fasting on food intake through modulation of the
AMPK-mTOR signaling pathway in the hypothalamus
To test the role of a single session of exercise on AICAR-
increased food intake, AICAR (2 mM) or its vehicle were
administered (i.c.v.) to control and exercised animals. 12-hour
total food intake was measured after exercise. In exercised rats,
AICAR (2 mM) did not cause any acute change in food intake but,
in the control group, AICAR (2 mM) increased food intake by
32% (Figure 3a), suggesting that AICAR is not effective in
exercised rats. Comparing AICAR-treated groups (control uvs.
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Figure 1. Effects of IL-6 on food intake, hypothalamic AMPK/mTOR activity and ATP content. (a) Effect of i.c.v. administration of IL-6 on
food intake; pretreatment with AICAR blocks IL-6-induced anorexia (n=12-15 animals per group). (b, ¢, d) Typical chromatographic run (b) depicting
the ATP, ADP, and AMP fractions in control (black line) and in i.c.v. IL-6 treated animals (red line), as mean ATP content and as AMP:ATP ratio (c, d). (e,
f, g, h) Representative Western blots of four independent experiments showing hypothalamic lysates from Wistar rats. Phospho-AMPK™™72,
threonine-phosphorylated AMPK and total AMPK (e); phospho-ACC*®"”°, serine phosphorylated ACC and total ACC (f); phospho-p70S6Kinaset™>°,
threonine phosphorylated p70S6Kinase and total p70S6K (g); phospho-4EBP1""7°, threonine phosphorylated 4EBP1 and total 4EBP1 (h). Confocal
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microscopy was performed using IL-6 receptor (IL-6R)-specific antibody (green) and DAPI (blue), with 50 x magnification (i). Co-localization of IL-6R
(green) and AMPK (red) and IL-6R (green) and phospho-p70S6K (red) 60 minutes after i.c.v. saline or IL-6 infusion in the arcuate nuclei of rats, with
200 x magnification (j). Data are the means=*SEM. *p<<0.05, vs. control group; **p<<0.01, vs. control group; # p<<0.05, vs. other groups.

doi:10.1371/journal.pone.0003856.9001

exercise), exercised animals showed a 33% reduction in 12-hour
total food intake (Figure 3a).

Consistent with food intake, AICAR increased AMPK threo-
nine and ACC serine phosphorylation levels in the hypothalami of
control rats, whilst in exercised animals, AICAR did not change
AMPK/ACC phosphorylation status (Figures 3b and c). Com-
paring AICAR treated groups (control us. exercise), exercised
animals showed reductions in AMPK threonine and ACC serine
phosphorylation of 52% and 31%, respectively. AICAR reduced
p70S6K and 4EBP1 threonine phosphorylation levels in the
hypothalamus of control and exercised rats. However, comparing
AICAR treated groups (control us. exercise), exercised animals
showed increases in p70S6K and 4EBP1 threonine phosphoryla-
tion of 230% and 310%, respectively (Figures 3d and e). The
aAMPK, ACC, p70S6K and 4EBP1 protein levels were not
different between the groups (Figures 3b—e, lower panels). Similar
results were observed after intraperitoneal treatment with 2-DG,
another pharmacological activator of AMPK (Figure 3f-j).

To be sure that the experiments represent a physiological
condition we measured food intake in control and exercised
animals after fasting. In the control animals, prolonged fasting
(48 hours) increased ~35% of food intake during 12-hours of
refeeding period compared to control group. However, in the
fasted rats, acute exercise session prevented fasting-induced
hyperphagic response (Figure 3k). Comparing fasting treated
groups (control vs. exercise), exercised animals showed reductions
in AMPK threonine and ACC serine phosphorylation of 65% and
41%, respectively (Figures 31 and m). Comparing fasting groups
(control wus. exercise), exercised animals showed increases in
p70S6K and 4EBPI threonine phosphorylation of 261% and
240%, respectively (Figures 3n and o). The aAMPK, ACC,
p70S6K and 4EBP1 protein levels were not different between the
groups (Figures 3l-o, lower panels).

Intracerebroventricular o-LA reduces food intake by
modulating AMPK-mTOR hypothalamic phosphorylation
levels to a greater extent in exercised animals

a-LA is an essential cofactor of mitochondrial respiratory
enzymes and exerts potent anti-obesity effects by suppressing
hypothalamic AMPK activity [34]. The effects of o-LA (3 ug)
intracerebroventricular administration, or its vehicle, on food
intake control were studied by measuring the 12-hour total food
intake after an acute exercise bout. In exercised rats, o-LA (3 pg)
reduced food intake by 86% while control group showed a
reduction of 58%. Comparing o-LA treated groups (control vs.
exercise), exercised animals showed a 64% reduction in 12-hour
total food intake (Figure 4a).

To determine the effects of exercise on the AMPK-mTOR
signaling pathway, o-LA was i.c.v. administered and AMPK,
ACC, p70S6K and 4EBP1 phosphorylation levels were assessed in
the hypothalamus of all rats. a-LA reduced AMPK and ACC
phosphorylation levels, in the hypothalami of control and
exercised rats. Comparing o-LA treated groups (control uvs.
exercise), in exercised animals o-LA reduced both AMPK
threonine phosphorylation and ACC serine phosphorylation of
39% and 57%, respectively (Figures 4b and c).

o-LA induced p70S6K and 4EBP1 threonine phosphorylation

in the hypothalami of control and exercised rats. Comparing o-LA
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treated groups (control vs. exercise), in exercised animals, a-LA
increased p70S6K and 4EBP1 threonine phosphorylation of 19%
and 11%, respectively (Figures 4d and e). o-LA did not change
oAMPK, ACC, p70S6K and 4EBPl protein expression
(Figures 4b—e, lower panels).

Intracerebroventricular leptin reduces food intake by
modulating AMPK-mTOR hypothalamic phosphorylation

levels to a greater extent in exercised animals

The effects of leptin (10~ M) i.c.v. administration or its vehicle
on food intake control were studied by measuring the 12-hour
total food intake after an acute exercise bout. In exercised rats,
leptin (10™° M) reduced food intake by 43%, when compared with
exercised plus vehicle treated group, while the control group
showed a reduction of 25%, when compared with vehicle treated
group. Comparing leptin-treated groups (control us. exercise),
exercised animals showed a 31% reduction in 12-hour total food
intake (Figure 5a).

To determine the effects of exercise on AMPK-mTOR
signaling pathway, leptin was i.c.v. administered and AMPK,
ACC, p70S6K and 4EBP1 phosphorylation levels were assessed in
the hypothalamus of all rats. Leptin reduced AMPK and ACC
phosphorylation levels in the hypothalami of control and exercised
rats. Comparing leptin-treated groups (control us. exercise), in
exercised animals, leptin reduced both AMPK threonine phos-
phorylation and ACC serine phosphorylation of 57% and 45%,
respectively (Figures 5b and c). Leptin induced p70S6K and
4EBP1 threonine phosphorylation in the hypothalamus of control
and exercised rats. Comparing leptin treated groups (control vs.
exercise), in exercised animals, leptin increased both p70S6K and
4EBP1 threonine phosphorylation of 30% and 40% respectively
(Figures 5d and e). The aAMPK, ACC, p70S6K and 4EBP1
protein levels were not different between the groups (Figures 5b—e,
lower panels).

Role of IL-6 in anorectic response to leptin

Hypothalamic IL-6 expression was detected in control animals;
however, a 420% increase was observed in the exercised group
(Figure 6a). We tested whether the inhibitory effects of leptin on
food intake depends on IL-6, by ic.v. infusion of anti-IL-6
antibody into exercised rats. Treatment with leptin (107¢ M)
markedly reduced 12-h food intake in exercised rats pretreated
with vehicle, although pretreatment with anti-IL-6 antibody
blocked exercise-induced leptin responsiveness in a concentration-
dependent manner (Figure 6b).

Both AMPK and ACC phosphorylation levels, reduced by
exercise, were reversed by anti-IL-6 antibody (Figure 6¢ and d).
We also observed that the increased phosphorylations of p70S6K
and 4EBP1, induced by exercise, were also reversed by anti-1L-6
infusion (Figures 6e and f). The aAMPK, ACC, p70S6K and
4EBP1 protein levels were not different between the groups
(Figures 6¢—f, lower panels).

The role of IL-6 on leptin responsiveness in the
hypothalamus of diet-induced obesity (DIO) rats

We next investigated the effect of IL-6 on leptin responsiveness
in the hypothalamus of diet-induced obesity (DIO) rats after acute
exercise. Hypothalamic IL-6 expression was detected in the
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Figure 3. AICAR, 2-DG and fasting effects on 12-h cumulative food intake and AMPK/mTOR signaling, in the hypothalami of control
and exercised rats. (a) AICAR (2 mM) was administered in control and exercised rats. Animals were immediately exposed to food for a 12-hour
period (n=12-15 animals per group). (b, ¢, d, e) Representative Western blots of five independent experiments showing hypothalamic lysates from
Wistar rats. (f) 2-DG (500 mg/Kg) was administered in control and exercised rats. Animals were immediately exposed to food for a 12-hour period
(n=12-15 animals per group). (g, h, i, j) Representative Western blots of five independent experiments showing hypothalamic lysates from Wistar
rats. (k) Exercise decreases food intake in the fasting state (48 h fasting). Animals were immediately exposed to food for a 12-hour period (n=12-15
animals per group). (I, m, n, o) Representative Western blots of five independent experiments showing hypothalamic lysates from Wistar rats.
Phospho-AMPK™"'72, threonine-phosphorylated AMPK and total AMPK; phospho-ACC**7°, serine phosphorylated ACC and total ACC; phospho-
p70S6Kinase™38, threonine phosphorylated p70S6Kinase and total p7056K; phospho-4EBP1M7°, threonine phosphorylated 4EBP1 and total 4EBP1.
Data are the means*SEM. * p<<0.05, ** p<<0.01, vs. control group; # p<<0.05, ## p<0.001 vs. AICAR- or 2-DG-stimulated control group.

doi:10.1371/journal.pone.0003856.9g003

hypothalamus of diet-induced obesity (DIO) rats; however, a
156% increase was observed in the DIO rats after acute exercise
(Figure 7a). The effects of leptin (10~° M) i.c.v. administration on
energy intake control were studied by measuring the 12-hour total
food intake after an acute exercise bout in DIO rats. Comparing
leptin-treated rats (control vs. DIO), the energy intake was 28%
higher in DIO rats after leptin infusion. However, the ic.v.
infusion of leptin was able to reduce the energy intake by about
31% in DIO rats after the exercise protocol, compared to DIO
rats at rest (Figure 7b). Interestingly, the i.c.v. pretreatment with
anti-IL-6 antibody (25 ng) blunted the anorexigenic effects of
leptin in exercised DIO rats.

To determine the effects of exercise on the AMPK-mTOR
signaling pathway in the hypothalamus of DIO rats, leptin was
i.c.v. administered and AMPK, ACC, p70S6K and 4EBP1
phosphorylation levels were assessed in the hypothalamus. The
suppressive effects of i.c.v. infusion of leptin on AMPK and ACC
phosphorylation were impaired in the hypothalamus of DIO rats
by about 58 and 54%, respectively, when compared to the control
group (Figure 7c¢ and d). In exercised DIO rats, leptin reduced the
phosphorylation of AMPK by 65% and ACC by 37%, compared
to DIO rats at rest and the i.c.v. pretreatment with ant-IL6
antibody before the exercise protocol, reversed the suppressive
effects of leptin on AMPK/ACC pathway in the hypothalamus of
exercised DIO rats (Figures 7c¢ and d). The AMPK and ACC
protein levels did not differ between the groups (Figures 7c and d,
lower panels).

In addition, p70S6K and 4EBP1 phosphorylation in the
hypothalamus of DIO rats after i.c.v. leptin infusion was reduced
by about 46% and 45%, respectively, when compared to the
control group. In exercised DIO animals, leptin increased the
phosphorylation of p70S6K by 62% and 4EBPl by 59%,
compared to DIO rats at rest. L.c.v. pretreatment with anti-IL6
antibody before the exercise protocol blocked these effects in the
hypothalamus of exercised DIO rats (Figures 7e¢ and f). The
p70S6K and 4EBP1 protein levels were not different between the
groups (Figures 7¢ and f, lower panels).

Blocking effects of AICAR and Rapamycin on leptin-
induced anorexia

We tested whether the i.c.v. administration of AICAR or
Rapamycin, 60 minutes before the administration of leptin
(107° M), prevents the anorexigenic effects of leptin. Leptin
(107° M) treatment markedly reduced 12-h food intake in both
control and exercised groups, although leptin was much more
effective in exercised rats. AICAR (0.5 mM) or Rapamycin
(25 ng), at doses that do not alter ingestion, completely blocked
the suppression of food intake induced by an i.c.v. injection of
leptin (107° M) (Figure 8a). The i.c.v. administration of leptin
(107° M) to exercised rats pretreated with vehicle reduced AMPK
and ACC phosphorylation in the hypothalamus by 63% and 60%
respectively, compared with the control group. The administration
of AICAR increased AMPK threonine and ACC

serine

@ PLoS ONE | www.plosone.org

phosphorylation, although at this dose, AICAR was not sufficient
to induce significant an increase in food intake in exercised
animals (data not shown). Comparing exercised animals, i.c.v.
administration of leptin (10~% M) to rats pretreated with AICAR
increased both AMPK and ACC phosphorylation levels in the
hypothalamus (Figures 8b and c).

The i.c.v. administration of leptin (107° M) to exercised rats
pretreated with vehicle induced p70S6K and 4EBP1 phosphor-
ylation in the hypothalamus of 60% and 70%, respectively,
compared with the control group. Comparing exercised animals,
ic.v. administration of leptin (107° M) to rats pretreated with
AICAR reduced both p70S6K and 4EBP1 phosphorylation levels
in the hypothalamus. Exercised animals pretreated with Rapamy-
cin also reduced hypothalamic p70S6K and 4EBP1 phosphory-
lation (Figures 8d and e). The aAMPK, ACC, p70S6K and
4EBP1 protein levels were not different between the groups
(Figures 8b—e, lower panels).

Discussion

During the last decade, a substantial number of studies have
investigated the role of physical activity in the control of energy
intake in rodents [5,6,35] and in humans [36—-38]. However, the
molecular mechanisms by which exercise controls food intake are
still unsolved. Several experimental studies have demonstrated that
neither acute [5,36] nor chronic [6,39] exercise per se change food
intake, on the other hand, accumulating evidence shows that both
acute and chronic exercise potentiate the anorexigenic effects of
leptin in the hypothalamus. Our data indicate that IL-6 signaling
through AMPK and mTOR reduces food intake in a dose-
dependent manner. Leptin, as well as o-LA infusion, reduced food
intake in exercised rats to a greater extent than that observed in
control animals. Conversely, AICAR, 2-DG and fasting increased
food intake in exercised rats to a lower extent than that observed in
control animals. Exercise was associated with the effects of leptin
on the AMPK/mTOR pathway activity in the hypothalamus. In
addition, we investigated the regulatory role of IL-6 in mediating
the increase in leptin responsiveness in the hypothalamus.
Treatment with leptin markedly reduced food intake, AMPK
activity and increased mTOR activity in exercised rats that were
pretreated with vehicle, although no increase in response to leptin-
induced anorexia and modulation of AMPK/mTOR pathway
were detected after i.c.v. pretreatment with anti-IL-6 antibody.
Taken together, these results suggest that IL-6 is a major
component of the effects of exercise on the control of food intake.

Increasing evidence shows that leptin and IL-6 activates AMPK
in the peripheral tissues, such as skeletal muscle and adipose tissue,
increasing fatty acid oxidation and glucose uptake in these tissues
[40-42], however, leptin has an opposing effect in hypothalamic
tissue, reducing neuronal AMPK activity [12,43]. As well as in
response to leptin, in the present study, we demonstrated that IL-6
alone reduced AMPK phosphorylation in the hypothalamus of
rats. We also show that, IL-6 increased ATP levels and decreased
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Figure 5. Leptin effects on 12-h cumulative food intake and AMPK/mTOR signaling, in the hypothalami of control and exercised
rats. (a) Leptin (10~® M) was administered in control and exercised rats. Animals were immediately exposed to food for a 12-hour period (n=12-15
animals per group). (b, ¢, d, e) Representative Western blots of five independent experiments showing hypothalamic lysates from Wistar rats.
Phospho-AMPK™!"172, threonine-phosphorylated AMPK and total AMPK (b); phospho-ACC®7?, serine phosphorylated ACC and total ACC (c); phospho-
p70S6Kinase™3°, threonine phosphorylated p70S6Kinase and total p70S6K (d); phospho-4EBP1""7°, threonine phosphorylated 4EBP1 and total
4EBP1 (e). Data are the means=SEM. * p<<0.05, ** p<<0.01, vs. control group; # p<<0.05, ## p<<0.01 vs. leptin-stimulated control group.

doi:10.1371/journal.pone.0003856.9005

@ PLoS ONE | www.plosone.org

December 2008 | Volume 3 | Issue 12 | e3856



Exercise and Leptin Action

A. B
_— |~. 16 - | Contr?l
NI VSR, = W Exercise
120 ] Control o 1244 46 I Ex+anti-IL-6
1 - i °
. 00 T M Exercise =
T 80 - 8
s o
=2 60 2
&5 <
2 4 4
& 40 3.
20 —
il | g
0 Leptin + + + +
Anti-IL-6 (ng) = - 25 125
C. D
1B: pAMPK IB: PACC | s o e e |
120 120
#
§a '™ i Sa ' 1 -
22 : 248
gg 80 | gg 80 1
251 . 0. 2§ o | =
[ T o=
85 0 35 40
L m® £ m
£% » ] £S5
0 B S - 0 j IS ——
Leptin + + o+ * Leptin + + +

Anti-IL-6 (ng) - - 25 125 Anti-IL-6 (ng) - = 25 125

P —— e

E. F.
IB: pp7OSEK | e S s s B: PAEBPT | e 8
120 120
.54‘!3 100 gﬂ 100
85 8 S5 80
e g x
S 60 S2 60
6k G5
§é 40 E-@ 40 1
(1 [1+]
o o20 o 20
0 0
Leptin + 4 + + Leptin + + o+ +
Anti-IL-6(ng) - - 25 125 Anti-il-6 (ng) - - 25 125
IB: p70SEK | e s - 1B: 4EBP1 | - . |

Figure 6. Blockade of leptin induced inhibition of food intake by anti-IL-6 antibody. Hypothalami from rats were prepared as described in
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Figure 7. Leptin effects on 12-h cumulative food intake and AMPK/mTOR signaling in the hypothalami of control, DIO and
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Figure 8. Blocking effects of AICAR and Rapamycin on leptin-induced anorexia. (a) Effect of i.c.v. administration of leptin on exercised rats;
pretreatment with AICAR or Rapamycin (n=8-10 animals per group). (b, c, d, ) Representative Western blots of five independent experiments
showing hypothalamic lysates from Wistar rats. Phospho-AMPK""72, threonine-phosphorylated AMPK and total AMPK (b); phospho-ACC*7?, serine
phosphorylated ACC and total ACC (c); phospho-p7056Kinase'"™%°, threonine phosphorylated p70S6Kinase and total p7056K (d); phospho-4EBP1t"7°,
threonine phosphorylated 4EBP1 and total 4EBP1 (e). Data are the means*+SEM. *p<<0.05, vs. other groups.

doi:10.1371/journal.pone.0003856.9g008

the AMP/ATP ratio in the hypothalamus (figures 1b—d), but the
mechanisms by which IL-6 modulates the ATP levels require
further investigations.

A number of recent studies have shown that AMPK plays a key
role in regulating both energy intake and expenditure [12,34,44,45].
In peripheral tissues, such as skeletal muscle, activation of AMPK
switches on energy producing pathways and switches off energy
consuming pathways. In the hypothalamus, activation of AMPK
leads to increased feeding, thereby increasing energy intake.
Conversely, inhibition of AMPK in the hypothalamus reduces food
intake. These dual functions of AMPK suggest that it may act to
coordinate energy expenditure with energy intake. There is already
some evidence that this may be the case in one situation. More
recently, Gao and colleagues [10] demonstrated that the hypotha-
lamic ACC activation makes an important contribution to the
anorexigenic effects of leptin that are mediated by AMPK. The aim
of this study was to investigate whether IL-6 could affect AMPK
activity in the hypothalamus, thereby providing a potential
mechanism for the coordination of energy expenditure and energy
intake during, or following exercise. Beyond STAT3 activation, we
detected changes in the hypothalamic AMPK activity in rats after
i.c.v. infusion of IL-6; we show that, IL-6 markedly decreased
phospho-AMPK abundance (an index of activity) in the hypothal-
amus. In accordance with the reduction in AMPK™'”2 phosphor-
ylation, we observed that, after IL-6 administration, hypothalamic
AMP:ATP ratio was decreased.

Wallenius et al [28] elegantly showed that long-term peripheral
IL-6 treatment to 116"’ " mice caused a decrease in body weight.
In addition to increasing energy expenditure, IL-6 may prevent
obesity by inhibiting feeding as obese IL-6 /" mice had increased
absolute food intake. However, central IL.-6 treatment at the same
dose that we used does not influence food intake in mice. In
concordance with our results another study of the same group
showed a reduced daily food intake over a two-week ICV
treatment period with IL-6 in rats indicating a different pattern of
response between rats and mice [46].

The mTOR, an evolutionary conserved serine-threonine kinase,
central to integrating similar signals to control food intake, has
now emerged as a detector of hormonal and nutritional signals in
the hypothalamus [13,15]. In this study, we investigated whether
IL-6 activates mTOR. IL-6 increased mTOR activity; moreover
inhibition of central mTOR reversed the anorectic effect of IL-6.
In addition, the anorexigenic effect of IL-6 was absent in AICAR-
and Rapamycin-pretreated rats, however, pretreatment with
LY294002 - a PI(3)K inhibitor - had no effect on IL-6 induced
anorexia, indicating that, in the hypothalamus, the effect of IL-6 is
independent of the PI(3)K pathway. Signaling through gp130
commonly results in activation of PI(3)K, and IL-6 can activate
PI(3)K [47] and its downstream target Akt [48-51], but it should
be noted that this effect has not been observed in all studies [52],
suggesting a tissue-dependent effect.

Next, we investigated whether the increased sensitivity of the
leptin action on food intake induced by exercise, could be due to
the modulation of AMPK activity. As previously shown [43],
exercise, per se, does not alter AMPK activity in the hypothal-
amus; however, we observed that the normal inhibition of AMPK
phosphorylation and activity in the hypothalamus, induced by
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leptin administration, was improved in both lean and diet-induced
obesity rats after acute protocol of exercise.

In addition, we did not observe any normal stimulation of
AMPK activity by AICAR in the hypothalamus of exercised rats,
indicating that AMPK pathway is disrupted. This observation
agrees with data from aging studies in which acute stimulation
with AICAR was blunted in skeletal muscle of old rats [53].
Furthermore, fasting and the use of another activator of AMPK (2-
DG) in exercising rats resulted in a lower activation of AMPK
when compared to the control animals. In contrast, the
pharmacological inhibition of AMPK by o-LA results in a greater
inhibition of AMPK activity, compared to control animals.

The mechanism by which exercise inhibits AMPK-induced food
intake in the hypothalamus is not clear. Several lines of evidence
point to a possible link between inhibited AMPK-induced food
intake in the hypothalamus and IL-6 signaling through the
AMPK/mTOR pathway. Firstly, we found that the leptin-
inhibited food intake enhanced by exercise was blunted by anti-
IL-6 antibody. Secondly, exercise induced increased response of
leptin-inhibited AMPK signaling was reverted by AICAR. Finally,
exercise induced increased responsiveness of leptin stimulated
mTOR signaling was reverted by rapamycin.

Our data are in accordance with earlier studies demonstrating
that IL-6 treatment enhances energy expenditure in both rodents
and humans [28,54-56]. In exercising rats, hypothalamic leptin and
insulin responsiveness are increased in an IL-6-dependent manner
[5,6]. It has been previously shown that IL-6 treatment stimulates
energy expenditure at the level of the brain in rodents [28,55,57],
and it might be assumed that endogenous IL-6 also acts on the brain
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 [58]. Alternatively, the
large quantities of endocrine IL-6 produced from working skeletal
muscle [58] might reach appropriate sites in the brain [21,59,60].

Interestingly, we did not observe any difference in food intake
over a 12-h period, although the levels of hypothalamic IL-6
dramatically increased after exercise. At first glance, these data
appear to be contradictory. However, a large decrease in insulin
level was observed after exercise, and we have previously shown a
synergic effect of IL-6 on the insulin and leptin signaling pathway, in
the rat hypothalamus [5]. Since we did not observe modifications in
the phosphorylation of JAK2 and the downstream targets of mTOR
after exercise, these data suggest that the cross-talk between insulin,
IL-6 and leptin have an essential role in controlling food intake after
exercise. In this case, it is possible that increases in IL-6 levels were
counterbalanced by the reduction in insulin levels.

However, the present study has certain limitations. Exercise per
se did not evoke any meaningful effect in terms of food intake;
rather, it seemed to enhance the anorectic effect of exogenous
leptin. Thus, the data presented herein may suggest but do not
establish the mechanism by which long term exercise decreases
leptin levels; whilst increases the response to leptin, contributing to
its food-suppressive actions. Furthermore, settings of activation of
AMPK or inactivation of mTOR were selected to induce changes
in target protein phosphorylation, but not food intake. Such
dissociation does not preclude a pharmacological rather than
physiological effect of our data.
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Increased responsiveness of leptin action in the hypothalamus,
through modulation of the AMPK-mediated pathway by exercise,
could be pathophysiologically important in the prevention of
obesity. Recent studies have shown that modulation of leptin
signaling through the AMPK pathway could be involved in the
development of obesity [61]. Taken together, these data indicate
that the anti-obesity actions, induced by leptin, could be increased
due to the more pronounced inhibition of the AMPK pathway
observed after leptin infusion in the hypothalamus of both lean
and diet-induced obesity rats after acute exercise. If the
mechanism used by IL-6 to reduce food intake is AMPK-
dependent, as our results suggest, the defective activation of
AMPK in the hypothalamic neurons induced by exercise may
increase the ability of leptin to reduce food intake.

In conclusion, exercise improved the AMPK and mTOR
responses to leptin administration and contributed to appetite-
suppressive actions. This increased dynamic responsiveness of the
AMPK/mTOR pathway to leptin could provide information
regarding the molecular mechanism underlying the biological
sensitivity to leptin in exercise. Furthermore, these findings provide
support to the hypothesis that AMPK and mTOR interact in the
hypothalamus to control feeding in exercised rats, in an IL-6-
dependent manner.

Methods

Antibodies and Chemicals

Reagents for SDS-polyacrylamide gel electrophoresis and
immunoblotting were from Bio-Rad (Richmond, CA, USA).
Tris[hydroxymethyl]amino-methane (Tris), aprotinin, ATP, di-
thiothreitol, phenylmethylsulfonyl fluoride, Triton X-100, Tween
20, glycerol, and bovine serum albumin (fraction V) were from
Sigma Aldrich (St. Louis, MO, USA). Protein A-Sepharose 6 MB
and Nitrocellulose paper (Hybond ECL, 0.45 um) from Amer-
sham Pharmacia Biotech United Kingdom Ltd. (Buckingham-
shire, United Kingdom). Ketamin was from Parke-Davis (Sao
Paulo, SP, Brazil) and diazepam and thiopethal were from
Cristalia (Itapira, SP, Brazil). Anti-phospho-[Ser’?] ACC (rabbit
polyclonal, #07-184) and anti-phospho- [Tyr'"7/1%%%] JAK9
(rabbit polyclonal, AB3805) antibodies were from Upstate
Biotechnology (Charlottesville, VA, USA). Anti-ACC  (goat
polyclonal, sc-26816), anti-JAK2 (rabbit polyclonal, sc 278), anti-
STATS3 (rabbit polyclonal, sc 483) and anti-IL-6 (rabbit polyclon-
al, sc-7920) antibodies were from Santa Cruz Biotechnology, Inc.
Anti-phospho-[Thr'7?] AMPKa (rabbit polyclonal, #2531), anti-
AMPKoa (rabbit polyclonal, #2532), anti-phospho- [tyr705]
STAT3 (rabbit polyclonal, #9135), anti-phospho- [Thr389]
p70S6K (rabbit polyclonal, #9205), anti-p70S6K (rabbit poly-
clonal, #9202), anti-phospho- [Thr70]4EBP1 (rabbit polyclonal,
#9455), anti-4EBP1 (rabbit polyclonal, #9452), anti-phospho-
[Ser 473]Akt (rabbit polyclonal, #9271), and anti-Akt (rabbit
polyclonal, #9272) were from Cell Signalling Technology
(Beverly, MA, USA). Leptin, LY294002, and Interleukin-6 were
from Calbiochem (San Diego, CA, USA); 5-Aminoimidazole-4-
carboxamide 1-B-D-ribofuranoside (AICAR), 2-Deoxy-D-glucose
and a-lipoic acid were from Sigma Chemical Co. (St. Louis, MO).
Rapamycin was from LC Laboratories (Woburn, MA, USA).
Routine reagents were purchased from Sigma Chemical Co. (St.
Louis, MO) unless otherwise specified.

Serum insulin and leptin quantification

Plasma was separated by centrifugation (1100 g) for 15 minutes
at 4°C and stored at —80°C until assayed. RIA was employed to
measure serum insulin, according to a previous description [62].
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Leptin concentrations were determined using a commercially
available Enzyme Linked Immuno Sorbent Assay (ELISA) kit
(Crystal Chem Inc, Chicago, IL).

Experimental Animals

Male Wistar rats (8 weeks old/250-300 g) obtained from the
University of Campinas Animal Breeding Center were used in the
experiments. The investigation was approved by the ethics committee
and followed the University guidelines for the use of animals in
experimental studies and conforms to the Guide for the Care and Use of
Laboratory Amimals, published by the US National Institutes of Health
(NIH publication no. 85-23 revised 1996). The animals were
maintained on 12h:12h artificial light-dark cycles and housed in
individual cages.

Diet induced obesity (DIO)

Male 4-wk-old Wistar rats from the University of Campinas
Breeding Center were randomly divided into two groups, control,
fed standard rodent chow (3948 keal. Kg™') and DIO, fed a fat-
rich chow (5358 keal. Kg™') ad libitum for 3 months and then
submitted to the different experimental protocols. This diet
composition has been previously used [63].

Intracerebroventricular (i.c.v.) cannulation

The animals were stereotaxically instrumented under intraper-
itoneal injection of a mix of ketamin (10 mg) and diazepam
(0.07 mg) (0.2 ml/100 g body weight) with a chronic 26-gauge
stainless steel indwelling guide cannula, aseptically placed into the
third ventricle (0.5 mm posterior and 8.5 mm ventral to bregma),
as previously described [64]. After a l-wk recovery period,
cannula placement was confirmed by a positive drinking response
after administration of Angiotensin II (40 ng/2 uL); animals that
did not drink 5 mL of water within 15 minutes after treatment
were not included in the experiment.

Exercise Protocol

Rats were acclimated to swimming for 2 days (10 min per day).
On the day of the experiment, animals swam in groups of four, in
plastic barrels of 45 cm in diameter, filled to a depth of 50 cm.
Water temperature was maintained at 34-35°C. They performed
two 3-h exercise bouts, separated by one 45-min rest period, as
previously described [65]. After the last exercise bout, some rats
were injected into the cannula and food intake was determined
over the next 4 and/or 12 h; the other rats were injected into the
cannula and then anesthetized with intraperitoneal injection of
sodium thiopethal (5 mg/100 g body weight) and hypothalamus
was removed.

Treatments

For acute treatments, rats were deprived of food for 6 h with
free access to water and i.p. injected (200 pl bolus injection) with
either vehicle or 2-DG (500 mg/kg) or i.c.v. injected (3 ul bolus
injection) with either vehicle, IL-6 (100 ng or 200 ng), AICAR (0.5
or 2.0 mM), Rapamycin (25 pg), o-LA (3 ug), leptin (10~° M),
LY294002 (50 uM) or anti-IL-6 antibody. Similar studies were
carried out in rats that were initially pre-treated with i.c.v.
microinjection of vehicle, AICAR, Rapamycin, anti-IL-6 antibody
or 1.LY294002, and after 60 min with i.c.v. microinjection of IL-6
or leptin. 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 4 and/or 12-h
periods. All acute treatments were performed at 5:00 and 6:00
p.m.
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Western Blot Analysis

After exercise and i.c.v. treatments, rats were anaesthetized with
intraperitoneal injection of a mix of ketamin (10 mg) and diazepam
(0.07 mg) (0.2 ml/100 g body weight), and used as soon as anesthesia
was assured by the loss of pedal and corneal reflexes. The rats were
killed, and hypothalamus was quickly removed, minced coarsely and
homogenized immediately in a freshly prepared ice-cold buffer (1%
Triton X-100, 100 mmol/l Tris pH 7.4, 100 mmol/l sodium
pyrophosphate, 100 mmol/l sodium fluoride, 10 mmol/l EDTA,
10 mmol/l sodium vanadate, 2 mmol/l phenyl methylsulphonyl
fluoride and 0.1 mg aprotinin) suitable for preserving phosphoryla-
tion states of enzymes and Western blot was performed, as previously
described [66]. Insoluble material was removed by centrifugation
(50 000 g) for 25 minutes at 4°C. Total extracts of hypothalamus
were prepared and 0.25 mg total proteins were separed by SDS-
PAGE. After SDS-PAGE (15% resolving gels for phospho-4EBP1
and 4EBPI1; 12% resolving gels for phospho-AMPK, AMPKa2;
phospho-p70S6K, p70S6K, phospho-Akt, Akt, phospho-STAT3 and
STAT3; 8% resolving gels for phosphor-JAK2 and JAK2; 6.5%
resolving gels for ACC and phospho-ACC), proteins were transferred
from gel to nitrocellulose membrane. Membranes were blocked in
5% nonfat dried milk in PBST (139 mM NaCl, 2.7 mM KH,PO,,
9.9 mM Nay,HPO,, and 0.1% Tween 20) for 2 hours and then
incubated overnight with specific antibodies. After incubation with
the relative second antibody, immune complexes were detected using
the ECL method. Results were visualized by autoradiography using
preflashed Kodak XAR film (Eastman Kodak, Rochester, N.Y.,
USA) with Cronex Lightning Plus intensifying screens at —80°C for
12-48 h. (Mass., USA). Band intensities were quantified by optical
densitometry of developed autoradiographs (Scion Image software -
Scion Corporation, Frederick, Md., USA).

Confocal microscopy

Paraformaldehyde-fixed hypothalami were sectioned (5 {m).
The sections were obtained from hypothalamus of six rats per
group in the same localization (antero-posterior=—1.78 from
bregma) and used in regular single- or double-immunofluores-
cence staining using DAPI, anti-IL6 receptor (IL6R), anti-AMPK,
anti-phospho-p70S6K (1:200; Santa Cruz Biotechnology), anti-
bodies, according to a previously described protocol [67]. Analysis
and photodocumentation of results were performed using a LSM
510 laser confocal microscope (Zeiss, Jena, Germany). The
anatomical correlations were made according to the landmarks
given in a stereotaxic atlas [68].

Chromatography

After exercise, i.c.v. infusion of IL-6 or vehicle, rats were
anaesthetized, and used as soon as anesthesia was assured by the
loss of pedal and corneal reflexes. The animals were killed and,
within 40 seconds, the cranium was opened, the brain was
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removed and the hypothalamus was quickly dissected and frozen
in liquid Ny for chromatographic analyses.

Chromatographic analyses were carried out on a Waters Alliance
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quaternary pump, an autosampler, a degasser, and a Waters 2475
fluorescence detector model. The fluorescence of derivatized
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Phenomenex (Torrance, CA, USA). The mobile phase composition
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XP version 2003 and Waters Empower 2002 chromatography
software. A validation chromatographic run included a set of
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at four levels in triplicate. The standard calibration curves for
known amounts of ATP, ranging from 0.025 to 10.0 wmol/L, were
linear (R>0.999) and could be described by the linear regression
equation: »=0.4992%x—0.0463 (n=4, P<0.0001, r=0.9997), in
which y is the ATP concentration in micromoles and x is the
chromatogram peak area.

Statistical Analysis

All numeric results are expressed as the means=SEM of the
indicated number of experiments. The results of blots are presented
as direct comparisons of bands or spots in autoradiographs and
quantified by optical densitometry (Scion Image). Statistical analysis
was performed by employing the ANOVA test with Bonferroni post
lest. Significance was established at the p<<0.05 level.
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SUMMARY

Overnutrition is associated with hypothalamic insulin and leptin resistance,
through IKKJ activation and endoplasmatic reticulum (ER) stress. Here, we show that
physical exercise suppresses hyperphagia mediated by overnutrition, reducing
hypothalamic IKKB/NF-kB activation and ER stress, improving insulin and leptin
action in an IL-6 dependent-manner. The disruption of hypothalamic-specific 1L-6
action blocked the effects of exercise on the re-balance of food intake. This molecular
mechanism, mediated by physical activity, involves the anti-inflammatory protein, IL-
10, a core inhibitor of IKKB/NF-kB signaling and ER stress. We report that exercise
and recombinant IL-6 requires IL-10 expression to suppress hyperphagia related-
obesity. Moreover, in contrast to control, C3H/HeJ mice sustained lower levels of
hypothalamic IL-6 and IL-10 after exercise and failed to reverse the pharmacological
activation o IKKP and ER stress. Hence, IL-6 and IL-10 are important physiological
contributors to the central action of insulin and leptin, mediated by exercise, linking it to

hypothalamic ER stress and inflammation.



INTRODUCTION

Overnutrition and sedentary lifestyle are among the most important factors that
lead to an unprecedented increase in the prevalence of obesity. In mammals, food intake
and energy expenditure are tightly regulated by specific neurons localized in the
hypothalamus. The hypothalamus can gather information on the body's nutritional status
by integrating multiple signals, including potent hormonal signals such as insulin and
leptin [1,2]. The impairment of hypothalamic insulin and leptin signaling pathways is
sufficient to promote hyperphagia, obesity and type 2 diabetes (T2D) in different
genetic rodent models with neuronal ablation of insulin and leptin signaling [1,3,4]. We
and others have proposed that overnutrition induces the central insulin and leptin
resistance through the aberrant hypothalamic activation of proinflammatory molecules,

including TLR4 and IKKB [5,6,7].

IKKP is a key player in controlling both innate and adaptive immunity.
Activation of IKKP by phosphorylation at S177 and S181 induces phosphorylation,
ubiquitination and subsequent proteosomal degradation of its substrate IkBa. The
degradation of IxBa allows NF-kB proteins to translocate to the nucleus and bind their
cognate DNA binding sites to regulate the transcription of a large number of genes,
including, stress-response proteins and cytokines [8]. Growing evidence provides an
intriguing link between metabolic inflammation and dysfunction of insulin and leptin
signaling via activation of IKK[ and endoplasmatic reticulum (ER) stress [9,10,11].
Examination of ER stress markers in different tissues of dietary (high-fat diet-induced)
and genetic (0b/0ob) mouse models of obesity demonstrated increased levels of PERK
phosphorylation, elF2a phosphorylation, and JNK and IKKP activity [7,10].

Furthermore, a recent study showed that the high-fat diet atypically activates



hypothalamic IKKB/NF-xB, at least in part, through elevated endoplasmic reticulum
stress in the hypothalamus and that these phenomena are associated with central insulin
and leptin resistance, hyperphagia and body weight gain in mice [7]. Thus, strategies to
reduce the aberrant activation of inflammatory signaling and/or ER stress in
hypothalamic neurons are of great interest to improve the central insulin and leptin

action and prevent or treat obesity and related diseases.

Physical activity is considered a cornerstone of the treatment for obesity.
Exercise has long been reported to reduce body weight and visceral adiposity,
increasing the energy expenditure and improving glycaemic control in overweight or
T2D patients [12,13]. Since the discovery of interleukin (IL)-6 releases from
contracting skeletal muscle, accumulating evidence indicates that exercise induces
metabolic changes in other organs, such as the liver, the adipose tissue and
hypothalamus, in an IL-6 dependent manner. IL-6 is most often classified as a pro-
inflammatory cytokine, although consistent data also demonstrate that I[L-6 has an anti-
inflammatory effect, and may negatively regulate the inflammation of acute phase
response by increasing Interleukin-10 (IL-10), IL-1 receptor antagonist (IL-1ra), and
soluble TNF- receptors (sTNF-R) [14]. Moreover, IL-6 appears that to play a central
role in the regulation of appetite, energy expenditure, and body composition [15,16].
However, the effects of physical activity in the metabolic regulatory pathways in the
central nervous system (CNS) remain unexplored. Thus we hypothesized that exercise
could exert its effects in the central nervous system by modulating the specific
hypothalamic neurons responsible for the control of food consumption. In the present
study, we investigated the effect of the anti-inflammatory response, mediated by IL-6,
on hypothalamic IKKp activation and ER stress, central insulin and leptin sensitivity

and food intake in diet-induced rats after physical activity.



RESULTS

Exercise suppresses hyperphagia mediated by overnutrition

It has been demonstrated that physical activity may contribute to the energy
balance by increasing energy expenditure. Although the energy expenditure aspects of
such exercise may contribute to the effects of weight loss, the effect of exercise on the
control of energy intake remains unclear. To evaluate the impact of physical activity on
food consumption, we measured the 12-hour total energy intake in lean and diet-
induced obese (DIO) rats after acute exercise. Exercise did not change the energy intake
in lean animals; however exercise suppressed the hyperphagic response, mediated by
chronic overnutrition, restoring the energy intake to the levels of lean animals (Figure
1A). To assess whether the effects of exercise on food intake are dependent on the
neuropeptides modulation, we performed a real time-PCR assay to determine the
mRNA levels of Neuropeptide-Y (NPY) and Proopiomelanocortin (POMC). After 9
hours of fasting, we found that chronic overnutrition increased NPY mRNA and
reduced POMC mRNA levels, whilst physical activity restored the NPY (Figure 1B)
and POMC mRNA levels (Figure 1C) in obese animals; on the other hand, exercise did

not change the NPY and POMC mRNA Ievels in lean rats (Figure 1B and C).

Chronic overnutrition increased body weight, epididymal fat and serum insulin
and leptin, compared to age-matched controls (Figures 1D-G). No significant variations
were found in body weight, epididymal fat and serum leptin between exercised and
respective control animals under resting conditions (Figures 1 D, E and G). The insulin
levels were lower in both lean and obese rats after exercise (Figure 1 F). These results
reinforce the negative relationship between body weight change and the appetite-

suppressive actions mediated by exercise.



To extend our hypothesis, we investigated food intake in leptin-deficient mice
(ob/ob) after physical activity. Acute exercise there was no change in food intake in
wild type mice (WT), however the energy intake was restored in 0b/ob mice to the wild
type levels (Figure 1 H). Exercise did not change the total body weight and epididymal
fat pad weight in wild type and 0b/0b mice (Figures 1 I and J) and reduced the insulin
levels in wild type and 0b/0b mice (Figure 1 K). Thus, our data demonstrate that
exercise modulates hypothalamic neuropeptides (NPY and POMC) and suppresses food

intake in obese, but not in lean, rodents without changing the adipose tissue content.

Exercise restores insulin and leptin sensitivity in the hypothalamus.

To assess whether exercise modulates insulin signaling, we evaluate the distal of
protein of insulin signaling, FOXOI1, in the hypothalamus. Western blot analysis
revealed that FOXO1 phosphorylation was similar between the groups (Figure 2A).
Although exercise did not change the FOXO1 phosphorylation, we next performed
intrahypothalamic insulin (200 mU) or its vehicle injection to evaluated food intake and
insulin sensitivity after the exercise protocol. Overnutrition markedly reduced the ability
of intrahypothalamic insulin infusion to reduce food intake, when compared to chow-
fed animals; however, exercise restored the central effects of insulin on reduced food
intake (Figure 2B). Using Western blotting analysis, we determined the effects of
exercise on the insulin sensitivity in hypothalamic tissue. The high-fat diet impaired
insulin-induced tyrosine phosphorylation of insulin receptor  (IRP), insulin receptor
substrate-1 (IRS-1) and IRS-2 in the hypothalamus. Similar results were observed for
the serine phosphorylation of Akt and FOXO1 (Figure 2C). Physical activity was able
to restore insulin-induced hypothalamic IR[3, IRS-1 and IRS-2 tyrosine phosphorylation

and insulin-induced hypothalamic Akt and FOXO1 serine phosphorylation in DIO rats



(Figure 2C). There was no difference in basal levels of IR, IRS-1, IRS-2 and Akt
phosphorylation between the groups (data not shown). Subcellular fraction of
hypothalamic extract was then performed to evaluate the nuclear FOXO1 expression.
Intrahypothalamic infusion of insulin reduced the nuclear FOXO1 expression in control
rats, but insulin failed to reduce the nuclear FOXOI1 expression in rats after
overnutrition (Figure 2D). After exercise, insulin reduced the nuclear FOXO1
expression in neuronal cells of obese animals (52%), when compared to DIO at rest
(Figure 2D). No difference between the basal levels of FOXO1 nuclear expression was

observed (data not shown).

We then explored the effects of exercise on hypothalamic leptin action,
monitoring STAT-3 tyrosine phosphorylation. Exercise did not change the STAT-3
phosphorylation in lean animals; however overnutrition reduced STAT-3
phosphorylation when compared to lean animals. Interestingly, physical activity was
able to increase the neuronal STAT-3 tyrosine phosphorylation in obese animals (Figure
2E). In addition we investigated the effects of exercise on leptin sensititvity.
Intrahypothalamic infusion of leptin markedly reduced the 12-hour total energy intake
in control rats; however, the anorexigenic effects of leptin were attenuated in obese rats.
In contrast, exercise restored the central effects of leptin on reduced food intake (Figure
2F). We noted that leptin modestly promoted the hypothalamic tyrosine phosphorylation
of Janus Kinase-2 (JAK2), IRS-1, IRS-2 and STAT-3 after high-fat diet treatment.
Conversely, exercise restored leptin-induced hypothalamic JAK2, IRS-1, IRS-2 and
STAT-3 tyrosine phosphorylation in obese animals (Figures 2G). There were no
differences in the basal levels of JAK2 and STAT-3 phosphorylation between the

groups (data not shown).



We also evaluated nuclear STAT3 expression after intrahypothalamic leptin
infusion. After overnutrition, leptin failed to increase the expression of nuclear STAT3
in the hypothalamus. On the other hand, exercise increased the ability of leptin to
increase the nuclear expression of STAT3 (48%) in the hypothalamus of obese animals
(Figure 2H). No difference between the basal levels of STAT3 nuclear expression was

observed (data not shown).

Increasing hypothalamic levels of IL-6 reverses IKKPB and ER stress caused by

obesity

Recently, Interleukin-6 (IL-6) was reported as the first myokine that is produced
and released by contracting skeletal muscle fibres, exerting its effects on other organs of
the body [17], including the hypothalamus [15,18]. Thus, we evaluated the central role
of IL-6 in the control of food intake. Firstly, the serum level of IL-6 was observed to be
slightly up-regulated after high-fat diet treatment and was dramatically increased
immediately after physical activity, as expected (Figure S1). Similar results were found
when IL-6 protein expression in the hypothalamic tissue was evaluated (Figures 3A). To
investigate whether neuronal cells were producing IL-6 in response to exercise, we
performed real time PCR to evaluate IL-6 mRNA levels in the hypothalamic tissue. IL-
6 mRNA levels were slightly up-regulated after high-fat diet treatment and were
increased by about 40% immediately after physical activity (Figure 3B). Exercise also
increased the protein levels and mRNA of IL-6 in the hypothalamus of control animals
(data not show). Thus, these data demonstrate that exercise increases the serum and

hypothalamic levels of IL-6.

Next, we sought to determine whether exercise requires IL-6 to mediate the anti-

hyperphagic response. First we showed that the infusion of recombinant IL-6 into the



third ventricle of obese animals under resting conditions, reduced the food intake in a
dose-dependent manner (Figure 3C) and restored the anorexigenic effects of insulin and
leptin (Figure S2A and B). We hypothesized that if exercise requires hypothalamic 1L-6
activity to reduce food intake, inhibiting the hypothalamic effects of IL-6 should
diminish the appetite suppressive action mediated by exercise. To address this
hypothesis, we developed an experimental strategy aimed at antagonizing the central
action of IL-6 in the presence of a systemic elevation in plasma IL-6 concentration after
physical activity. For this, we injected an anti-IL-6 antibody into the third-hypothalamic
ventricle in obese animals at fifteen minutes before the exercise protocol. Interestingly,
pretreatment with anti-IL-6 antibody blocked the anorexigenic effects of insulin and

leptin in exercised DIO rats (Figures 3D and E).

We then explored the mechanism by which IL-6 improves insulin and leptin
signaling in the hypothalamus. High-fat diet induced the aberrant activation of the NF-
kB pathway components in the hypothalamic tissue, increasing IKK[P serine
phosphorylation and the IxkBa degradation (Figure 3F and G). In addition we monitored
PERK and elF2o. phosphorylation in the hypothalamus to evaluate endoplasmatic
reticulum (ER) stress, as previously described [7,10]. High-fat diet also activated ER
stress, increasing PERK and elF2o phosphorylation in the hypothalamus (Figures 3H
and I). In addition, high-fat diet increased IRS-1 serine 307 phosphorylation (Figure 3J).
Exercise and the intrahypothalamic injection of recombinant IL-6, in obese rats at rest,
markedly reduced IKK[P serine phosphorylation (~60%) and prevented IkBo
degradation in obese animals (Figures 3F and G). Both recombinant IL-6 and exercise
dramatically reduced PERK and elF2a phosphorylation by about 60% (Figures 3H and

I) and IRS-1 serine phosphorylation by about 60% (Figures 3J) in the hypothalamic



tissue. In addition, recombinant IL-6 and exercise restored insulin-induced Akt and
leptin-induced and STAT-3 phosphorylation in the hypothalamus of obese animals
(Figures S3A and B). Interestingly, our results show that anti-IL-6 antibody attenuated
the ability of exercise to reduce the IKKB/IxBo pathway, ER stress and IRS1 serine
phosphorylation in the hypothalamus (Figures 3F-J). The pretreatment with anti-IL6
antibody also blocked insulin-induced Akt and leptin-induced and STAT-3
phosphorylation, mediated by exercise in the hypothalamus of obese animals (Figures
S3A and B). There were no differences in the basal levels of Akt and STAT3

phosphorylation between the groups (data not shown).

Immunohistochemistry with an anti-Interleukin-6 Receptor (IL-6R)-specific
antibody showed that IL-6R is expressed in a majority of neurons in the arcuate nucleus
(Figure 3K). Double-staining confocal microscopy showed that IL-6R is expressed in
POMC neurons and that most neurons expressing IL-6R in arcuate nucleus were shown
to possess IKKP, PERK, IRS-1 in obese rats, showing a possible interaction between

these molecules (Figure 3L).

Pharmacological activation of IKKJ and ER stress is suppressed by IL-6

To further support data indicating that may IL-6 modulate ER stress, we
performed an acute intrahypothalamic injection of an ER stress inducer, thapsigargin
(TG) in lean rats. Our results revealed that intrahypothalamic infusion of thapsigargin
blocked the anorexigenic effects mediated by insulin and leptin in lean rats, but the
injection of recombinant IL-6 and exercise restored the suppressive appetite action of
insulin and leptin (Figures 4A and B). However, the infusion of anti-IL6 antibody
blocked the improvement in insulin and leptin action mediated by exercise (Figures 4A

and B).

10



Thapsigargin markedly activated the inflammatory signaling and ER stress in
lean rats, as reflected by increased levels of hypothalamic IKKPB and PERK
phosphorylation, respectively (Figures 4C and D), and induced central insulin and leptin
resistance, increasing IRS-1 serine phosphorylation (Figure 4E) and reducing insulin-
induced Akt serine phosphorylation and leptin-induced STAT-3 tyrosine
phosphorylation (Figures 4F and G). There were no differences in the basal levels of
Akt and STAT-3 phosphorylation between the groups (data not shown).
Intrahypothalamic infusion of recombinant IL-6 and physical activity were sufficient to
reverse all these phenomena (Figures 4C-G). Conversely, the infusion of
intrahypothalamic anti-IL6 antibody before exercise protocol blocked these effects

mediated by exercise (Figures 4C-G).

Low dose TNF-a has been reported to induce insulin and leptin resistance in the
hypothalamus [19]. We injected a low dose of TNF-o into the hypothalamus of lean rats
to investigate the effects of IL-6 on low-grade inflammation. TNF-a infusion blocked
the anorexigenic actions of insulin and leptin in lean rats (Figure S4A and B). The
anorexigenic actions of these hormones were restored with the central infusion of
recombinant IL-6 or after exercise in lean rats injected with TNF-o. In addition, the
pretreatment with anti-IL6 antibody into the third ventricle blocked the improvement in

insulin and leptin action mediated by exercise (Figures S4A and B).

TNF-o also induced IKKP serine, PERK threonine and IRS-1 serine
phosphorylation and reduced insulin-induced Akt serine phosphorylation and leptin-
induced STAT-3 tyrosine phosphorylation in the hypothalamus of lean rats (Figure
S4C-G). Intrahypothalamic infusion of recombinant IL-6 and physical activity were also

sufficient to reverse all these phenomena. On the other hand, the central infusion of anti-
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IL6 antibody before the exercise protocol blocked the effects of physical activity
(Figures S4C-G). Thus, the forced activation of ER stress or low-grade inflammation in
the hypothalamus of lean animals each enhance the other, furthermore, physical
exercise is able to reduce ER stress and inflammation and improve insulin and leptin

actions in the hypothalamus, in an IL-6-dependent manner.

IL-6 requires IL-10 to reduce IKKp and ER stress in the hypothalamus.

Next, we sought to determine how IL-6 reduces the inflammatory response and
ER stress in the hypothalamus after exercise. Several studies have reported that
exercise-induced increases in plasma IL-6 levels are followed by increased circulating
levels of well-known anti-inflammatory cytokines such as the Interleukin-1 receptor
antagonist (IL-1ra) and IL-10 [20,21]. We found that the IL-1ra protein level was not
changed in the hypothalamus after chronic overnutrition or after acute exercise (Figure
5A); however, IL-10 protein expression was slightly increased in the hypothalamus in
obese animals and was robustly increased (45%) in the hypothalamus of DIO rats after
physical exercise, when compared to DIO rats at rest (Figure 5B). The increase in
hypothalamic IL-10 levels mediated by physical activity was confirmed by real time-
PCR assay (Figure 5C). Exercise also increased the protein levels and mRNA of IL-10

in the hypothalamus of control animals (data not shown).

We then investigated whether IL-10 reduced the energy intake in rodents.
Intrahypothalamic injection of recombinant IL-10 reduced food intake in obese animals
in a dose-dependent manner (Figure 5D). To explore whether IL-6 requires IL-10
expression to improve insulin and leptin action in the hypothalamus, we used an IL-10
antisense oligonucleotide (ASO IL-10) in the hypothalamus of obese rats. Three days

after ASO IL-10 treatment, IL-10 protein expression was reduced by about 75% in the

12



hypothalamus of obese animals (Figure 5E). Thereafter, exercise and recombinant IL-6
infusion failed to improve the anorexigenic effects of insulin and leptin in obese animals

treated with ASO IL-10 (Figures 5F and G).

IL-10 is a pleiotropic cytokine that controls inflammatory processes by
suppressing the production of proinflammatory cytokines and blocking IKK/NF-kB
signaling and ER stress [22,23]. Thus, we investigated whether exercise and IL-6
requires IL-10 expression to reduce IKK[ activation and ER stress in the hypothalamus
of obese animals. As demonstrated above, recombinant IL-6 infusion and exercise
reduced IKKP, PERK and IRS-1°""" phosphorylation (Figures 3F-J) and restored
insulin and leptin signaling in the hypothalamus of obese animals (Figures S3), but the
intrahypothalamic IL-10 ASO treatment abolished all these parameters mediated by
recombinant IL-6 and exercise (Figures SH-L). Conversely, the injection of recombinant
IL-10 in the hypothalamus of obese animals at rest markedly reduced IKKf3, PERK and
IRS-1°"%7 phosphorylation and increased insulin-induced Akt and leptin-induced
STAT-3 phosphorylation in the hypothalamic tissue (Figures SH-L). There were no
differences in the basal levels of Akt and STAT-3 phosphorylation between the groups

(data not shown).

Attenuating TLR-4-dependent IL-6 and IL-10 production abolishes exercise

sensitization of insulin and leptin in the hypothalamus

Several studies showed that Toll-like receptor inactivation results in an
attenuation of the secretion of several cytokine. TLR4- and MyD88-deficient mice
sustain significantly lower levels of serum cytokines such as IL-18, IL-6, TNFo. and IL-
10 after different pro-inflammatory stimuli [24,25,26]. Since TLR4 mediates IL-6

transcriptional responses in skeletal myocytes and in the skeletal muscle of C3H/HeJ
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mice [27], we investigated whether exercise restores insulin and leptin signaling in the
hypothalamus of TLR4-deficient mice (C3H/Hel) injected with Thapsigargin (TG). In
contrast to wild type mice, TLR4-deficient mice were found to sustain significantly
lower hypothalamic levels of IL-6 (Figure 6A) and IL-10 (Figures 6B) after exercise.
The food consumption was similar between C3H/HeN and C3H/HeJ under basal
conditions and, acutely, Thapsigargin alone did not affect the food intake in these mice
(data not shown), furthermore, the intrahypothalamic administration of TG impaired the
anorexigenic effects of insulin and leptin in wild type (C3H/HeN) and in TLR4-
deficient mice; however, physical activity restored the appetite suppressive actions of
insulin and leptin in wild type but not in TLR4-deficient mice (Figures 6C and D).
Furthermore, the intrahypothalamic injection of either recombinant IL-6 or IL-10
restored the anorexigenic actions of insulin and leptin in both wild type and TLR4-
deficient mice injected with TG (Figures 6C and D). We also observed that the
intrahypothalamic infusion of recombinant IL-6 was able to increase the IL-10 protein
expression in the hypothalamus of wild type and TLR4-deficient mice (Figure 6E).
Moreover, exercise failed to reduce inflammation and ER stress and failed to improve
insulin and leptin sensitivity in the hypothalamus of TLR4-deficient mice injected with
TG (Figures 6F-J). On the other hand, the intrahypothalamic injection of recombinant
IL-6 or IL-10 reduced IKKfB, PERK and IRS-15"7 phosphorylation and restored
insulin and leptin signaling in the hypothalamus of TLR4-deficient mice injected with
TG (Figures 6F-J). There were no differences in the basal levels of Akt and STAT-3
phosphorylation between the groups (data not shown). Finally, immunohistochemistry
with anti-Interleukin-6 Receptor (IL-6R) and anti-Interleukin-10 Receptor (IL-10R) -
specific antibodies revealed that IL-6R and IL-10R are expressed in the same specific

neuronal subtypes in the arcuate nucleus (Figure 6K).
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DISCUSSION

Exercise as a Potential Target for Countering Hyperphagia and Obesity

Physical activity is a cornerstone in the prevention of obesity and related
diseases. Although the energy expenditure aspects of such exercise may contribute to
the effects of weight loss, it has been suggested that physical exercise may also
contribute to negative energy balance by altering appetite and reducing food intake in
rodents [18,28] and humans [29,30]. Our study shows that acute exercise per se did not
evoke any meaningful effect, in terms of food intake in lean animals, but interestingly, it
was crucial for suppressing hyperphagia mediated by overnutrition, reducing
hypothalamic IKK[3/NF-kB activation and ER stress, thus, improving insulin and leptin

action in an IL-6-and IL-10-dependent manner (Figure 7).

The central effect of exercise was associated with improvements in the action of
insulin and leptin in the hypothalamus of diet-induced obesity rats, in accordance with
previous studies [18,28]. Furthermore, we reported that physical activity reduced the
hyperphagic response by reducing NPY mRNA and increasing POMC mRNA in the
hypothalamus of obese animals. It is important to emphasize that acute exercise did not
change the total body weight or epididymal fat pad weight, showing that physical
activity can induce the anorexigenic response in the hypothalamus, independently of the
body weight change. Thus, we hypothesized that some factor, produced during the

exercise session, could be involved in this anorexigenic response.

IL-6 is a Crucial Cytokine for Exercise to Restore Hypothalamic Insulin

and Leptin Signaling
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Skeletal muscle is an endocrine organ that, upon contraction, stimulates the
production and release of cytokines, also called myokines, which can influence
metabolism and modify cytokine production in tissue and organs. IL-6 is the first
cytokine present in the circulation during exercise [14]. IL-6 can elicit proinflammatory
or anti-inflammatory effects, depending on the in vivo environmental circumstances.
Although, IL-6 has been associated with low-grade inflammation and insulin resistance,
it has been demonstrated that acute IL-6 treatment enhances insulin-stimulated glucose

disposal in humans [31].

Centrally-acting IL-6 appears to play a role in the regulation of appetite, energy
expenditure, and body composition. Wallenius and colleagues elegantly showed that
long-term peripheral IL-6 treatment to IL6—/— mice caused a decrease in body weight.
In addition to increasing energy expenditure, IL-6 may prevent obesity by inhibiting
feeding as obese IL-6—/— mice had increased absolute food intake [32]. Recently we
demonstrated that exercise requires IL-6 to increase hypothalamic insulin and leptin
sensitivity [15] and increase the effects of leptin on the AMPK/mTOR pathway in the
hypothalamus of rodents [18]. As observed in animal models, IL-6 is also released from
the brain during prolonged exercise in humans [33]. In the present study, we showed
that the increment of IL-6 expression in the hypothalamus was crucial to exercise for
reducing the inflammation and ER stress activation induced by overnutrition.
Conversely, these effects, promoted by exercise, were not observed when we used an
intrahypothalamic infusion of anti-IL-6 antibody before the exercise protocol. In
addition, the infusion of recombinant IL-6 into the third hypothalamic ventricle reduced
the energy intake in obese animals under resting conditions, in a dose-dependent

manner, and reduced hypothalamic IKKf and ER stress activation. These results are
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significant, since IKKP and ER stress activation were strongly associated with insulin

and leptin resistance in the hypothalamic tissue.

Hypothalamic IL-10: A Core Anti-inflammatory Cytokine Induced by IL-6.

Although our findings clearly show that IL-6 diminished hypothalamic IKKJ
and ER stress activation and restored the central insulin and leptin action in an animal
model of obesity, the question remains as to how IL-6 promotes these events in the
hypothalamus. Following exercise, the high circulating levels of IL-6 are followed by
an increase in two anti-inflammatory molecules, IL-1ra and IL-10 [21]. Therefore, IL-6
induces an anti-inflammatory environment by inducing the production of IL-1ra and IL-
10. In our study, we found that exercise increased the hypothalamic levels of IL-10, but
did not change IL-lra expression in this tissue. Thus, we showed that the anti-
inflammatory response mediated by IL-6 involves the increase of IL-10 expression in

the hypothalamus.

IL-10 is an important immunoregulatory cytokine with multiple biological
effects. In the cytoplasm, it has been demonstrated that IL-10 blocks NF-kB activity at
two levels; suppressing IKK activity and NF-kB DNA binding activity [22]. Moreover,
IL-10  reduced ER stress in  intestinal  eptithelial cells, = whereas
IL-10-/- mice demonstrated that the expression of the ER stress response protein grp-
78/BiP was increased in intestinal eptithelial cells under conditions of chronic

inflammation [23].

In the central nervous system, the anti-inflammatory role of IL-10 (CNS) has
been extensively studied in experimental autoimmune encephalomyelitis, an animal

model of human multiple sclerosis. The increase in IL-10 expression in the CNS during
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recovery from brain inflammation and the inability of IL-10 null mice to recover from
acute CNS inflammation suggests that the presence of IL-10 within this target organ is
required for disease remission [34,35]. However, the role of hypothalamic IL-10 in the
control of low-grade inflammation generated during obesity was unknown. Here, we
discovered that intrahypothalamic infusion of recombinant IL-10 blocked IKK/NF-xB
signaling and ER stress and restored Akt and STAT3 phosphorylation, promoting a re-
balance in the energy intake in obese animals. On the other hand, the selective decreases
in IL-10 expression in discrete hypothalamic nuclei of obese animals mediated by ASO
treatment blunted the effects of both, exercise and the intrahypothalamic infusion of
recombinant IL-6 in the restoration of central insulin and leptin actions. In addition, we
demonstrated that in mice that sustained significantly lower hypothalamic levels of IL-6
and IL-10 after exercise (C3H/HelJ), there was no reduction in pharmacological ER
stress activation, in contrast to wild type mice. These data are intriguing as IL-10
represents an important cytokine that may reduce both inflammation and ER stress in
the hypothalamus. Thus, the modulation of IL-10 expression constitutes a promising

alternative to reduce hypothalamic inflammation and ER stress related to obesity.

Since IKK/NF-kB inhibition in the CNS represents a potential target therapy to
combat obesity and most anti-inflammatory therapies have limited direct effects on
IKKB/NF-kB and a limited capacity for concentration in the CNS, our study provides
substantial evidence that physical activity could help to reorganize the set point of
nutritional balance and therefore aid in counteracting the energy imbalance induced by
overnutrition through the anti-inflammatory response in hypothalamic neurons. Hence,
IL-6 and IL-10 are important physiological contributors to the central insulin and leptin
action mediated by physical activity, linking it to hypothalamic ER stress and

inflammation.
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EXPERIMENTAL PROCEDURES

Antibodies and Chemicals

Protein A-Sepharose 6 MB and Nitrocellulose paper (Hybond ECL, 0.45 pm)
were from Amersham Pharmacia Biotech United Kingdom Ltd. (Buckinghamshire,
United Kingdom). Ketamin was from Parke-Davis (Sao Paulo, SP, Brazil) and diazepam
and thiopethal were from Cristalia (Itapira, SP, Brazil). Anti-phospho- JAK2 (rabbit
polyclonal, AB3805) antibody was from Upstate Biotechnology (Charlottesville, VA,
USA). Anti-JAK?2 (rabbit polyclonal, SC-278), anti-STAT3 (rabbit polyclonal, SC-483),
anti-phospho-IR (rabbit polyclonal, SC-25103), anti-IRf (rabbit polyclonal, SC-711),
anti-phospho-IRS-1 (rabbit polyclonal, SC-17199), anti-IRS-1 (rabbit polyclonal, SC-
559), anti-IRS-2 (rabbit polyclonal, SC-1556), anti-phosphotyrosine (mouse
monoclonal, SC-508), anti-Foxol (rabbit polyclonal, SC-11350), anti-IL-1f3 (rabbit
polyclonal, SC-7884), anti-IL-1ra (goat polyclonal, SC-8481), anti-TNF-o (rabbit
polyclonal, SC-8301), anti- IKKp (goat polyclonal, SC-34673), anti-PERK, anti-
phospho-PERK (rabbit polyclonal, SC-32577), anti-IL-10 (goat polyclonal, SC-1783)
and anti-IL-6 (rabbit polyclonal, SC-7920) antibodies were from Santa Cruz
Biotechnology, Inc. Anti -phospho- STAT3 (rabbit polyclonal, #9131), anti-phospho-
Akt (rabbit polyclonal, #9271), anti-phospho-Foxol (rabbit polyclonal, #9461), anti-
beta tubulin (rabbit polyclonal, #2146), anti-phospho-IKKa/f (rabbit polyclonal,
#2687), anti-phospho-IRS-1 307 (rabbit polyclonal, #2381) and anti-Akt (rabbit
polyclonal, #9272) were from Cell Signalling Technology (Beverly, MA, USA). Leptin,
Thapsigargin, recombinant Interleukin-6 and 10 were from Calbiochem (San Diego,
CA, USA). Routine reagents were purchased from Sigma Chemical Co. (St. Louis, MO)

unless otherwise specified.
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Serum insulin, leptin and IL-6 quantification.

Blood was collected from the cava vein 15 minutes after the exercise protocols.
Plasma was separated by centrifugation (1100 g) for 15 minutes at 4°C and stored at —
80°C until assay. RIA was employed to measure serum insulin. Leptin and IL-6
concentrations were determined using a commercially available Enzyme Linked

Immunosorbent Assay (ELISA) kit (Crystal Chem Inc, Chicago, IL).

Animals

Male 4-wk-old Wistar rats were obtained from the University of Campinas
Breeding Center. The investigation was approved by the ethics committee and followed
the University guidelines for the use of animals in experimental studies and experiments
conform to the Guide for the Care and Use of Laboratory Animals, published by the US
National Institutes of Health (NIH publication no. 85-23 revised 1996). The animals
were maintained on 12h:12h artificial light—dark cycles and housed in individual cages.
Rats were randomly divided into two groups, control, fed on standard rodent chow
(3948 kcal Kg™) and DIO, fed a fat-rich chow (5358 kcal. Kg™) ad libitum for 3 months.

This diet composition has been previously used [36].

Male (10-week-old) ob/ob mice and their respective controls C57BL/6J
background were obtained from The Jackson Laboratory and provided by the University
of Sdo Paulo. The mice were bred under specific pathogen-free conditions at the Central

Breeding Center of University of Campinas.

Male C3H/HelJ (10-week-old) mice and their respective controls C3H/HeN were

obtained from The Jackson Laboratory and provided by the University of Sdo Paulo.
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The mice were bred under specific pathogen-free conditions at the Central Breeding

Center of the University of Campinas.

Intracerebroventricular cannulation

The animals were stereotaxically instrumented under intraperitoneal injection of
a mix of ketamin (10mg) and diazepam (0.07mg) (0.2ml/100g body weight) with a
chronic 26-gauge stainless steel indwelling guide cannula, aseptically placed into the
third ventricle at the midline coordinates of 0.5 mm posterior to the bregma and 8.5 mm
below the surface of the skull of rats and 1.8 mm posterior to the bregma and 5.0 mm

below the surface of the skull of mice.

Exercise Protocols

Animals were acclimated to swimming for 2 days (10 min per day). Water
temperature was maintained at 34-35°C. Rats performed two 3-h exercise bouts,
separated by one 45-min rest period. The rats swam in groups of three in plastic barrels
of 45 cm in diameter that were filled to a depth of 50 cm. This protocol was conducted
between 11:00am and 6:00pm, as previously described [37] and mice performed four
30-min exercise bouts, separated by one 5-min rest period. The mice swam in groups of
four in plastic barrels of 40 cm in diameter that were filled to a depth of 20 cm. This
protocol was conducted between 3:00pm and 6:00pm. Both exercise protocols finished

at 6:00pm for evaluation of food intake and analysis of hypothalamic tissue.

Intracerebroventricular treatments

Rats or mice were deprived of food for 2 h with free access to water and

received 3 pl of bolus injection into the third-ventricle, as follows:
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Insulin and leptin treatments: Animals received inthahypothalamic infusion of vehicle,
insulin (200mU) or leptin (10°M) at 6:00pm to evaluate the food intake or insulin and
leptin signaling. 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-h period.

Recombinant IL-6 and IL-10 treatments: Animals received inthahypothalamic
infusion of vehicle, or recombinant IL-6 (50, 100 or 200ng) or recombinant IL-10 (0.5,
1.0 or 3.0ng) at 6:00pm to evaluate the food intake. For Western blott analysis, we
injected recombinant IL-6 or IL-10 two hours after DMSO or Thapsigargin into the

third-ventricle and the hypothalamus was excised 2 hours later.

Thapsigargin treatments: Animals received inthahypothalamic infusion of
vehicle, or Thapsigargin (3.0ug). To evaluate the energy intake and for Western blott
analysis, Thapsigargin was infused 40 minutes before the exercise protocol and 2 hours
before the recombinant IL-6 infusion. Immediately after exercise or 2 hours after IL-6
infusion, animals received intrahypothalamic infusion of insulin (200mU) or leptin (10

SM).

1L-6 neutralizing antibody: Animals were randomly selected for treatment with
saline, rabbit pre-immune serum (RPIS) or rabbit antiserum against IL-6 (IL-6 Ab) in
different doses. IL-6 Ab was injected into the third-ventricle of the rats 15 minutes

before the exercise protocol.

1L-10 antisense oligonucleotide treatments: Phosphorthioate-modified sense and
antisense oligonucleotides (produced by Invitrogen Corp., Carlsbad, CA, USA) were
diluted to final concentration of Inmol/ul in dilution buffer containing 10 mmol/l Tris—

HCI and 1.0 mmol/l EDTA. The oligonucleotides were designed according to the Mus
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musculus IL-10 sequence deposited at the NIH-NCBI
(http://www.ncbi.nlm.nih.gov/entrez) under the designation NM 010548, and were
composed of 5'-GCC AGT CAG TAA GAG CAG-3' (sense) and 5-TGA GAT CTG
CAA TGC A-3' (antisense). Obese Wistar rats were injected into the third ventricle with
two daily doses of 3 ul of dilution buffer containing, or not, sense (Sense 1L-10) or
antisense oligonucleotides (ASO IL-10) for 3 days. For Western blotting analysis, after
ASO IL-10 treatment, obese animals were submitted to the exercise protocol or
intrahypothalamic infusion of recombinant IL-6. In some experiments, the rats also
received intrahypothalamic infusion of insulin (200mU) or leptin (10°M) for the

determination of food intake and Akt and STAT3 phosphorylation.

Food intake determination

Intrahypothalamic infusions were performed between 5:00 and 6:00 pm.
Thereafter standard chow or high-fat diet 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-h period. Similar studies were carried out in animals after exercise.

Western Blot Analysis

After exercise and/or i.c.v. treatments, the animals were anaesthetized, the
hypothalamus was quickly removed, minced coarsely and homogenized immediately in
a freshly prepared ice-cold buffer (1% Triton X-100, 100mmol/l Tris pH 7.4,
100mmol/l sodium pyrophosphate, 100mmol/l sodium fluoride, 10mmol/l EDTA,
10mmol/l sodium vanadate, 2mmol/l phenyl methylsulphonyl fluoride and 0.1mg
aprotinin) suitable for preserving phosphorylation states of enzymes and Western blot

was performed, as previously described [1].
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Nuclear extract

Foxol and STAT-3 nuclear expression were obtained as described [38].
Fragments of hypothalamic tissue from untreated rats or rats treated with insulin or
leptin were obtained 30 minutes after insulin or leptin infusion and were minced and
homogenized in 2 vol. of STE buffer (0.32 M sucrose, 20 mM Tris—HCI (pH 7.4), 2
mM EDTA, 1 mM DTT, 100 mM sodium fluoride, 100 mM sodium pyrophosphate, 10
mM sodium orthovanadate, 1 mM PMSF, and 0.1 mg aprotinin/ml] at 4 °C with a
Polytron homogenizer. The homogenates were centrifuged (1000 x g, 25 min, 4 °C) to
obtain pellets. The pellet was washed once and suspended in STE buffer (nuclear
fraction). The nuclear fraction was solubilized in Triton buffer [1% (v/v) Triton X-
100/150 mM NaCl/10 mM Tris/HCI (pH 7.4)/1 mM EGTA/1 mM EDTA/0.2 mM
sodium orthovanadate/20 uM leupeptin A/0.2 mM PMSF/50 mM NaF/0.4 nM
microcystin LR]. The fraction was centrifuged (15000 g, 30 min, 4 °C), and the

supernatant (nuclear extract) was stored at -80 °C.

Confocal microscopy

Paraformaldehyde-fixed hypothalami were sectioned (5 um). The sections were
obtained from the hypothalami of six rats per group in the same localization (antero-
posterior= -1.78 from bregma) and used in regular single- or double-
immunofluorescence staining using DAPI, anti-IL6 receptor alpha (rabbit IgG, SC-
13947), anti-IL-10 receptor (rabbit IgG, SC-987), anti- IKKP (goat IgG, SC-34673),
anti-PERK (rabbit IgG, SC-32577), anti-POMC (rabbit IgG, FL-267) and rabbit anti-
IRS-1 (rabbit IgG, SC-559) (1:200; Santa Cruz Biotechnology) antibodies. After
incubation with the primary antibody, sections were washed and incubated with specific

biotinylated anti-rabbit or anti-goat secondary antibodies (1:150 dilution) for 2 hours at
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room temperature, followed by incubation with Streptoavidin reagent (containing
avidin-conjugated peroxidase) and colour reaction using the DAB substrate kit (Vector
Laboratories, Burlingame, Calif., USA), according to recommendations of the
manufacturer. Analysis and photodocumentation of results were performed using a
LSM 510 laser confocal microscope (Zeiss, Jena, Germany). The anatomical

correlations were made according to the landmarks given in a stereotaxic atlas [39].

mRNA isolation and real time-PCR.

Hypothalamic total RNA was extracted using Trizol reagent (Life Technologies,
Gaithersburg, MD, USA), according to the manufacturer's recommendations. Total
RNA was rendered genomic DNA free by digestion with Rnase-free Dnase (RQI,
Promega, Madison, WI, USA). Rats were deprived of food for 9 h after for real time
PCR analysis. Real time-PCR and mRNA isolation were performed using a commercial
kit, as follows: IL-6: Rn00561420 ml IL-10: Rn00563409 ml, POMC:
Rn00595020 m1, NPY: Rn00561681 ml, GAPD, #4352338E, for rat and RPS-29
(NCBI: NMO012876), sense: 5-AGGCAAGATGGGTCACCAGC-3', antisense: 5'-

AGTCGAATCATCCATTCAGGTCG-3'.

Statistical Analysis

All numeric results are expressed as the means =SEM of the indicated number of
experiments. The results of blots are presented as direct comparisons of bands or spots
in autoradiographs and quantified by optical densitometry (Scion Image). Statistical
analysis was performed by employing the ANOVA test with Bonferroni post test.

Significance was established at the p<0.05 level.
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FIGURE LEGENDS

Figure 1. Exercise induces appetite-suppressive actions in different models
of obesity. (A) 12-hour of food intake (kcal) in lean and diet-induced obesity (DIO)
Wistar rats under resting conditions or after exercise (exe) (n = 20-35 animals per
group). Rats were fasted during 9 hours and the hypothalamic levels (B) NPY and (C)
POMC mRNA were examined using real time-PCR assay. (D) Body weight, (E)
epididymal fat pad weight (F) serum insulin and (G) leptin levels of lean and obese rats
at rest or immediately after exercise. (H) 12-hour food intake of leptin-deficient mice

(Lept()b/oh

) and respective wild type group. (I) Body weight, (J) epididymal fat pad
weight and (L) serum insulin of wild type and leptin-deficient mice under resting
conditions or immediately after exercise (» = 10 animals per group). Data are the means

+ SEM. # p< 0.05, vs. respective lean group at rest; *p< 0.05, vs. respective obese group

at rest. Lean animals (white bars) and obese animals (black bars).

Figure 2. Hypothalamic insulin and leptin signaling after exercise. Western
blots showing hypothalamic lysates from Wistar rats; (A) Hypothalamic Foxol
phosphorylation. (B) 12-hour food intake (kcal) after intrahypothalamic infusion of
insulin in lean and diet-induced obesity (DIO) Wistar rats under resting conditions or
after exercise (n = 6 animals per group). Western blots of five independent experiments
showing hypothalamic lysates from Wistar rats; (C) Insulin-induced IRJ, IRS-1, IRS-2,
Akt and Foxol phosphorylation in the hypothalamus. (D) Subcellular fractionation was
performed to evaluate the nuclear Foxol expression in the hypothalamus of lean and
obese rats at 30 minutes after insulin infusion. (E) Hypothalamic STAT-3 tyrosine
phosphorylation. (F) 12-hour food intake (kcal) after intrahypothalamic infusion of

leptin (n = 6 animals per group). Western blots showing hypothalamic lysates from
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Wistar rats; (G) Leptin-induced Jak2, IRS-1, IRS-2 and STAT3 tyrosine
phosphorylation in the hypothalamus. (H) Subcellular fractionation was performed to
evaluate the nuclear STAT3 expression in the hypothalamic cells of lean and obese rats
30 minutes after leptin infusion. Data are the means = SEM. # p< 0.05, vs. lean group at
rest; *p< 0.05, vs. obese group at rest. Lean animals (white bars) and obese animals

(black bars).

Figure 3. Anti-hyperphagic response mediated by IL-6. (A) Protein
expression of IL-6 and (B) IL-6 mRNA in the hypothalamus of lean or diet-induced
obesity (DIO) rats under resting conditions and obese rats immediately after the exercise
protocol. (C) 12-h of food intake in obese rats under resting conditions following
intrahypothalamic infusion of different doses of recombinant IL-6. Counter regulatory
effects of anti-IL-6 antibody on food intake in exercised obese rats after insulin (D) or
leptin (E) infusion. Western blots of five independent experiments showing
hypothalamic lysates from Wistar rats; (F) IKK, (G) IkBa, (H) PERK, (I) el[F2a and
(J) IRS-1Ser307 phosphorylation from lean, obese, obese injected with recombinant IL-
6, obese after exercise and obese pretreated with anti-IL-6 antibody before the exercise
protocol. Data are the means = SEM. # p< 0.05, vs. lean group; *p< 0.05, vs. obese
group at rest; **p< 0.01, vs. stimulated obese group at rest; § p< 0.05, vs. obese group
injected with recombinant IL-6 and exercised obese rats (n=6-8 animals per group).
Lean animals (white bars), obese animals (blue bars) and exercised obese plus IL-6 anti-
body (yellow bars). (K) Confocal microscopy was performed using IL-6 receptor (IL-
6R)-specific antibody (green) and DAPI (blue), with 50x magnification. (L) Co-
localization of IL-6R (green) and IKKf, PERK, IRS-1 and POMC (red) in the arcuate

nuclei of obese rats, with 200x magnification (scale bar, 20 pm).
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Figure 4- IL-6 reversed pharmacological endoplasmatic reticulum stress
induction in the hypothalamus. (A) Anorexigenic effects of insulin in the
hypothalamus of lean rats pretreated with Thapsigargin. (B) Anorexigenic effects of
leptin in the hypothalamus of lean rats pretreated with Thapsigargin. Western blots
showing hypothalamic lysates from Wistar rats; (C) IKKp, (D) PERK, and (E) IRS-
1Ser307 phosphorylation from lean rats pretreated with Thapsigargin. (F) Insulin-
induced Akt serine phosphorylation and (G) leptin-induced STAT3 tyrosine
phosphorylation in the hypothalamus of lean animals pretreated with Thapsigargin. Data
are the means + SEM. # p< 0.05, vs. DMSO group; *p< 0.05, vs. lean plus
Thapsigargin; § p< 0.05, vs. Thapsigargin plus recombinant IL-6 or Thapsigargin plus

exercised (n=6-8 animals per group).

Figure 5- Role of hypothalamic IL-10 in the control of energy intake during
obesity. Western blots showing hypothalamic lysates from Wistar rats; (A) IL-1ra and
(B) IL-10 expression in the hypothalamus. (C) IL-10 mRNA in the hypothalamus was
examined using real time-PCR assay. (D) 12-h food intake (kcal) in obese rats under
resting conditions after intrahypothalamic infusion of different doses of recombinant IL-
10. Western blots showing hypothalamic lysates from Wistar rats; (E) IL-10 expression
after ASO IL-10 treatment in obese animals. (F) Intrahypothalamic treatment with ASO
IL-10 blocked the anorexigenic response mediated by (F) insulin and (G) leptin in
exercised obese animals or obese animals at rest injected with recombinant IL-6.
Western blots showing hypothalamic lysates from Wistar rats; (H) IKKf, (I) PERK, and
(J) IRS-1Ser307 phosphorylation after ASO IL-10 treatment of after acute recombinant
IL-10 infusion. (F) Insulin-induced Akt serine phosphorylation and (G) leptin-induced
STAT3 tyrosine phosphorylation in the hypothalamus after ASO IL-10 treatment of

after acute recombinant IL-10 infusion. Data are the means + SEM. # p< 0.05, vs. chow
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group (sense); *p< 0.05, vs. obese (sense); n=6-8 animals per group. Lean animals

(white bars), obese animals (black bars) and exercised obese plus recombinant IL-10

(grey bars).

Figure 6- The central anti-inflammatory response mediated by exercise
requires augmented of hypothalamic levels of IL-6 and IL-10. Western blots
showing hypothalamic lysates from C3H/NeN and C3H/He]J mice under resting
conditions or after physical activity; (A) IL-6 and (B) IL-10 expression. Anorexigenic
effects of insulin (C) or leptin (D) in C3H/NeN and C3H/HeJ mice under resting
conditions, after Thapsigargin, Thapsigargin plus exercise and Thapsigargin plus
recombinant IL-6 or IL-10. Western blots showing hypothalamic lysates from mice; (E)
IL-10 expression at 2 hours after intrahypothalamic injection of recombinant IL-6 (200
ng) in C3H/NeN and C3H/HelJ mice under resting conditions. (F) IKKf, (G) PERK, and
(H) IRS-1Ser307 phosphorylation and (I) Insulin-induced Akt serine phosphorylation
and (J) leptin-induced STAT3 tyrosine phosphorylation in the hypothalamus of
C3H/HeJ mice after intrahypothalamic infusion of DMSO, Thapsigargin, Thapsigargin
plus exercise and Thapsigargin plus recombinant IL-6 or IL-10. Data are the means +
SEM. **p< 0.05, vs. respective control group at rest; # p< 0.05, vs. respective control
group non stimulated or stimulated with DMSO; *p< 0.05, vs. Thapsigargin; n=5-6
animals per group. C3H/NeN (yellow bars) and C3H/HeJ (blue bars). (K) Co-
localization of IL-6R (green) and IL-10R (red) in the arcuate nuclei of lean rats, with

200x magnification (scale bar, 10 um).

Figure 7- Schematic diagrams of the proposed role of the hypothalamic
anti-inflammatory response mediated by exercise. (A) Overnutrition induces

hypothalamic IKK[ activation and endoplasmatic reticulum stress, leading to central
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insulin and leptin resistance, hyperphagia and obesity. (B) We propose that exercise
increases the central anti-inflammatory response, increasing hypothalamic IL-6 and IL-
10 expression, this phenomenon is crucial for reducing hypothalamic IKKf activation
and endoplasmatic reticulum stress and turn, restoring insulin and leptin signaling and

reorganizing the set point of nutritional balance.
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REVISION EN NEUROCIENCIA

Regulacion central de la ingestion alimentaria y el gasto energético:
acciones moleculares de la insulina, la leptina y el ejercicio fisico

D.E. Cintra, E.R. Ropelle, J.R. Pauli

REGULACION CENTRAL DE LA INGESTION ALIMENTARIA Y EL GASTO ENERGETICO:
ACCIONES MOLECULARES DE LA INSULINA, LA LEPTINAY EL EJERCICIO FISICO

Resumen. Introduccion. La condicion de sobrepeso y obesidad representa una preocupacion significativa de la sanidad publi-
ca, ya que se asocia a varias enfermedades cronicas degenerativas. En los iiltimos diez afios, desde que se descubrio la hor-
mona leptina, se han conseguido avances considerables en la caracterizacion de los mecanismos hipotaldmicos del control de
la ingestion alimentaria y de la termogénesis. Desarrollo. Esta revision muestra los avances mds recientes en esta drea, fijdn-
dose especialmente en la accion de la leptina y de la insulina en el hipotdlamo e investigando la hipdtesis de que la resisten-
cia a la accion de estas hormonas puede desempeiiar un papel clave en el desarrollo de la obesidad. La actividad fisica es un
componente importante en el control de peso a largo plazo. El ejercicio aumenta la fosforilacion y la actividad de diversas
proteinas implicadas en la transduccion de la sefial de la insulina y la leptina en el hipotdlamo. Recientemente, en nuestro la-
boratorio, se ha demostrado que el efecto anorético de la actividad fisica se produce en virtud del aumento de la sensibilidad
hipotaldmica de la insulina y la leptina tras el incremento de la produccion de interleucina-6. Conclusiones. Estos descubri-
mientos apoyan la hipotesis de que el efecto supresor del ejercicio sobre el apetito puede ser mediado por el hipotdlamo.

[REV NEUROL 2007; 45: 672-82]

Palabras clave. Ejercicio fisico. Hipotdlamo. Insulina. Interleucina-6. Leptina. Obesidad.

INTRODUCCION

A lo largo de la existencia humana, la bisqueda de la mejor ca-
lidad de vida —considerando, entre otros fines, el conseguir una
mayor longevidad— ha estimulado la realizacién de innumera-
bles proyectos cientificos y tecnolégicos. A pesar de este esce-
nario de crecimiento y desarrollo, muchos problemas parecen
asociarse a las propias modificaciones de las condiciones de vi-
da y ala adquisicién de nuevos habitos impuestos por la moder-
nidad, como la obesidad y la hiperlipidemia [1].

La obesidad representa un complejo fenotipo multifactorial,
influido tanto por factores genéticos como no genéticos (nutri-
cionales, metabdlicos, moleculares, de gasto energético, psico-
l16gicos y sociales), los cuales pueden interaccionar de diferen-
tes maneras, dificultando la identificacion exacta de la etiologia
o tratamiento de este problema.

Sin embargo, el creciente nimero de personas obesas en el
mundo y la preocupacién de asegurar la salud, manteniendo
unos niveles séricos e histolégicos normales de grasa, han esti-
mulado las investigaciones en las que se evaldan, entre otros as-
pectos, los mecanismos fisiolégicos y moleculares implicados
en el control de la ingestién alimentaria y el gasto energético.
No obstante, a pesar de los avances conseguidos en esta drea, el
problema de la obesidad atin no se ha esclarecido por completo.

En ese contexto, investigaciones recientes demuestran que
el hipotdlamo ejerce un papel central, integrando sefiales hor-
monales y nutricionales de la periferia y modulando la ingestion
alimentaria, el gasto energético y el metabolismo periférico [2,3].
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Esta revision presenta los avances mds recientes en esta drea,
centrandose especialmente en la accién hipotaldmica de la insu-
lina y la leptina e investigando la hipétesis de que la resistencia
a la accidn central de estas hormonas puede ser el eslabon entre
la obesidad y otras condiciones clinicas en las que la resistencia
a la insulina desempeifie un papel patogénico prominente. Al in-
fluir en ese sistema de control central del hambre, se sefialan los
posibles efectos favorables de la actividad fisica que conducen a
una supresion del apetito, lo cual contribuye al retraso del acu-
mulo energético bajo la forma de tejido adiposo y la consecuen-
te prevencion de la obesidad.

CONTROL CENTRAL DEL HAMBRE

Hace 50 afios se considerd por primera vez el hipotdlamo co-
mo responsable de la estabilidad del aumento de masa corpo-
ral. Investigaciones realizadas lesionando o estimulando el nd-
cleo hipotaldmico determinaron al principio que el nicleo
ventromedial constituia el ‘centro de saciedad’, y el niicleo hi-
potaldmico lateral, un ‘centro del hambre’ [4]. Mientras tanto,
mads que considerar los nicleos hipotaldmicos especificos co-
mo responsables del control de la homeostasis energética, se
piensa que la regulacién se produce en los circuitos neurona-
les, que utilizan neuropéptidos especificos. Se sugiere la exis-
tencia de dos grandes grupos de neuropéptidos implicados en
los procesos: orexigenos y anorexigenos [2]. Las neuronas que
expresan esos neuropéptidos interaccionan con las otras y con
cada una de las sefales que llegan con posterioridad de la pe-
riferia (insulina, leptina, grelina...), actuando en la regulacién
del control y del gasto energético [3]. Entre los neuropéptidos
orexigenos se encuentran el neuropéptido Y (NPY) y el neuro-
péptido agouti (AgRP), mientras que entre los neuropéptidos
anorexigenos se halla la proopiomelanocortina, que es la prin-
cipal precursora del a-melanocito estimulador (aMSH) y el
transcrito relacionado con la cocaina y la anfetamina (CART)
[5]. Estos nuevos descubrimientos han hecho posible avanzar
en la caracterizacion de los mecanismos hipotaldmicos del con-

REV NEUROL 2007; 45 (11): 672-682
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Figura 1. Centros hipotalamicos implicados en el control del hambre. Las
neuronas NPY/AgRP y POMC/CART en el nucleo arqueado, adyacente al
tercer ventriculo (3°V), son neuronas de primer orden de la respuesta hipo-
talamica de las senales circulantes de adiposidad (leptina e insulina). Pobla-
ciones de neuronas de primer orden localizadas en el nucleo arqueado,
NPY/AgRP (orexigenicas) y POMC/CART (anorexigénicas), interactuan en-
tre si'y con senales que llegan de la periferia (leptina e insulina); las senales
anorexigénicas se proyectan desde esta region a otras —nucleo paraventri-
cular (PVN), hipotalamo lateral (LH) y area perifornical (PFA)-, donde se lo-
calizan neuropéptidos hipotalamicos de segundo orden implicados en la re-
gulacion de la ingestion alimentaria y la homeostasis energética.

trol del hambre y de la homeostasis energética, que se tratan
en esta revision.

CENTROS HIPOTALAMICOS
EN EL CONTROL DE LA SACIEDAD

La localizacién de los receptores neuronales para cada sefial ore-
xigénica y anorexigénica no se conoce con precision. Sin embar-
go, se sabe que los receptores para estas sefiales estdn presentes
en el nicleo arqueado (ARC) y nicleo paraventricular (PVN) hi-
potaldmicos, pero no estdn restringidos a estas dreas [6]. Se pien-
sa que el nicleo ARC, en particular, es el lugar donde se produce
la interaccion de las sefiales implicadas en la regulacién del ape-
tito. E1 ARC es accesible a las sefiales del balance energético pro-
cedente de la circulacién, transportadas a través de la barrera he-
matoencefalica y los 6rganos periventriculares del cerebro [7].
Sin embargo, los nicleos hipotaldmicos como el PVN, hi-
potdlamo dorsomedial (DMH), hipotdlamo lateral (LH) y el area
perifornical (PFA) reciben NPY/AgRP y POMC/CART de las
proyecciones neuronales del ARC [6]. Esos niicleos contienen
neuronas secundarias que procesan informaciones relacionadas
con la homeostasis energética (Fig. 1). Se ha demostrado que
ciertas moléculas de sefializaciéon que se expresan en estas re-
giones estdn fisiolégicamente implicadas en el balance energé-
tico. Las hormonas leptina e insulina actian modulando neuro-
péptidos centrales en el control de la ingestién alimentaria y por
ese motivo constituyen el centro de estudio de diversos investi-
gadores [8-10]. En este contexto, sin duda alguna, el ejercicio
fisico ha sido una herramienta importante en los programas de
reeducacion alimentaria y adelgazamiento. Ademads del aumen-
to del gasto energético diario, la actividad fisica se considera
importante en el control central del hambre. Estos nuevos des-
cubrimientos cientificos ayudan a una mejor comprensién de

REV NEUROL 2007; 45 (11): 672-682
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los centros hipotaldmicos implicados en el control central del
hambre y los mecanismos involucrados en la accién supresora
del ejercicio fisico sobre el apetito.

TRANSMISION DE LA SENA,L
DE LA LEPTINA AL HIPOTALAMO

La leptina es una hormona peptidica producida principalmente
en el tejido adiposo blanco y estd implicada en el control de la
ingestion alimentaria y en el gasto energético, actuando en célu-
las neuronales del hipotdlamo, en el sistema nervioso central
(SNC). Ademas, estudios recientes muestran que la leptina regu-
la diferentes vias endocrinas con acciones centrales y periféri-
cas. Se sintetiza en el epitelio géstrico, la glandula mamaria y la
placenta [10], posee una estructura semejante a la de las citocinas
y tiene su pico de liberacién durante la noche y las primeras ho-
ras de la mafiana [11], y una vida media plasmatica de 30 min
[12]. Se han descrito seis formas proteicas diferentes de este re-
ceptor, que se denominan Ob-Ra a Ob-Rf [13,14]. Ob-R se pro-
duce alternativamente en diferentes formas de splice, denomina-
das Ob-Ra, Ob-Rb, Ob-Rc, Ob-Rd, Ob-Re y Ob-Rf [15,16], que
tienen en comun un dominio extracelular de 800 aminoacidos, un
dominio transmembrana de 34 aminodcidos y un dominio varia-
ble intracelular, caracteristico para cada isoforma. Estas isofor-
mas puede dividirse en tres clases: cortas, largas y secretadas [17].

La forma Ob-Rb es la que se expresa predominantemente en
las neuronas del ARC y, de acuerdo con la mayoria de los estu-
dios realizados, es la principal responsable de la transduccién de
la sefial de la leptina en esta regién anatémica [13]. Como otros
miembros de la familia de receptores de la clase I de citocinas,
el Ob-Rb (asi como el resto de Ob-R) no posee una actividad
catalitica intrinseca y esta constitutivamente ligada a una protei-
na citosodlica con actividad tirosincinasa, denominada Janus ci-
nasa 2 (JAK-2) [18].

Ob-Ra y Ob-Rc se expresan ampliamente en el plexo coroi-
deo y en los microvasos, donde actdan en la captacion de la lep-
tina o en la efusion del liquido cefalorraquideo, asi como en el
transporte de la leptina a través de la barrera hematoencefalica
[19,20]. La isoforma Ob-Re, que carece de dominio intracelular
y puede codificar un receptor soluble, se representa mediante un
producto de splice o de clivaje proteolitico [15]. En ratones se ha
descrito que cuando la Ob-Re se produce en grandes cantidades,
actia como un sistema tampén, captando la leptina que estd libre
en la circulacion [21]. Se ha demostrado que la Ob-R soluble es
el principal conector de la leptina en actividad en la sangre hu-
mana [22] y que este hecho puede estar determinado por el sexo,
la adiposidad y la administracion de leptina [23]. En principio,
las acciones directas de la leptina se describieron s6lo en el SNC.
Sin embargo, recientemente se ha observado que la distribucién
de Ob-Ra y Ob-Rb se reflejan en la multiplicidad de efectos bio-
l6gicos en tejidos extraneuronales, lo que sugiere evidencias so-
bre las diferentes funciones pleiotrépicas de la leptina [17].

La conexi6n de la leptina con su receptor promueve la capta-
cién de otra unidad de receptor que se encuentre adyacente, for-
mando as{ una estructura transitoriamente dimérica (Fig. 2a) [24].
La modificacién conformacional inducida por la unién de la lepti-
nay por la dimerizacion de los receptores induce la actividad cata-
litica de la enzima JAK-2 asociada, que se autofosforila en varios
residuos de tirosina, volviéndose activa, y asi, a continuacién, fos-
forilar y activar otra molécula de JAK-2 ligada a un segundo re-
ceptor [13]. En consecuencia, las JAK-2 activas catalizan la fosfo-
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rilacién de los receptores Ob-
Rb en las tirosinas 985 y
1138 [25]. De esta manera se
crean tres sitios activos que
daran continuidad a la sefial
de la leptina (Fig. 2b). El pri-
mer sitio promueve el reclu-
tamiento y la fosforilacién de
la familia de sustratos del re-
ceptor de la insulina (IRS)
[26]. Los IRS (principalmen-
te, el IRS-2) fosforilados son
los responsables de la activa-
cién de la enzima PI3K, que
desempeiia un papel relevan-
te en la transduccién de la se-
fial de la leptina en relacion
con el control del ritmo de
disparos neuronales, lo que,
en ultima instancia, regula la
liberaciéon de neurotransmi-
sores relacionados con el
control del hambre y la ter-
mogénesis en los terminales
sindpticos [27]. El segundo
lugar se encuentra préximo
al residuo tirosina 985 fosfo-
rilado en la Ob-Rb. No obs-
tante, este sitio es responsa-
ble de la captacién y activa-

cién de la enzima SHP-2, que actia como intermediaria en la acti-
vacién de p21ras y de la via MAP cinasa, culminando con la ac-
tivacién de los ERK, que desempefian un papel ain desconocido
en el control de la expresion génica neuronal controlada por la lep-
tina [28]. Por dltimo, el tercer sitio se encuentra en las proximida-
des de la tirosina 1138 de 1la Ob-Rb fosforilada. Este sitio promue-
ve el reclutamiento de moléculas de la familia de transductores de
sefial y activadores de la transcripcién (STAT) —fundamentalmen-
te, STAT-3—, responsables de conducir la sefial generada por la
leptina al nicleo, donde coordinara la transcripcion de los genes
neurotransmisores que se encargan de la sefial hormonal [19].

La comprensién del mecanismo molecular de la accién de la
leptina en el hipotdlamo proporciond grandes avances en ese
campo, pero, mds tarde, las investigaciones realizadas en nues-
tro laboratorio demostraron que la transduccién de la sefial de
esta hormona sufre un control importante mediante vias para-
lelas de sefializacion celular, resultando que, hasta el momento,
la insulina destaca como la principal moduladora de la sefial de
la leptina [29-31]. Asi pues, la comprension de los efectos de la
leptina sobre el control hipotalamico del hambre y la termogé-
nesis requiere también el entendimiento de las acciones de la in-
sulina en este lugar anatémico.

TRANSMISION DE LA SENAL DE
LA INSULINA EN EL HIPOTALAMO

La insulina se produce en el pancreas, en la células f de las islas
pancredticas y, al igual que la leptina, sus niveles plasmaticos son
proporcionales a los cambios en la adiposidad [32], aumentando
en los momentos de balance energético positivo y disminuyendo

en los negativos.
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Figura 2. Senalizacion de la leptina en el hipotdlamo. La leptina se une a su receptor (Ob-Rb), que se encuentra
constitutivamente asociado a una molécula de JAK-2. La union de la hormona promueve la dimerizacion de Ob-Rb.
Una vez producida la dimerizacion, tiene lugar la fosforilacion en tirosina de las moléculas de JAK-2 (a), que por fin
catalizan la fosforilacion de los Ob-Rb en los residuos tirosina 985 y 1138 (b). Los residuos tirosina fosforilados en
las moléculas JAK-2 reclutan y fosforilan proteinas de la familia IRS (particularmente IRS-2), que dan continuidad a
la senal de la leptina al activar la enzima fosfatidilinositol-3-cinasa (PI3K). Una vez se activa la PI3K, controla el ritmo
de disparos neuronales y la liberacion de neurotransmisores en las sinapsis. El residuo tirosina 1138 fosforilado en
el Ob-Rb reune y activa (a través de la accion catalitica de la JAK-2) proteinas de la familia STAT (particularmente
STAT-3). Una vez fosforiladas, las proteinas STAT-3 se dimerizan y emigran al nucleo, donde actiian como factores
de transcripcion controlando la expresion de genes de neurotransmisores y otras proteinas que responden al esti-
mulo de la leptina.

El papel de la accién de la insulina en el SNC se describié
hace dos décadas en un modelo primate que presentaba una
disminucién en la ingestién de alimentos cuando se infundia
una baja dosis de insulina por via intracerebroventricular [33].
Investigaciones recientes con animales de laboratorio demos-
traron que la insulina ejerce una funcién primordial en el SNC
para incitar la saciedad, aumentar el gasto energético y regular
la accién de la leptina [9]. Este descubrimiento despert6 el in-
terés de muchos investigadores, que pretenden encontrar res-
puestas que puedan explicar la accién de esta hormona en el
control central de la saciedad.

Al contrario de lo que sucede con la leptina, las acciones
moleculares de la insulina constituyen el centro de los estudios
desde los afios ochenta, cuando ya se caracterizaba la actividad
tirosincinasa de su receptor (IR) [34]. El objetivo de la mayoria
de los estudios realizados era entender el mecanismo molecular
de esa hormona en los tejidos periféricos. Hay que sefialar que
tan s6lo en los tltimos diez afios se han conseguido avances im-
portantes en el conocimiento de su accién central o, mds especi-
ficamente, de su accion hipotaldmica.

No existen diferencias estructurales entre el IR expresado
en tejidos periféricos (musculo, higado, tejido adiposo...) y en
el SNC [35]. Asi, la insulina, tras unirse al IR (subunidad o)
presente en el hipotdlamo, promueve, a través de la modifica-
cion conformacional, la activacién de un lugar catalitico en la
region que comprende las tirosinas de la subunidad 3 del recep-
tor (Fig. 3a) [36].

Una vez activo, este sitio conduce a la autofosforilacion del
receptor, que lo convierte en apto para dar continuidad a la
transduccion de la sefial [36]. En el hipotdlamo, la insulina pro-
mueve la activacion de por lo menos dos vias distintas de sefia-
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Figura 3. Senalizacion de la insulina en el hipotdlamo. La insulina se une a su receptor heterotetraméri-
co transmembrana (IR, de subunidades a y B), promoviendo la activacion de su parte catalitica. Una vez
activo, el IR cataliza su autofosforilacion, la cual lo convierte en apto para reunir sustratos intracelulares
que daran continuidad a la senal (a). Los residuos tirosina fosforilados captan y fosforilan las proteinas de
la familia IRS (especialmente IRS-2), que transmiten la senal de la insulina y activan la enzima fosfatilino-
sitol-3-cinasa (PI3K). Una vez activa, la PI3K controla el ritmo de disparos neuronales y la liberacion de
neurotransmisores en las sinapsis. El IR es capaz incluso de captar y activar la proteina JAK-2. Una vez
fosforilada, la JAK-2 capta y fosforila proteinas de la familia STAT (particularmente STAT-3). Una vez fos-
foriladas, las proteinas STAT-3 se dimerizan y emigran hacia el nucleo, donde actuan como factores de
transcripcion controlando la expresion de genes de neurotransmisores y otras proteinas que responden
al estimulo de la insulina, siempre que exista un coestimulo por parte de la leptina.

lizacién. La primera via molecular depende de la captacion y
fosforilacién en tirosina del IR y de los IRS [29,37]. Aqui, el
IRS-2, de manera andloga al caso de la leptina, parece desempe-
flar un papel predominante, lo que se puede explicar en parte
por la expresion preferencial en regiones que poseen un mayor
nimero de neuronas que portadoras del IR [36]. La fosforila-
cién del IRS promueve la unién y activacién del enzima PI3K
[28,37], el cual, como en el caso de la leptina, conecta la sefial
de la insulina al control del ritmo de los disparos neuronales
[27], 1o que es condicionado por la activacion de los canales de
potasio ATP-dependientes [39]. Mediante el control del ritmo
de los disparos neuronales, la insulina modula, paralelamente a
la leptina, la liberacién de neurotransmisores en las sinapsis
efectoras [40]. La segunda via depende de la activacién de la
enzima JAK-2. A pesar de poseer actividad tirosincinasa intrin-
seca, el IR es capaz de interactuar y activar el JAK-2 en varios
tejidos, incluso el hipotdlamo [29,30]. Tras fosforilarse y acti-
varse, la enzima JAK-2 recluta y fosforila STAT-3, que conecta la
sefial de la insulina al control de transcripcién de los genes de
neurotransmisores implicados en el control del hambre y la ter-
mogénesis (Fig. 3b) [29]. Cabe sefialar que la activacion de la
transcripcién génica de la insulina a través de la STAT-3 sélo es
posible en presencia de la leptina [29].

La comprensién de los mecanismos intracelulares de actua-
cién de la insulina y la leptina en el hipotdlamo conducen a la
interpretaciéon de que las acciones hormonales se producen en
vias celulares similares. Por tanto, ambas hormonas controlan
de manera reciproca los efectos generados por la otra. A este fe-
némeno de comunicacion entre vias de sefializacién y modula-
cién de los sucesos celulares se le denomina cross-talk molecu-
lar. Todo indica que el cross-talk entre las vias de sefializacion
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de la leptina y la insulina ejerce un
importante papel regulador sobre los
efectos fisioldgicos finales de cada
una de estas hormonas.

EL CROSS-TALK ENTRE LAS
VIAS DE SENALIZACION DE
LA LEPTINA Y LA INSULINA
EN EL HIPOTALAMO

La confirmacién de la existencia de
un cross-talk entre las vias de sefiali-
zacion de la leptina y la insulina fue
presentada por primera vez por un
grupo de investigadores que observé
que el tratamiento periférico con lep-
tina era capaz de mejorar la hiperglu-
cemia en los ratones ob/ob (obeso e
hiperglucémico por deficiencia en lep-
tina), independientemente de la re-
duccidn de la masa corporal [41]. El
progreso en esa linea de investiga-
cién y la interpretacion de los resul-
tados conseguidos en referencia a la
accion de la insulina en el hipotdla-
mo hicieron que se creyera que tam-
bién en el hipotdlamo la leptina y la
insulina podrian interactuar y produ-
cir efectos complementarios. Estudios
posteriores realizados en nuestro la-

boratorio confirmaron la sospecha y revelaron que este cross-
talk se produce en al menos dos vias distintas, produciendo re-
sultados funcionales también diferentes [29]. La primera via es
la JAK-2/STAT-3. Como se ha mencionado anteriormente, tanto
la leptina como la insulina son capaces de inducir la activacién
de la JAK-2 y la fosforilacién de la STAT-3. Sin embargo, sélo
la leptina, cuando actiia de manera aislada, es capaz de inducir
la transcripcion génica mediada por STAT-3. Cuando la fosfori-
lacién de la STAT-3 se produce mediante la insulina, la trans-
cripcién observada con la leptina no se produce. Sin embargo,
cuando actian en conjunto, se pone en evidencia que la insulina
potencia la actividad transcripcional de STAT-3 inducida por la
leptina (Fig. 4). Asi, se concluye que en el hipotdlamo, la via
JAK-2/STAT-3 es controlada en primer lugar por la leptina, su-
friendo una modulacién incrementada por la insulina [29].

La segunda via que participa del cross-talk entre esas hor-
monas es la via IRS/PI3K. Los estudios muestran que, en este
caso, el efecto de la insulina predomina sobre el de la leptina, lo
cual provoca una mayor activacién de la PI3K y, en consecuen-
cia, un mayor ritmo de los disparos neuronales porque entonces
la leptina desempefia un papel potenciador [4,38] (Fig. 4).

De este modo, tanto la leptina como la insulina desempe-
flan acciones clave en la modulacién de la saciedad. No obstan-
te, nuevos descubrimientos han puesto de manifiesto que las
proteinas que actdan tras la PI3K también tienen acciones im-
portantes en el control central del hambre. La PI3K activa la
Akt (una proteina que actua tras la PI3K) y promueve la fosfori-
lacién del factor de transcripcién de la familia forkhead BOX O
(FOXO1) [42]. La fosforilacién de la FOXO1 conduce a la ex-
clusién nuclear y a la degradacién proteosémica, y gracias a
eso reduce su accidn. Se sabe que la FOXO1 modula las accio-
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nes de la insulina, incluyendo la glu-
coneogénesis, la oferta de glucosa al
musculo esquelético, la diferenciacién IR
de los adipocitos y el crecimiento de
las células 3 pancredticas [43,44]. Sin
embargo, ademads de los efectos perifé-
ricos, la FOXO1 regula la sefializacion
de la insulina en el hipotdlamo y la
grasa corporal, controlando ambos cir-
cuitos. En un estudio reciente [42], un
grupo de investigadores demostré que
la activacién de la FOXO1 en el ARC
del hipotdlamo aumenta la ingestién
alimentaria y disminuye el gasto ener-
gético. Ambos cambios conducen al
aumento de la masa corporal. Por el
contrario, la inhibicién central de la
FOXO1 reduce la ingestién alimenta-
ria y la masa corporal. De manera no-
table, los efectos anorexigénicos de la

Insulina €

Disparos neuronales
Neurotransmision

Ob-Rb

Leptina [ ) IR
W Y

Transcripcion génica

insulina y la leptina disminufan sig-
nificativamente cuando se activaba la
FOXO1 hipotaldmica.

La FOXO1 promueve tales modifi-
caciones fisioldgicas porque estimula
la transcripcién de los neuropéptidos
orexigenos -NPY y AgRP- a través de
la via de sefializacion de la PI3K, pero
suprime la transcripcién anorexigéni-
ca de la POMC por la accion antagonista y la actividad de la se-
fial de la STAT-3 [42]. Estos datos sugieren que la supresion de
la actividad de la FOXO1 hipotaldmica es necesaria para la in-
duccioén de la anorexia de la leptina y la insulina, estableciendo
una nueva via de seflalizacién mediante la cual la insulina y la
leptina actdan en neuronas hipotaldmicas para controlar la in-
gestion alimentaria.

Por tanto, es evidente que existe un complejo mecanismo
del control central de la saciedad, y todo indica que ese control
va mads all de las proteinas iniciales de la cascada de sefializa-
cién de la insulina y la leptina, lo cual sugiere que las vias dis-
tales también desempeifian un papel clave en la modulacién del
apetito. A continuacién veremos los resultados funcionales de
la accidon de la leptina y de la insulina en el hipotdlamo. Los
efectos predominantes de estas hormonas en vias distintas tie-
nen implicaciones importantes en el patron temporal de control
de la regulacién de la ingestion alimentaria. La insulina, que
actia fundamentalmente sobre ritmos de disparos, ejerce con-
trol sobre fendmenos mds inmediatos, mientras que la leptina,
al controlar la transcripcién génica, se encarga de fenémenos
mds duraderos.

PAPEL FUNCIONAL DE LA INSULINA Y LA
LEPTINA EN EL CONTROL HIPOTALAMICO
DE LA SACIEDAD Y LA TERMOGENESIS

Como se refiri6 al principio, la expresion de los receptores Ob-
Rb e IR en el SNC se identific6 en diversas regiones del cere-
bro; sin embargo, varios investigadores demostraron que estin
situados en el hipotdlamo y, mds especificamente, en el ARC
[14,37,45,46]. La mayoria de estudios sugiere que ambos, Ob-
Rb e IR, estan igualmente presentes en las dos subpoblaciones
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Figura 4. Cross-talk entre las vias de senalizacion de la leptina y la insulina en el hipotadlamo. La union
de lainsulina y la leptina a sus respectivos receptores (IR y Ob-Rb), promueve la activacion de las vias
intracelulares, que pueden comunicarse por lo menos en dos niveles distintos. El primer nivel (a la iz-
quierda de la figura) cuenta con la enzima fosfatidilinositol-3-cinasa (PI3K), que se comporta como un
centro preferencial de las proteinas de la familia IRS (especialmente IRS-2) activadas a través del IR. En
presencia de una sefal de leptina simultanea, se produce una acentuacion de la sefal de la insulina a
través de esta via. EI segundo nivel (a la derecha de la figura) cuenta con las proteinas de la familia
STAT (particularmente STAT-3). Una vez activos primordialmente a través de Ob-Rb, la senal mediante
STAT-3 puede intensificarse en presencia de una sefnal concomitante de insulina.

de neuronas, es decir, tanto en las que expresan los neurotrans-
misores NPY y AgRP, como en las que expresan los neurotransmi-
sores anorexigénicos o.-MSH (clivado a partir de POMC y CART)
[4,19,25,27]. Sin embargo, en una investigacion reciente, Xu et
al [27] presentaron evidencias de que s6lo las neuronas o.-MSH/
CARTérgicas expresan Ob-Rb e IR, y que las neuronas NPY/
AgRPérgicas poseen tan sélo el IR [27]. A pesar de que, desde
el punto de vista funcional, tal controversia se centre en pocas
diferencias, cuando se discute la viabilidad de utilizar trata-
mientos neuromoduladores como método farmacoterapéutico
para la obesidad, esa informacidn pasa a tener un valor determi-
nante, tal y como se discute mds adelante.

Las neuronas o.-MSH/CARTérgicas del ARC poseen cone-
xiones inhibidoras cortas con las neuronas NPY/AgRPérgicas y
conexiones inhibidoras largas con neuronas localizadas en el
(LH), ademads de poseer largas conexiones excitadoras con neu-
ronas del PVN [2]. Las caracteristicas de las conexiones de las
neuronas NPY/AgRPérgicas son mds controvertidas. Desde el
punto de vista tradicional —que postula que tanto las neuronas
NPY/AgRPérgicas como las a-MSH/CARTérgicas expresan
Ob-Rb e IR—, estas neuronas apenas poseen conexiones inhibi-
doras largas con el PVN y excitadoras largas con el LH [2]. Sin
embargo, de acuerdo con la visién mads reciente del sistema
—que postula que tan sélo las neuronas o.-MSH/CARTérgicas
expresan Ob-Rb e IR, mientras que las neuronas NPY/AgRPér-
gicas expresan sélo el IR—, ademads de poseer conexiones inhibi-
doras largas con el PVN y excitadoras largas con el LH, las neu-
ronas NPY/AgRPérgicas poseen también conexiones inhibido-
ras cortas con las neuronas a-MSH/CARTérgicas [27]. Las co-
nexiones de ambos tipos de neuronas se efectian con dos sub-
poblaciones distintas tanto en el PVN como en el LH. En el
PVN existen neuronas que expresan los neurotransmisores CRH
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Figura 5. Regulacion funcional de las neuronas hipotalamicas en respuesta a la leptina e insulina. Los receptores de la in-
sulina y la leptina se distribuyen de manera predominante en dos subpoblaciones de neuronas del nticleo arqueado (ARC).
Durante el ayuno (a), los bajos niveles de leptina e insulina llevan a la reduccion de la produccion de a-MSH/CART vy al au-
mento de la produccion de NPY/AgRP en el ARC. Las neuronas NPY/AgRPérgicas inhiben la produccion de CRH y TRH por
parte de las neuronas del nucleo paraventricular (PVN) y estimulan la produccion de orexina y MCH por parte de las neuro-
nas del hipotalamo lateral (LH), promoviendo un aumento del hambre y una reduccion de la termogénesis. En periodos
posprandiales (b), los niveles elevados de leptina e insulina inhiben la produccion de NPY/AgRP y estimulan la produccion
de a-MSH/CART por las neuronas del ARC. Las neuronas a-MSH/CART inhiben la produccion de orexina y MCH por el LH
y estimulan la produccion de CRH y TRH por el PVN, llevando a la saciedad y al aumento de la termogénesis. Ademas,
otras senales endocrinas, como el aumento de la concentracion de glucocorticoides (en el ayuno) y la reduccion de la con-
centracion de esos esteroides (posprandial), pueden regular las neuronas hipotalamicas del control del hambre.

y TRH [2]. Ambos neurotransmisores tienen funciones anorexi-
génicas y protermogénicas, ya que la TRH desempefia de mane-
ra predominante la funcién protermogénica, mientras que la
CRH ejerce fundamentalmente una funcién anorexigénica [42,
45]. Por otro lado, en el LH también se han caracterizado dos
subpoblaciones distintas, una de ellas que expresa la orexina,
con un papel fundamentalmente orexigénico, y la otra que ex-
presa el MCH, con un papel sobre todo —aunque no exclusiva-
mente— antitermogénico [2,3,47].

En situaciones donde predominan los bajos niveles de lepti-
na e insulina, como por ejemplo durante un ayuno prolongado y
en individuos con un bajo porcentaje de grasa corporal, la ma-
yor parte de los receptores Ob-Rb e IR del ARC estdn desocupa-
dos. En esta situacién predominan las sefiales y conexiones exci-
tadoras para las neuronas NPY/AgRpérgicas y las sefiales de co-
nexiones inhibidoras para las a-MSH/CART¢érgicas [3] (Fig. 5a).
Como resultado, se produce un aumento de la expresion de la
orexina y de MCH en el LH, acompafiado de una reduccion de
la expresion de TRH y CRH en el PVN [3]. Por otro lado, tras
una comida —que es principalmente el momento en que aumen-
tan los niveles de insulina— o cuando se produce un leve aumen-
to de la masa de tejido adiposo —lo que da como resultado un
aumento de los niveles de leptina e insulina—, existe una reduc-
cién de la expresion de la orexina y MCH en el LH y un aumen-
to de la expresion de TRH y CRH en el PVN (Fig. 5b). Los
neurotransmisores expresados en el LH y el PVN no son los
efectores finales de este complejo sistema de control del ham-
bre y la homeostasis energética, pero sus participaciones son in-
dispensables para que se produzca un funcionamiento adecuado
e integrado de todo el sistema. Sélo a través de la modulacién
de la expresion de cada uno de estos intermediarios, las sefiales
llevadas desde la periferia por la leptina y la insulina se conver-
tirdn en respuestas funcionales adecuadas que, en ultima instan-
cia, mantendrdn un perfecto acoplamiento entre la ingestion ali-
mentaria y la termogénesis, dando como resultado una estabili-
dad en el peso corporal.
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los niveles de NPY [49].
En este contexto, Ponsa-
lle et al [50] demostra-
ron que la adrenalecto-
mia bloquea el aumento
de los niveles de ARNm
de la NPY inducida por
el ayuno [50]. Por otro
lado, otros datos apun-
tan que los elevados ni-
veles de corticosterona sérica inducida por el ayuno no serfan su-
ficientes para aumentar los niveles de ARNm de la NPY en el hi-
potdlamo de las ratas [51]. Tales datos sugieren que diversos fac-
tores son responsables del control del hambre y del gasto energé-
tico, siendo precipitado sefialar un unico agente para explicar es-
tos hechos. Se confirma que fallos en algunos de los componen-
tes de este complejo sistema de control de la homeostasis ener-
gética pueden desempefiar un importante papel en la génesis de
la obesidad.

Esta controversia en los estudios no supone mucha diferen-
cia desde el punto de vista funcional; sin embargo, cuando se
discute la viabilidad de planteamientos neuromoduladores co-
mo método farmacoterapéutico para la obesidad, esa informa-
cién puede tener un valor determinante. Asi pues, los nuevos es-
tudios deberian centrarse en aclarar esta cuestion.

RESISTENCIA A LA ACCION DE LAS HORMONAS
LEPTINA E INSULINA EN EL HIPOTALAMO
EN LA GENESIS DE LA OBESIDAD

Los descubrimientos evidenciaron la accién hipotaldmica de la
insulina, como en el caso del fendmeno de resistencia a la insuli-
na, clasicamente abordado en los tejidos periféricos, pero que
también se podria producir en el hipotdlamo. Una de las posibles
consecuencias de su manifestacion serfa la reduccién de la acti-
vidad anorexigénica y protermogénica ejercida por esta hormo-
na. Ademads, considerando la accién moduladora positiva de la
insulina sobre la actividad hipotalamica de la leptina, serfa perti-
nente acreditar que la propia funcién adipostatica de la leptina
pueda estar afectada. Asi, la bisqueda de evidencias experimen-
tales y clinicas de que el fendmeno de resistencia hipotaldmica a
la accién de la insulina y la leptina podria existir y formar parte
del cuadro de obesidad pasé a constituir el foco de interés de va-
rios grupos en actividad en esta drea del conocimiento.

La creacién de un modelo transgénico de ratones con dele-
cion del gen IR en neuronas especificas (NIRKO) se 1levé a cabo
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en el estudio de la accién de la insulina en el cerebro y sus res-
puestas fisiologicas. Resulta muy interesante que los ratones NIR-
KO presentan como caracteristicas la obesidad, la resistencia a
la insulina, los elevados niveles plasmadticos de leptina y la alte-
racién del perfil lipidico [52]. Las alteraciones fisioldgicas ob-
servadas en esos animales proporcionan pruebas incontestables
para afirmar que los defectos en el IR en el SNC conllevan des-
control del hambre y termogénesis, 1o cual conduce a la obesidad.

Ademas del IR, la fosforilacion de los IRS es determinante
en la propagacidn de la sefial de la insulina y las consiguientes
respuestas moleculares de la hormona. Las funciones fisiol6gi-
cas del IRS-1 e IRS-2 se establecieron recientemente a través de
la produccién de ratones sin los genes que codifican el IRS-1 o
presenta resistencia a la insulina y retraso en el crecimiento, pe-
ro no es diabético [53]. Se demostré que el IRS-2 podria com-
pensar parcialmente la ausencia de IRS-1, lo que explicaria el
fenotipo de resistencia a la insulina sin hiperglucemia del ratén
knockout de IRS-1. El ratén que no expresa el IRS-2 se generd
posteriormente [54] y mostré un fenotipo diferente del ratén sin
IRS-1: hiperglucemia acentuada como resultado de diversas
anormalidades en la accién de la insulina en los tejidos periféri-
cos, asociada a falta de actividad secretora de las células . Esta
dltima alteracion es probablemente consecuencia de la reduc-
cién significativa de la masa de células B pancreaticas. Por tan-
to, parece evidente que el IRS-2 desempefia un papel predomi-
nante en el hipotdlamo.

En cuanto a la actividad funcional de la leptina, se sabe que
la expresion de la hormona estd influida por diversas sustan-
cias, como la insulina, los glucocorticoides, las endotoxinas y
las citocinas proinflamatorias. Los estados infecciosos pueden
elevar la concentracién plasmadtica de la leptina. Por contra, la
testosterona, la exposicién al frio y las catecolaminas reducen
la sintesis de esta hormona [55]. En situaciones de estrés, como
el ejercicio fisico intenso y el ayuno prolongado, se observa un
nivel menor de la leptina circulante, lo que muestra la actuacién
del SNC en la inhibicién de la liberacién de la leptina por los
adipocitos [56].

En animales de experimentacion como los ratones ob/ob se
ha confirmado que las altas concentraciones de leptina reducen
la ingestion de alimentos, mientras que las bajas concentracio-
nes inducen hiperfagia y un aumento de peso excesivo (obesi-
dad) [57]. La leptina producida por el tejido adiposo informa
del estado nutricional del individuo a los centros hipotaldmicos,
que regulan la ingestion alimentaria y el gasto energético. Ast,
la reduccién de la cantidad de tejido adiposo conduce a la dis-
minucién de los niveles circulantes de leptina, estimulando la
ingestién de alimentos y reduciendo el gasto energético. Por el
contrario, el aumento de reservas de tejido adiposo se asocia al
incremento de los niveles séricos de la leptina, lo que disminu-
ye la ingestion alimentaria y aumenta el gasto energético. A tra-
vés de ese mecanismo, el peso del individuo se mantiene estable
durante varios afios. ;Por qué entonces algunos individuos de-
sarrollan actividad y otros no? Se cree que la sensibilidad a la
leptina puede ser variable y que los individuos obesos deben ser
resistentes a la leptina [55,57,58]. Tan sélo una infima parte de
la poblacién obesa tiene bajos niveles séricos de leptina y de-
sarrolla obesidad de manera semejante al ratén ob/ob [59,60].

Estos datos conflictivos entre animales de laboratorio y se-
res humanos indican que los mecanismos que controlan el me-
tabolismo y el peso corporal son mas complejos de lo que suele
imaginarse.
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EFECTOS DEL EJERCICIO FiSICO EN EL
CONTROL DEL APETITO: IMPLICACIONES
EN EL BALANCE ENERGETICO

Hace mucho tiempo que se intenta comprender cémo se realiza
la regulacion del balance energético y el control del peso; la in-
terrelacion entre la actividad fisica y la ingestion alimentaria es
importante porque ambos fendmenos son fundamentales en el
control del peso corporal. Aunque los beneficios que el ejercicio
proporciona a la salud estdn bien documentados, el impacto so-
bre la disminucién de la masa adiposa es atin controvertido. Nu-
merosos estudios han investigado los efectos de la actividad fi-
sica en la ingestion de energia y el balance energético [61-63].
La mayoria de ellos presenta problemas, con una gran variedad
de protocolos experimentales (ejercicios intermitentes o conti-
nuos, aerobios o anaerobios, etc.) utilizados en los estudios, o
bien no cuentan con un grupo control ni incluyen informacién
sobre la alimentacion diaria [64,65]. Asi pues, la interpretacion
de los datos aportados por las investigaciones es dificil. Con el
fin de observar los resultados mds concluyentes respecto a los
efectos del ejercicio fisico en el control alimentario, los investi-
gadores llevan algunos afios trabajando con animales de experi-
mentacion con el fin de descubrir los mecanismos moleculares
mediante los cuales la actividad fisica desempefia un papel mo-
dulador sobre la ingestién alimentaria y la termogénesis. Mds
especificamente, en esta revision presentamos algunas vias de
sefalizacién que el ejercicio fisico puede modular en el SNC, y
la posibilidad de que se aplique en la prevencién y tratamiento
del acimulo excesivo de peso corporal.

EJERCICIO Y TRANSMISION
DE LA SENAL DE LA INSULINA

Trabajos realizados durante las tiltimas décadas demuestran clara-
mente que el ejercicio fisico aumenta la captacién de glucosa en
el musculo [66,67]. Ademas, recientemente se ha demostrado
que la reduccién de peso corporal asociada al aumento de la acti-
vidad fisica en individuos con un riesgo mayor de desarrollar dia-
betes, disminuye en un 58% la incidencia de esa enfermedad [68].

La insulina y el ejercicio fisico son los estimuladores fisiold-
gicos mas relevantes en el transporte de la glucosa en el muscu-
lo esquelético [69]. Aunque el ejercicio fisico no sea capaz de
aumentar la fosforilacién en tirosina del IR ni aumentar la fos-
forilacién en tirosina del IRS-1 estimulada por la insulina [70],
se observa que el ejercicio potencia el efecto de la insulina en la
fosforilacién del IRS-2 como consecuencia del aumento de la
actividad de la PI3K [71]. Ademas, también se produce una ma-
yor fosforilacién en serina de la Akt, proteina fundamental para
iniciar la translocacién del GLUT4 a la membrana citoplasmati-
ca [72]. Los resultados publicados en nuestro laboratorio mos-
traron que el ejercicio de endurecimiento mejora la sensibilidad
a la insulina, aumentando la fosforilacién del IRS-1 y IRS-2 .y
la asociacidén de esas proteinas con la PI3K [66].

Todos esos datos confirman la importancia de la actividad fi-
sica para mejorar la captacion de la glucosa con mediacién de la
insulina en la periferia. A continuacién veremos si el ejercicio
fisico puede proporcionar efectos favorable en el SNC.

EJERCICIO FISICO Y SNC

La importancia del ejercicio fisico en el éxito de programas pa-
ra perder y controlar el peso se ha reconocido desde hace varios
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Figura 6. Ejercicio fisico en la modulacion de las vias intracelulares de con-
trol del hambre en el hipotdlamo. El gjercicio fisico aumenta la accion de la
leptina y la insulina en el hipotalamo y eso favorece la reduccion de la inges-
tion alimentaria. Posiblemente, este efecto supresor sobre el apetito se lle-
ve a cabo por la produccion de interleucina-6 (IL-6) por parte del musculo en
actividad y tras su propia sintesis en el cerebro durante el ejercicio. La sena-
lizacion a través del receptor gp130Rp es similar a la de Ob-Rb. La senaliza-
cion de la IL-6, al unirse a su receptor (IL-6Ra/gpP130RB), da como resul-
tado la senalizacion de JAK/STAT e IRS/PI3K. La senal positiva (+) represen-
ta el aumento de la accion de la insulina, leptina e IL-6 gracias al ejercicio.

afios [73,74]. El ejercicio fisico aumenta el gasto energético a
corto plazo y cuando se combina con la dieta es uno de los me-
jores predictores de la pérdida de peso a largo plazo [74]. Sin
embargo, el efecto del ejercicio sobre las vias neuronales de
control de la ingestién alimentaria y el gasto energético no esta
claro. Hasta el momento, pocos estudios inciden en la explica-
cién de la relacién entre el ejercicio y las vias hipotaldmicas que
regulan la homeostasis energética [75-77]. Por otro lado, nume-
rosos estudios demuestran los efectos del ejercicio sobre otras
funciones cerebrales que también utilizan neurotransmisores y
factores tréficos para controlar la homeostasis energética. Estos
incluyen el factor liberador de la corticotropina (CRF) [78], la
norepinefrina, la serotonina, el dcido y-aminobutirico (GABA)
[79] y el factor neurotréfico derivado del cerebro (BDNF) [80].
En el hipotdlamo, la norepinefrina tiene efectos anabdlicos [81],
mientras que el CRF, la serotonina [82] y el BDNF [83] tienen
efectos catabodlicos.

En un trabajo reciente, Bi et al [84] confirmaron que los ani-
males obesos sometidos a sesiones de ejercicios aerobios redu-
cian de manera notable su adiposidad y la recuperacién del pe-
so se retrasaba. A pesar de haberse verificado concentraciones
plasmaticas reducidas de leptina, no se observé un aumento de
la ingestion alimentaria como medida compensatoria a la pérdi-
da de peso. Ese efecto fue secundario a la accién directa del
ejercicio en los niicleos dorsomediales del hipotdlamo, regulan-
do la expresion de los neuropéptidos CRF y NPY. Ademds, se
ha demostrado que el ejercicio reduce la expresiéon de NPY en
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el hipotdlamo de ratas diabéticas, lo cual sugiere que el ejercicio
puede ser capaz de modular la ingestién alimentaria y el gasto
energético a través de los circuitos neuronales [85].

Por tanto, de hecho, el ejercicio produce sefiales metabdli-
cas, hormonales y neuronales que llegan hasta el cerebro, infor-
mandolo de que el cuerpo se estd ejercitando. Entre esos facto-
res, la interleucina-6 (IL-6) es particularmente interesante por el
hecho de que es liberada por el musculo en contraccion y puede,
junto a la sefializacién de la melanocortina, aumentar la expre-
sién de CRF en el PVN [79] y posiblemente en el nicleo dorso-
medial. El estudio de Bi et al [84] apunta hacia un nuevo estado
de algunas proteinas hipotaldmicas responsables de la homeos-
tasis energética, que tras interaccionar con moléculas liberadas
por el misculo en contraccidn, responden a nuevos patrones
energéticos en las ratas ejercitadas, como disminucién de la in-
gestion alimentaria y menor acimulo adipocitario.

EFECTOS DEL EJERCICIO FISICO EN LA
MODULACION DE LAS VIAS INTRACELULARES
DEL CONTROL DEL HAMBRE EN EL HIPOTALAMO

Se sabe que la actividad fisica de intensidad moderada y alta al-
tera de manera acentuada el balance energético en ratas. En es-
tudios anteriores, con animales, los programas de ejercicios de
moderados a intensos contribuyen a la reduccion de peso corpo-
ral y asf retrasan el acimulo energético en forma de tejido adi-
poso [73,74,78]. Mientras, no se conocen por completo las cau-
sas exactas que llevan a la supresion del apetito, mediadas por el
ejercicio. Se sospecha que el ejercicio puede actuar en diversas
regiones del cerebro y en diferentes neuropéptidos. Kotz [77]
menciona que el estimulo o lesién de la LH provoca alteracio-
nes en el comportamiento alimentario y en la actividad fisica
diaria voluntaria, lo que conduce al entendimiento de una posi-
ble integracion de estos dos sistemas comportamentales.

A continuacién discutiremos las investigaciones cientificas
realizadas en nuestro laboratorio, presentando una discusién ac-
tual sobre el papel del ejercicio fisico en el control central del
hambre. Como ya se ha mencionado, la insulina y la leptina tie-
nen efectos inductores de anorexia a través de la via de la PI3K.
En una reciente investigacion evaluamos si el ejercicio altera la
expresion y/o la actividad de las proteinas implicadas en la trans-
duccién de la sefial de la insulina en el hipotdlamo, tras ser esti-
muladas con la leptina y la insulina en ratas sometidas a una se-
sién intensa de natacion. Las infusiones intracerebroventriculares
de leptina e insulina redujeron de manera mds acentuada la inges-
tién alimentaria en ratas que practicaron ejercicio que en anima-
les sedentarios. La leptina y la insulina estimularon la fosforila-
cién de las proteinas IRS-1 e IRS-2, asi como las asociaciones de
estos sustratos con la PI3K. También se observé que la fosforila-
cioén hipotaldmica de la Akt es menor en animales sedentarios que
en animales que practican ejercicio [86]. Esta tentativa de andlisis
e interpretaciéon de los resultados conseguidos en ese estudio
comprueba los datos irrefutables acerca de la sefializacion hipota-
ldmica de la insulina y demuestra un aumento de la sensibilidad
del hipotdlamo para la accién tanto de la leptina como de la insu-
lina en animales sometidos a ejercicio fisico. Esos datos apoyan
la hipétesis de que el ejercicio puede tener acciones supresoras
del apetito a través de la via hipotaldmica de la PI3K.

Ademads, las evidencias cientificas documentan que la IL-6
producida durante el ejercicio es capaz de actuar como un sensor
de demanda energética en el misculo y, posiblemente, también
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puede actuar en vias de sefializacion del cerebro implicadas en la
homeostasis energética [87]. Asi pues, investigamos la hipétesis
de si la produccién de IL-6 en el ejercicio aumenta la sensibili-
dad hipotaldmica a la leptina y a la insulina. Cuando pretratamos
los animales con el anticuerpo anti-IL-6, no se detectaron los
efectos anorexigénicos de la insulina y la leptina administrada
por via intercerebroventricular [86]. Estos resultados corroboran
estudios anteriores que demostraron que el tratamiento con IL-6
aumenta el gasto energético tanto en humanos como en animales
[37,46,52]. Es posible que los efectos supresores del apetito ejer-
cidos por la IL-6 pueden ser el resultado de su propia sintesis en
el cerebro durante el ejercicio [54]. Por otro lado, la cantidad de
IL-6 endocrina secretada por el trabajo muscular durante el ejer-
cicio [55] puede alcanzar de manera apropiada el cerebro [30] e
inducir su efecto supresor. De esta manera, parece evidente que
el ejercicio fisico aumenta la sensibilidad a la leptina y a la insu-
lina en el hipotdlamo y eso posiblemente deba ocurrir, como mi-
nimo en parte, por la produccién de IL-6 (Fig. 6).

Algunos estudios previos demostraron que diversas respues-
tas bioldgicas en diferentes tipos de células son inducidas por la
IL-6, que activa STAT-3 via JAK [88,89]. Como ya se discutié
anteriormente, la leptina se une a un receptor homodimérico
(LRDb) que resulta de autofosforilar y activar la JAK, activando
posteriormente la via de sefializacion de la insulina IRS-1/PI3K
(Fig. 4). La unién de la IL-6 al receptor IL-6R/gp130Rp es el
resultado de la activacién de la sefializacion JAK/STAT e IRS-1/
PI3K (Fig. 6) [90]. Los receptores gp130RpB, LRb e IL-6R son
homologos al formar parte de la superfamilia de las citocinas y
activan la via de sefializacion JAK/STAT [91]. Reforzando esa
idea, tales receptores son capaces de activar JAK/STAT vy, a
continuacion, vias de transduccién de las sefiales importantes
del balance energético, como la via de la PI3K [92,93] y de la

mTOR [88]. Asi pues, se sugiere que la IL-6 producida durante
el ejercicio activa la via de sefializacion de la JAK/STAT, y por
ese motivo estd implicada en la activacion de las sefiales me-
diante los receptores de la insulina y la leptina, en el hipotdlamo
de las ratas (Fig. 6). Ademds, las moléculas que se unen al gp130R
pueden actuar en el SNC a través de la presencia de este recep-
tor en neuronas POMC (anorexigénico) y con ello reducir la in-
gestion alimentaria [89] (Fig. 6). En este contexto, el aumento
de la produccién de IL-6 por el ejercicio puede actuar de mane-
ra importante en el control alimentario y explica, al menos en
parte, la accion molecular del ejercicio en el SNC.

A pesar de ser un asunto muy reciente, parece que no hay du-
das respecto a los efectos del ejercicio fisico en la supresién del
apetito y su contribucién al gasto energético. Cabe ahora inves-
tigar qué tipo de ejercicio, duracién e intensidad provocan las
mejores adaptaciones, y asi la actividad fisica podra utilizarse
con mayor precision en la prevencion y lucha contra la obesidad.

CONCLUSIONES

La caracterizacion de la resistencia a la accién de la insulina y
la leptina en el hipotdlamo de humanos y animales obesos abre
nuevas perspectivas de objetivos terapéuticos en el tratamiento
de esa enfermedad. Particularmente, todo indica que el ejercicio
fisico puede ser una estrategia terapéutica para restaurar la ac-
cion de la insulina y la leptina en la transduccidn de la sefial del
hipotdlamo de individuos obesos. Este aumento de sensibilidad
del hipotdlamo a la accién de esas hormonas puede ser mediada
por la interaccién de la IL-6, que aumenta en situacién de prac-
tica de ejercicio. Esos datos apoyan la hipétesis de que el ejerci-
cio puede tener acciones supresoras del apetito mediadas por el
hipotdlamo.
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BRAIN REGULATION OF FOOD INTAKE AND EXPENDITURE ENERGY:
MOLECULAR ACTION OF INSULIN, LEPTIN AND PHYSICAL EXERCISE

Summary. Introduction. Overweight and obesity present significant public health concerns because of the link with numerous
chronic health conditions. During the last ten years, since the discovery of leptin, great advances were obtained in the
characterization oh the hypothalamic mechanisms involved in the control of food intake and thermogenesis. Development.
This review will present some the most recent findings in this field. It will be focused on the actions of leptin and insulin in the
hypothalamus and will explore the hypothesis that hypothalamic resistance to the action of these hormones may play a key role
in the development of obesity. The physical activity is an important component on long-term weight control. The exercise
markedly increased phosphorylation activity of several proteins involved in leptin and insulin signal transduction in the
hypothalamus. Recently our laboratory showed that physical activity increase in sensitivity to leptin- and insulin-induced
anorexia after enhances interleukin-6 production. Conclusions. These findings provide support for the hypothesis that the
appetite-suppressive actions of exercise may be mediated by the hypothalamus. [REV NEUROL 2007; 45: 672-82]

Key words. Hypothalamus. Insulin. Interleukin-6. Leptin. Obesity. Physical exercise.
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Acute exercise modulates the Foxo1/PGC-1a pathway
in the liver of diet-induced obesity rats
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PGC-1a expression is a tissue-specific regulatory feature that is extremely relevant to diabetes.
Several studies have shown that PGC-1« activity is atypically activated in the liver of diabetic
rodents and contributes to hepatic glucose production. PGC-1a and Foxol can physically
interact with one another and represent an important signal transduction pathway that governs
the synthesis of glucose in the liver. However, the effect of physical activity on PGC-1a/Foxol
association is unknown. Here we investigate the expression of PGC-1a and the association of
PGC-1a/Foxol in theliver of diet-induced obese rats after acute exercise. Wistar rats swam for two
3 h-long bouts, separated by a 45 min rest period. Eight hours after the acute exercise protocol,
the rats were submitted to an insulin tolerance test (ITT) and biochemical and molecular
analysis. Results demonstrate that acute exercise improved insulin signalling, increasing
insulin-stimulated Akt and Foxol phosphorylation and decreasing PGC-la expression and
PGC-1a/Foxol interaction in the liver of diet-induced obesity rats under fasting conditions.
These phenomena are accompanied by a reduction in the expression of gluconeogenesis genes,
such as phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphate (G6Pase). Thus,
these results provide new insights into the mechanism by which exercise could improve fasting
hyperglycaemia.

(Received 30 September 2008; accepted after revision 4 March 2009; first published online 9 March 2009)
Corresponding author Claudio Teodoro de Souza: Exercise Biochemistry and Physiology Laboratory. Postgraduate
Program in Health Sciences. Health Sciences Unit. University of Southern Santa Catarina, Cricitima, SC, Brazil.
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Abbreviations AMPK, AMP-activated protein kinase; BAT, brown adipose tissue; DTT, dithiothreitol; EDTA,
ethylenediamine tetraacetic acid; G6Pase, glucose-6-phosphatase; GLUT4, glucose transporter-4; IRE, insulin
response elements; ITT, insulin tolerance test; Kitt, rate constant for plasma glucose disappearance; PEPCK,
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phosphoenolpyruvate carboxykinase; PGC-1a, peroxisome proliferator-activated receptor-y coactivator le; PI3K,
phosphoinositide 3-kinase; PMSFE, phenylmethanesulphonylfluoride; PPARy, peroxisome proliferator-activated
receptor-y; RIA, radioimmunoassay; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; Tris,
tris(hydroxymethyl)aminomethane.

In both type 1 and type 2 diabetes, excessive hepatic
glucose production is a major contributor to both
fasting and postprandial hyperglycaemia. Regulation of
gluconeogenesis is crucial for the maintenance of glucose
homeostasis. ~ Phosphoenolpyruvate  carboxykinase
(PEPCK) and glucose-6-phosphatase (G6Pase) are
nutritionally regulated in the liver at the transcriptional
level, are highly activated during fasting or starvation,
and are suppressed in the fed state. The regulation of
both PEPCK and G6Pase genes at the transcriptional level
involves a ‘crosstalk’ between a network of transcription
factors. The PEPCK promoter has been extensively

© 2009 The Authors. Journal compilation © 2009 The Physiological Society

studied and is known to be induced by transcription
factors such as Foxol and peroxisome proliferator-actived
receptor-y coativator-lae (PGC-1la) (for a review, see
Postic et al. 2004). PGC-la was identified through
its functional interaction with the nuclear receptor
peroxisome proliferator-activated receptor-y (PPARy)
in brown adipose tissue (BAT), a mitochondria-rich
tissue that is specialized in thermogenesis (Puigserver
et al. 1998). However, PGC-1a expression is one of the
tissue-specific regulatory features relevant to diabetes.
Recent studies in animal models and humans link
altered PGC- 1« signalling to glucose intolerance, insulin
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Table 1. Components of high fat and chow diet

Ingredients Standard chow High fat diet
(gkg™ (kcal kg=") (gkg™) (kcal kg=")

Cornstarch (QSP) 397.5 1590 115.5 462
Casein 200 800 200 800
Sucrose 100 400 100 400
Dextrinated starch 132 528 132 528
Lard — — 312 2808
Soybean oil 70 630 40 360
Cellulose 50 — 50 —
Mineral mix 35 — 35 —
Vitamin Mix 10 — 10 —
L-Cystine 3 — 3 —
Choline 2.5 — 2.5 —
Total 1000 3948 1000 5358

resistance and diabetes. PGC-1o activity is as robustly
activated in diabetic liver as it is in the fasted state (Herzig
et al. 2001; Yoon et al. 2001; Puigserver et al. 2003;
Rhee et al. 2003), potentially increasing hepatic glucose
production, which in turn contributes to circulating
hyperglycaemia. Adenovirus-mediated overexpression
of PGC-1« in the rat liver causes an increase in hepatic
glucose production, through the activation of all the
key enzymes of gluconeogenesis, the transcriptional
pathway implying that PGC-1« plays a crucial role in the
transcriptional regulation of PEPCK and G6Pase genes.
Indeed, PGC-1« affects gluconeogenic enzyme regulation
by directly binding to transcription factors, such as Foxol
(Puigserver et al. 2003). This factor plays an important
role in the suppression of hepatic gluconeogenesis by
insulin. In vitro studies have shown that Foxol regulates
both PEPCK and G6Pase genes through an interaction
with their consensus insulin response elements (IRE)
present in their promoters (Daitoku et al. 2003).
Therefore, insulin signalling through Akt can attenuate
the effects of increased levels of PGC-lo in fasting
and other conditions by promoting the dissociation of
PGC-1« from Foxol. Taken together, these results indicate
that the complex formed by PGC-la and Foxol is of
crucial importance for the regulation of gluconeogenesis.

Exercise is widely perceived to be beneficial for
glycaemic control in patients with type 2 diabetes.
Increased physical exercise has been linked to improved
glucose homeostasis and enhanced insulin sensitivity.
After an acute bout of exercise, the insulin sensitivity
is enhanced in insulin-sensitive tissues, such as skeletal
muscle, adipose, liver and hypothalamus (Luciano et al.
2002; Aoi et al. 2004; Flores et al. 2006; Peres et al. 2005;
Ropelle et al. 2006; Pauli et al. 2008). It is well established
that exercise training, even acute training, can improve
insulin sensitivity in the muscle of obese rats (Betts et al.
1993; Bruce et al. 2001). The molecular mechanism for
enhanced insulin-mediated glucose uptake with exercise

training may be partly related to increased expression
and activity of key proteins known to regulate glucose
metabolism in skeletal muscle and liver (Chibalin et al.
2000; Aoi et al. 2004; Ropelle et al. 2006). However, the
molecular mechanisms involved in this improvement in
insulin signalling in liver are poorly studied.

Insulin is a dominant suppressor of gluconeogenesis
and several animal models of insulin signalling deficiency
show a rise in hepatic PGC-1a expression (Yoon et al.
2001), since insulin (via foxol) may control PGC-l«
expression in vivo either through a direct action on
hepatocytes. In the present study, we further investigate
the PGC-1a/Foxol complex, hypothesizing that it may be
a potential target for reduced hepatic glucose production
in acute exercise.

Methods
Animals and diet

Male Wistar rats from the University of Campinas Central
Animal Breeding Center were used in the experiments.
All experiments were approved by the Ethics Committee
of the State University of Campinas (UNICAMP). The
4-week-old Wistar rats were divided into three groups:
control rats (CTL) fed standard rodent chow; obese rats,
fed on a high fat diet for 3 months (DIO) (Table 1) and a
third group which also received a high fat diet, but were
submitted to acute exercise (DIO+EXE).

Exercise protocol

Rats were adapted to swimming for 10 min for 2 days.
The animals swam in groups of three in plastic barrels of
45 cm in diameter that were filled to a depth of 60 cm,
for two 3 h-long bouts, separated by a 45 min rest period
and the water temperature was maintained at ~32°C.

© 2009 The Authors. Journal compilation © 2009 The Physiological Society
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Exercise reduces PGC1expression liver in DIO rats

Table 2. Physiological and metabolic parameters

Groups Body Epididymal Fasting Fasting
(n=9) weight (g) fat (g) insulin (ng mI—") glucose (mg di—")
DIO 530.9 + 31.11* 11.2 4+ 2.23* 7.7 + 2.64* 85.5 + 8.17
DIO+EXE 515.6 + 22.01* 11.9 4+ 2.82* 7.2 +3.02* 82.5 +6.26
Control 394.5 4+ 15.22 5.1+ 1.09 2.8 +0.69 78.3 +4.14

*P < 0.05, diet-induced obese rat at rest and exercised versus control.
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This exercise protocol was adapted from a previously
published procedure (Chibalin et al. 2000). Eight hours
after the exercise protocol, the rats were anaesthetized with
an intraperitoneal (1.p.) injection of sodium thiopental
(40 mg (kg body weight)~!). Following the experimental
procedures, the rats were killed under anaesthesia
(thiopental 200 mg kg™') following the recommendations
of the NIH publication no. 85-23.

Fasting glucose, insulin tolerance test (ITT), serum
insulin quantification and glycogen content

After the exercise protocol, the rats were submitted to
an insulin tolerance test (ITT; 1.5 U (kg body weight) ™
of insulin) after 6h of fasting. Briefly, 1.51Ukg™! of
human recombinant insulin (Humulin R; from Eli Lilly,
Indianapolis, IN, USA) was infused intraperitoneally into
anaesthetized rats and blood samples were collected at 0,
5,10, 15, 20, 25 and 30 min from the tail for serum glucose
determination. The rate constant for plasma glucose
disappearance (Kitt) was calculated using the formula,
0.693/biological half life (t,,,). The plasma glucose t;,,
was calculated from the slope of the last square analysis
of the plasma glucose concentration during the linear
phase of decline (Bonora et al. 1989). Plasma glucose was
determined using a glucose meter (Advantage, Boehringer
Mannheim, USA). Plasma was separated by centrifugation
(1100 g) for 15 min at 4°C and stored at —80°C until assay.
RIA was employed to measure serum insulin, according to
aprevious description (Scott etal. 1981). Glycogen content
liver fragments were measured, according to a previously
described method (Ropelle et al. 2006).

Protein analysis by immunoblotting

As soon as anaesthesia was assured by the loss of
pedal and corneal reflexes, the abdominal cavity was
opened, the cava vein exposed, and 0.2 ml of normal
saline or insulin (10~® mol 17!) was injected. After insulin
injection, hepatic tissue fragments were excised. The
tissues were pooled, minced coarsely and homogenized
immediately in extraction buffer (mm) (1% Triton X-100,
100 Tris, pH 7.4, containing 100 sodium pyrophosphate,
100 sodium fluoride, 10 EDTA, 10 sodium vanadate,
2 PMSF and 0.1 mg of aprotininml™') at 4°C with a

© 2009 The Authors. Journal compilation © 2009 The Physiological Society

Polytron PTA 20S generator (Brinkmann Instruments
model PT 10/35) operated at maximum speed for 30s.
The extracts were centrifuged at 9,000 ¢. and 4°C in
a Beckman 70.1 Ti rotor (Beckman, Palo Alto, CA,
USA) for 40 min to remove insoluble material, and
the supernatants of these tissues were used for protein
quantification, using the Bradford method (Bradford,
1976). Proteins were denatured by boiling in Laemmli
(Laemmli, 1970) sample buffer containing 100 mm DTT,
run on SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were blocked, probed and
developed as described previously (De Souza et al. 2005).
The Akt and Foxol were immunoblotted from rats’
liver with or without previous insulin infusion in the
cava vein. Antibodies used for immunoblotting were
anti-phospho-Akt, anti-PEPCK, anti-phospho-Foxol,
anti-Foxol (Cell Signaling Technology, Inc., Beverly,
MA, USA), anti-Akt, and anti-G6Pase (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), and
anti-PGC-1la (Immuny Biotechnology, SP, Brazil). Blots
were exposed to preflashed Kodak XAR film with Cronex
Lightning Plus intensifying screens at —80°C for 12—-48 h.
Band intensities were quantitated by optical densitometry
(Scion Image software, ScionCorp, Frederick, MD, USA)
of the developed autoradiographs.

Statistical analysis

The results were expressed as means =+ S.E.M. Differences
between the Control group and DIO rats at rest
and after the exercise protocol were evaluated using
one-way analysis of variance (ANOVA). When the ANOVA
indicated significance, Bonferroni’s post hoc test was
performed.

Results
Physiological and metabolic parameters

Table 2 shows comparative data regarding control,
diet-induced obesity (DIO) rats and DIO rats submitted
to exercise protocol (DIO+EXE). The DIO rat had a
greater body weight, epididymal fat and fasting serum
insulin, but not fasting glucose, than age matched controls.
No significant variations were found in body weight,
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epididymal fat, fasting serum insulin and fasting glucose
of DIO rats after acute exercise when compared to the DIO
rested animals.

Acute exercise improves insulin signalling in the liver
of obese rats

The effects of in vivo 1.v. insulin injection on Akt and
Foxol1 serine phosphorylation were examined in the liver
of CTL, DIO and DIO rats submitted to the exercise
protocol (DIO+EXE). Insulin induced 4.7-fold increases
in Akt serine phosphorylation in the liver of CTL rats
when compared to saline injection (Fig. 1A). In DIO rats
at rest, Akt serine phosphorylation was reduced after
insulin injection by 2.3-fold, when compared with control
(Fig. 1A). In the liver of the DIO+EXE group Akt serine
phosphorylation increased by 1.6-fold compared to the
DIO group at rest (Fig. 1A). There was no difference
in basal levels of Akt serine phosphorylation in the
groups (data not shown). The protein expression of Akt
in the hepatic tissue was quantified by immunoblotting
with anti-Akt antibody. The Akt protein levels were not
different in the groups (Fig. 1A, lower panels).

Insulin induced a 4.9-fold increase in Foxol
phosphorylation in the liver of control rats, when
compared to saline injection (Fig. 1B). In the DIO group
at rest, Foxol phosphorylation was reduced by 2.5-fold
after insulin injection, when compared with the control
group (Fig. 1B). In the liver of the DIO+EXE group, Foxo1l
increased by 1.8-fold, compared with the DIO at rest group
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(Fig. 1B). There was no difference in basal levels of Foxol
phosphorylation between the groups (data not shown).
The protein expression of Foxo1 in the hepatic tissue was
quantified by immunoblotting with anti-Foxol antibody.
The Foxo1 protein levels did not differ between the groups
(Fig. 1B, lower panels).

Acute exercise reduces PGC-1o expression,
Foxo1-PGC-1« association, and PEPCK and G6Pase
expression in hepatic tissue of DIO rats

Liver-specific overexpression strategies indicate that
PGCle, when activated, drives hepatic glucose
production, a potential contributor to the development of
obesity-related diabetes. Thus, we evaluated the effect of
diet-induced obesity on PGC- 1 expression. Diet-induced
obesity increased PGCl expression in the liver of control
rats by 4.4-fold, when compared with the control group
(Fig. 2A); it also increased the association with Foxol by
2.3-fold (Fig.2B). In the liver of the DIO+EXE group,
PGC-1a was reduced by 1.8-fold, compared with that of
the liver of DIO rats at rest (Fig. 2A). Exercise also reduced
the Foxo1-PGC-1u association by 2.0-fold (Fig. 2B).

We next observed the expressions of PEPCK and G6Pase
in the livers of the CTL, DIO and DIO+EXE groups under
fasting conditions. In the hepatic tissue of DIO rats at
rest, the PEPCK and G6Pase expressions were increased
by 2.2- and 3.9-fold, respectively, when compared with
control rats (Fig. 2B and C, respectively). Interestingly, 8 h
after acute exercise, the PEPCK and G6Pase protein level
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Figure 1. Insulin signalling in the liver of lean (CTL), obese (DIO) and obese-acute exercise (DIO+EXE)

rats

Liver extracts from rats injected with saline (=) or insulin (+) were prepared, as described in Methods. A, liver extracts
were immunoblotted (IB) with anti-phospho-Akt or anti-Akt antibody (upper and lower panels, respectively). B,
liver extracts were immunoblotted with anti-phospho-Foxo1 or anti-Foxo1 antibody (upper and lower panels,
respectively). The results of scanning densitometry are expressed as arbitrary units. Bars represent means = s.E.M.
of n =6 rats. *P < 0.05, DIO rats at rest versus CTL; 1P < 0.05, DIO+EXE group versus DIO group at rest.

© 2009 The Authors. Journal compilation © 2009 The Physiological Society

Downloaded from J Physiol (jp.physoc.org) at CAPES - Usage on March 15, 2010



J Physiol 587.9

was decreased by 1.7- and 1.6-fold, respectively, in the
DIO+EXE group when compared with the DIO group at
rest (Fig. 2B and C, respectively).

Acute exercise increases glycogen content and insulin
sensitivity

Liver glucose uptake is independent of insulin action;
however, the pancreatic hormone tightly regulates hepatic
gluconeogenesis. Since acute exercise leads to high glucose
turnover in spite of low basal and stimulated insulin levels,
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we decided to evaluate glycogen contents. In DIO rats
at rest, glycogen content was reduced by 1.9-fold, when
compared with lean rats (Fig.3A). In the liver of the
DIO+EXE group, glycogen content increased by 1.7-fold,
compared with the respective group at rest (Fig. 3A).

Finally, we observed an increased insulin sensitivity in
the DIO+EXE group. We found a significant impairment
(49%) in the glucose disappearance rate (Kyrr) in DIO
rats at rest when compared with controls; furthermore,
exercise improved (41%) the glucose disappearance rate
in diet-induced obesity rats (Fig. 3B).
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Figure 2. Protein level of co-activator, co-activator association with transcription factor and hepatic
production glucose implicated enzymes in the liver of CTL, DIO and DIO+EXE groups

Liver extract rats were submitted to immunobloting for PGC-1a, PEPCK and G6Pase expression, as described in
Methods. A, samples were blotted (IB) with anti-PGC-1a antibody. B, tissue extracts were immunoprecipitated (IP)
with anti-Foxo1 antibody and blotted (IB) with anti-PGC-1a antibody (Foxo1-PGC-1a association), as described
in Methods. C, tissue extracts were blotted (IB) with anti-PEPCK antibody. D, tissue extracts were blotted (IB)
with anti-G6Pase antibody. Immunoblot was performed employing anti-a-tubulin antibody as the loaded protein
(lower panels in A, C and D). The results of scanning densitometry are expressed as arbitrary units. Bars represent
means =+ s.e.M. of n = 6 rats. *P < 0.05, DIO rats at rest versus CTL; 1P < 0.05, DIO+EXE group versus DIO group

at rest.
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Discussion

In patients with type 2 diabetes, the rate of hepatic
gluconeogenesis is considerably increased, compared with
that of control subjects, thereby contributing significantly
to fasting hyperglycaemia in diabetes (Saltiel, 2001). In
addition, mice with an organ-specific insulin receptor
knockout in the liver show severely impaired glucose
tolerance and an increased hepatic glucose production
with elevated G6Pase and PEPCK expression levels in
the liver (Michael et al. 2000). In the present study, we
demonstrate that acute exercise improves fasting glucose
in insulin-resistance rats through a diminished association
of Foxo1 with PGC-1«, which controls PEPCK and G6Pase
in the liver of DIO rats.

PGC-1u interacts with several transcription factors and
is an important regulator of mitochondrial biogenesis,
respiration, thermogenesis and hepatic gluconeogenesis
(Lin et al. 2005; Finck & Kelly, 2006). Some studies
have demonstrated a role for this coactivator family
in the control of organ-specific biological responses to
physiological and pathophysiological milieux (for review
see Finck & Kelly, 2006). Given the versatile and pleiotropic
nature of the PGC-la family regulatory circuit, it is
suggested that environmental alterations can increase or
decrease PGC-1a expression in a tissue-specific manner.
In a previous study, we showed that cold induces hyper-
expression of PGC-1a and participates in the control of
skeletal muscle glucose uptake through a mechanism that
controls GLUT4 expression in Wistar rats (Oliveira et al.
2004).

The biological roles of PGC-1« in skeletal muscle have
been elucidated largely through murine gain and loss
of function studies. Mice with skeletal muscle-specific
overexpression of PGC-la demonstrate an increased
proportion of oxidative or type I muscle fibres coincident
with an increased expression of mitochondrial markers
(Lin et al. 2002). A bout of exercise or stimulation of
muscle contractions induces increases in PGC-1oe mRNA
and protein in skeletal muscle (Goto et al. 2000; Baar
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et al. 2002; Terada et al. 2002; Pilegaard et al. 2003; Russell
et al. 2003). In addition, exercise capacity, as measured
on a motorized treadmill, and fatigue resistance index in
electrically stimulated muscle are significantly reduced in
the Pgcla™/~ mice (Leone et al. 2005). However, study
exercise and PGC-la expression in hepatic tissue are
unknown.

Under normal, ad Ilibitum-fed conditions, the
expression of PGC-1a is relatively low in liver compared
with other tissues that rely on aerobic metabolism
for ATP production (Puigserver et al. 1998). The
tissue-specific actions of PGC-la on systemic glucose
metabolism and insulin sensibility have been studied.
Systemic glucose tolerance and insulin sensibility have
been characterized in PGC-1lua-deficient mice; indeed,
liver-specific overexpression and knockdown strategies
indicate that PGC-la, when activated, drives hepatic
glucose production (Yoon et al. 2001). It is possible
that reduction of hepatic glucose production via the
gluconeogenic pathway contributes to the enhanced
glucose tolerance of PGC- 1« deficient mice. In the present
study, 8 h after an exercise session, PGC- 1« expression was
suppressed in the liver of DIO rats.

As described above, PGC-1« is induced in liver during
fasting and is elevated in several models of diabetes
or deficiency in signalling insulin. Notably, PGC-1«
expression at physiological levels turns on the entire
programme of gluconeogenesis (Herzig et al. 2001;
Yoon et al. 2001). In an elegant study, Puigserver and
colleagues showed that Foxol and PGC-1a can physically
interact with one another and that the combined
action of PGC-1la and Foxol in various liver cell types
results in a synergistic induction of endogenous G6Pase
gene expression (Puigserver et al. 2003). Thus, PGC-1«
stimulates G6Pase gene expression, in part, through
a direct interaction with Foxol bound to the G6Pase
promoter. Our results show that acute exercise can increase
Foxol phosphorylation and reduce PGC-1la expression
and markedly reduce the PGC-1a—Foxo1 association.
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In vitro studies have shown that Foxol regulates
both PEPCK and G6Pase genes through an interaction
with their consensus insulin response elements (IRE)
present in their promoters (Vander Kooi et al. 2003;
Hall et al. 2000). Insulin repression of these genes occurs
through a PI3K/Akt-mediated phosphorylation of the
Foxol protein, resulting in its translocation out of the
nucleus (Biggs et al. 1999; Kops et al. 1999). Interestingly,
the association of Foxol with PGC-1« is also abrogated by
Akt-mediated phosphorylation (Puigserver et al. 2003).
Therefore, insulin signalling through Akt can attenuate
the effects of increased levels of PGC-1« in fasting and
other conditions by promoting the dissociation of PGC- 1«
from Foxol. In addition, glycogen levels were increased as
compared with those of obese rats, but were similar to
lean controls. This fact reinforces that the insulin action
in the liver is indeed improved, as also confirmed at
the molecular level by the finding that Akt and Foxol
activations are significantly increased. At least part of this
effect may be related to the reduced levels of G6Pase, since
in this situation there is less glycogenolysis, resulting in
increased glycogen levels. Although this is an indirect
evaluation we believe it supports our hypothesis about
reduced glyconeogenesis in trained rats.

Liver-specific overexpression and knockdown strategies
indicate that PGC-1 is crucial in the control of hepatic
glucose production. Although we did not evaluate the
hepatic glucose production in the present study, in
previous investigations, we and others have shown that
the reduction of PGC-la expression using different
approaches diminished hepatic glucose production,
as evaluated by hyperinsulinaemic-euglycaemic clamp
procedures (Herzig et al. 2001; Yoon et al. 2001; Puigserver
et al. 2003; Rhee et al. 2003; De Souza et al. 2005).

Our results show that exercise induced a decrease
in Foxol-PGC-1la association via Akt phosphorylation
and plays an important role in the suppression of
hepatic gluconeogenesis. However, although this was
not the focus of this work, we cannot exclude a
role for insulin-independent mechanisms in the effects
described; for example, activation of AMPK in muscle
by exercise. It will be important to investigate possible
connections between non-insulin-dependent mechanisms
(for example, reactive oxygen species) and the inactivation
of Foxol.

In conclusion, our data demonstrate that exercise
improves insulin sensitivity in the liver. The effect
of exercise on insulin action is further supported by
our findings that exercised rats show a reduction in
both coactivator and transcription factor expression,
a mechanism by which exercise may diminish the
expressions of the glyconeogenic enzymes, PEPCK and
G6Pase, and consequently hepatic glucose production.
Thus, these results provide insights into the mechanism
by which exercise may improve fasting hyperglycaemia.
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EGFR Tyrosine Kinase Inhibitor (PD153035) Improves
Glucose Tolerance and Insulin Action in High-Fat

Diet—Fed Mice

Patricia O. Prada,’ Eduardo R. Ropelle,' Rosa H. Mourio,' Claudio T. de Souza,' Jose R. Pauli,’
Dennys E. Cintra,! André Schenka,? Silvana A. Rocco,? Roberto Rittner,?> Kleber G. Franchini,!
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OBJECTIVE—In obesity, an increased macrophage infiltration
in adipose tissue occurs, contributing to low-grade inflammation
and insulin resistance. Epidermal growth factor receptor (EGFR)
mediates both chemotaxis and proliferation in monocytes and
macrophages. However, the role of EGFR inhibitors in this
subclinical inflammation has not yet been investigated. We
investigated, herein, in vivo efficacy and associated molecular
mechanisms by which PD153035, an EGFR tyrosine kinase
inhibitor, improved diabetes control and insulin action.

RESEARCH DESIGN AND METHODS—The effect of
PD153035 was investigated on insulin sensitivity, insulin signal-
ing, and c-Jun NH,-terminal kinase (JNK) and nuclear factor
(NF)-kB activity in tissues of high-fat diet (HFD)-fed mice and
also on infiltration and the activation state of adipose tissue
macrophages (ATMs) in these mice.

RESULTS—PD153035 treatment for 1 day decreased the protein
expression of inducible nitric oxide synthase, tumor necrosis
factor (TNF)-a, and interleukin (IL)-6 in the stroma vascular
fraction, suggesting that this drug reduces the M1 proinflamma-
tory state in ATMs, as an initial effect, in turn reducing the
circulating levels of TNF-a and IL-6, and initiating an improve-
ment in insulin signaling and sensitivity. After 14 days of drug
administration, there was a marked improvement in glucose
tolerance; a reduction in insulin resistance; a reduction in
macrophage infiltration in adipose tissue and in TNF-«, IL-6, and
free fatty acids; accompanied by an improvement in insulin
signaling in liver, muscle, and adipose tissue; and also a decrease
in insulin receptor substrate-1 Ser®*” phosphorylation in JNK and
inhibitor of NF-kB kinase (IKKB) activation in these tissues.

CONCLUSIONS—Treatment with PD153035 improves glucose
tolerance, insulin sensitivity, and signaling and reduces subclin-
ical inflammation in HFD-fed mice. Diabetes 58:2910-2919,
2009
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pidermal growth factor receptor (EGFR) ty-

rosine kinase inhibitors are used in the clinic to

treat malignancies (1). It has recently been

observed that a modest number of patients,
suffering from both malignancies and type 2 diabetes, were
successfully treated not only for their malignancies but
also for diabetes when given some tyrosine kinase inhibi-
tors (2-5). However, the molecular mechanisms that ac-
count for the effect of these drugs on insulin action and
glucose metabolism are unknown.

Insulin stimulates a signaling network composed of a
number of molecules, initiating the activation of insulin
receptor tyrosine kinase and phosphorylation of insulin
receptor substrates, including insulin receptor substrate
(IRS)-1 and IRS-2 (6-8). Following tyrosine phosphoryla-
tion, IRS-1/IRS-2 bind and activate the enzyme phosphati-
dylinositol 3-kinase (PI3-K). The activation of PI3-K
increases serine phosphorylation of Akt, which is respon-
sible for most of the metabolic actions of insulin, such as
glucose transport, lipogenesis, and glycogen synthesis
(7,8).

In the most prevalent forms of insulin resistance, diet-
induced obesity, and type 2 diabetes, there is a downregu-
lation in this signaling pathway in insulin-sensitive tissues,
parallel to a state of chronic low-grade inflammation (6).
Several serine/threonine kinases are activated by inflam-
matory or stressful stimuli and contribute to inhibition of
insulin signaling, including c-Jun NH,-terminal kinase
(INK) (9-13) and inhibitor of nuclear factor (NF)-xB
kinase (IKKB) (12,14). In obesity, an increased macro-
phage infiltration in adipose tissue occurs, contributing to
this low-grade inflammation (15-17), which has an impor-
tant role in the increased tissue production of proinflam-
matory molecules and acute-phase proteins associated
with obesity (13,14). EGFR has been described in mono-
cytes and in macrophages and mediates both chemotaxis
and proliferation in macrophages (18-20). However, the
role of EGFR inhibitors on this subclinical inflammation of
obesity was not yet investigated.

PD153035 has been shown to possess highly potent and
selectively inhibitory activity against EGFR tyrosine ki-
nase and rapidly suppresses autophosphorylation of EGFR
at low nanomolar concentrations in fibroblasts and human
epidermoid carcinoma cells, as well as selectively block-
ing EGF-mediated cellular processes, including mitogene-
sis and early gene expression (21-23). In addition,
PD153035 has been shown to reduce JNK and IKK/IkB/
NF-kB pathways (24,25). Moreover, EGFR and other ty-
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rosine kinase inhibitors have also been shown to inhibit
the growth of monocyte/macrophages, suggesting possible
mechanisms to improve insulin action (26-29).

Herein, we investigated the in vivo efficacy and associ-
ated molecular mechanisms by which PD153035, an EGFR
tyrosine kinase inhibitor, improved diabetes control and
insulin action. We studied the effect of acute (1 day) or
chronic (14 days) administration of PD153035 on insulin
sensitivity, insulin signaling, and JNK and NF-kB activity in
liver, muscle, and adipose tissue of high-fat diet (HFD)-fed
mice and also on the infiltration and activation state of
adipose tissue macrophages (ATMs) in these mice.

RESEARCH DESIGN AND METHODS

Male Swiss mice were obtained from the University of Campinas, Sdo Paulo.
The mice were bred under specific pathogen-free conditions at the Central
Breeding Center of the University of Campinas. Antiphosphotyrosine (a-PY),
anti-IRB (a-IR), anti-IRS-1, anti-Akt1/2, anti-p-JNK, anti-inducible nitric oxide
synthase (iNOS), anti-tumor necrosis factor (TNF)-a, anti-interleukin
(IL)-6, anti-EGFR, anti-caveolin, anti-actin, anti-IKKB, anti-pIKK@, anti—p-
c-Jun, and anti-IkBa antibodies were from Santa Cruz Technology (Santa
Cruz, CA). Anti-pAkt was from Cell Signaling Technology (Beverly, MA).
Anti-phospho-IRS-15°"*%7 was obtained from Upstate Biotechnology (Lake
Placid, NY). Human recombinant insulin was from Eli Lilly and Company
(Indianapolis, IN). Routine reagents were purchased from Sigma Chemical
(St. Louis, MO), unless specified elsewhere.

Compound PD153035 [4-N-(3'-bromo-phenyl)amino-6,7-dimethoxyquinazo-
line hydrochloride] was synthesized, as previously described (30). The com-
pound was >99% pure, as determined by elemental analysis, high-
performance liquid chromatography, mass spectrometry, and 'H and '°C
nuclear magnetic resonance (30).

Animal care and experimental procedures. All experiments were ap-
proved by the ethics committee of the State University of Campinas. Eight-
week-old male Swiss mice were divided into four groups with similar body
weights and assigned to receive the following diet and/or treatment: control
group received a standard rodent diet and water ad libitum; HFD group
received an HFD consisting of 55% calories from fat, 29% from carbohydrate,
and 16% from protein for 8 weeks; and HFD with PD153035 for 14 days
(HFPD14days) received the same HFD for 8 weeks, but in the last 2 weeks
these animals also received PD153035 (30 mg/kg) by gavage once a day. A
group of HFD animals also received the same dose of PD153035 at 24 and 2 h
before the experiments, and this group was called HFPD1day. Body weight
and food intake were measured weekly. Glucose tolerance tests and insulin
tolerance tests were performed on these mice after 8 weeks on the diets, as
previously described (31,32).

Assays. Insulin, leptin, and adiponectin concentrations were determined by
enzyme-linked immunosorbent assay (ELISA) (Linco). Serum free fatty acid
(FFA) levels were analyzed using the NEFA-kit-U (Wako Chemical, Neuss,
Germany), with oleic acid as a standard. Glucose values were measured from
whole venous blood with a glucose monitor (Glucometer; Bayer). Serum
concentrations of IL-6 and TNF-a were determined using mouse IL-6 ELISA
and mouse TNF-a ELISA (Pierce Endogen, Rockford, IL). Monocyte chemoat-
tractant protein (MCP)-1, MCP-2, and MCP-3 ELISA kits were purchased from
Antigenix America (Huntington Station, NY).

Light microscopy and morphometry. Mice were fasted for 12 h and killed
with an overdose of anesthetic (sodium thiopental). Epididymal, retroperito-
neal, and mesenteric adipose tissues were dissected and assessed by light
microscopy and morphometry. Tissue sections were observed with a Zeiss
Axiophot light microscope using a x40 objective, and digital images were
captured with a Canon PowerShot Gb5. Crown-like structure (CLS) density
(average CLS within 10 high-power fields, per animal) and mean adipocyte
surface area (average surface area of 30 randomly sorted adipocytes, per
animal) were determined using the Imagelab Analysis software (version 2.4),
as previously described (33).

Tissue extraction, immunoprecipitation, and immunoblotting. Mice
were anesthetized by intraperitoneal injection of sodium thiopental and were
used 10-15 min later (i.e., as soon as anesthesia was assured by the loss of
pedal and corneal reflexes). Five minutes after the insulin injection (3.8
units/kg i.p.) liver, muscle, and adipose tissue were removed, minced coarsely,
and homogenized immediately in extraction buffer, as described elsewhere
(34). Extracts were used for immunoprecipitation with o-IR, a-IRS-1, a-EGFR,
and protein A-sepharose 6MB (Pharmacia, Uppsala, Sweden). The precipi-
tated proteins and/or whole tissue extracts were subjected to SDS-PAGE and
immunoblotting as previously described (6,31).
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Determination of NFkB activation. NFkB p50 activation was determined in
nuclear extracts from liver, muscle, and adipose tissue by ELISA (89858;
Pierce Biotechnology), according to the recommendations of the
manufacturer.

Isolation of the stroma vascular fraction and adipocyte fraction of
adipose tissue. Epididymal, retroperitoneal, or mesenteric fat pads were
excised, and isolation of the stroma vascular fraction and adipocyte fraction
of adipose tissue were performed, as previously described (33). A summary of
the method is presented in the online appendix (available at http://diabetes.
diabetesjournals.org/cgi/content/full/db08-0506/DC1).

Arginase assay. Arginase activity assays were performed, as previously
described (35). A summary of the method is presented in the online appendix.
Statistical analysis. Data are expressed as means = SE, and the number of
independent experiments is indicated. For statistical analysis, the groups were
compared using a two-way ANOVA with the Bonferroni test for post hoc
comparisons. The level of significance adopted was P < 0.05.

RESULTS

Effect of PD153035 on EGFR tyrosine phosphoryla-
tion in liver, muscle, and adipose tissue of mice. The
drug PD153035 was developed in 1994 as a specific ty-
rosine kinase inhibitor of the EGFR (20). To investigate
the effect of PD153035 administration on EGFR phosphor-
ylation, we immunoprecipitated liver, muscle, and adipose
tissue extracts of controls, HFD-fed animals, and HFD-fed
animals treated with PD153035 for 1 or 14 days with
anti-EGFR antibody and performed immunoblotting with
anti-phosphotyrosine antibody. The results showed that
PD153035 administration was able to reduce EGFR ty-
rosine phosphorylation in the three tissues by 70-90% in a
similar fashion after 1 or 14 days (Fig. 1A-C). HFD did not
change the tissue levels of EGFR in liver, muscle, and
epidydimal fat pad; however, there was an increase in
EGFR expression (Fig. 1C) and in tyrosine phosphoryla-
tion in the mesenteric and retroperitoneal fat pads. The
reduction in EGFR tyrosine phosphorylation, induced by
PD153035, was greater in the mesenteric and retroperito-
neal fat pads compared with the epididymal fat pad (Fig.
1C). PD1563035 treatment reduced EGFR tyrosine phos-
phorylation in a dose-dependent manner in liver, muscle,
and retroperitoneal tissues (online appendix Fig. S1).
Effect of PD153035 on body weight and fat pads in
HFD-fed mice. Eight-week-old male Swiss mice were
placed on HFD and then supplemented, or not, with
PD153035 on the last day (HFPD1) or during 14 days
(HFPD14) before the experiments. Weight gain after 8
weeks was similar in HFD or HFPD groups and was higher
in these groups than in the control group that received
standard rodent diet (Fig. 1D). There is a slight reduction
in body weight after 14 days of PD153035 compared with
HFD or HFDPDI1, which is not statistically significant.
Daily food intake was similar in HFD or HFPD, and 8-week
cumulative food intake was higher for both groups on HFD
(data not shown). As expected, the epididymal, retroperi-
toneal, and mesenteric fat pad weights were higher in the
HFD group, and PD153035 treatment for 1 day did not
change these fat pad weights, but after 14 days there was
a significant reduction in retroperitoneal and mesenteric
fat pad weights (Fig. 1E-G).

Effect of PD153035 on metabolic parameters in HFD-
fed mice. The fasting plasma glucose levels were higher in
HFD and in HFPDI1 than in the other groups (Figs. 1H).
PD153035 treatment reduced fasting plasma glucose levels
in a dose-dependent manner (Fig. S2). During the glucose
tolerance test, the plasma glucose and serum insulin levels
were significantly higher in HFD and HFPD1 mice com-
pared with controls, and PD153035 administration for 14
days improved glucose tolerance and reduced insulin
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FIG. 1. Effects of acute or chronic PD153035 administration in fed mice. (A-C, upper panels). Representative blots show the tyrosine
phosphorylation of EGFR of control mice, HFD mice, and HFDPD 1 and 14 days in liver (A), muscle (B), and adipose (C). Total protein expression
of EGFR (A-C, lower panels). D: Body weight. E: Epididymal fat pad weight. F: Retroperitoneal fat pad weight. G: Mesenteric fat pad weight. H:
Fasting plasma glucose. I: Glucose tolerance test. J: Serum insulin during glucose tolerance test. K: Glucose disappearance rate. L: Serum FFAs.
Data are presented as means * S.E.M from six to eight mice per group. *P < 0.05 vs. control group; #P < 0.01 vs. HFD. IB, immunoblot; IP,

immunoprecipitate.

levels at all time points studied (Fig. 1/ and JJ). The glucose
disappearance rate was lower in HFD and in HFPD1
groups, and PDI153035 administration for 14 days
(HFPD14) reversed these alterations (Fig. 1K). Taken
together, the lower insulin levels during the glucose toler-
ance test and the increase in glucose disappearance rate
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during the insulin tolerance test after PD153035 treat-
ment for 14 days suggest that this drug improves insulin
sensitivity. FFA levels were significantly higher in HFD
and HFPD1 and returned to levels close to those of the
control group after 14 days of PD153035 administration
(Fig. 1L).
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FIG. 2. Effects of PD153035 administration on insulin signaling in fed mice. Representative blots show tyrosine phosphorylation of IRf3 in
liver (A), muscle (B), and adipose (C) of control mice, HFD mice, and HFDPD during 14 days (upper panels). Total protein expression of
IRB (A-C, lower panels). Tyrosine phosphorylation of IRS-1 in liver (D), muscle (E), and retroperitoneal (F) of control mice, HFD mice,
and HFDPD 14 days (upper panels). Total protein expression of IRS1 (D-F, lower panels). Serine phosphorylation of Akt in liver (G),
muscle (H), and adipose (I) of control mice, HFD mice, and HFDPD 1 and 14 days (upper panels). Total protein expression of Akt (G-I,

lower panels). Data are presented as means = SE from six to eight
days vs. HFD. IB, immunoblot.

Effect of PD153035 on insulin signaling in liver,
muscle, and retroperitoneal adipose tissue of HFD-
fed mice. In liver, muscle, and retroperitoneal adipose
tissues, insulin-induced IR (Fig. 2A—C) and IRS-1 tyrosine
phosphorylation (Fig. 2D-F) and Akt serine phosphoryla-
tion (Fig. 2G-I) were reduced by 50-70% in mice fed on an
HFD compared with controls. The treatment with
PD153035 for 1 day did not change the insulin-induced
tyrosine phosphorylation levels of IR and IRS-1 (data not
shown) and also did not improve Akt serine phosphoryla-
tion levels in liver muscle and adipose tissues (Fig. 2G-I
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mice per group. *P < 0.05 control vs. HFD group; #P < 0.05 HFPD 14

and online appendix Fig. S3). However, 14 days of treat-
ment reversed these reductions in the three tissues studied
(Fig. 2A-I). The protein concentration of IR, IRS-1, and
Akt in liver, muscle, and retroperitoneal adipose did not
change between the groups.

The effect of PD153035 improving Akt phosphorylation
in HFD-fed mice was dose dependent (online appendix
Fig. S3). In control animals, PD153035 did not change
insulin-induced Akt phosphorylation in liver, muscle, or
epididymal adipose tissue or glucose uptake in isolated
muscle (online appendix Fig. S4).
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Ser?*” phosphorylation of IRS-1 and activation of
JNK and IKKf in liver, muscle, and retroperitoneal
tissue of HFD-fed mice treated with PD153035. IKK(
activity was monitored using IKKB phosphorylation and
IkBa protein abundance, as previously described (12).
IKKB phosphorylation was increased and IkBa protein
levels were reduced in liver, muscle, and retroperitoneal
adipose tissue of mice fed an HFD or HFPD1 diet but not
in these tissues of HFPD14 mice (Fig. 3A-F). We also
measured the nuclear NF-kB subunit p50 activation and
found an increase in the DNA binding of nuclear p50 in
liver, muscle, and retroperitoneal of mice on an HFD and
HFPD1, but there was a clear decrease in the three tissues
in HFPD14 (Fig. 3G-I). JNK activation was determined by
monitoring phosphorylation of JNK (Thr183 and Tyr185)
and the protein levels of p-c-Jun. JNK phosphorylation and
p-c-Jun were increased in liver, muscle, and white adipose
tissue (WAT) of mice fed on an HFD and HFPD1, and this
increase was reversed by 14 days of PD153035 treatment
(Fig. 3J-0). We tested Ser®*” phosphorylation of IRS-1 in
liver, muscle, and WAT in the four groups of mice. Ser®"”
phosphorylation was induced by an HFD in the three
tissues of mice, and the treatment with PD153035 for 14
days reversed this alteration (Fig. 3P-R).

Effect of PD153035 on retroperitoneal adipose tissue
morphology and ultrastructural features in HFD-fed
mice. Morphometric analysis revealed that in retroperito-
neal fat pad, adipocytes from HFPD14 were consistently
smaller than adipocytes from control mice fed on an HFD
or HFPD1, with an average 40% decrease in size (Fig. 4A
and B). In mesenteric and epididymal depots, the reduc-
tion in adipocytes in HFPD14 was 30-40% average de-
crease in size (online appendix Fig. S5). In addition, the
frequency and distribution of mature macrophages in fixed
WAT differed between the groups. As previously described
(15), macrophages were aggregated in CLSs, which con-
tained up to 15 macrophages surrounding what appeared
to be individual adipocytes. CLS formation was a rare
event in control mice (24 = 9) but was increased >200-
fold (489 = 58) in control mice on HFD or on HFPD1
(506 = 66) and only ~8-fold (150 = 23) in HFPDI14,
indicating a much lower macrophage infiltration in the
WAT of the latter group. To analyze if PD153035 was able
to reduce macrophage infiltration in retroperitoneal adi-
pose tissue, immunohistochemical staining using specific
macrophage marker F4/80+ was performed. As shown in
Fig. 4C and D, HFD increased F4/80+ staining, and
PD153035 treatment for 14 days reduced this staining,
suggesting less macrophage were present (Fig. 4C and D).
In epididymal and mesenteric fat pads (online appendix
Figs. S5 and S6) the results were very similar to the
retroperitoneal. As shown in Fig. 4F, treatment with
PD153035 significantly impaired the migration of human
monocytic leukemia cell line (THP1) in a dose-response
manner (online appendix).

Effect of PD153035 on tissue protein levels of TNF-q,
IL-6, and iNOS and arginase activity in adipocytes
and stroma vascular fraction. In retroperitoneal adi-
pose tissue, separation of the stroma vascular fraction
(SVF) from adipocytes of lean, HFD, HFPD1, and HFPD14
animals indicated that there was a modest increase in
TNF-a protein expression in adipocytes from HFD animals
compared with controls and that PD153035 reduced the
expression of this cytokine only after 14 days of treatment
(Fig. 5A). In adipocytes, the expressions of IL-6 and iNOS
were higher in mice that received the HFD; these expres-
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sions were not significantly affected by PD153035 treat-
ment for lday. However, after 14 days of PD153035
administration, there was a clear decrease in the expres-
sion of these proteins in adipose tissue (Fig. 5B and C).
Similar results were observed in liver and muscle (online
appendix Fig. S7). Treatment with PD153035 for 1 or 14
days reduced EGFR tyrosine phosphorylation in adipoc-
tyes (Fig. 5D) In SVF, the expressions of TNF-«, IL-6, and
iNOS were also higher in HFD animals compared with
controls. Different from adipocytes, PD153035 administra-
tion for just 1 day was able to reduce the SVF expressions
of TNF-q, IL-6, and iNOS, which were normalized after 14
days administration of this drug (Fig. 5F~H). There was a
significant increase in EGFR tyrosine phosphorylation in
SVF of HFD group, and the treatment with PD153035 for 1
or 14 days induced a marked reduction in EGFR tyrosine
phosphorylation levels in SVF (Fig. 5I). Similar results
were observed in adipocytes and SVF from epididymal
(online appendix Fig. S8) and mesenteric (data not shown)
fat depots.

An important characteristic of the alternative macro-
phage activation state is the increased arginase activity
(35). Arginase activity was measured in adipocytes and
SVF samples from controls, HFD, and HFD rats treated
with PD153035 for 1 or 14 days. Results showed that the
activity of this enzyme did not differ between the isolated
adipocytes from the four groups of animals (Fig. bK).
However, arginase activity was significantly reduced in the
SVF of rats on an HFD, and a significant increase was
observed after just 1 day of PD153035 administration.
After 14 days of treatment, arginase activity was similar to
that of control animals (Fig. 5K).

Adiponectin levels were reduced in control mice on an
HFD and HFPDI1 but increased significantly after 14 days
of PD153035 administration. (Fig. 5L). Serum leptin levels
were higher in the HFD group, and PD153035 administra-
tion did not change these levels (Fig. 5N). Serum TNF-a
and IL-6 levels were higher in mice on an HFD; interest-
ingly, PD153035 administration for 1 day reduced the
levels of these cytokines. After 2 weeks of PD153035
treatment, TNF-a and IL-6 returned to normal levels (Fig.
5M and O).

The protein levels of MCP-1 and MCP-3 were signifi-
cantly increased in adipose tissue of HFD mice, and
treatment with PD153035 for 14 days significantly reduced
these chemokines. MCP-2 protein levels were not influ-
enced by high fat as previously described (36) or
PD153035 (Fig. bP-R).

DISCUSSION

Our results show that the use of PD153035 (EGFR tyrosine
kinase inhibitor) in HFD-fed mice for 14 days induced a
marked improvement in glucose tolerance; a reduction in
insulin resistance; a reduction in macrophage infiltration
in adipocytes and in low-grade inflammation, accompa-
nied by an improvement in insulin signaling in liver,
muscle, and adipose tissue; and also an increase in serum
adiponectin levels.

It is important to emphasize that administration of
PD153035 for 1 day did not change insulin sensitivity/
signaling or macrophage infiltration in adipose tissue but
reduced the circulating levels of IL-6 and TNF-«, probably
as a consequence of reduced activation of macrophage, as
shown by a reduction in the expression of these cytokines
in the SVF. These data suggest that the first effect observed
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FIG. 3. Effects of PD153035 administration on modulators of insulin signaling. Representative blots show the expression of IKKf phosphorylation
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panels). c-Jun phosphorylation in liver (M), muscle (N), and adipose (O) of control mice, HFD mice, and HFDPD 1 and 14 days. IRS1 serine 307
phosphorylation in liver (£), muscle (@), and adipose (R) of control mice, HFD mice, and HFPD 1 and 14 days (upper panels). Total protein
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after 1 or 14 days, 50-pum scale bar for all pictures. B: Quantification of
adipocyte size. About 100 cells were measured in each group, and the
average adipocyte was calculated. C: Representative immunohisto-
chemical staining of WAT using the specific macrophage marker F4/
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Data are presented as means = SE from six mice per group, *P < 0.05
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issue.)

with this drug is a change in macrophage activation.
Macrophage activation has been defined across two sepa-
rate polarization states, M1 and M2 (35,37,38). M1 or
“classically activated” macrophages are induced by proin-
flammatory mediators, such as lipopolysaccharide and
interferon-y, and have enhanced cytokine production (IL-6
and TNF-a) and generate reactive oxygen species such as
NO via activation of iNOS. M2 or “alternatively activated”
macrophages have low proinflammatory cytokine expres-
sion and, instead, generate high levels of the anti-inflam-
matory cytokines IL-10 and IL-1 decoy receptor. In
addition, in these macrophages, arginase production (an
enzyme that blocks iNOS activity) is increased (39). In
summary, M2 macrophages are believed to participate
in the blockade of inflammatory responses and in the
promotion of tissue repair (37). Our data show that
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PD153035 treatment for just 1 day reduced the expression
of IL-6, TNF-a, and iNOS in the SVF and, in parallel,
induced an increase in arginase activity, suggesting that
PD153035 may lead to a shift in the activation state of
ATMs, reducing the M1 proinflammatory state that con-
tributes to insulin resistance. Since EGFR tyrosine phos-
phorylation was increased in the SVF of HFD mice, it is
possible that the primary action of PD153035 is on ATMs,
but a direct relation between EGFR and macrophage
activation deserves further investigation.

In mice treated with PD153035 for 14 days, the HFD
induced a less marked macrophage infiltration in adipose
tissue, accompanied by an attenuated increase in TNF-«,
IL-6, and FFAs. This decrease in macrophage infiltration
may be a direct effect of EGFR tyrosine kinase inhibition.
In agreement, our data show that PD153035 reduces
monocyte migration. Recent studies (21-23) demonstrated
that EGFR and/or other tyrosine kinase inhibitors inhibit
the growth and/or activation of some nonmalignant hema-
topoietic cells, including monocyte/macrophages. Interest-
ingly, another study (40) has shown that a reduction in
macrophage infiltration and/or resident alternatively acti-
vated macrophages can decrease local inflammation in
WAT. In accordance with this, our data show that in the
adipose tissue of HFD-fed mice treated with PD153035 for
14 days, in parallel with a reduction in macrophage
infiltration, there were lower expressions of TNF-«, IL-6,
and iNOS, indicating that this drug decreases local inflam-
mation in WAT of HFD mice. In addition, in HFD mice
treated with PD153035 for 14 days there was also a
decrease in MCP-1 and MCP-3 in adipose tissue, which
may have a role in the reduced macrophage infiltration.
These results lead us to suggest that this decrease in
inflammation in WAT may have an important role in the
effect of PD153035, improving insulin resistance and glu-
cose tolerance in HFD mice.

The improvement in insulin action induced after 14 days
of PD153035 administration was also demonstrated at the
tissue level in the insulin signaling pathway. The blunted
insulin-stimulated IR tyrosine phosphorylation and phos-
phorylation of Akt and the increase of IRS-1 Ser®"” in liver,
muscle, and WAT of HFD mice was prevented by treat-
ment with PD153035, providing a biochemical correlate
for the increase in in vivo insulin sensitivity. Ser®” is
reported to be a phosphoacceptor of JNK and IKK(
(10,41); as previously described (42-45), our results also
show that these kinases are activated in tissues of HFD
mice. Our data demonstrated that PD 1563035 administra-
tion for 14 days prevents the activation of IKK and JNK in
liver, muscle, and WAT, which may be a consequence of
the reduction in inflammation in WAT and in the circulat-
ing levels of FFAs, TNF-o, and IL-6. However, we cannot
exclude the possibility of a direct effect of PD153035 on
JNK and IKKB/NFkB pathways as previously described in
cell culture (24,25), although our data show that acute
administration of PD153035 did not have this effect.

It is unlikely that PD153035 improved insulin action by a
direct effect on glucose transport in muscle because the
administration of this drug to isolated muscle did not
increase insulin-induced glucose uptake. Another mecha-
nism that may have contributed to the effect of PD153035
on glucose homeostasis is the reversal of the decreased
adiponectin levels observed in HFD mice. It is possible
that the reduced inflammatory state in adipose tissue and
smaller adipocytes in HFPD14 may have allowed the
restoration or even an increase in adiponectin secretion.
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FIG. 5. Effect of PD153035 on tissue protein levels of TNF-«, IL-6, and iNOS and arginase activity in adipocytes and SVF from retroperitoneal
adipose tissue. Representative blots show the tissue levels of TNF-«, IL-6, iNOS, EGRF tyrosine phosphorylation, EGRF, Caveolin, and Cd68
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The distribution of body fat appears to be even more
important than the total amount of fat. The adverse
metabolic impact of visceral fat has been attributed to
distinct biological properties of adipocytes in this depot,
including variations in the metabolic activity of fat cells
and in the expression of cytokines, hormones, and
polypeptides (46,47). Our data showed that HFD increased
EGFR expression and basal tyrosine phosphorylation in
mesenteric and retroperitoneal (internal fat depot) but not
in epididymal fat pads, suggesting a role of this receptor in
the development of central obesity and/or its metabolic
consequences. Moreover, the more marked decrease in
EGFR tyrosine phosphorylation after PD153035 treatment
in the internal fat depots accompanied the significant
reduction in the weight of these fat depots. It is possible
that the decrease in fat depots may contribute to the
improvement in glucose tolerance and insulin sensitivity in
animals treated with PD153035 for 14 days. In this regard,
the regulation of EGFR in macrophages and in mesenteric
and retroperitoneal fat pads in HFD suggests that this
receptor and/or signaling pathway may have a role in the
insulin resistance of obesity and diabetes and deserves
further exploration.

In summary, our results show that the use of PD153035
for just 1 day was able to reduce the protein expressions of
iNOS, TNF-«, and IL-6 in SVF. We can thus suggest that
PD153035 inhibits EGFR tyrosine kinase activity in ATMs,
reducing the M1 proinflammatory state as an initial effect.
This reduces the circulating levels of TNF-a and IL-6,
initiating an improvement in insulin signaling and sensitiv-
ity. After 14 days of the drug administration, there was a
marked improvement in glucose tolerance; a reduction in
insulin resistance; a reduction in macrophage infiltration
in adipocytes and in TNF-«, IL-6, and FFAs; accompanied
by an improvement in insulin signaling in liver muscle and
adipose tissue. We, therefore, suggest that PD153035 pre-
sents an attractive opportunity for the treatment of insulin
resistance and type 2 diabetes.
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Hypothalamic Actions of Tumor Necrosis Factor «
Provide the Thermogenic Core for the Wastage
Syndrome in Cachexia

Ana Paula Arruda, Marciane Milanski, Talita Romanatto, Carina Solon,
Andressa Coope, Luciane C. Alberici, William T. Festuccia, Sandro M. Hirabara,
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TNFa is an important mediator of catabolism in cachexia. Most of its effects have been character-
ized in peripheral tissues, such as skeletal muscle and fat. However, by acting directly in the hy-
pothalamus, TNFa can activate thermogenesis and modulate food intake. Here we show that high
concentration TNFa in the hypothalamus leads to increased O, consumption/CO, production,
increased body temperature, and reduced caloricintake, resulting in loss of body mass. Most of the
thermogenic response is produced by 83-adrenergic signaling to the brown adipose tissue (BAT),
leading to increased BAT relative mass, reduction in BAT lipid quantity, and increased BAT mito-
chondria density. The expression of proteins involved in BAT thermogenesis, such as 83-adrenergic
receptor, peroxisomal proliferator-activated receptor-y coactivator-1«, and uncoupling protein-1,
are increased. In the hypothalamus, TNFa produces reductions in neuropeptide Y, agouti gene-
related peptide, proopiomelanocortin, and melanin-concentrating hormone, and increases CRH
and TRH. The activity of the AMP-activated protein kinase signaling pathway is also decreased in
the hypothalamus of TNFa-treated rats. Upon intracerebroventricular infliximab treatment,
tumor-bearing and septic rats present a significantly increased survival. In addition, the systemic
inhibition of B3-adrenergic signaling results in a reduced body mass loss and increased survival in
septicrats. These data suggest hypothalamic TNFa action to be important mediator of the wastage
syndrome in cachexia. (Endocrinology 151: 683-694, 2010)

n severely ill patients with cancer or infectious diseases,
Ithe development of cachexia is one of the main deter-
minants of rapid progression to failure of multiple organs,
with a direct impact on mortality (1). Hampering the in-
stallation and progression of cachexia significantly im-
proves quality of life and delays death. However, antica-
chexia approaches used to date lack specificity because
little is known about the mechanisms leading to each com-
ponent of the wastage syndrome (2, 3).
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Increased proteolysis and thermogenesis, accompanied
by anorexia, are the main consumptive components of
cachexia. All these phenomena are highly dependent on
the actions of inflammatory cytokines, in which TNFa is
the most important (4—6). Although the effects of TNFa
on muscle proteolysis and adipocyte metabolism can be
partially attributed to the action of this cytokine directly
on target tissues (7, 8), recent studies demonstrated that
much of the anorexigenic and prothermogenic effects of

Abbreviations: ACC, Acetyl-coenzyme A carboxylase; AgRP, agouti gene-related peptide;
AMPK, AMP-activated protein kinase; BAT, brown adipose tissue; CART, cocaine- and
amphetamine-induced transcript; Dio2, D2 deiodinase; GAPD, glyceraldehyde-3-phos-
phate dehydrogenase; ICV, intracerebroventricular; MCH, melanin-concentrating hor-
mone; NPY, neuropeptide Y; pACC, phospho-ACC; pAMPK, phospho-AMPK; PGC1, per-
oxisomal proliferator-activated receptor-y coactivator 1; POMC, proopiomelanocortin;
UCP, uncoupling protein.
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TNFaresult from its actions in the central nervous system,
particularly in the hypothalamus (9, 10).

The hypothalamus harbors a complex network of neu-
rons that coordinate the energy homeostasis in the body.
TNFa, acting in the hypothalamus, can modulate energy
expenditure by directly controlling neurotransmitter ex-
pression or modifying the adipostatic signals delivered by
leptin and insulin (9-11). In addition, a previous study has
shown that TNFa action in the hypothalamus leads to
increased thermogenesis and O, consumption (12). How-
ever, the paths connecting the central actions of TNF«
with peripheral thermogenic organs and the molecular
mechanisms driving this response have not been fully
evaluated.

Here we show that TNFa, acting in the hypothalamus,
increases body temperature and whole-body oxygen con-
sumption, leading to the loss of body mass by a mechanism
dependent on the sympathetic activation of the brown
adipose tissue (BAT) thermogenesis. These mechanisms
are paralleled by the direct modulation of neurotransmit-
ter expression and AMP-activated protein kinase (AMPK)
signaling in the hypothalamus. Inhibiting hypothalamic
TNFa action by intracerebroventricular (ICV) infliximab
increases life span and improves morbidity in cachexia
induced by cancer and sepsis. In addition, inhibiting B3-
adrenergic activity significantly reduces morbidity and
mortality in sepsis.

Materials and Methods

Antibodies and chemicals

Antibodies against uncoupling protein (UCP)-1 (sc-6529,
goat polyclonal), and B3-adrenergic receptor (sc-1473, goat
polyclonal) were from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibodies against peroxisomal proliferator-activated
receptor-vy coactivator 1 (PGC1)-a (no. 2178, rabbit mono-
clonal), phospho-AMPK (pAMPK, no. 25335s, rabbit monoclo-
nal), AMPK (no. 2532, rabbit monoclonal), phospho-acetyl-
coenzyme A carboxylase (ACC; pACC, no. 3661s, rabbit
monoclonal), and ACC (no. 3662, rabbit monoclonal) were
from Cell Signaling Technology (Beverly, MA). Antibody
against cytochrome C (no. 7H8.2C12, mouse monoclonal) was
from BD Biosciences (Franklin Lakes, NJ). Antibody against
B-actin (ab6276, mouse monoclonal) was from Abcam (Cam-
bridge, MA). All the reagents for SDS-PAGE and immunoblot-
ting were from Bio-Rad (Hercules, CA). HEPES, phenylmethyl-
sulfonyl fluoride, aprotinin, dithiothreitol, Triton X-100, Tween
20, glycerol, BSA fatty acid free (A-6003), SR59230A, and an-
giotensin II were from Sigma-Aldrich (St. Louis, MO). Mouse
recombinant TNFa was from Calbiochem (La Jolla, CA). So-
dium thiopental, ketamine, and diazepam were from Cristalia
(Itapira, Brazil). All the chemicals and primers used in real-time
PCR were from Applied Biosystems (Foster City, CA). Inflix-
imab was from Centocor (Horsham, PA).
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ICV cannulation

For ICV cannulation, 8-wk-old male Wistar rats (Rattus nor-
vegicus) with a body mass of 250-300 g were used. The animals
were obtained from the University of Campinas Central Animal
Breeding Center. The rats were allowed access to standard ro-
dent chow and water ad libitum and were maintained on a 12-h
light, 12-h dark cycle. All experiments were conducted in accor-
dance with the principles and procedures described by the Na-
tional Institutes of Health Guidelines for the Care and Use of
Experimental Animals and were approved by the University of
Campinas Ethical Committee. The rats were stereotaxically in-
strumented using a Stoelting stereotaxic apparatus, according to
a previously described method (10). Cannula efficiency was
tested 1 wk after cannulation by the evaluation of the drinking
response elicited by ICV angiotensin II (13). Stereotaxic coordi-
nates were anteroposterior, 0.2 mm/lateral, 1.5 mm/depth, 4.0
mm. ICV-cannulated rats were treated for 4 d, once a day, with
TNFea (2.0 ul, 10~# M, corresponding to a solution containing
170 ng/ml, which provides a final tissue concentration of 50-100
pg/ml, EDsy 20-50 pg/ml; controls were treated with similar
volume saline). The TNFa dose used in this study was based on
previous studies (9, 10) and is regarded as a high dose of the
cytokine. In some experiments the rats were treated with the
B3-antagonist SR§9230A (0.1 mg/kg in 200 ul, ip) twice a day.

Denervation of BAT

Under anesthesia, five branches of the right only (monolateral
denervation) or right and left (bilateral denervation) intercostal
nerve bundles that contain sympathetic fibers entering the right
and left sides of the interscapular BAT were isolated, and a frag-
ment of 5.0 mm was removed from each one. Surgical denerva-
tion was performed 6 d before the experiments and was per-
formed according to a previously published method (14).

Indirect calorimetry and body temperature

O, consumption, CO, release, and respiratory exchange ratio
were measured in fed animals through an indirect open circuit
calorimeter (Oxymax deluxe system; Columbus Instruments,
Columbus, OH), as described previously (15). Rectal tempera-
ture was measured with a digital thermometer, and the values
presented represent the mean of two daily determinations or the
means of all measures obtained during the experimental period.

Blood gas analysis

Blood pO,, pCO,, and pH were determined in a venous blood
sample and analyzed automatically in an ABL 800 FLEX ra-
diometer blood gas analyzer (Radiometer, Copenhagen,
Denmark).

Light and transmission electron microscopy

BAT depots were dissected and assessed by light microscopy
and transmission electron microscopy. For light microscopy,
BAT depots were fixed by immersion in 4% formaldehyde in 0.1
mM phosphate buffer (pH 7.4), dehydrated, cleared, and then
embedded in paraffin. Serial sections (5.0 wm thick) were ob-
tained and then stained by hematoxylin and eosin to assess the
morphology. For electron microscopy, BAT was prefixed in
2.5% glutaraldehyde and 2% paraformaldehyde in 0.05 M (pH
7.2) cacodylate buffer plus 0.001 M CaCl, for 2 h, postfixed in
1% osmium tetroxide in the same buffer for 1 h, and then stained
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with 0.5% aqueous uranyl acetate overnight. The samples were
dehydrated in acetone and embedded in Spurr’s or Epon low-
viscosity embedding medium. Blocks were sectioned in an Ul-
tracut UCT ultramicrotome (Leica, Wetzlar, Germany), stained
with 3% aqueous uranyl acetate and Reynold’s lead citrate, and
examined under an EM 900 transmission electron microscope
(Zeiss, Jena, Germany) (16). The number of mitochondria and
the area of adipose tissue depots in histological specimens were
determined by the Imagelab Analysis software (Imagelab,
Modena, Italy).

Real-time PCR

The expressions of UCP1, PGCla, D2 deiodinase (Dio2),
UCP3, neuropeptide Y (NPY), agouti gene-related peptide
(AgRP), TRH, CRH, proopiomelanocortin (POMC), melanin-
concentrating hormone (MCH), and cocaine- and amphet-
amine-induced transcript (CART) mRNAs were measured in
samples (BAT, soleus muscle gastrocnemius muscle, or hypo-
thalamus) obtained from rats treated ICV with saline (control) or
TNFa 10~ ® M. Intron-skipping primers were obtained from Ap-
plied Biosystems. Glyceraldehyde-3-phosphate dehydrogenase
(GAPD) primers were used as control, and normalization exper-
iments are shown in supplemental Fig. S1, published as supple-
mental data on The Endocrine Society’s Journals Online web site
at http://endo.endojournals.org. The endogenous control for
normalization of GAPD was hypoxanthine-guanine phosphori-
bosyl transferase. No significant change in GAPD expression
was detected in the different experimental conditions. Real-time
PCR analysis of gene expression was performed in an ABI Prism
7700 sequence detection system (Applied Biosystems). The
optimal concentration of cDNA and primers, as well as the
maximum efficiency of amplification, was obtained through
five-point, 2-fold dilution curve analysis for each gene. Each
PCR contained 3.0 ng of reverse-transcribed RNA, 200 nMm
of each specific primer, TagMan (Applied Biosystems), and
ribonuclease-free water to a final volume of 20 ul. Real-time data
were analyzed using the Sequence Detector System 1.7 (Applied
Biosystems).

Immunoblotting

For evaluation of protein expression in the hypothalami,
BAT, soleus, and gastrocnemius muscles, the specimens were
excised and immediately homogenized in solubilization buffer
[1% Triton X-100, 100 mMm Tris-HCI (pH 7.4), 100 mm sodium
pyrophosphate, 100 mm sodium fluoride, 10 mm EDTA, 10 mMm
sodium orthovanadate, 2.0 mm phenylmethylsulfonyl fluoride
and 0.1 mg aprotinin per milliliter] at 4 C with a Polytron PTA
20S generator (model PT 10/35; Brinkmann Instruments, West-
bury, NY). Insoluble material was removed by centrifugation for
15 min at 9000 X g. The protein concentration of the superna-
tants was determined by the Bradford dye binding method. Sam-
ples containing 0.05-0.2 mg of protein extracts were separated
by SDS-PAGE, transferred to nitrocellulose membranes, and
blotted with anti-UCP1, anti-PGC1a, anticytochrome C, anti-
B3-adrenergic receptor, anti-pAMPK or anti-pACC antibodies.
For evaluation of protein loading, membranes were stripped and
reblotted with anti-B-actin, anti-AMPK or anti-ACC antibodies,
as appropriate. Specific bands were detected by chemilumines-
cence and visualization/capture was performed by exposure of
the membranes to RX films.
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Skeletal muscle oxygen consumption and citrate
synthase activity

Fragments (1.0-3.0 mg) of the soleus muscle were placed in
a petri dish on ice with 1 ml of relaxing solution containing
Ca®*/EGTA buffer (10 mm), free calcium (0.1 um), imidazole
(20 mm), K*/4-morpholinoethanesulfonic acid (50 mm), dithio-
threitol (0.5 mm), MgCl, (6.56 mm), ATP (5.77 mm), and phos-
phocreatine (15 mMm) (pH 7.1), and individual fiber bundles were
separated with a sharp forceps. The fiber bundles were perme-
abilized for 30 min in an ice-cold relaxing solution containing
saponin (50 pg/ml). The fibers were washed twice for 10 min
each. The muscle bundles were then immediately transferred into
a Oroboros respirometer (Innsbruck, Austria) containing an air-
saturated respiration mediumat 37 C. Oxygen consumption was
measured in the respiration medium, MiR03, containing potas-
sium lactobionate (60 mm), EGTA (0.5 mm), MgCl, - 6H,O (3.0
mm), taurine (20 mm), KH,PO, (10 mm), HEPES (20 mwm), su-
crose (110 mMm), and BSA (2.0 mg/ml) (pH 7.1), in the presence
of pyruvate (7.0 mm) and malate (4.0 mMm). The respiration rate
in state III was measured after addition of ADP (2.0 mMm) and the
state IV in the presence of oligomycin (1.0 ug/ml). The Oxy-
graph-2k (Oroborus, Innsbruk, Austria) is a two-chamber titra-
tion-injection respirometer with a limit of oxygen flux detection
of 1.0 pmol/sec™" - ml~'. Citrate synthase activity was deter-
mined in soleus and gastrocnemius muscles by spectrophotom-
etry, as previously described (17).

Cecal ligation and perforation

ICV-cannulated rats were anesthetized with ketamine (80
mg/kg) and diazepam (30 mg/kg) diluted in sterile saline and
administered ip. Laparotomy was performed with a 2-cm mid-
line incision through the linea alba; the cecum was exposed and
totally or partially obstructed with sterile 3-0 silk below the
ileocecal junction. The cecum was punctured once (in the group
with partially obstructed cecum) or 12 times (in the group with
totally obstructed cecum) with an 18-gauge needle and was then
gently squeezed to empty its content through the puncture. The
cecum was then returned to the peritoneal cavity, and the ab-
dominal muscle and skin incisions were closed in layers using a
3-0 nylon suture line (18). After recovery, the animals were di-
vided into two groups; one group received saline (2.0 ul) and the
other group received inflixmab (0.3 pg in 2.0 ul) ICV, twice a
day, for 4 d or while alive. For the experiments using the 3-
adrenergic antagonist, SR59230A, the animals were treated ip
(0.1 mg/kg in 200 ul) twice a day (19).

Tumor xenograft model

The Walker-256 tumor cell line (originally obtained from the
Christ Hospital Line, National Cancer Institute Bank, Cam-
bridge, UK) is currently maintained frozen in liquid nitrogen.
Walker-256 tumor cells were obtained from the ascitic fluid of
the peritoneal cavity of Wistar rats, 5 d after the ip injection of
2.0 X 107 cells. After cell harvesting, the percentage of viable
cells was determined using 1% Trypan blue solution in a
Neubauer chamber. Tumor cells (2.0 X 10° cells in 1.0 ml saline
solution) were injected in the right flank after the surgical im-
plantation of the ICV cannula. The experiments were performed
1 wk after complete recovery from the stereotaxic surgery. Each
animal’s individual baseline 24-h food intake was defined as the
average daily food intake over a period of 3 consecutive days. In
tumor-bearing animals, cancer anorexia was defined as a single
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FIG. 1. Metabolic parameters of rats treated with TNFa. ICV-cannulated rats were treated with 2.0 wl saline (control) or TNFa (1078 m) once a day
for 4 d. A, Cumulative food intake during 4 d and daily food intake (inset). B, Total body mass variation (final-initial) during 4 d and daily body
mass variation (inset); control pair feeding represents rats treated with saline ICV and fed 15.2 g chow per day. C, Mean body temperature, and
daily temperature (inset). D, O, consumption (VO,). E, CO, production (VCO,). F, Respiratory quotient (VCO,/VO,). Data are means = sem; a, P <
0.05 vs. control. In all experiments n = 6—8 animals. RER, Respiratory exchange ratio.

value of less than 70% baseline, occurring after a steady decline
of atleast 3 d duration. When criteria for anorexia had been met,
tumor-bearing animals were daily treated with inflixmab (0.3 pg
in 2.0 ul, ICV, twice a day) or saline for 4 d or while alive.
Chronic treatment was conducted for survival curve determina-
tion. Water intake was notaltered by these treatments, compared
with the respective control group (data not shown).

Statistical analysis

Mean values * SEM obtained from densitometry scans and
real-time PCR, body mass determination, and food intake were
compared using Tukey-Kramer test (ANOVA) or Student’s ¢ test,
as appropriate; P < 0.05 was accepted as statistically significant.
The survival curves were estimated using Kaplan-Meier’s esti-
mates, and curves were compared using the log-rank test and the
level of significance was set at P < 0.001. In all experiments, n
refers to the number of animal in each experimental group.

Results

ICV TNF« affects energy homeostasis by
modulating food intake and thermogenesis

To determine the effects of hypothalamic TNFa on
whole-body energy homeostasis, ICV-cannulated rats
were treated for 4 d with a high dose of TNFa (9, 10). The
treatment led to a reduction in caloric intake (Fig. 1A) and
an expressive decrease in body mass, in contrast to the
body mass gain presented by control rats (Fig. 1B). The

effect on body mass was not due only to reduction on food
intake because pair-fed rats lost significantly less body
mass than TNFa-treated rats (Fig. 1B). Most body mass
change was due to reduction on white adipose tissue mass
(Table 1). These outcomes were accompanied by increased
body temperature (Fig. 1C), increased oxygen consump-

TABLE 1. Body mass and tissue-specific mass variation
in TNFa-treated rats

Control TNF«
Initial body mass 265.78 £7.70  275.78 = 5.78
Final body mass 270.06 = 7.23  241.02 = 5.707
BAT mass 0.202 £ 0.016  0.235 £ 0.018
BAT/body mass 0.738 £ 0.044  1.022 *+ 0.092°
Epididimal fat mass 3.04 = 0.252 2.46 = 0.107°
Epididimal fat/body 11.06 £ 0916 10.61 *+ 0.821
mass
Retroperitonial fat 291 = 0.69 1,87 = 0.283°
Retroperitonial fat/ 10.47 = 2.250 7.99 = 1.0837
body mass
Soleus muscle mass 0.10 *= 0.003 0.08 + 0.007°
Soleus muscle/body 0.37 = 0.007 0.35 = 0.030
mass
Gastrocnemius muscle 1.64 = 0.043 1.72 = 0.223
mass
Gastrocnemius muscle/ 5.96 = 0.183 6.26 = 0.259

body mass

?n all conditions, P < 0.05 (n = 5).
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TABLE 2. Venous blood gas analysis

Control TNF«
pCO, 51.96 = 1.106 42.65 = 1.54°
pO, 34.28 + 7.416 33.06 + 7.96
pH 7.38 = 0.008 7.46 = 0.04

?In all conditions, P < 0.05 (n = 3).

tion (Fig. 1D), and carbon dioxide production (Fig. 1E),
without significantly affecting respiratory exchange ratio
(Fig. 1F). On blood gas analysis, only the pCO, levels were
significantly reduced in TNFa-treated rats (Table 2).

ICV TNFa induces the activation of BAT
thermogenesis

The macroscopic characteristics of BAT were clearly
modified by ICV TNF« treatment. Its reddish color was
more intense (Fig. 2A) and its relative mass was signifi-
cantly increased (Fig. 2B). Under light microscopy exam-
ination, the fat droplets were reduced and nuclei were
more densely distributed, suggesting a reduction in mean
cell size (Fig. 2C). Upon morphometric analysis, the BAT
from TNFa-treated rats had a significantly reduced fat
area (66 = 4 vs. 32 * 3% for control and TNFa-treated
rats, respectively, P < 0.05, n = 5). The expression of
UCP1, a key protein involved in BAT thermogenesis, was
increased in BAT obtained from animals treated with
TNFa (Fig. 2, D and E). In addition, there was an increase
in the expression of PGCla and cytochrome C, suggesting
an increment of mitochondria number (Fig. 2, D and E).
The increase in mitochondria number (Fig. 2F) (17.1 £ 2.2
vs. 44.0 = 3.5 mitochondria per 12 um? for control and
TNFa-treated rats, respectively, P < 0.05,n = 5; graph is
depicted as supplemental Fig. S2) was further confirmed
by transmission electronic microscopy that also showed a
clearreductionin fatdropletarea (Fig. 2F) (63 =4 vs. 38 =
2% for control and TNFa-treated rats, respectively, P <
0.05,n = 5).

No activation of skeletal muscle thermogenesis by
ICV TNF«

The treatment of rats with TNFa ICV resulted in no
modification of mitochondria biogenesis markers, such as
cytochrome C expression (Fig. 2G) and citrate synthase
activity (Fig. 2H) in both soleus and gastrocnemius skel-
etal muscle. In addition, ICV TNFa produced no signifi-
cant effect on the soleus and gastrocnemius muscle ex-
pression of UCP3 (Fig. 21). All these negative findings were
accompanied by no modulation of coupled (state IIT) and
uncoupled (state IV) soleus muscle mitochondria respira-
tion (Fig. 2J).
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ICV TNFa-induced BAT thermogenesis is mediated
by sympathetic neural activation

ICV TNFa induces a significant increase in BAT B3-
adrenergic receptor expression (Fig. 3A). To evaluate
whether sympathetic neural transmission may play a role
in TNFa-induced BAT thermogenesis, Wistar rats were
submitted to monolateral sympathetic denervation and
then treated ICV with TNFa. As depicted in Fig. 3B, in the
denervated side, ICV-TNFa produced no modification of
the steady-state characteristics of BAT, which maintained
with a milder reddish color, as compared with the inner-
vated side. Light microscopy demonstrated that the de-
nervated side displayed large fat droplets and a dispersed
distribution of nuclei that was clearly different from the
innervated side (Fig. 3C) and resembled the histological
characteristics of steady-state BAT (as seen in Fig. 2).
Upon morphometric analysis the innervated side had a
significantly reduced fat area (73 = 3 vs. 31 = 4%, for
denervated and innervated sides, respectively, P < 0.05,
n = 5) compared with the denervated side.

The TNFa stimulation of BAT produced an increase in
Dio2 mRNA expression (Fig. 3D), an enzyme able to con-
vert thyroid hormone T, into T in the intracellular com-
partment. This increase was completely restored by BAT
denervation but not by B3-adrenergic inhibition (Fig. 3D).
Conversely, both denervation and B3-adrenergic inhibi-
tion reverted ICV TNFa-induced expression of UCP1
(Fig. 3, D-F) and PGCl« (Fig. 3, E and F).

To assess the effects of BAT denervation and 33-adren-
ergic inhibition on ICV TNFa-induced hyperthermia and
changes in food intake and body mass, rats were submitted
to a complete (bilateral) sympathetic denervation or treated
with the B3-adrenergic receptor antagonist, SR59230A, and
then treated ICV with TNFa. As depicted in Fig. 3G, BAT
denervation and B3-adrenergic antagonism reverted TNFa-
induced inhibition of food intake. In addition, both BAT
denervation and B3-adrenergic antagonism produced
significant inhibition of ICV TNFa-induced body mass
loss (Fig. 3H) and hyperthermia (Fig. 31I).

TNFa modulates hypothalamic neurotransmitter
expression

To determine the hypothalamic mechanisms involved
in TNFa-induced modulation of thermogenesis, we mea-
sured the mRNA levels of the most relevant hypothalamic
neurotransmitters involved in the control of whole-body
energy homeostasis. As depicted in Fig. 4A, ICV TNF«
resulted in significant reductions in NPY, AgRP, POMC,
and MCH and significant increases in TRH and CRH. No
significant modulation of CART was detected. The effects
of ICV TNFa on the control of neurotransmitter expres-
sion was paralleled by the control of important proteins
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FIG. 2. Effect of ICV TNFa on BAT activation and mitochondria biogenesis in BAT and skeletal muscle. ICV-cannulated rats were treated
with 2.0 ul saline (control) or TNFa (1078 M) once a day for 4 d. A, Typical BAT macroscopic features, representative of five independent
experiments. B, BAT mass/whole-body mass (n = 4). C, Histological analysis of BAT stained with hematoxylin and eosin, representative of
five independent experiments. D, UCP1 (n = 13), PGC1a (n = 8), and cytochrome-C (Cyt C) (n = 4) protein levels in BAT assessed by
immunoblotting. E, UCP1 and PGC1a mRNA levels in BAT assessed by real-time PCR (n = 5 for both genes). F, Transmission electron
microscopy images of typical BAT from control and TNFa-treated rats, representative of five independent experiments. L, Lipid droplet. G,
Cyt C protein levels in soleus and gastrocnemius skeletal muscle assessed by immunoblotting (n = 16). H, Citrate synthase activity measured
in total homogenates from the soleus and gastrocnemius skeletal muscle (n = 8). I, UCP3 mRNA levels in samples obtained from the soleus
and gastrocnemius skeletal muscle, assessed by real-time PCR (n = 6). J, O, flux in permeabilized soleus skeletal muscle fibers. The fibers
derived from control and TNFa-treated rats were permeabilized with saponin (50 wg/ml), and the oxygen consumption was measured with a
high-resolution oxygraph (Oxygraph-2k; Oroboros). The respiration in state Il was measured in the presence of pyruvate (7.0 mm) + malate
(4.0 mm) and ADP (2.0 mm) (pH 7.2) at 37 C. The respiration in state IV was measured in the presence of 1.0 ug/ml oligomycin (n = 6). Data
are means * sem; a, P < 0.05 vs. control. In D and G, membranes were reblotted with B-actin antibody. In E and |, the gene used as
constitutive endogenous control was GAPD (normalization presented in supplemental Fig. S1).

involved in the hypothalamic response to metabolic inputs
such as AMPK and ACC, which were less phosphorylated
in the hypothalamus of TNFa-treated rats, suggesting a
role for this cytokine in the inactivation of AMPK and
activation of ACC (Fig. 4B).

ICV TNF« plays a major role in sepsis- and
cancer-induced energy wastage

To determine the clinical relevance of hypothalamic
TNFa actions, we evaluated the outcomes of TNF« inhibi-

tion in the hypothalamus and also the systemic inhibition of
B3-adrenergic signaling in two animal models of high TNF«
production, sepsis and cancer. First, we induced mild and
nonlethal sepsis by performing a single perforation of the
cecum and a loose tying of the ascendant colon. Using this
approach, the rats could present a serious infection, accom-
panied by a reduction in food intake and body mass, fol-
lowed by complete recovery after 7-10 d. Under this condi-
tion the body temperature rose, which was accompanied by
increased BAT expression of UCP1. The treatment of these
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FIG. 3. Effect of ICV TNFa on BAT adrenergic stimulation. A-C, Interscapular BAT samples were obtained from ICV-cannulated rats

submitted or not to sympathetic denervation; the animals were treated with 2.0 ul saline (control) or TNFa (1078

M) once a day for 4 d. A,

B3-Adrenergic receptor protein levels in innervated BAT assessed by immunoblotting (n = 5). B, Gross morphological features of
monolateral sympathetic denervated BAT of rats treated with TNFa (10728 m), representative of five independent experiments. C, Histological

analysis of innervated and sympathetically denervated BAT of rats treated with TNFa (1078

M), stained with hematoxilin and eosin,

representative of five independent experiments. D—I, Interscapular BAT samples were obtained from ICV cannulated rats submitted or not
(sham) to sympathetic denervation; the animals were treated with 2.0 ul saline or TNFa (1078 m) once a day for 4 d; some rats were treated
ip with SR59230A (0.1 mg/kg in 200 ul) twice a day for 4 d. D, Dio2 and UCP1 mRNA levels in samples obtained from BAT assessed by real-
time PCR (n = 5). E and F, UCP1 and PGC1a protein levels in BAT assessed by immunoblotting (n = 4). G, Cumulative food intake during
4.d (n = 5). H, Total body mass variation (final-initial) during 4 d (n = 5). I, Mean body temperature (n = 5). a, P < 0.05 vs. control (or
sham); in D-F, b, P < 0.05 vs. TNFa (or sham+TNFa); in G-H, b, P < 0.05 vs. denervated; in G, ¢, P < 0.05 vs. SR59230A; in |, d, P < 0.05
vs. TNFa. In A, E, and F, membranes were reblotted with g-actin antibody. In D, the gene used as constitutive endogenous control was

GAPD (normalization presented in supplemental Fig. S1).

rats with ICV infliximab resulted in no modification of food
intake (Fig. 5A); however, body mass variation (Fig. 5B) and
mean body temperature (Fig. 5C) were at least partially re-
stored. These effects were accompanied by significant reduc-
tion of BAT UCP1 expression (Fig. 5, D and E). The treat-
ment of mildly septic rats with systemic SR59230A resulted
in a significant increase of food intake (Fig. SA), a significant
inhibition of body mass loss (Fig. 5B), and a partial recovery

of hyperthermia (Fig. 5C). As for the infliximab treatment,
SR59230A also produced a significant decrease of BAT
UCP1 expression (Fig. 5D). Most interestingly, in severely
septic rats (obtained by performing several perforations of
the cecum followed by a tight tying of the ascendant colon),
the systemic treatment with either infliximab or SR59230A
resulted in significant extension of life (Fig. SF). Finally in
tumor-bearing rats, ICV infliximab also promoted a signif-
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FIG. 4. Effect of ICV TNFa on the expression of hypothalamic
neuropeptides and AMPK signaling in rats. ICV-cannulated rats were
treated with 2.0 ul saline (white bars, control) or TNFa (1078 m) (gray
bars) once a day for 4 d. A, NPY (n = 9), AgRP (n = 3), POMC, (n =
8), TRH (n = 8), CRH (n = 8), MCH (n = 7), and CART (n = 8) mRNA
levels in samples obtained from hypothalami assessed by real-time
PCR. The gene used as a constitutive endogenous control was GAPD
(normalization presented in supplemental Fig. S1); a, P < 0.05 vs.
respective control. B, pAMPK, AMPK, pACC and ACC protein levels in
hypothalami assessed by immunoblotting (n = 3).

icantincrease of food intake (Fig. 5G) and an extension of life
(Fig. SH).

Discussion

Infectious and neoplastic diseases are frequently compli-
cated by the installation of a wastage syndrome that in-
creases morbidity and accelerates mortality (1). TNFa is
one of the main mediators of this syndrome and the full
characterization of the mechanisms by which this cytokine
acts in cachexia may open new therapeutic opportunities
for the most diverse forms of wastage syndromes (6).
Here we explored the hypothesis that the hypothalamic
actions of TNFa play a major role in the increased ther-
mogenesis, which is a hallmark of cachexia. The basis for
this hypothesis came from a number of previous studies
showing the primary role played by hypothalamic neurons
in the general control of thermogenesis (20, 21). Several
distinct factors ranging from hormones, nutrients, neuro-
transmitters, and cytokines act on specific subpopulations
of hypothalamic neurons to control caloric intake and
energy expenditure, therefore providing an optimal bal-
ance for energy flow in the body (22-25). In cachexia, both
the reduction in caloric intake and the increase in energy
expenditure, mostly due to increased thermogenesis, act in
synergy to accelerate body mass depletion (26). In recent
studies, we and others have evaluated the role of cachexia
and hypothalamic TNFa in the control of food intake (10,
26). Two mechanisms operate in parallel to promote an-
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orexia. The first is the direct effect of TNFa to induce and
enhance the activity of the Janus kinase JAK2-signal trans-
ducer and activator of transcription-3 signaling pathway
in the hypothalamus (10). This pathway is involved in
leptin anorexigenic signaling and leads to the control of
neurotransmitter expression (22). The second mechanism
was observed in tumor-bearing rats and controls the
AMPK signaling pathway; rats with cachexia had a sig-
nificantly reduced activation of AMPK, and treating the
rats with pharmacological compounds capable of induc-
ing the activation of AMPK produced an increase in food
intake and prolonged survival (27).

Depending on its local concentrations, TNFa differ-
ently affects the signaling systems involved in the control
of energy homeostasis in the central nervous system (9,
10). To mimic the effects observed in severe infection and
cancer, we used a high dose of TNFa, which has been
previously evaluated and is known to produce anorexia
and acutely modulate O, consumption/CO, production
(10). With this dose, we were able to produce a phenotype
of anorexia and massive body mass loss. First indications
of increased thermogenesis came from the evaluations of
body temperature, which was significantly increased, and
respirometry that demonstrated significant increasesin O,
consumption and CO, production. In rodents and also in
humans, thermogenesis can be induced in BAT and skel-
etal muscle (28, 29). To evaluate the sites involved in pe-
ripheral thermogenesis in response to hypothalamic
TNFa, we determined the expressions of proteins involved
in thermogenesis and also mitochondria activity in BAT
and skeletal muscle. In BAT, we found morphological,
molecular, and functional indications of increased ther-
mogenesis. The proteins UCP1 and PGC1a were increased
and the macro- and microscopic aspects of BAT were sug-
gestive of its increased thermogenic activity. Of special
interest, the transmission electron microscopic analysis re-
vealed a reduced number and volume of lipid droplets,
paralleled by an increased number of mitochondria, as
seen in other prothermogenic conditions (30, 31). How-
ever, in samples containing fast and slow-twitch skeletal
muscle we found no molecular and functional indications
of increased thermogenesis. Therefore, we then concen-
trated efforts on characterizing the mechanisms involved
in the induction of BAT thermogenesis.

Increased sympathetic tonus is regarded as one of the
main mechanisms involved in the induction of BAT ther-
mogenic activity (32). After ICV TNFa treatment, we ob-
served a significant increase in 33-adrenergic receptor ex-
pression. The sympathetic denervation of BAT or the
systemic antagonism of 83-adrenergic receptor reversed
TNFa-induced changes in morphology and/or the expres-
sion of proteins involved in BAT thermogenesis. In addi-
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FIG. 5. Effect of infliximab and SR59230A on septic and tumor-bearing rats. A-F, Rats were submitted (CLP) or not (sham) to moderate, nonlethal
(A-E) or severe, lethal (F) sepsis induced by cecal ligation and perforation; some rats were treated with infliximab (0.3 ng in 2.0 ul, ICV, twice a
day) or SR59230A (0.2 mg/kg in 200 wl, ip, twice a day). A, Cumulative food intake in 4 d (n = 5). B, Body mass variation (final-initial) in 4 d (n =
5). C, Mean body temperature in 4 d (n = 5). D, UCP1 protein levels in BAT assessed by immunoblotting (n = 5). E, UCP1T mRNA levels in samples
obtained from BAT assessed by real-time PCR (n = 5). F, Survival time of rats with severe sepsis (n = 10). G and H, Control and tumor-bearing rats
were treated or not with infliximab (0.3 ug in 2.0 ul, ICV, twice a day). G, Cumulative food intake in 4 d (n = 10). H, Survival time of tumor-
bearing rats (n = 10). a, P < 0.05 vs. sham (or control); b, P < 0.05 vs. CLP (or tumor). D, Membranes were reblotted with B-actin antibody.

E, The gene used as constitutive endogenous control was GAPD (normalization presented in supplemental Fig. S1).

tion, the complete denervation of BAT almost completely As previously shown, hyperthermia induced by periph-
inhibited TNFa-induced hyperthermia, suggesting that  erally injected lipopolysaccharide can be partially inhib-
most of the thermogenetic activity was indeed due to BAT  ited by the use of B-adrenergic antagonists and also by
activation. BAT denervation (33). Interestingly, the hyperthermic re-
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mostly in the BAT, activating PGC1«, inducing mitochondrial biogenesis and UCP1 expression. The result is increased body temperature, increased

oxygen consumption/carbon dioxide production, and energy expenditure.

sponse to lipopolysaccharide can also be modulated by
different types of diet, suggesting an integration of feeding
and pyretic responses (33). Taking these data together
with ours, it may be suggested thatin endotoxemia, TNFa,
acting predominantly in the hypothalamus, plays a central
role in the modulation of both thermogenic and anorex-
igenic responses.

Because previous studies showed an effect of TNFa
in modulating neurotransmitter expression and signal-
ing pathways in hypothalamic neurons (9, 10), we next
determined the levels of the main neurotransmitters in-
volved in energy homeostasis, and also we determined
the effects of TNFa on the AMPK signaling pathway. As
expected, the levels of the orexigenic neurotransmitters,
NPY and AgRP, were drastically reduced in the TNFa-
treated rats. In nonpathological conditions, reductions
in the expressions of NPY and AgRP occur in fed states
and lead to not only satiety but also thermogenesis (34).
Here, even in the fasting state, the levels of these neu-
rotransmitters were low, indicating that they are im-
portant targets for TNFa action in the hypothalamus.
However, POMC, which is usually repressed in fasting
state and possesses a potent anorexigenic effect, was
also low and therefore not modulated in response to

TNFa. Most interesting were the increased levels of the
neurotransmitters of the paraventricular nucleus, TRH,
and CRH, which were stimulated by TNFa. These neu-
rotransmitters are known to play an important role in
thermogenesis (35, 36), and as for the results shown
herein, they seem to be important intermediaries in the
thermogenic response to TNFa.

With regard to TRH, a thermogenic response to this
neurotransmitter can be produced by neural and/or hor-
monal mechanisms (35). To evaluate the participation
of a hormonal mechanism, we determined the blood
level of T, which was similar between control and
TNFa-treated rats (not shown). However, the expres-
sion of Dio2 in BAT was increased and, although this
may indicate an increased activity of T in this tissue, it
most probably results from the sympathetic activation
of BAT because cAMP is the most important inducer of
Dio2 expression (37). It is important to notice that ad-
renergic tonus acting not only through B3 receptor, but
also through other receptor types, can activate Dio2
(37), which may explain why an increase of Dio2 ex-
pression occurred after B3-adrenergic antagonism,
whereas a complete inhibition was obtained with
denervation.
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Because we have previously shown that hypotha-
lamic TNFa modulates signal transduction through the
Janus kinase-2-signal transducer and activator of tran-
scription-3 signaling pathway (10), we herein deter-
mined the effect of TNFa on another important intra-
cellular signaling pathway involved in the hypothalamic
control of feeding and thermogenesis, the AMPK sig-
naling pathway. This pathway, which is most active in
NPY/AgRP and TRH/CRH neurons, is known to play
an important role in connecting hormonal and nutrient
inputs that control feeding and thermogenesis. By dem-
onstrating that TNFa can directly modulate this signal-
ing system, we unveil yet another mechanism of control
of hypothalamic signaling pathways involved in the
control of energy homeostasis.

In the final part of the study, we evaluated the effects
of the inhibition of TNFa in the brain and the systemic
inhibition of B3-adrenergic signaling in two animal
models of cachexia. Infliximab was capable of signifi-
cantly retarding mortality in tumor-bearing rats and
reducing body mass loss in mildly septic rats, whereas
B3-adrenergic inhibition significantly reduced body
mass loss in mildly septic rats and retarded mortality in
severely septic rats. The effects of hypothalamic TNF«
inhibition and systemic 3-adrenergic antagonism on
the clinical parameters of septic rats were accompanied
by reduction of expression of markers of thermogenesis,
suggesting that excessive thermogenesis induced under
this pathological condition play a role in energy deple-
tion and rapid progression to death. These data provide
the clinical basis to support the concept that TNFa,
produced under critical clinical conditions, such as can-
cer and septicemia, act predominantly in the hypothal-
amus to induce thermogenesis in BAT through the ac-
tivation of a sympathetic response.

Although some previous studies explored the role of
TNFa on the activation of thermogenesis (5, 12, 33), one
of the main advances of this work is the demonstration of
the potentiality of inhibition of 83-adrenergic signaling as
a therapeutic approach for severe cachexia. In addition, it
is important to emphasize that, until recently, BAT was
thought to play an important physiological and patholog-
ical role only in small mammals and infants, with negli-
gible relevance in adult humans. However, the recent de-
tection of multiple depots of BAT in the cervical region of
adult humans has reinvigorated the interest in the study of
this tissue in humans (29, 38, 39). A hypothetical scheme
with the proposed mechanisms involved in the hypotha-
lamic response to high concentrations of TNFa and its
connections with BAT is presented in Fig. 6. The present
study places the hypothalamic actions of TNFa and the
activation of BAT thermogenesis in a central position in
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the pathogenesis of cachexia and provides new candi-
date targets for the therapeutic approaches of wastage
syndromes.
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Aspirin attenuates insulin resistance in muscle
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M. A. Carvalho-Filho - E. R. Ropelle - R. J. Pauli - D. E. Cintra - D. M. L. Tsukumo -
L. R. Silveira < R. Curi - J. B. C. Carvalheira - L. A. Velloso - M. J. A. Saad

Received: 1 April 2009 / Accepted: 15 July 2009 /Published online: 3 September 2009

© Springer-Verlag 2009

Abstract

Aim/hypothesis High-dose aspirin treatment improves fast-
ing and postprandial hyperglycaemia in patients with type 2
diabetes, as well as in animal models of insulin resistance
associated with obesity and sepsis. In this study, we
investigated the effects of aspirin treatment on inducible
nitric oxide synthase (iNOS)-mediated insulin resistance
and on S-nitrosylation of insulin receptor (IR)-3, IRS-1 and
protein kinase B (Akt) in the muscle of diet-induced obese
rats and also in iNos (also known as Nos2) "~ mice on high
fat diet.

Methods Aspirin (120 mg kg™' day' for 2 days) or iNOS
inhibitor (L-NIL; 80 mg/kg body weight) were administered
to diet-induced obese rats or mice and iNOS production and
insulin signalling were investigated. S-nitrosylation of IR 3/
IRS-1 and Akt was investigated using the biotin switch
method.

Results iNOS protein levels increased in the muscle of diet-
induced obese rats, associated with an increase in S-
nitrosylation of IR(3, IRS-1 and Akt. These alterations were
reversed by aspirin treatment, in parallel with an improve-
ment in insulin signalling and sensitivity, as measured by
insulin tolerance test and glucose clamp. Conversely, while
aspirin reversed the increased phosphorylation of IkB
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kinase 3 and c-Jun amino-terminal kinase, as well as IRS-1
serine phosphorylation in diet-induced obese rats and iNos
mice on high-fat diet, these alterations were not associated
with the improvement of insulin action induced by this drug.
Conclusions/interpretation Our data demonstrate that aspi-
rin treatment not only reduces iNOS protein levels, but also
S-nitrosylation of IR[3, IRS-1 and Akt. These changes are
associated with improved insulin resistance and signalling,
suggesting a novel mechanism of insulin sensitisation
evoked by aspirin treatment.

Keywords Aspirin - iNOS - Insulin resistance - Muscle -
S-Nitrosylation

Abreviations

Akt Protein kinase B

HENS HEPES, EDTA, neocuproine and SDS
IKKf IkB kinase {3

iNOS Inducible nitric oxide synthase

IR Insulin receptor

INK c-Jun amino-terminal kinase

L-NAME  N®-nitro-L-arginine methyl ester

NF«kB Nuclear factor kappa B

L-NIL L-N°-(1-iminoethyl)lysine

PPAR Peroxisome proliferator-activated receptor
Introduction

Diet-induced obesity is an experimental model of obesity
and insulin resistance that is associated with a chronic
inflammatory response and characterised by abnormal
cytokine production, increased acute-phase reactants and
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other stress-induced molecules [1]. It is now well estab-
lished that this inflammatory response is associated with the
activation of intra-cellular inflammatory pathways that can
negatively modulate insulin signalling, such as the IkB
kinase 3 (IKK-f)/nuclear factor kappa B (NFkB), c-Jun
amino-terminal kinase (JNK) and inducible nitric oxide
synthase (iNOS) pathways [2—4].

High-dose aspirin treatment improved fasting and post-
prandial hyperglycaemia in patients with type 2 diabetes, as
well as in animal models of insulin resistance associated
with obesity and sepsis [5—7]. This improved insulin
signalling was postulated to be secondary to blockage of
the IKK-[3/NFkB and JNK pathways, which prevent serine
phosphorylation of IRS-1, a well-established mechanism of
insulin resistance [8].

Recently, we and others reported that enhanced iNOS
production is associated with obesity and inflammatory
responses and can negatively modulate insulin signalling
through S-nitrosylation of proteins involved in early steps
of insulin signalling, such as insulin receptor (IR)-f3, IRS-1
and protein kinase B (Akt) [3, 9]. Furthermore, pharmaco-
logical or genetic blockage of iNOS production/activity
ameliorates insulin resistance associated with obesity or
lipopolysaccharide treatment by inhibiting S-nitrosylation
of these proteins [9, 10]. Interestingly, aspirin treatment can
also decrease iNOS production and activity in several cell
lines [11-13], but its effects on iNOS-induced insulin
resistance in the muscle of obese rats has not yet been
investigated.

In this study, we investigated the effects of aspirin
treatment on iNOS-mediated insulin resistance and on
S-nitrosylation of IR-3, IRS-1 and Akt in the muscle of
diet-induced obese rats and also in iNos (also known as
Nos2)”"~ mice on a high-fat diet.

Methods

Materials Antiphosphotyrosine, anti-IR[3, anti-IRS-1, anti-
iNOS, anti-Akt, anti-pser307-IRS-1 and anti-phospho-JNK
antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Anti-p[ser*”*JAkt antibody was from Cell
Signaling Technology (Beverly, MA, USA). Human re-
combinant insulin (Humulin R) was purchased from Eli
Lilly (Indianapolis, IN, USA). Routinely used reagents
were purchased from Sigma (St. Louis, MO), unless
otherwise specified.

Animals Male Wistar rats and C57BL/6 mice were obtained
from the UNICAMP Central Animal Breeding Center
(Campinas, Sao Paulo, Brazil). The iNos-knockout mice
used were C57BL/6-backcrossed iNos™”~ mice (C57BL/6-
Nos2™!™ colony; Jackson Laboratory, Bar Harbor, ME,
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USA). Animals were allowed free access to standard rodent
chow and water. Diet-induced obese animals were obtained
by high-fat diet administration to one group of Wistar rats,
to one group of C57BL/6 mice and to one group of iNos '~
mice. High-fat diet was initiated at 8 weeks of age and
administered for 4 weeks; control animals were of the same
age. The high-fat diet consisted of 55% energy derived
from fat, 29% from carbohydrate and 16% from protein.
Food was withdrawn 6 h before the experiments. The
Ethics Committee of the University of Campinas approved
all experiments involving animals.

Aspirin treatment Aspirin (120 mg kg™ day ') or saline in
equal volumes were given by oral gavage to diet-induced
obese rats or mice for 2 days.

iNOS inhibitor treatment Diet-induced obese rats received
an intraperitoneal injection of the iNOS inhibitor L-N°-
(1-iminoethyl)lysine (L-NIL; 80 mg/kg body weight) or
saline twice daily (every 12 h) for 2 days. This treatment
protocol with L-NIL was adapted from a previously
published procedure [14].

Insulin tolerance test Rats were fasted for 6 h and
submitted to a 30 min insulin tolerance test. Briefly,
1.5 TU/kg insulin was infused intraperitoneally in rats and
glucose was measured at 0 (basal), 5, 10, 15, 20, 25 and
30 min thereafter. The glucose disappearance rate (Kj;) was
calculated from the formula 0.693/¢,,,, where t,,, stands for
time for glucose to reach 50% of the basal value. Glucose
t1» was calculated from the slope of the least square
analysis of blood glucose concentration during the linear
phase of decline [15].

Euglycaemic—hyperinsulinaemic clamp studies After 5 h of
fasting, animals were anaesthetised i.p. with sodium
pentobarbital (50 mg/kg body weight) and catheters were
inserted into the left jugular vein (for tracer infusions) and
carotid artery (for blood sampling), as previously described
[16]. Each animal was monitored for food intake and
weight gain for 5 days after surgery to ensure complete
recovery. Food was removed for 12 h before the beginning
of in vivo studies. A 120 min euglycaemic—hyperinsulinae-
mic clamp procedure was conducted in conscious, unre-
strained, catheterised rats, as shown previously [16], with a
prime continuous infusion of human insulin at a rate of
3.6 mU (kg body weight)' min' to raise the plasma
insulin concentration to approximately 800-900 pmol/l.
Blood samples (20 ul) were collected at 5 min intervals for
the immediate measurement of plasma glucose concentra-
tion; 10% (vol./vol.) unlabelled glucose was infused at
variable rates to maintain plasma glucose at fasting levels
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IR(3, IRS-1 and iNOS immunoprecipitation Anaesthetised
mice were injected intraperitoneally either with saline or
insulin (3.8 U/kg); 90 s later soleus muscles were removed
and homogenised, as described below. Muscle lysates were
incubated with anti-IR3 (0.3 mg/ml), anti-IRS-1 (1:1,000)
or anti-INOS (1:1,000) antibodies for 2 h and then
incubated with protein A sepharose for a further 2 h. Beads
were then washed with TRIS containing 1% (vol./vol.)
Triton X-100 and phosphatase inhibitors, boiled for 5 min
in Laemmli buffer and subjected to western blotting
analysis [17, 18].

Western blot analysis Muscle extracts, immunoprecipitates
or biotinylated nitrosocysteines were subjected to sodium
dodecyl sulphate polyacrylamide electrophoresis and im-
munoblotting was performed as described [17]. Immunore-
active bands were detected by the enhanced
chemiluminescense method (RPN 2108; Amersham Bio-
sciences - Sweden).

Detection of S-nitrosated proteins by biotin switch method The
biotin switch assay was performed essentially as previously
described [19, 20]. Muscle tissue was extracted and
homogenised in extraction buffer (250 mmol/l HEPES,
pH 7.7, 1 mmol/l EDTA, 0.1 mmol/l neocuproine). After
centrifugation at 9,000xg for 20 min, insoluble material
was removed, extracts were adjusted to a concentration of
0.5 mg/ml protein and equal amounts were blocked with
four volumes of blocking buffer (225 mmol/l HEPES, pH
7.7, 0.9 mmol/l neocuproine, 2.5% (vol./vol.) SDS and
20 mmol/l methyl-methanethiosulfonate [MMTS]) at 50°C
for 30 min while being agitated. After blocking, extracts
were precipitated with two volumes of cold acetone (—20°C),
chilled at —20°C for 10 min, centrifuged at 2,000xg and 4°C
for 5 min, washed with acetone, dried and finally resus-
pended in 0.1 ml HENS buffer (250 mmol/l HEPES,
pH 7.7, 1 mmol/l EDTA, 0.1 mmol/l neocuproine and 1%
(vol./vol.) SDS) per mg of protein. Until this point, all
operations were carried out in the dark. A one-third volume of
N-(6-(ciotinamido)hexyl)-3'-(2"-pyridyldithio)-propionamide
(biotin-HPDP) 4 mmol/l and 2.5 mmol/l ascorbic acid was
added, followed by incubation for 1 h at room temperature.
Proteins were acetone-precipitated again and re-suspended in
the same volume of HENS buffer.

For purification of biotinylated proteins, samples from
the biotin switch assay were diluted with two volumes of
neutralisation buffer (20 mmol/l HEPES, pH 7.7,
100 mmol/l NaCl, 1 mmol/l EDTA and 0.5% (vol./vol.)
Triton X-100) and 15 pl of neutravidin—agarose/mg of
protein in the initial extract were added, followed by
incubation for 1 h at room temperature while being
agitated. Beads were washed five times with washing
buffer (20 mmol/l HEPES, pH 7.7, 600 mmol/l NaCl,

1 mmol/l EDTA and 0.5% Triton X-100) and incubated for
20 min at 37°C with elution buffer (20 mmol/l HEPES, pH
7.7, 100 mmol/l NaCl, 1 mmol/l EDTA and 100 mmol/l 2-
mercaptoethanol) with gentle stirring. Supernatant fractions
were collected, Laemmli buffer was added and proteins
were separated by SDS-PAGE. Immunoblotting was per-
formed as described above [19, 20].

Primary rat skeletal muscle cell isolation and culture Male
Wistar rats (90 g) were killed by cervical dislocation. The
hindlimbs were quickly removed and used to prepare
muscle cell culture, as described, previously [21]. The cells
were cultured for the first 2 days in primary growth
medium containing DMEM with 20% (vol./vol.) fetal calf
serum and, thereafter, in fusion medium containing DMEM
with 10% (vol./vol.) horse serum.

Salicylate treatment The skeletal muscle cell cultures were
divided in two different groups: control and salicylate
(5 mmol/l). The cells were then incubated in DMEM
containing all of the treatment substances described above.

Nitric oxide synthase activity assay After 24 h, the cells
were scraped off and homogenised in TRIS buffer
(50 mmol/l, pH 7.4) containing I-citrulline (1 mmol/l),
EDTA (0.1 mmol/l), dithiothreitol (1 mmol/l), leupeptin
(10 pg/ml), soyabean trypsin inhibitor (10 pg/ml), aprotinin
(2 ng/ml) and phenyl methyl sulfonyl fluoride (1 mmol/l).
Homogenates were centrifuged (1,000xg) for 10 min and
the supernatant fractions were passed over an ionic form,
hydrogen, dry mesh column (Dowex 50WX8-200, 100—
200; Dow Chemical, St Louis, MO, USA) to remove
endogenous arginine. The samples (50 pl) were incubated
in a modified TRIS buffer (50 mmol/l, pH 7.4) containing
EGTA (1 mmol/l), flavin adenine dinucleotide (10 pwmol/1),
NADPH (1 mmol/l), BH4 (100 pumol/l) and 10 pwmol/1 1-
arginine containing 100,000 cpm of L-[2,3,4,5-*H]arginine
monohydrochloride (Amersham), previously equilibrated
for 5 min at 37°C in a final volume of 100 ul. Pharmaco-
logical controls of enzymatic activity were performed in
parallel and consisted of N“-nitro-L-arginine methyl ester
(L-NAME) addition (1 mmol/l) to the incubation medium.
After 15 min, the reaction was stopped by adding 1 ml ice-
cold buffer (pH 5.4) containing HEPES (20 mmol/l) and
EDTA (1 mmol/l), followed by vortex mixing. The samples
were then applied to a 0.6 ml Dowex 50WX8-200, pre-
equilibrated with the stopping buffer. L-[2,3,4,5-*H]Citrul-
line was eluted and washed with 1 ml stopping buffer and
radioactivity was determined by liquid scintillation count-
ing. All measurements were made in duplicate. Protein
concentrations were determined according to the method of
Bradford [22] and the activity was expressed as pmol L-
citrulline (mg protein) ' min~'. The values were corrected
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for the amount of L-[2,3,4,5-°H]-citrulline found in the
presence of L-NAME (1 mmol/l), which was added
exogenously [23].

Statistical analysis The results of blots are presented as
direct comparisons of bands or dots in autoradiographs and
were quantified by densitometry using Scion Image
software (ScionCorp, Fredrick, MD, USA). Data were
analysed by two-tailed unpaired Student’s ¢ test or by
repeated measures ANOVA (one- or two-way ANOVA),
followed by post hoc analysis of significance (Bonferroni’s
test) when appropriate, comparing experimental and control
groups. The level of significance was set at p<0.05.

Results

Effect of aspirin on insulin sensitivity and signalling and
cytokine production The animals receiving the high-fat diet
(diet-induced obese rats) had higher food intake, a pattern
not affected by administration of aspirin or L-NIL (Fig. 1a).
As expected, these animals had an increase in body weight;
however, treatment with aspirin or aspirin with L-NIL for
2 days did not change body weight compared with
respective controls (Fig. 1b). Fasting insulin levels were
higher in animals on the high-fat diet and were not changed
by treatment with aspirin or aspirin plus L-NIL (Fig. lc).
Plasma glucose did not change significantly in any group of
animals (Fig. 1d); however, insulin sensitivity, as deter-
mined by the glucose disappearance rate (Fig. le) or
glucose clamp (Fig. 1f), was decreased in high-fat fed rats
and showed an improvement after aspirin treatment.

Effect of aspirin on insulin signalling in diet-induced obese
rats An 80% reduction was observed in insulin-induced
tyrosine phosphorylation of IRf3, as well as a 70% reduc-
tion in IRS-1 tyrosine phosphorylation, a 70% reduction in
IRS-1 protein levels and an 80% reduction in Akt serine
phosphorylation in muscle of diet-induced obese rats.
These reductions were all reversed by aspirin treatment
(Fig. 2a—d).

Effect of aspirin treatment on iNOS production/activity and
S-nitrosylation of IRG/IRS-1 and Akt in muscle of diet-
induced obese rats Inducible nitric oxide protein levels
increased in the muscle of diet-induced obese rats, but
the increase was blunted following aspirin treatment in
the same animal group (Fig. 3a). We also investigated
whether salicylate was able to modulate iNOS activity in
cultured muscle cells of control rats. Results showed that
salicylate treatment for 2 h reduced iNOS activity by
~50% (Fig. 3b).
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Fig. 1 Effect of aspirin on metabolic variables in diet-induced obese
(DIO) rats. a Food intake (per 24 h), (b) body weight change, (¢)
fasting insulin and (d) fasting glucose during 2 days after aspirin
(AAS) and/or L-NIL administration. Insulin sensitivity, as determined
by (e) glucose disappearance rate (Kj,) or (f) euglycaemic—hyper-
insulinaemic clamp. Bars represent mean = SEM from six to eight
rats. ¥p<0.05 vs control group; Tp<0.05 vs diet-induced obesity rats.
C, control

The enhanced iNOS production in high-fat fed rats was
associated with an increase in S-nitrosylation of IR 3, IRS-1
and Akt. These increases were also reversed by aspirin
treatment (Fig. 3c—e).

Effect of aspirin treatment on serine phosphorylaton of IRS-
1 and JNK in the muscle of diet-induced obese rats In-
creased JNK and IKK[3 phosphorylation was observed in
the muscle of diet-induced obese rats, accompanied by an
increase in IRS-1 serine phosphorylation. After aspirin
treatment there was a reduction in JNK and IKK[]3
phosphorylation, as well as in IRS-1 serine phosphorylation
(Fig. 4a—c).

Effect of aspirin and L-NIL on Akt phosphorylation and on
S-nitrosylation of IRS-1 and Akt in muscle of diet-induced
obese rats To show that aspirin attenuates insulin resistance
in the muscle of diet-induced obese rats through the
inhibition of S-nitrosylation of early steps of insulin action,
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Fig. 2 Effect of aspirin treatment on insulin signalling. Insulin-induced
tyrosine phosphorylation (immunoblotting pY) of (a) immunoprecipi-
tated IR} and (b) IRS-1 in the muscle of control (C), diet-induced
obese (DIO) and DIO rats after aspirin (AAS) treatment. ¢ Protein
levels in immunoblots (IB) of IRS-1 and (d) insulin-induced serine
phosphorylation of Akt in the muscle of control, DIO and DIO rats
after AAS treatment. Representative blots (a—d) are from experiments
that were repeated independently, with similar results. a-Tubulin was
used in immunoblotting as protein control. Bars represent quantifica-
tion of blots as mean + SEM from six to eight rats. *p<0.05 vs control
group; p<0.05 vs DIO rats

we also investigated the effect of the iNOS inhibitor, L-NIL,
either alone or in combination with aspirin, on insulin
sensitivity, insulin signalling and S-nitrosylation of IRS-1
and Akt. Administration of L-NIL for 2 days resulted in
improved insulin sensitivity, as demonstrated by an increase
in glucose disappearance rate during the insulin tolerance
test and also by an increase in glucose infusion rate during
the glucose clamp. When L-NIL was added to aspirin, no
further increase in insulin sensitivity was detected by either
test (Fig. 5a, b). Insulin-induced Akt phosphorylation,
which was decreased in diet-induced obese rats, showed a
similar improvement after treatment with aspirin or L-NIL,
both of which did not show any additional effect (Fig. 5c¢).
S-nitrosylation of IRS-1 and Akt, which were increased in
diet-induced obese rats, was similarly decreased after
aspirin and/or L-NIL treatment (Fig. 5d, e).

Effect of aspirin treatment on Akt phosphorylation and S-
nitrosylation of IRS-1 and Akt in muscle of iNos '~ mice on
high-fat diet To investigate whether the effects of aspirin,
associated with an inhibitor of iINOS, would also be

reproduced in an iNos knockout animal, we investigated
the effect of aspirin on insulin sensitivity and insulin
signalling in muscle of iNos /" mice on a high-fat diet.

Insulin sensitivity was determined using the glucose
disappearance rate, which shows a good correlation with
the gold standard glucose clamp, as previously described
[15] and as also confirmed in this study with rats. As
expected, control mice on a high-fat diet showed reduced
insulin sensitivity (Fig. 6a). Interestingly, iNos ’~ mice had
higher insulin sensitivity than controls. When these animals
were fed a high-fat diet for 2 months, they had a mild, but
significant decrease in insulin sensitivity, as demonstrated
by reduced glucose disappearance rate, when compared
with control iNos " mice, but not when compared with
wild-type mice on standard rodent chow. The treatment
with aspirin showed no improvement in insulin sensitivity
in iNos™~ mice on a high-fat diet (Fig. 6a).

Insulin-induced Akt activation was moderately de-
creased in control animals, but only mildly decreased in
iNos™~ mice on a high-fat diet; these alterations were
reversed with aspirin treatment (Fig. 6b). As expected, there
was an increase in S-nitrosylation of IRS-1 and Akt in the
muscle of control mice on a high-fat diet, the increase being
reversed by aspirin. However, we did not observe S-
nitrosylation of IRS-1 or Akt in the muscle of iNos
mice on a high-fat diet (Fig. 6¢c, d).

As demonstrated in the muscle of rats on a high-fat diet,
JNK and IKK 3 phosphorylation increased in the muscle of
control mice on a high-fat diet, accompanied by an increase
in IRS-1 serine phosphorylation that was reversed by
aspirin treatment (Fig. 6e—g). JNK and IKKf3 phosphory-
lation were slightly increased, in parallel with an increase in
IRS-1 serine phosphorylation, in the muscle of iNos
mice on a high-fat diet; these alterations were reversed by
aspirin treatment (Fig. 6e—g).

Discussion

The glucose-lowering effects of aspirin, observed decades
ago in patients with diabetes, are complex, possibly tissue-
specific and probably not related to the inhibition by aspirin
of cyclo-oxygenase enzymes [8]. Recently, new effects of
aspirin have been described. Thus aspirin can directly
inhibit IKKf(, downregulating inflammatory signalling
through NF-kB in this pathway, which is implicated in
developing insulin resistance [7]. Gene- and diet-induced
obesity are associated with enhanced IKK (3 activity in liver,
which may induce serine phosphorylation of IRS-1,
preventing its tyrosine phosphorylation by insulin [8, 24].
However, in muscle, data on the importance of IKKf3
activation in the development of insulin resistance remain
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Fig. 3 Effects of aspirin on iNOS content/activity and S-nitrosylation
of IRB/IRS-1 and Akt in the muscle of diet-induced obesity (DIO)
rats. a iNOS protein levels in immunoblots of gastrocnemius muscle
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not with salicylate (5 mmol/l), as described in Methods. ¢ The biotin
switch method was performed to detect S-nitrosylation of IRf3, (d)

conflicting [25]. Another mechanism by which aspirin
could prevent insulin resistance induced by obesity is
through inhibition of JNK, another serine kinase associated
with serine-phosphorylation of IRS-1 and therefore with
insulin resistance. This mechanism has been described in
HEK293 cells and observed in the muscle of septic and
growth hormone-treated rats [5, 26, 27].

IRS-1 and (e) Akt in the muscle of control, DIO and DIO+AAS.
Representative blots (a, c—e) are from experiments that were repeated
independently, with similar results. «-Tubulin was used in immuno-
blotting as protein control. Bars represent quantification of blots as
mean = SEM of six to eight rats. *p<0.05 vs control group;
p<0.05 vs DIO rats

Our data show that, in the muscle of diet-induced obese
rats and mice, aspirin was able to reduce IKKf3 and JNK
phosphorylation, and also IRS-1 serine phosphorylation.
However, two results from our study suggest that these
alterations were not crucial to the improvement in insulin
action induced by aspirin. First, in diet-induced obese rats
the effect of L-NIL, an inhibitor of iNOS, on insulin
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Fig. 4 Effect of aspirin on JNK, IKK and IRS-1 serine phosphor-
ylaton in the muscle of diet-induced obesity (DIO) rats. Representative
immunoblots blots show (a) INK and (b) IKKf{ serine phosphoryla-
tion. ¢ Ratio of IRS-1 serine phosphorylation/IRS-1 protein content
ratio in the muscle of control (C), DIO and DIO rats after aspirin
(AAS) administration, as shown by immunoblots and quantified in bar
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graph. Representative blots (a—c) are from experiments that were
repeated independently, with similar results. «-Tubulin was used in
immunoblotting as protein control. Bars represent quantification of
blots as mean + SEM of six to eight rats. *»p<0.05 vs control group;
p<0.05 vs DIO rats
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Fig. 5 Effects of aspirin and/or L-NIL treatment on Akt phosphoryla-
tion and S-nitrosylation of IRS-1 and Akt in muscle of diet-induced
obesity (DIO) rats. a Glucose disappearance rate and (b) euglycaemic—
hyperinsulinaemic clamp were determined 2 days after L-NIL and L-
NIL plus aspirin (AAS) administration in DIO rats. ¢ Representative
immunoblots and quantification by bar graph of insulin-induced Akt
serine phosphorylation in the muscle of controls (C), DIO rats and DIO

sensitivity was not synergised by aspirin treatment. Second,
in iNos™"~ mice on a high-fat diet, we saw an increase in
IKKf3 and JNK phosphorylation, as well as in IRS-1 serine
phosphorylation. These increases were associated with only
a mild reduction in insulin sensitivity, which was not
reversed by aspirin treatment. These data suggest that,
although aspirin reverses the increased IKK( and JNK
phosphorylation, as well as increased IRS-1 serine phos-
phorylation observed in diet-induced obese rats or in iNos
mice on a high-fat diet, these alterations have no parallel with
the improvement in insulin action induced by this drug
in muscle.

Insulin sensitivity was increased in iNos ~~ mice, in
parallel to an increase in insulin-induced Akt phosphoryla-
tion, suggesting that mechanisms related to iNOS may have
a role in the control of physiological insulin sensitivity and
not only in situations related to insulin resistance. When
these mice were fed a high-fat diet for 2 months, they had a
mild reduction in insulin sensitivity; however, the glucose
disappearance rate under this diet was similar to that of
wild-type mice on control rodent chow. As described
above, in iNos " mice on a high-fat diet, aspirin did not
improve insulin sensitivity, despite its improvement of
insulin-induced Akt phosphorylation. These data suggest
that minor changes in insulin signalling may have no
influence on insulin sensitivity.

rats 2 days after AAS, L-NIL or AAS plus L-NIL. d S-nitrosylation of
IRS-1 and (e) Akt in the muscle after treatment as above (c).
Representative blots (c—e) are from experiments that were repeated
independently, with similar results. Bars represent quantification of
blots as mean + SEM of six to eight rats. *p<0.05 vs control group; 'p
<0.05 vs DIO rats

Although we did not investigate whether aspirin could
attenuate insulin resistance in the liver of these obese
animals, a previous report [28] has shown that iNOS
content was enhanced in the liver of ob/ob mice, an
enhancement associated with reduced protein levels of
IRS-1 and IRS-2, which was prevented by iNOS blockage
with L-NIL. This finding demonstrates that iNOS plays a
role in fasting hyperglycaemia and contributes to hepatic
insulin resistance in ob/ob mice. The effect of high-fat diet
on fasting glucose levels was only modest in our model,
and probably the importance of hepatic insulin resistance
was only mild. In more prolonged high-fat diet treatment
these effects of iNOS on hepatic insulin resistance would
probably be more evident [28].

Several reports have shown that salicylates or aspirin
inhibit the production of iNOS induced by cytokines in
different cell types and suggest that one of the therapeutic
actions of these drugs could be mediated by a reduction in
iNOS content and nitric oxide production [11, 13]. This
reduction in iNOS protein levels may be secondary to a
decrease in NFkB activation [29]; however, a limitation of
our study was that we did not directly measure NFkB
activity in these experiments. Aspirin can also directly
inhibit iNOS enzymatic activity, although some questions
remain as to whether this occurs at therapeutic concen-
trations [12]. Our data show that aspirin reduced iNOS
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Fig. 6 Effect of aspirin on insulin sensitivity, Akt phosphorylation and
S-nitrosylation of IRS-1 and Akt in muscle of iNos ™ mice on a high-
fat diet. a Glucose disappearance rate in control and iNos knockout mice
at 2 days after aspirin (AAS) administration. b Representative
immunoblots blots, quantified as bar graphs, of insulin-induced Akt
serine phosphorylation and (¢, d) of S-nitrosylation of IRS-1 and Akt
respectively in the muscle of control (C) and iNOS knockout mice

activity in cultured muscle cells and also reduced iNOS
content in muscle of diet-induced obese rats. These data
suggest that aspirin has a direct effect on muscle, reducing
iNOS activity.

Recently, we demonstrated that iNOS induction in the
muscle of diet-induced obese rats, ob/ob mice and
lipopolysaccharide-treated mice is associated with en-
hanced nitric oxide production and enhanced S-nitrosyla-
tion of IR, IRS-1 and Akt [9, 10]. S-nitrosylation of IR3
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2 days after AAS administration. e JNK, (f) IKKf3 and (g) IRS-1 serine
phosphorylation in the muscle of animals treated as above (c, d)
Representative blots (b—g) are from experiments that were repeated
independently, with similar results. Bars represent quantification of blots
as mean £ SEM of six to eight mice. *»p<0.05 vs control mice;
Tp<o.§)5 vs DIO mice; ¥p<0.05 vs DIO iNos *; $p<0.05 vs control
iNos

and Akt was associated with reductions in their kinase
activities, leading to downregulation of the IR 3/IRS-1/PI 3-
kinase/Akt pathway [9, 30]. Mutated Akt1(C224S), in
which cysteine 224 is substituted by serine, is resistant to
nitric oxide donor-induced S-nitrosylation and inactivation,
indicating that cysteine 224 is a major S-nitrosylation
acceptor site. In vitro denitrosylation with reducing agent
reactivated cellular Akt from nitric oxide donor-treated
cells. In combination, these data demonstrated that S-
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nitrosylation of Akt is a specific post-translational modifi-
cation that regulates its activity [30]. S-nitrosylation of IRS-
1 is associated with its reduced protein levels in muscle,
which may be secondary to degradation via the ubiquitin—
proteasome system [9, 14]. Since the IR{/IRS-1/Akt
pathway plays a central role in metabolic actions of insulin
in muscle, including stimulation of glucose uptake and
glycogen synthesis, downregulation of this pathway in
muscle by S-nitrosylation may be an important mechanism
of iNOS-induced insulin resistance. The results of the
present study reinforce the above data and show that, in
iNos~’~ mice on a high-fat diet, only a mild alteration in
insulin sensitivity is observed. In addition, in these mice,
while aspirin reduced IKK{, JNK and IRS-1 serine
phosphorylation, it did not improve insulin sensitivity.
Similar results were observed in diet-induced obese rats
treated with an iNOS inhibitor and aspirin. These data
suggest that iNOS-induced insulin resistance is an impor-
tant mechanism that modulates insulin sensitivity and that
probably the beneficial effect of aspirin in insulin resistance
is related to a reduction of iNOS protein levels and S-
nitrosylation of IR[3, IRS-1 and Akt.

Insulin resistance is certainly a metabolic situation
related to several mechanisms that act in parallel to
downregulate insulin signalling. Our data reinforce the
hypothesis that: (1) multiple mechanisms are involved in
insulin resistance in diet-induced obese rats and mice; but
that (2) iNOS-induced insulin resistance is an important
mechanism modulating insulin signalling and insulin
sensitivity in parallel; and (3) aspirin is able to improve
this mechanism.

Recently, Dallaire and colleagues investigated whether
targeted disruption of iNOS modulates the metabolic effect
of rosiglitazone in obese mice [31]. Their results demon-
strated that the iNOS/nitric oxide pathway is a critical
modulator of peroxisome proliferator-activated receptor
(PPAR)-y activation and that invalidation of this pathway
improves the efficacy of PPAR-y agonism in an animal
model of obesity and insulin resistance.

Taken together, our data show that aspirin treatment not
only reduced iNOS protein levels, but also S-nitrosylation
of IR, IRS-1 and Akt, which was related to improvements
in insulin-induced tyrosine phosphorylation of IR{3 and
IRS-1, and serine phosphorylation of Akt. This suggests a
novel mechanism of insulin sensitisation, evoked by aspirin
treatment. These findings also suggest that inhibition of
iNOS might be a major mediator of the insulin-sensitising
effects of IKKf3 inhibition.

Recently, in a double-masked, placebo-controlled trial,
20 obese non-diabetic adults were evaluated at baseline and
after 1 month of salsalate treatment, a non-acetylated
salicylate but with a lower bleeding risk. This proof-of-
principle study demonstrates that salsalate reduces glycae-

mia and may improve inflammatory cardiovascular risk
indexes in overweight individuals [32]. In addition, aspirin
treatment improved glycaemic control of diabetic patients,
in parallel with reductions in inflammatory response,
including reduced levels of serum nitrite, which at least in
part may be secondary to reduced iNOS activation [33].
These new concepts are important for an understanding of
how anti-inflammatory drugs attenuate insulin resistance,
since direct therapeutic targets may be identified.
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Abstract

Aim: TRB3 became of major interest in diabetes research when it was shown
to interact with and inhibit the activity of Akt. Conversely, physical exercise
has been linked to improved glucose homeostasis. Thus, the current study
was designed to investigate the effects of acute exercise on TRB3 expression
and whole body insulin sensitivity in obese diabetic mice.

Methods: Male leptin-deficient (ob/ob) mice swam for two 3-h-long bouts,
separated by a 45-min rest period. After the second bout of exercise, food
was withdrawn 6 h before antibody analysis. Eight hours after the exercise
protocol, the mice were submitted to an insulin tolerance test (ITT).
Gastrocnemius muscle samples were evaluated for insulin receptor (IR) and
IRS-1 tyrosine phosphorylation, Akt serine phosphorylation, TRB3/Akt
association and membrane GLUT4 expression.

Results: Western blot analysis showed that TRB3 expression was reduced in
the gastrocnemius of leptin-deficient (ob/ob) mice submitted to exercise when
compared with respective ob/ob mice at rest. In parallel, there was an increase
in the insulin-signalling pathway in skeletal muscle from leptin-deficient mice
after exercise. Furthermore, the GLUT4 membrane expression was increased
in the muscle after the exercise protocol. Finally, a single session of exercise
improved the glucose disappearance (Kyrr) rate in ob/ob mice.

Conclusion: Our results demonstrate that acute exercise reverses TRB3
expression and insulin signalling restoration in muscle. Thus, these results
provide new insights into the mechanism by which physical activity ame-
liorates whole body insulin sensitivity in type 2 diabetes.

Keywords  exercise, GLUT4 translocation, insulin, insulin sensitivity,
muscle, TRB3 expression.

Physical exercise is known to be essential in the acute regulation of glucose homeostasis. The finding
treatment of type 2 diabetes. Both the acute and that rates of glucose uptake in hindquarter skeletal

persistent effects of exercise on glucose uptake and muscle are elevated for several hours after exercise in

disposal have important implications for individuals the presence, but not in the absence of insulin, supports
with diabetes in terms of chronic metabolic control and this hypothesis (Garetto et al. 1984). Although some

© 2009 The Authors
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studies suggest that the persistent increase in glucose
uptake post-exercise requires the presence of insulin
(Young et al. 1987, Wallberg-Henriksson et al. 1988),
the molecular signalling pathways that lead to the
stimulation of glucose uptake in skeletal muscle or other
cell types have not been completely elucidated.

Insulin receptor (IR) is a protein with endogenous
tyrosine kinase activity that, following activation by
insulin, undergoes rapid autophosphorylation and
subsequently  phosphorylates intracellular  protein
substrates, including IRS-1 and IRS-2 (Cheathan &
Kahn 1995). IRS proteins act as messenger molecule-
activated receptors to signalling by Src homology 2
domains, which are important steps in insulin action.
After stimulation by insulin, IRS-1 and -2 associate
with several proteins, including phosphatidylinositol
3-kinase (PI 3-K) (Folli et al. 1992, Saad et al. 1993,
White & Kahn 1994). Downstream to PI 3-K, the serine
threonine kinase, Akt, is activated and plays a pivotal
role in the regulation of various biological processes,
including apoptosis, proliferation, differentiation and
intermediary metabolism (Downward 1998, Chen et al.
2001). The protein kinase Akt functions both in the
control of cell proliferation and as a critical node in
insulin signalling, appearing to mediate most of the
metabolic effects of insulin (Tanaguchi et al. 2006). Akt
308 within the
T loop of the catalytic domain and Ser*”?, located in a
C-terminal, non-catalytic region of the enzyme (Alessi
et al. 1996).

TRB3, a mammalian homolog of Drosophila trib-
bles, has been proposed to be a suppressor of Akt

is activated by phosphorylation of Thr

activity, predominantly in conditions of fasting and
diabetes (Du et al. 2003). This protein is emerging as
an important player in the regulation of insulin
signalling, as it can bind directly to Ser/Thr protein
kinase Akt, the major downstream kinase of insulin
signalling. TRB3 binds the kinase domain of Akt in the
activation loop and inhibits phosphorylation of Akt at,
Thr?%® and Ser*”?, the critical events for Akt activa-
tion, induced by growth factors and insulin (Du e al.
2003). In addition, overexpression of TRB3 decreases,
and knockdown of TRB3 expression increases Akt
activation by insulin in the liver and muscle (Koo et al.
2004, Matsushima et al. 2006, Hegedus et al. 2007).
Correspondingly, knockdown of TRB3 expression by
shRNA in mouse diabetic liver increases insulin sensi-
tivity. Conversely, increased TRB3 expression via
adenoviral transfer in the normal liver leads to
decreased insulin sensitivity and glucose intolerance.
Furthermore, overexpression of TRB3 in C2C12 myo-
blasts results in blunted insulin-stimulated Akt phos-
phorylation, demonstrating that TRB3 inhibits insulin-
stimulated Akt phosphorylation in skeletal muscle
cells. In skeletal muscle, the phosphorylation of Akt-

Acta Physiol 2010, 198, 61-69

induced insulin-increased glucose transport is mediated
by translocation of glucose transporter isoform 4
(GLUT4) from an intracellular pool to the plasma
membrane.

The molecular mechanism for enhanced insulin sen-
sitivity following exercise training may be partly related
to the increased expression and activity of key proteins
known to regulate glucose metabolism in skeletal
muscle (Chibalin et al. 2000, Aoi et al. 2004, Ropelle
et al. 2006). However, the molecular basis underlying
the effects of exercise on muscle TRB3 expression
remains unclear. Thus, the current study was designed
to investigate the effects of acute exercise on TRB3
expression and whole body insulin sensitivity in obese
diabetic mice.

Methods

Animals

Male leptin-deficient (ob/ob) and lean control mice,
originally imported from the Jackson Laboratories (Bar
Harbor, ME, USA), were used in all of the experiments,
in accordance with the guidelines of the Brazilian
College for Animal Experimentation (COBEA). The
ethics committee of the State University of Campinas
approved the experiments. Room temperature was
maintained stable (28 4 1 °C) and mice were housed
in individual cages, subjected to a standard light-dark
cycle (06:00 hours to 18:00 hours/06:00 hours to
18:00 hours), and provided with standard rodent chow
and water ad libitum. Six mice (n = 7) were used per
group: lean group (control group), sedentary leptin-
deficient mice (ob/ob group), and exercised ob/ob mice
(Exer group).

Exercise protocol

The swimming protocol was employed as described
previously (Ryder et al. 1999), with minor modifica-
tions. Adult mice were acclimatized to swimming for
10 min for 2 days. Seven animals swam together in
plastic containers measuring 45 cm in diameter. Water
temperature was maintained at 32-33 °C. Mice swam
for four 30-min periods, with 5-min rest periods for a
total swimming time of 2 h. After acute exercise, mice
were fed ad libitum and food was withdrawn 6 h before
tissue extraction. With the exception of swimming,
leptin-deficient mice (ob/ob group) were submitted to
the same procedures. Eight hours after the exercise
protocol or rest, the mice were anaesthetized with an
intraperitoneal (i.p.) injection of sodium thiopental
(40 mg kg™ body weight) and gastrocnemius muscle
collected. Following the experimental procedures, the
killed under (thiopental

mice were anaesthesia

© 2009 The Authors
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200 mg kg™!) following the recommendations of the
NIH publication no. 85-23.

Fasting glucose, insulin tolerance test (ITT), serum insulin
quantification and glycogen content

After the exercise protocol, the mice were submitted to an
ITT (1.5 U kg™! body weight of insulin) after 6 h of
fasting. Briefly, 1.5 U kg™' of human recombinant
insulin (Humulin R) from Eli Lilly (Indianapolis, IN,
USA) was infused intraperitoneally to anaesthetized
mice; the blood samples were collected at 0, 5, 10, 15,
20, 25 and 30 min from the tail for serum glucose
determination. The rate constant for plasma glucose
disappearance (Kyrr) was calculated using the formula
0.693/biological half-life (¢1,,). The plasma glucose #/,
was calculated from the slope of the last square analysis of
the plasma glucose concentration during the linear phase
of decline (Bonora ef al. 1989). Plasma glucose was
determined using a glucosemeter (Advantage; Boehringer
Mannheim, Irvine, CA, USA). Plasma was separated by
centrifugation (1100 g) for 15 min at 4 °C and stored at
—80 °C until assay. Radioimmunoassay (RIA) was
employed to measure serum insulin, according to a
previous description (Scott et al. 1981). Glycogen con-
tent in gastrocnemius was measured according to a
previously described method (Pimenta et al. 1989).

Protein analysis by immunoblotting

As soon as anaesthesia was assured by the loss of
pedal and corneal reflexes, the abdominal cavity was
opened, the cava vein exposed, and 0.2 mL of normal
saline (=) or insulin (107® mol L™") (+) were injected.
After insulin injection, portions of gastrocnemius were
excised. The tissues were pooled, minced coarsely and
homogenized immediately in extraction buffer (mm)
(1% Triton-X 100, 100 Tris, pH 7.4, containing 100
sodium pyrophosphate, 100 sodium fluoride, 10
EDTA, 10 sodium vanadate, 2 PMSF and 0.1 mg of
aprotinin mL™!) at 4 °C with a Polytron PTA 20S
generator (model PT 10/35; Brinkmann Instruments,
Westbury, NY, USA) operated at maximum speed for
30 s. The extracts were centrifuged at 9000 g and
4 °C in a Beckman 70.1 Ti rotor (Palo Alto, CA,
USA) for 40 min to remove insoluble material, and
the supernatants of these tissues were used for protein
quantification, using the Bradford method (Bradford
1976). Proteins were denatured by boiling in Laemmli
(Laemmli 1970) sample buffer containing 100 mm
DTT, run on SDS-PAGE and transferred to nitrocel-
lulose membranes. Membranes were blocked, probed
and developed, as described previously (De Souza
et al. 2008). The IR and IRS-1 were immunoprecip-
itated from mice muscle with or without previous

© 2009 The Authors
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insulin infusion in the cava vein. Antibodies used for
immunoblotting were anti-phosphotyrosine, anti-IR,
anti-IRS-1 (Upstate Biotechnology, Lake Placid, NY,
USA), anti-phospho-Akt Ser[473], anti-Akt, anti
GLUT4, anti-B-actin and anti-TRB3 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Chemilumines-
cent detection was performed with horseradish per-
oxidase-conjugated  secondary antibodies.  Band
intensities were quantified by optical desitometry
(Scion Image software; ScionCorp, Frederick, MD,
USA) of the developed autoradiographs.

Plasma membrane GLUT4 determination

To characterize the plasma membrane, a GLUT4
expression protocol was employed, as described previ-
ously by others (Klip ef al. 1987, Douen et al. 1989,
Lavoie et al. 1996). Gastrocnemius muscle from mice
injected with saline (=) or with insulin (+) (0.2 mL,
107° M, tissue obtained 15 min after insulin injection,
cava vein). The muscles (25 g) were then minced and
homogenized for 5s with a Polytron in buffer A
(10 mm NaHCO3, 0.25 M sucrose, S mm NaNj, pH
7.0) at 4 °C. The homogenate was then centrifuged at
1200 g for 10 min at 4 °C. The supernatant was saved,
and the pellet was resuspended, homogenized and
centrifuged again at 1200 g for 10 min. The two
supernatants were then combined and centrifuged at
9000 g for 10 min at 4 °C and the resulting supernatant
was centrifuged at 190 000 g for 60 min at 4 °C. The
pellet (crude membranes) was then resuspended in 7 mL
of 38% sucrose (w/v) and 5 mL each of 25%, 30% and
35% sucrose solutions were layered over the top. The
30% sucrose layer was adjusted to 7 mL in order to
minimize plasma membrane contamination with intra-
cellular membranes. The gradient was centrifuged at
150 000 g for 16 h. Membranes from the gradient were
then collected (on 25% sucrose plasma membranes),
diluted with homogenization buffer and centrifuged
again at 190 000 g for 60 min. The resulting pellets
were resuspended in the extraction buffer (as described
above in immunoblotting methods), and total mem-
brane protein content was determined by Bradford
methods; aliquots (100 ug of protein) were subjected to
SDS-PAGE and Western blotting with anti-GLUT4
antibodies.

Statistics

The results were expressed as means + SEM. Differ-
ences between the lean groups and ob/ob mice at rest
and after the exercise protocol were evaluated using
one-way analysis of variance (ANovAa). When aNova
indicated significance, a Bonferroni post hoc test was
performed.
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Results

Physiological and metabolic parameters

Table 1 shows comparative data regarding lean con-
trols, leptin-deficient (ob/ob) mice at rest and after acute
exercise (Exer group). The ob/ob mice at rest have a
greater body weight, epididymal fat, fasting serum
insulin and fasting glucose than age-matched controls
(lean). No significant variations were found in body
weight, epididymal fat and fasting serum insulin of
ob/ob mice after acute exercise when compared with
those of diabetic mice at rest. However, fasting glucose
was reduced (66%) in ob/ob mice at 8 h after the
exercise protocol (Exer group). Although the acute
exercise protocol used has been established previously
(Ryder et al. 1999, Yang et al. 2002, Lima et al. 2009),
we evaluated the AMP-activated protein kinase
(AMPK) and acetyl-CoA carboxylase (ACC) phosphor-
ylation for certification of its efficiency. AMPK and
ACC phosphorylation was found to be increased in
mice ob/ob submitted to acute exercise (46 + 5%,
P < 0.05 and 62 £+ 7%, P < 0.01 respectively) when
compared with mice at rest.

Acute exercise improves insulin signalling in the muscle of
ob/ob mice.

The effects of in vivo i.v. insulin injection on IR and
IRS-1 tyrosine phosphorylation and Akt serine phos-
phorylation were examined in the muscle of lean, ob/ob
and Exer animals. The muscle protein was immunopre-
cipitated with anti-IR antibody and then blotted with
anti-phosphotyrosine antibody. Insulin induced a 3.3-
fold increase in IR tyrosine phosphorylation in the
muscle of lean mice when compared with saline
injection (Fig. 1a). In ob/ob mice at rest, IR tyrosine
phosphorylation was reduced after insulin injection by
2.3-fold when compared with respective lean mice
(Fig. 1a). In the muscle of Exer group mice, IR
phosphorylation increased by 1.9-fold, compared with
the respective ob/ob group at rest (Fig. 1a). There was
no difference in basal levels of IR tyrosine phosphory-
lation between the groups (data not shown). The protein
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expression of IR in the muscle of lean, ob/ob at rest and
Exer groups was quantified by immunoblotting with the
anti-IR antibody. The IR protein levels did not differ
between the groups (Fig. la — lower panels). No
difference was observed in the non-insulin-injected
groups (saline).

Insulin induced a 5.2-fold increase in IRS-1 tyrosine
phosphorylation in the muscle of lean controls when
compared with saline injection (Fig. 1b). In obese mice
at rest, IRS-1 tyrosine phosphorylation was reduced
after insulin injection by 3.1-fold when compared with
respective lean mice (Fig. 1b). In the muscle of the Exer
group, IRS-1 tyrosine phosphorylation increased by 2.1-
fold compared with the respective ob/ob group at rest
(Fig. 1b). There was no difference in basal levels of IRS-
1 tyrosine phosphorylation between the groups (data
not shown). The protein expression of IRS-1 in the
muscle of lean, ob/ob at rest and Exer groups was
quantified by immunoblotting with the anti-IRS-1
antibody. The IRS-1 protein levels were not different
between the groups (Fig. 1b — lower panels). No
difference in the saline (—) groups was observed.

Insulin induced a 3.4-fold increase in Akt serine
phosphorylation in the muscle of lean mice when
compared with saline injection (Fig. 1¢). In ob/ob at
rest, Akt serine phosphorylation was reduced after
insulin injection by 2.2-fold when compared with lean
mice (Fig. 1c). In the muscle of the Exer group, Akt
serine increased by 1.9-fold compared with that of
diabetic mice at rest (Fig. 1¢c). There was no difference
in basal levels of Akt serine phosphorylation between
the groups (data not shown). The protein expression of
Akt in the muscle of lean, ob/ob at rest and Exer mice
was quantified by immunoblotting with the anti-Akt
antibody. The Akt protein levels were not different
between the groups (Fig. 1c — lower panels). Akt
phosphorylation did not differ in the non-insulin-
injected (—) groups.

Acute exercise suppressed TRB3 expression and
Akt/TRB3 association in the muscle of ob/ob mice

TRB3, a mammalian homologue of Drosophila trib-
bles, functions as a negative modulator of Akt. TRB3

Table | Physiological and metabolic

Groups Body Epididymal Fasting insulin Fasting glucose
(n=7) weight (g) fat (g) (ng mL™) (mg dL™") parameters
Lean 27.8 £ 1.53* 0.82 +£0.12* 1.93 + 0.69* 89.3 + 9.14*
Obese 51.8 +£3.91 4.09 £0.73 11.3 £2.84 272.8 £ 15.17
Exer 50.4 £ 3.41 4.55 £ 0.82 10.1 + 3.19 122.9 + 12.26"

*P < 0.05, lean vs. obese mice at rest.
TP < 0.05, Exer vs. respective obese mice at rest.
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expression is induced in muscle under fasting conditions,
and TRB3 disrupts insulin signalling by binding
directly to Akt and blocking activation of the kinase.
TRB3 activity was then determined in the gastrocnemius
of lean controls, ob/ob and Exer group mice. The
muscles were blotted with anti-TRB3. In the muscle of
ob/ob mice at rest, TRB3 expression was increased by
2.4-fold when compared with lean controls. However,
8 h after a single bout of exercise, the TRB3
activity was reduced by 1.7-fold in the muscle of
Exer when compared with the ob/ob group at rest
(Fig. 2a).

The muscle protein was immunoprecipitated with
anti-TRB3 antibody and then blotted with the anti-Akt
antibody. The association of TRB3/Akt increased by
2.5-fold in the muscle of the ob/ob group when
compared with the lean group (Fig. 2b). Conversely,
in the muscle of exercised diabetic mice, the TRB3/Akt
association decreased by 2.1-fold compared with ob/ob
mice at rest (Fig. 2b). In addition, no difference in TRB3
expression and association was observed in the non-
insulin-injected groups.

Exercise increases membrane GLUT4 expression,
glycogen content in skeletal muscle and ameliorates whole
body insulin sensitivity in diabetic mice

The improvement in the early steps of the insulin
pathway in the muscle of ob/ob mice submitted to the
exercise protocol was accompanied by a significant
increase in plasma membrane GLUT4 expression in
whole gastrocnemius protein extracts (2.6-fold) of the
lean group compared with a 1.4-fold increase in the

© 2009 The Authors
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muscle from the ob/ob group and a 2.1-fold increased
GLUT#4 of the Exer group (representing an increase of
1.3-fold compared with the ob/ob group) (Fig. 3a).
As acute exercise increases glucose uptake, we decided
to evaluate glycogen contents. In diabetic mice (ob/ob)
at rest, glycogen content was reduced by 2.3-fold when
compared with lean mice (Fig. 3¢c). In the muscle of the
Exer group, glycogen content increased by 1.7-fold
compared with ob/ob mice at rest (Fig. 3c).

Finally, we observed increased insulin sensitivity in
the Exer group. A significant impairment (64%) in the
glucose disappearance rate (Kyrr) was found in ob/ob
mice at rest when compared with lean controls and a
single session of exercise improved (41%) the glucose
disappearance rate in ob/ob mice (Fig. 3b).

Discussion

The prevalence of diabetes is increasing dramatically
worldwide, with this disorder now being considered
as possibly epidemic by some health organizations
and researchers. Although the rate of diabetes is
increasing, it has long been recognized that exercise
has important health benefits for people with type 2
diabetes. Physical exercise can positively moderate
glucose homeostasis in people with type 2 diabetes,
due to enhanced glucose transport and insulin action
in the working skeletal muscles, which are the major
tissues responsible for total body glucose disposal
(DeFronzo et al. 1981). The molecular mechanism for
enhanced insulin sensitivity with exercise training may
be related to increased expression and/or activation of
key proteins that regulate glucose metabolism (Houm-

Journal compilation © 2009 Scandinavian Physiological Society, doi: 10.1111/j.1748-1716.2009.02031.x 65



Acute exercise reduces TRB3 expression * A Matos et al.

(@) IP: TRB3

6000 —
5000 — T

4000 “
3000 T
2000 —

*

TRB-3 expression
(arbitrary units)

©
1000 H

lean™ lean* ob/ob~ ob/ob* Exer~ Exer*

B-actin

(b) IP : TRB3
6000 —
S *
25 5000 T
o= _
§ S 4000 .
g
23000 T T
= T T
<5 2000 -
©
2~ 1000 |
[

lean™ lean* ob/ob~ ob/ob* Exer~ Exer*

Figure 2 Expression of TRB3 and TRB3/Akt association in the
muscle of lean controls, ob/ob and Exer mice. Gastrocnemius
extracts from mice injected with saline or insulin were submitted
to immunoblotting (TRB3 expression) or immunoprecipitated
(TRB3/Akt association) as described in Methods. (a) Samples
were blotted (IB) with anti-TRB3 antibody. (b) Tissue extracts
were immunoprecipitated (IP) with anti-TRB3 antibody and
blotted (IB) with anti-Akt antibody. The results of scanning
densitometry are expressed as arbitrary units. Bars represent
means + SEM of # = 7 mice. *P < 0.05, lean vs. ob/ob mice at
rest; P < 0.05, Exer group vs. ob/ob mice atrest. #P < 0.05, Exer
group vs. ob/ob mice at rest.

ard efal. 1999, Chibalin et al. 2000, Ropelle et al.
2006). As the IR/PI 3-K/Akt pathway is involved in
glucose uptake in the skeletal muscle (Holman &
Kasuga 1997), we may suggest that physical activity,
by acting on this pathway, partially reverses insulin
resistance of diabetic mice following a single session
of exercise. In the present study, we demonstrate that
acute exercise reduces TRB3/Akt association in dia-
betic mice. Eight hours after an exercise session, the
TRB3 expression is suppressed in gastrocnemius
muscle from leptin-deficient mice. This phenomenon
is accompanied by an increase in insulin signalling in
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Figure 3 Plasma membrane GLUT4 expression and insulin
sensitivity under fasting conditions in the gastrocnemius muscle
of lean (control), ob/ob (obese) and Exer mice. Gastrocnemius
extracts from mice were prepared as described in Methods.
(a) Samples were blotted (IB) with anti-GLUT4 antibody in the
plasma membrane, the results of scanning densitometry are
expressed as arbitrary units. (b) The rate constant for glucose
disappearance during an insulin tolerance test (Kyrt) was
expressed as percentage per minute. (c) Glycogen contents are
expressed as mg 100 mg™! of wet tissue. Bars represent
means = SEM of #n = 7 mice. *P < 0.05, lean vs. ob/ob mice at
rest; #P < 0.05, Exer group vs. ob/ob mice at rest.

the muscle, resulting in increased whole body insulin
sensitivity in fasted mice.

One of the molecular mechanisms mediating insulin
resistance may involve increased TRB-3 expression.
Initially cloned as an inducible gene in neuronal PC-3

© 2009 The Authors
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cells following NGF withdrawal (termed NIPK) (May-
umi-Matsuda et al. 1999), TRB3 is emerging as an
important player in the regulation of insulin signalling.
TRB3 became of major interest in diabetes research
when it was shown to interact with and inhibit the
activity of Akt. The use of transgenic and knockout
mouse models is beginning to make an impact on the
understanding of the role of TRB3 in insulin signalling.
TRB3 overexpression in the liver resulted in hyper-
glycaemia and inactivation of Akt, and its knockdown
increased phosphorylation of Akt and its substrates
(Koh et al. 2006). The protein kinase Akt functions
both in the control of cell proliferation and as a critical
node in insulin signalling, appearing to mediate most of
the metabolic effects of insulin (Tanaguchi et al.2006).
Akt is activated by phosphorylation of Thr308 within
the T loop of the catalytic domain and Ser473, located
in a C-terminal, non-catalytic region of the enzyme
(Alessi et al. 1996). To support the role of TRB3 in the
development of insulin resistance, in humans, the Q84R
polymorphism of TRB3, which has a higher capacity of
inhibiting Akt activation, is found to be associated
with insulin resistance and related cardiovascular risk
(Prudente et al. 2005).

In the present study, we found that TRB3 expression
was diminished in the muscle of mice, 8 h after the
exercise protocol, when compared with diabetic mice at
rest. TRB was expressed in most human tissues with the
highest levels in skeletal muscle, thyroid gland, pan-
creas, peripheral blood leucocytes and bone marrow
(Kiss-Toth et al. 2004). However, the effect of exercise
on TRB3 expression remains totally unknown.

Glucose transport into muscle is a key element in
maintaining glucose homeostasis. Insulin increases glu-
cose transport mediated by translocation of GLUT4 in
the skeletal muscle (Lund et al. 1995, Thorell et al.
1999, Sakamoto & Goodyear 2002, Chang et al. 2004).
Acute exercise induces glucose transport through
GLUT4 translocation in an additive manner to insulin
action in skeletal muscle (Garetto et al. 1984, Nesher
et al. 1985, Zorzano et al. 1986, Wallberg-Henriksson
et al. 1988, Lund et al. 1995).

Stimulation of glucose transport in contracting mus-
cles involves a plasma membrane- and T-tubule-directed
mobilization of GLUT4-containing vesicles from exer-
cise-sensitive intracellular storage sites (Douen et al.
1989, Marette et al. 1992, Coderre et al. 1995, Dohm
& Dudek 1998, Ploug et al. 1998). Proximal signalling,
leading to contraction-induced muscle glucose uptake,
is at the moment under intense investigation by many
research groups. Our results show that at 8 h after a
single session of exercise, GLUT4 expression in the
membrane fraction is increased in the gastrocnemius
muscle of ob/ob mice. Up to 2 h after exercise, glucose
uptake is in part elevated due to insulin-independent

© 2009 The Authors
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mechanisms, probably involving a contraction-induced
increase in the amount of GLUT4, associated with the
plasma membrane and T-tubules (for a review, see
Borghouts & Keizer 2000). However, a single bout of
exercise can increase insulin sensitivity for at least 16 h
post exercise in healthy and in NIDDM subjects. Recent
studies have accordingly shown that acute exercise also
enhances insulin-stimulated GLUT4 content (O’Gor-
man et al. 2006).

Increases in muscle GLUT4 protein content contrib-
ute to this effect and it has also been hypothesized that
the depletion of muscle glycogen stores with exercise
plays a role in this effect. In the present study, we show
an increased glycogen content in ob/ob exercised mice.
In the period after prolonged and heavy physical
activity, glycogen synthesis is of high priority for
previously exercised muscles. In accordance with this,
muscle glycogen synthase activity and glucose transport
are increased following exercise. In addition, an
enhanced metabolic action of insulin in skeletal muscle
(glucose transport, glycogen synthase activity and gly-
cogen synthesis) is usually also observed after exercise
(Mikines et al. 1988, Richter et al. 1989, Perseghin
et al. 1996). The duration of this period with enhanced
insulin sensitivity may last up to 48 h (Mikines et al.
1988), probably depending upon the rate of muscle
glycogen repletion. Enhanced insulin sensitivity in
skeletal muscle contributes to the restoration, or even
super-compensation, of the glycogen stores. Thus, our
results demonstrate that acute exercise improves fasting
glucose metabolism in diabetic mice by increasing
insulin signalling in skeletal muscle. The effect of
exercise on insulin action is further supported by our
findings that exercised mice present a reduction in
TRB3 expression, a mechanism by which acute exercise
may increase glucose uptake in the muscle. Thus, these
results provide new insights into the mechanism by
which physical exercise improves insulin resistance in
type 2 diabetes patients.
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Novos mecanismos pelos quais o
exercicio fisico melhora a resisténcia
a insulina no musculo esquelético

New mechanisms by which physical exercise improves
insulin resistance in the skeletal muscle

José Rodrigo Pauli'?, Dennys Esper Cintra?,
Claudio Teodoro de Souza?®, Eduardo Rochette Ropelle?

RESUMO

O prejuizo no transporte de glicose estimulada por insulina no musculo constitui um defeito
crucial para o estabelecimento da intolerancia a glicose e do diabetes tipo 2. Por outro lado, é
notério o conhecimento de que tanto o exercicio aerébio agudo quanto o crénico podem ter
efeitos benéficos na acao da insulina em estados de resisténcia a insulina. No entanto, pouco se
sabe sobre os efeitos moleculares pds-exercicio sobre a sinalizagao da insulina no musculo es-
quelético. Assim, esta revisao apresenta novos entendimentos sobre os mecanismos por meio
dos quais o exercicio agudo restaura a sensibilidade a insulina, com destaque ao importante
papel que proteinas inflamatorias e a S-nitrosagdo possuem sobre a regulagdo de proteinas da
via de sinalizacao da insulina no musculo esquelético. Arq Bras Endocrinol Metab. 2009;53(4):399-408.
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ABSTRACT

Insulin resistance of skeletal muscle glucose transport is a key-defect for the development of
impaired glucose tolerance and type 2 diabetes. However, it is known that both an acute bout of
exercise and chronic endurance exercise training can bring beneficial effects on insulin action
in insulin-resistant states. However, little is currently known about the molecular effects of acute
exercise on muscle insulin signaling in the post-exercise state in insulin-resistant organisms.This
review provides new insight into the mechanism through which acute exercise restores insu-
lin sensitivity, highlighting an important role for inflammatory proteins and S-nitrosation in the
regulation of insulin signaling proteins in skeletal muscle. Arq Bras Endocrinol Metab. 2009;53(4):399-408.
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INTRODUGAO

musculo esquelético representa aproximadamente

40% da massa corporal total e exerce papel primor-
dial no metabolismo da glicose (1). Esse tecido é respon-
savel por aproximadamente 30% do consumo energgético,
além de ser um dos principais tecidos responsaveis pela
captagdo, liberacio e estocagem de glicose (2). Trabalhos
realizados nas ultimas décadas demonstraram claramente
que o exercicio fisico aumenta a captagio de glicose pelo
musculo esquelético (3-6). Além disso, recentemente, foi
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demonstrado que a redu¢io de peso corporal associada
ao aumento da atividade fisica em individuos com risco
aumentado para desenvolver diabetes reduz em 58% a in-
cidéncia dessa doenga (7). Assim, atualmente, o exercicio
fisico ¢ considerado uma das pedras angulares tanto da -
preven¢io como do tratamento do diabetes tipo 2. Os me- :
canismos moleculares envolvidos no aumento da captagio *

de glicose muscular vém sendo intensamente pesquisados.
Nesta revisio, serdo abordados alguns aspectos dessa fasci- >

nante area que esta se desenvolvendo rapidamente.
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Exercicio fisico e resisténcia & insulina

EXERCICIO FiSICO E SINALIZAGAO DA INSULINA:
PERSPECTIVA HISTORICA

As primeiras evidéncias do efeito favorivel do processo
de contragdo muscular na captagio de glicose surgiram
em 1887, quando Chauveau e Kaufamann reportaram
redu¢io da quantidade de glicose proveniente da mus-
culatura do masseter de cavalos enquanto eles mastiga-
vam o feno (8). Quatro décadas depois, foi demonstra-
do que a insulina tem o mesmo efeito do exercicio na
indu¢io da capta¢io de glicose pelos musculos (9). Tais
pesquisas deram origem a uma série de investigagdes
que buscaram elucidar a possivel interagdo entre insuli-
na ¢ o exercicio na regulagio da captagio de glicose. Em
1972, Bjorntorp e cols. demonstraram melhora da tole-
rancia a glicose e niveis de insulina menores em homens
que participavam regularmente de esportes competiti-
vos em comparagdo aos controles. O mesmo grupo de
pesquisadores evidenciou que mulheres hiperinsuliné-
micas e obesas apresentaram os niveis de insulina plas-
matico diminuidos apds seis semanas de treinamento
fisico (10-11). Tais descobertas hipotetizaram que o
exercicio regular poderia aumentar a sensibilidade a in-
sulina no musculo e em outros tecidos, ideia confirma-
da apenas na década de 1980 por Carl Mondon ¢ cols.
mediante experimento com roedores (12).

Com a confirma¢ao do papel favordvel do exercicio
fisico na a¢do metabolica da insulina, inimeros estudos
buscaram desvendar os mecanismos moleculares por
meio dos quais o exercicio atua como estimulador fisio-
logicamente relevante ao transporte de glicose em dife-
rentes tecidos. Cientistas tém evidenciado, nos tltimos
anos, que o exercicio tem efeito importante nos meca-
nismos moleculares de captagio de glicose no musculo
esquelético tanto em individuos sauddveis como nos
portadores de resisténcia a insulina. No entanto, para
que sejam compreendidos os mecanismos moleculares
por meio dos quais o exercicio fisico contribui para me-
lhorar a captagio de glicose e prevenir e tratar o diabe-
tes tipo 2, é necessario, inicialmente, descrever como a
insulina transmite seu sinal celular desde o receptor até
os efetores finais.

reservados

* VIA DE TRANSMISSAO DO SINAL DE INSULINA

8 A insulina é um hormoénio polipeptidico anabdlico
- produzido pelas células-beta do pancreas, cuja sintese
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- ¢ ativada pelo aumento dos niveis circulantes de gli-
5 cose e aminodcidos apds as refeigdes. Sua agdo ocorre

oY 7

5 em varios tecidos periféricos, incluindo figado, masculo
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esquelético e tecido adiposo. Seus efeitos metabdlicos
imediatos incluem: aumento da captagio de glicose,
principalmente em tecido muscular e adiposo, aumento
da sintese de proteinas, dcidos graxos e glicogénio, bem
como bloqueio da produgio hepitica de glicose, lip6li-
se ¢ protedlise, entre outros.

A sinalizagdo intracelular da insulina comega com
sua ligacio a um receptor especifico de membrana,
uma proteina heterotetramérica com atividade quinase
intrinseca, composta por duas subunidades alfa e duas
subunidades beta, denominado receptor de insulina
(IR) (13). A ativagdo do IR resulta em fosforilagio em
tirosina de diversos substratos, incluindo substratos do
receptor de insulina 1 ¢ 2 (IRS-1 ¢ IRS-2) (14-15).
A fosforilagio das proteinas IRS cria sitios de ligagdo
para outra proteina citosOlica, denominada fosfatidi-
linositol 3-quinase (PI3q), promovendo sua ativa¢io
(16). A PI3q é importante na regulagio da mitogénese,
na diferencia¢io celular e no transporte de glicose es-
timulada pela insulina. A ativagio da PI3q aumenta a
fosforilagdo em serina da proteina quinase B (Akt) e isso
permite o transporte de glicose no musculo ¢ no teci-
do adiposo, através da transloca¢io da proteina Glut-4
para a membrana celular (17). Portanto, a ativa¢do da
Akt resulta na transloca¢io do Glut-4 para a membrana,
permitindo a entrada de glicose por difusdo facilitada.
Os Glut-4 sdo os principais responsaveis pela captagio
da glicose circulante nos humanos. Atividades fisicas
praticadas regularmente estimulam a translocagio dos
Glut-4 e promovem captag¢io de glicose e redu¢io da
sua concentragdo sanguinea. Além disso, o sinal trans-
mitido pela PI3q ativa a sintese de glicogénio no figado
¢ no musculo, ¢ da lipogénese no tecido adiposo (14,18).
Portanto, a via P13q/Akt tem um importante papel nos
efeitos metabdlicos da insulina. O esquema resumido das
etapas de sinalizagdo da insulina envolvida na captagio de
glicose encontra-se apresentado na figura 1.

BASES MOLECULARES DO EXERCICIO FiSICO E A
HOMEOSTASE DA GLICOSE

O exercicio fisico aumenta a captagio de glicose no
musculo esquelético por diferentes mecanismos mole-
culares. Evidéncias experimentais demonstraram que a
contragdo muscular ndo necessariamente estimula a fos-
forilagio do IR ¢ dos seus substratos (IRS-1 ¢ IRS-2)
em residuos de tirosina, ou da enzima chave da via a
PI3q. Tal confirmagao foi estabelecida por experimen-
tos in vitro, nos quais o bloqueio farmacolégico da
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Figura 1. Via de sinalizagdo da insulina na captagdo de glicose. A insulina, ao se
ligar ao seu receptor de membrana, promove a autofosforilagdo da subunidade beta
em residuos de tirosina e desencadeia uma cascata de sinalizagGes que convergem
para as vesiculas que contém GLUT-4, promovendo o seu transporte para a
membrana celular.

PI3q através do wortmannin nio bloqueou o trans-
porte de glicose estimulada por contra¢io do musculo
esquelético (19). Portanto, existem diferentes formas
de condugio do sinal para que ocorra o transporte de
glicose mediada pela insulina ou pelo exercicio no mus-
culo esquelético. Foi entio que houve a descoberta
de uma enzima chave de resposta a contragio muscu-
lar denominada AMPK (proteina quinase ativada por
AMP), que também estimula o transporte de glicose no
musculo esquelético, mas por meio de um mecanismo
independente de insulina.

A ativag¢io da AMPK ¢ resultado do decréscimo do
estado energético celular. Na situagio em que a rela-
¢30 AMP:ATP aumenta, ocorre uma mudang¢a confor-
macional na molécula, deixando-a suscetivel a fosfori-
lagdo e ativa¢io pela AMPK quinase (AMPKK) (20).
A AMPK fosforilada ativa vias que geram o aumento de
ATP, tais como a oxida¢do de acidos graxos, a0 mesmo
tempo que desativa as vias anabodlicas que consomem
o ATP, como a sintese de dcidos graxos. Esse aumento
da atividade da AMPK em resposta a uma necessida-
de em gerar ATP durante o exercicio fisico promove a
translocagdo das vesiculas contendo Glut-4, facilitando
o transporte de glicose para o musculo de maneira se-
melhante a da insulina, embora isso ocorra por vias de
sinalizagdo diferentes ¢ independentes. Nessa situa¢io,
a reducdo da malonil-CoA permite o aumento da agio
da carnitina acil transferase 1, que aumenta a eficiéncia
do transporte de dcidos graxos para as mitocondrias e
consequente oxidagdo (21).
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No entanto, o mecanismo de transporte de glico-
se através da via de sinalizagio da AMPK ndo parece
ser o Uinico mecanismo responsivel por esse processo
metaboélico. De maneira semelhante, existem intimeras
outras moléculas envolvidas nesse mecanismo de sinali-
zagido durante o exercicio. O aumento na concentragio
do ion célcio no interior da célula, a atividade da 6xido
nitrico sintase (NOS) e a sintese por ela de 6xido nitrico
(NO), o aumento na concentragio de bradicinina ou
até mesmo a hipéxia podem estimular a captagio de gli-
cose através do aumento da transloca¢io do Glut-4 para
a membrana durante a contra¢io muscular (22-25).

Além disso, novas evidéncias cientificas mostram que
o exercicio fisico pode, além dos efeitos positivos sobre
a via de sinalizagio dependente de insulina (IR/IRSs/
PI3-q/Akt) e /ou independente de insulina (via AMPK
¢/ou outras biomoléculas), também beneficiar o indi-
viduo obeso com resisténcia a insulina por diminuir a
expressdo e/ou atividade de proteinas inflamatérias de
efeito negativo a a¢do da insulina (26-28).

OBESIDADE E RESISTENCIA A INSULINA

O preciso mecanismo envolvido na causa da resisténcia
a insulina ainda nio ¢ totalmente conhecido. Contudo,
muitos estudos t€m demonstrado que alteragdes molecu-
lares na via de sinalizagio da insulina, principal responsa-
vel pela ativagdo da translocagio do transportador de gli-
cose (Glut’s) a membrana plasmatica, sio determinantes
no estado de resisténcia a insulina em tecidos periféricos,
como o musculo esquelético ¢ o tecido adiposo (29-32).
No entanto, deve-se levar em consideragdo que a relevan-
cia de mecanismos relacionados ao prejuizo da transloca-
¢do de vesiculas ricas em Glut’s é especifica para tecidos
cuja forma Glut-4 é expressa de maneira relevante.

O Glut-4 ¢ o transportador de insulina-dependente
mais abundante nas membranas celulares do musculo
esquelético, cardfaco e tecido adiposo. Sem o estimu-
lo hormonal, a concentra¢io de Glut-4 na membrana

, .

¢ muito baixa, estando armazenadas em vesiculas ci-

toplasmaticas. Ap6s a estimulagdo pela insulina, esses
transportadores sao translocados para a membrana e o °

transporte de glicose é aumentado. No entanto, em al-
gumas células, como os hepatécitos, os neur6nios ¢ as
hemacias, a glicose é capaz de se difundir para o interior
da célula na auséncia de insulina e, portanto, os meca-
nismos moleculares relacionados ao prejuizo no sinal da
insulina e, consequentemente, na capta¢io de glicose
ndo se aplicam (33-34).
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Por outro lado, na obesidade ocorrem altera¢oes
em diversos pontos da via de transdu¢io do sinal da
insulina, com redugdo na concentragio e atividade qui-
nase do IR, na concentragio ¢ fosforilagio do IRS-1 ¢
IRS-2, na atividade da PI3q, na translocagio dos Glut’s
e na atividade das enzimas intracelulares. Isso atenua
consequentemente a captagdo de glicose nos tecidos
insulino-dependentes, como musculo esquelético e
tecido adiposo. O impacto negativo do aumento da
quantidade de tecido adiposo nos organismos sobre a
sensibilidade a insulina pode ser claramente demonstra-
do na maioria dos individuos, assim como o aumento
da sensibilidade a insulina observada com a reduc¢io do
peso corporal e com exercicio fisico (35-37).

Inicialmente, os dcidos graxos livres (AGLs) foram
implicados nesse processo. A presenca de elevados ni-
veis de AGLs circulantes estd associada a uma menor
fosforilagio em sitios especificos e a menor ativagio de
proteinas-chave da via da insulina (IRSs/PI3q). Evi-
déncias cientificas apontam uma rela¢io direta entre
AGLs e resisténcia a insulina, que pode ser decorrente
do actmulo de triglicerideos ¢ metabdlitos derivados
de acidos graxos (diacilglicerol, acetil-CoA e ceramidas)
no musculo ¢ no figado (38-39). O aumento desses
metabolitos provenientes da oxida¢do das gorduras no
musculo é capaz de provocar a ativagio da PKC e/ou
da kinase IkB, e também de causar fosforilagdo em seri-
na do IR e de seus substratos, sendo estes importantes
mecanismos que explicam a relagdo entre acimulo de
gordura tecidual e resisténcia a insulina (38).

Contudo, nos ultimos anos, varios fatores regula-
torios produzidos por adipdcitos (adipocinas) foram
descritos, bem como o papel que desempenham no de-
senvolvimento de resisténcia a insulina. A seguir, sera
apresentado como alguns desses fatores regulam nega-
tivamente a agdo da insulina, agindo tanto no receptor
de insulina quanto em moléculas pds-receptor, para
posterior compreensio dos efeitos do exercicio fisico
na atenuagio desse processo.

- INFLAMAGAO E RESISTENCIA A INSULINA

A hipétese de que a inflamag¢io em tecidos metabolicos
pode contribuir para o desenvolvimento de resisténcia
. a insulina teve origem em 1993, quando se deu a des-
coberta de que também o tecido adiposo era capaz de
produzir TNF-o, uma citocina inflamatéria que preju-
dica a via de sinaliza¢gdo da insulina. Posteriormente,
~ desvendou-se que outras citocinas inflamatérias sub-
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jacentes a0 TNF-o provocariam resisténcia a insulina
induzida por obesidade (40).

Recentes estudos evidenciam que a origem dessas ci-
tocinas inflamatorias na obesidade decorre da migragio
de macréfagos para os adipdcitos (30,32); em paralelo,
dcidos graxos provenientes da dieta, principalmente os
de origem animal, sio capazes de ativar proteinas de
membrana celulares denominadas TLR-4, um dos tipos
de toll like receptors que funciona como mediador da via
inflamatdria com consequéncias negativas para a¢oes da
insulina em tecidos metabdlicos.

Recém-descritos, os receptores da familia TLR (#oll
like veceptors) desempenham uma conexdo importante
entre o sistema imune inato ¢ o sistema metabolico (41).
Evolutivamente preservados, esses receptores sensiveis
a patogenos desempenham importante atividade proé-
inflamatéria, como esperado. Entretanto, esses mesmos
receptores, principalmente os TLR-4, sdo sensiveis tam-
bém a nutrientes, como os acidos graxos. A ingestdo
elevada de gordura na dieta pode ativar esses receptores,
ativando também, mesmo na auséncia de patégenos,
uma resposta inflamatéria capaz de interferir nos sinais
mediados pelos hormoénios controladores da fome e
gasto energético, resultando em obesidade (42).

Tal tentativa de interpretagio e analogia pode ser
refor¢ada por experimentos com roedores, nos quais
camundongos com mutagio genética dessa proteina
utilizam melhor a glicose, apresentam menor depdsi-
to de gordura e ndo desenvolvem resisténcia a insulina
mesmo quando submetidos a uma dieta rica em gordu-
ra. Portanto, ao se ligarem a esse receptor de membrana
celular, alguns acidos graxos acionam proteinas de res-
posta inflamatoria, incluindo a JNK (c-jun N-terminal
kinase) e IKK (Ikappa kinase), que bloqueiam a a¢io da
insulina (Figura 2). Esses resultados permitem conside-
rar que os TLR-4 sejam justamente a conexio que falta-
va entre ingestdo de dietas ricas em gordura saturada e
o desenvolvimento de resisténcia a insulina (30-32).

A ativagio dos substratos intermedidrios da via de si-
nalizagio do TNF-a,, como a serina quinase JNK, pode
interferir na funcionalidade dos substratos do receptor
de insulina, o IRS-1 ¢ IRS-2. Uma vez fosforilados em
serina pela JNK, a possibilidade de serem fosforilados
em tirosina pelo receptor de insulina fica comprometi-
da, o que contribui para a resisténcia a transdu¢io do
sinal da insulina através dessa via. Outra via pré-infla-
matéria que pode levar a fosforilagio em serina de subs-
tratos do receptor de insulina é a via IxK/IxB /NF-«B.
Essa via pode ser ativada pelo TNF-a, mas também por

Arq Bras Endocrinol Metab. 2009;53/4
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Figura 2. Inflamagdo e resisténcia a insulina. A ativagdo de quinases na obesidade,
especialmente IKappaB Kinase (KK) e c-jun aminoterminal kinase (JNK), ressalta a
sobreposicdo das vias metabolicas e inflamatdrias: essas séo as mesmas quinases
ativadas na resposta imune inata pelo TLR (toll-like receptor) em resposta ao LPS e
a0s 4cidos graxos (AGS). A kKB pode interferir na sinalizagao de insulina através de
pelo menos duas vias: primeiro, ela pode fosforilar diretamente os substratos do
receptor de insulina (IRS-1 e IRS-2) em residuos de serina; segundo, ela pode ativar
indiretamente o NFKB, um fator de transcricdo que, entre outros alvos, pode estimular
a producéo de vérios mediadores inflamatdrios, incluindo o TNF-o, iNOS e COX2. A
JNK ativada tanto pela via do TLR-4 como pelo TNF-o. também pode interferir
negativamente na sinalizagdo da insulina, fosforilando o IRS-1 e o0 IRS-2 em serina.
(A) via de sinalizacdo da insulina; (B) via de sinalizagdo do TLR-4; e (C) via de
sinalizagéo do TNF-o.

outras citocinas pré-inflamatérias como IL-1B (inter-
leucina 1B). A ativa¢do do IkK promove a dissociagio
do complexo IxB/NF-kB, mas também pode induzir
a fosforilagio em serina dos IRS, que compromete a
transdugdo do sinal da insulina através dessa cascata.
Em animais com obesidade induzida por dieta rica em
gordura, o bloqueio da atividade da IxKP através da
administracdo de altas doses de salicilatos resultou na
melhora da sensibilidade a insulina (43-44).

Estudo recente de Carvalho-Filho e cols. descreveu
outro mecanismo por meio do qual se instaura a dis-
fungio celular e o prejuizo na agdo da insulina quando
animais saudaveis sao submetidos a uma dieta rica em
gordura, ganham peso excessivamente e tornam-se obe-
sos (45). Recentemente, demonstrou-se que o 6xido ni-
trico (NO) produzido pela proteina 6xido nitrico sintase
(NOS) é um importante sinalizador intracelular capaz de
modificar a fung¢do proteica por diversos mecanismos em
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etapas pos-transcripcionais, incluindo nitrosila¢io, nitra-
¢do e S-nitrosagio. A S-nitrosagio ocorre pela adi¢io de
um grupamento NO ao radical tiol (S-H) de um resi-
duo de cisteina, formando um nitrosotiol (S-NO). Nesse
estudo, foi demonstrado que drogas doadoras de NO,
nitrosoglutationa (GSNO) ou nitrosocisteina (CISNO)
e a propria indugdo da iNOS seriam capazes de provocar
S-nitrosacio ¢ com isso modificar a funcio de proteinas
envolvidas na via de sinaliza¢io da insulina (45).

Nos tltimos dez anos demonstrou-se que, além de
suas ac¢oes vasodilatadoras, o NO tem também papel
fundamental como sinalizador intracelular, contro-
lando varias func¢oes da célula ¢ modulando inclusive
a apoptose (46). As NO-sintases (NOS) sio as princi-
pais fontes intracelulares de NO e dividem-se em trés
subtipos. A NO sintase neuronal (nNOS ou NOS 1) e
a NO sintase endotelial (eNOS ou NOS 3) sio cilcio
dependentes e exercem fungdes bioldgicas importantes
em seus respectivos tecidos, como regulagao da apopto-
se neuronal, no caso da nNOS, e vasodilatagio, no caso
da eNOS. A NO sintase induzivel (iNOS ou NOS 2) ja
foi descrita em detalhe, ndo ¢ calcio dependente e pode
ter sua expressio induzida a partir do estimulo com in-
terleucinas ou lipopolissacarideo (LPS) (47). Uma vez
produzido, o NO pode modificar a fungio proteica por
meio de processos quimicos diferentes, que dependem
principalmente da disponibilidade de espécies oxidantes
¢ da concentra¢do de NO liberado (45).

Carvalho-filho ¢ cols. observaram, ainda, indugio
de iINOS em dois modelos de resisténcia a insulina,
na obesidade induzida por dieta hiperlipidica e no ca-
mundongo diabético ob/ob (obesidade induzida por
deficiéncia em leptina) (48). Nesses dois modelos, a
sinalizagio da insulina pela via IR/IRS-1/Akt estava
diminuida, e os niveis de S-nitrosagio dessas proteinas
encontravam-se aumentados no musculo esquelético.
Determinou-se, assim, que a S-nitrosagio de proteinas
envolvidas na transmissio do sinal da insulina seria um
novo mecanismo molecular de resisténcia a insulina as-
sociado a indugdo da iNOS. Ao descobrir tais conexoes,
imaginou-se uma estratégia de agdo: reduzir a resistén-
cia a insulina bloqueando a agdo da iNOS, caminho que
se mostrou promissor em estudos preliminares feitos
em laboratério (48).

Portanto, a ativagdo dessas proteinas na obesidade,
especialmente IkK, JNK e iNOS, ressalta a sobrepo-
si¢do das vias metabdlicas ¢ inflamatérias: essas sio as
mesmas moléculas que sio ativadas na resposta imune

inata pelo TLR-4 em resposta aos LPS e outros pro- «
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dutos microbianos. Fortalecendo essa hipétese, experi-
mentos com oligonucleotideo antisense contra TLR-4
mostraram que, ao desativar esse receptor das células
de camundongos diabéticos, ocorreu a redugio de um
tipo de célula de defesa do sangue (macréfagos) (32).
Essa ¢ uma possivel conexdo entre a obesidade ¢ uma
inflamagdo de baixa intensidade em todo o organismo
e, geralmente, ¢ observada em individuos que estdo aci-
ma do peso considerado saudavel.

Além disso, existem outros reguladores negativos da
via de transdugdo do sinal de insulina que estio estrei-
tamente relacionados ao aumento do programa proé-
inflamatério, incluindo a mTOR (mammalian Target
Of Rapamycin) que é capaz de fosforilar o IRS-1 em
serina. A SOCS (Suppressors Of Cytokine Signaling),
cujos genes sdo alvos das vias da JNK e IKK, também
estd implicada na resisténcia a insulina promovida pelo
TNF-o. Isso mostra que diversas proteinas pro-infla-
matorias estio elevadas na obesidade e trazem como
consequéncia a resisténcia a agdo da insulina e outras
altera¢oes metabolicas (26, 29, 45).

Portanto, fica evidente que diversos fatores, atuan-
do conjuntamente ou de forma independente, podem
regular negativamente a a¢do da insulina, agindo tanto
no receptor quanto em moléculas pds-receptor. Em sin-
tese, inimeras moléculas bioquimicas provenientes dos
adip6citos ou dos macréfagos na condigio de obesida-
de podem provocar a ativa¢io de serina-quinases ¢/ou
outras moléculas, especialmente a IxK, JNK e iNOS,
capazes de fosforilar moléculas em residuos de serina
ou causar nitrosilagio em proteinas como o IRS-1 e
IRS-2, inibindo a sinalizagdo da insulina. Vejamos, a se-
guir, como o exercicio fisico pode exercer modulagio
sobre algumas dessas proteinas, confirmando seu papel
positivo na prevengdo e no tratamento do DM2.

EFEITOS ANTI-INFLAMATORIOS DO EXERCICIO NA
OBESIDADE E RESISTENCIA A INSULINA

Diferentes estudos apontam uma forte associa¢io entre
a pratica de atividade fisica e a redu¢io do processo infla-
matorio decorrente da obesidade (28-49). O aumento
do tecido adiposo desempenha papel determinante no

- quadro de resisténcia a insulina, aumentando de duas a

trés vezes os niveis séricos de citocinas pré-inflamatérias
como, por exemplo, o TNF-a.. Nesse contexto, parece
légico entender que o exercicio passa a desempenhar
um papel anti-inflamatério por reduzir a gordura cor-
poral e, consequentemente, a produgdo de citocinas
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pro-inflamatérias. No entanto, estudos em roedores ¢
em seres humanos revelaram que o exercicio fisico pode
reduzir os niveis de citocinas pré-inflamatérias sem que
haja alteragio do peso corporal. Pedersen e cols. estu-
daram os efeitos anti-inflamatoérios do exercicio agudo
em individuos saudaveis. Os autores relataram que indi-
viduos que receberam baixas doses de uma endotoxina
(Escherichia coli) apresentaram um grau de inflamagio
sistémica similar ao observado em individuos obesos.
No entanto, em um grupo de individuos previamente
exercitados, a endotoxina foi incapaz de gerar processo
inflamatério observado no grupo nio exercitado (49).
Além disso, estudos em voluntirios obesos também
mostraram que uma unica sessdo de exercicio ¢ capaz
de reduzir os niveis séricos de TNF-a e de proteina-C
reativa sem altera¢io do peso corporal total (50).
Apesar de a a¢do anti-inflamatéria do exercicio fisico
estar bem documentada, pouco se sabe como sdo pro-
duzidas, no interior das células, as respostas anti-infla-
matorias mediadas pela atividade fisica. Evidéncias ex-
perimentais ¢ alguns trabalhos com humanos sugerem
que a resposta anti-inflamatéria observada no musculo
esquelético apds sessdo aguda de exercicio ocorra por
meio de mecanismos distintos (26-27). Em ratos obe-
sos induzidos por dieta rica em gordura, uma tnica ses-
sdo de natagdo reduziu a fosforilagio da JNK, bloqueou
a via IxkK/NFxB, reduziu a fosforilagio do IRS-1 em
serina ¢ atividade da PTP-1B no musculo gastrocné-
mio e restabeleceu a sensibilidade a insulina 16 horas
ap6s o término do exercicio (26). A PTP-1B é uma
das tirosina-fosfatases mais estudadas, exerce efeitos ne-
gativos sobre a sinaliza¢io da insulina, efeitos media-
dos pela desfosforilagio do IR e do IRS-1. De maneira
concordante, a inibi¢io farmacolédgica ou o tratamento
com oligonucleotideo antisense da PTP-1B resultaram
em aumento na fosforilagio do IR e do IRS-1 (51-52).
O camundongo geneticamente modificado que nio ex-
pressa PTP1B apresenta maior sensibilidade a insulina
do que seu controle quando submetido a tratamento
com dieta hiperlipidica (53).

Tal tentativa de interpreta¢do e analogia pode ser
refor¢ada por experimentos com humanos, em que a
sessdo aguda de exercicio fisico se mostrou eficiente na
redugio da fosforilagio da JNK e no bloqueio da via
IxkK/NF«xB ap6s perfusio de dcidos graxos. O bloqueio
da via IxkK/NF«xB também foi observado no musculo de
pacientes diabéticos, € esse bloqueio ocorreu pela menor
taxa de degradag¢io do IxBa e do IxBp, impedindo que
o fator de transcri¢io kB (NF-kB) iniciasse a transcri¢io
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de proteinas pro-inflamatérias. Dessa forma, o bloqueio
dessa via inflamatéria através do exercicio fisico foi res-
ponsavel por diminuir os niveis séricos de TNF-o. nesses
pacientes (54). Outro efeito positivo acontece por meio
da redugao da expressio de iNOS e S-nitrosagdo de pro-
teinas da via de sinalizagdo da insulina.

EXERCICIO FiSICO E A S-NITROSAGAO

Em recente pesquisa, ficou demonstrado que o exerci-
cio fisico pode melhorar agudamente a sensibilidade a
insulina em ratos submetidos a uma dieta rica em gor-
dura. Tal fato se deve, no minimo em parte, a rever-
s30 da S-nitrosagdo de proteinas-chave na sinaliza¢io
da insulina no musculo esquelético através de uma ses-
sdo de exercicio de nata¢do (27). Ratos Wistar obesos-
induzidos por dieta rica em gordura exibiram menor
sensibilidade & insulina, constada pela menor taxa de
desaparecimento da glicose durante o teste de tolerincia
a insulina em relagdo aos controles. Além disso, houve
uma significativa redugdo na fosforila¢io do IR, IRS-1 e
Akt no musculo gastrocnémio desses animais. Por con-
seguinte, quando esses animais foram submetidos a um
protocolo de exercicio de duas sessdes de trés horas de
natagdo separadas por um intervalo de 45 minutos de
recuperagao, resultados satisfatérios em relagio a capta-
¢do de glicose foram evidenciados. O aumento na taxa
de desaparecimento da glicose ao final do teste de tole-
rincia a glicose ¢ o significativo aumento na fosforila¢io
das proteinas IR, IRS-1 e Akt estimulada por insulina
revelaram a agdo favoravel da sessdo aguda de exercicio
que perdurou por 16 horas.

A S-nitrosa¢io do IR, IRS-1 e Akt se mostrou in-
versamente relacionada a fosforilagio ¢ a ativacio, sen-
do significativamente aumentada nos animais que se ali-
mentaram com dieta rica em gordura e diminuida nos
animais que foram submetidos ao exercicio agudo de
nata¢do. No entanto, isso foi mais substancialmente pro-
nunciado duas horas ap6s o término do esfor¢o, quando
a restauragdo da sinaliza¢do da insulina foi maior (27).

Para confirmagio de tais fatos, uma série de expe-
rimentos adicionais foi realizada em laboratério. Ratos
Wistar que receberam dieta rica em gordura foram tra-
tados com doador de NO (S-nitrosoglutatione, GSNO)
ou com inibidor da iNOS (I-N°-(I-iminoethyl)lysine (L-
nil)) previamente ao exercicio de natagio. Duas horas
ap6s o exercicio, a sensibilidade a insulina nos animais
obesos induzidos por dieta hiperlipidica tratados com
GSNO teve redugao similar aos animais obesos que nao
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foram submetidos ao protocolo de exercicio. Essa redu-
¢do na sensibilidade a insulina foi associada a redugido
na fosforilagdo ¢ aumento na S-nitrosagio do IR, IRS-1
¢ Akt. Por outro lado, a inibi¢io da atividade da iNOS
(mas nao a expressao proteica) com -NIL restaurou a
sensibilidade a insulina de maneira similar a verificada
nos animais exercitados, ocorrendo também aumento
da fosforilagio e diminuigdo da S-nitrosagdo das protei-
nas da sinalizagdo da insulina. Além disso, nio houve
efeito aditivo da inibi¢io da iNOS pelo firmaco com o
exercicio fisico. Coletivamente, esses resultados sugerem
que alteragdes na S-nitrosagio sio fatores importantes
envolvidos na mudanga da sinalizacdo e sensibilidade a
insulina induzidos por dieta e exercicio fisico (27).

Investigagdes subsequentes foram realizadas para
descobrir o possivel mecanismo por meio do qual o
exercicio fisico reduz a expressio de iNOS. Uma hi-
potese possivel envolve a ativa¢io da AMPK. Dados
da literatura indicam que a ativagio da AMPK reduz
a produgio de NO mediada pela iNOS (55). Como o
exercicio fisico ¢ capaz de ativar a AMPK (56-57), isso
explicaria a melhora da sensibilidade a insulina entre os
animais obesos exercitados.

Ao avaliar a via de sinalizagio da AMPK, verificou-se
reducdo na ativagio da AMPK em ratos alimentados
com dieta hiperlipidica, a qual foi restaurada a niveis
controles com a realiza¢io do exercicio fisico (27). Uma
vez que a AMPK pode suprimir a expressao de iNOS,
esses resultados sugerem que, em adi¢io ao papel de
aumentar a oxidagdo de dcidos graxos e a capta¢io de
glicose, o aumento na atividade da AMPK por meio do
exercicio pode contribuir potencialmente para o aumen-
to na sensibilidade a insulina pela redu¢io indireta na
S-nitrosagio de proteinas da via de sinaliza¢io da insu-
lina. Para a confirmag¢io dessa hipotese, experimentos
foram realizados de maneira tempo-dependente, nos
quais se avaliaram a ativagdo da AMPK e a expressio da
iNOS apés o término do exercicio fisico. Demonstrou-
se, entdo, que a redugdo nos niveis de AMPK fosforilada
¢ acompanhada por decréscimo na captagio de insulina
¢ aumento na expressio de iNOS. Os resultados desse
experimento devem ser encarados como mais uma evi- :
déncia da hip6tese de que a ativagio da AMPK apéds a
sessdo aguda de exercicio é importante para a supressio
da indugio de iNOS em ratos obesos. Curiosamente,
ratos obesos induzidos por dieta apresentam menor ex- -
pressio de AMPK (57). Por outro lado, ratos obesos
exercitados regularmente tiveram seus niveis de AMPK
normalizados aos seus pares controles (57). Tal fato &
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confirma o efeito do exercicio em estimular a expressio
¢ a atividade da AMPK no musculo esquelético.

E fundamental enfatizar, no entanto, que o exercicio
induz a sintese das isoformas neuronal e endotelial da
enzima 6xido nitrico sintase (NNOS ¢ eNOS), ¢ nio so-
mente da iNOS. Contudo, ¢ preciso compreender que
o efeito do NO na sensibilidade a insulina ¢ dose-depen-
dente e depende também da enzima geradora de NO,
que ¢é expressa em diferentes sitios (58-59). Por exem-
plo, o aumento da sintese de NO pela eNOS em ratos
sauddveis pelo exercicio fisico aumenta a captagdo de gli-
cose (58). No entanto, em nosso experimento, avaliou-
se uma condi¢io de obesidade induzida por dieta rica
em gordura saturada na qual a sintese de NO pela iNOS
¢ pronunciada e se associa a resisténcia a insulina.

Além disso, uma limitagao em nosso estudo, na teoria
proposta de sensibiliza¢io a insulina pela pratica do exer-
cicio fisico, é que a iNOS normalmente ndo é expressa
no musculo esquelético (59) e somente ¢ induzida em
condicdo de resisténcia a insulina, como na obesidade
induzida por dieta rica em gordura saturada. No entan-
to, o exercicio pode prover melhoras na a¢io da insulina
em musculos sauddveis. Por essa razio, essa teoria pode
ndo suprir uma explicagdo universal e, por isso, é prova-
vel que esse seja apenas um dos diversos fatores envolvi-
dos na melhora da sensibilidade a insulina induzida pelo
exercicio na obesidade induzida por dieta.

CONSIDERAGOES FINAIS

Essas novas descobertas demonstraram que o exercicio
fisico pode atuar por diferentes mecanismos intracelu-
lares, sendo uma ferramenta importante na melhora da
sinaliza¢do da insulina em organismos sauddveis ou com
resisténcia a insulina. Na condi¢io de resisténcia a in-
sulina associada a obesidade induzida por dieta rica em
gordura, pesquisas revelam que o exercicio fisico é capaz
de modular proteinas inflamatérias de efeito negativo
no sinal de insulina. A atenuag¢do na atividade da JNK
IkK e iNOS sio alguns novos mecanismos moleculares
_ possiveis por intermédio dos quais o exercicio melhora
o sinal da insulina e a captagio de glicose (Figura 3). No
entanto, os resultados encontrados pelos diversos estu-

dos carecem de investiga¢oes continuadas, uma vez que
. a duragdo e a magnitude dos efeitos na sinalizagio da
insulina sio variaveis, dependendo do tipo, da duragio
© e da intensidade de exercicio e do modelo de obesidade
o induzida, sem se descartar a possibilidade de os efeitos
3 serem decorrentes de outros fatores e envolverem outras

406

vias moleculares. Uma das possibilidades talvez esteja as-
sociada a mudangas hemodindmicas induzidas pelo exer-
cicio. E conhecido que uma tnica sessio de exercicio
diminui a atividade simpdtica e aumenta o fluxo sangui-
neo muscular no periodo apés o exercicio. E interessante
notar que, durante a hiperinsulinemia perante uma tinica
sessio de exercicio, a atividade simpdtica é menor ¢ a
vasodilata¢do muscular, maior. Essas ¢ outras mudangas
hemodinamicas podem, também, contribuir para a re-
versdo da resisténcia a insulina (60). Apesar da neces-
sidade de se definirem muitas outras etapas da agio do
exercicio em vias de sinalizacdo intracelular, todas essas
descobertas abrem novas perspectivas para a compreen-
sdo do efeito do exercicio sobre a captagio de glicose.

Insulina X
Exercicio

Figura 3. Novos mecanismos de agdo do exercicio na resisténcia a insulina induzida
por obesidade. O exercicio fisico reduz a expressao e/ou atividade de proteinas
intracelulares de efeito negativo sobre a via de sinalizag&o da insulina, por exemplo,
PTP1B, JNK, IKK e iNOS, e com isso aumenta a sensibilidade a insulina e melhora a
captacdo de glicose na obesidade (A). A melhora no metabolismo da glicose em
individuos exercitados deve-se ainda ao efeito do exercicio de aumentar a
translocagao do Glut-4 por vias moleculares distintas, mediado por insulina (via IR/
IRSs/PI13g/Akt) (B) e/ou via AMPK (C) para a membrana do musculo esquelético,
independente da perda de peso corporal.

Declaragio: os autores declaram ndo haver conflitos de interesse
cientifico neste estudo.
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TRB3 (a mammalian homolog of Drosophila) is emerging as an important player in the regulation of insulin signaling. TRB3 can directly bind
to Ser/Thr protein kinase Akt, the major downstream kinase of insulin signaling. Conversely, physical exercise has been linked to improved
glucose homeostasis and enhanced insulin sensitivity; however, the molecular mechanisms by which exercise improves glucose
homeostasis, particularly in the hepatic tissue, are only partially known. Here, we demonstrate that acute exercise reduces fasting glucose
in two models diabetic mice. Western blot analysis showed that 8 h after a swimming protocol, TRB3 expression was reduced in the
hepatic tissue from diet-induced obesity (Swiss) and leptin-deficient (ob/ob) mice, when compared with respective control groups at rest.
In parallel, there was an increase in insulin responsiveness in the canonical insulin-signaling pathway in hepatic tissue from DIO and ob/ob
mice after exercise. In addition, the PEPCK expression was reduced in the liver after the exercise protocol, suggesting that acute exercise
diminished hepatic glucose production through insulin-signaling restoration. Thus, these results provide new insights into the mechanism
by which physical activity improves glucose homeostasis in type 2 diabetes.

J. Cell. Physiol. 221: 92-97, 2009. © 2009 Wiley-Liss, Inc.

Type 2 diabetes results from a complex interplay between
genetic and environmental conditions. It is associated with
impaired glucose clearance by the liver in the postprandial state,
and with elevated glucose production in the postabsorptive
state. Thus, insulin has a potent inhibitory effect on hepatic
glucose production by direct actions on hepatic receptors. The
insulin receptor (IR) is a protein with intrinsic tyrosine kinase
activity that, following activation by insulin, undergoes rapid
autophosphorylation and, subsequently, phosphorylates
intracellular protein substrates, including IRS-I and IRS-2
(Cheatham and Kahn, 1995). IRS proteins act as messenger
molecule-activated receptors to signaling with Src homology
2 domains, which are important steps in insulin action. After
stimulation by insulin, IRS-1 and -2 associate with several
proteins, including phosphatidylinositol 3-kinase (Pl 3-K)
(Folli et al., 1992; Saad et al., 1993; Williamson et al., 2003).
Downstream to Pl 3-K the serine/threonine kinase, Akt is
activated and plays a pivotal role in the regulation of various
biological processes, including apoptosis, proliferation,
differentiation, and intermediary metabolism (Downward,
1998; Chen et al., 2001).

TRB3, a mammalian homolog of Drosophila tribbles, was
proposed as a suppressor of Akt activity, predominantly in
conditions of fasting and diabetes (Du et al., 2003). TRB3 is
emerging as an important player in the regulation of insulin
signaling through directly bind to Ser/Thr protein kinase Akt,
the major downstream kinase of insulin signaling. In addition,

© 2009 WILEY-LISS, INC

knockdown of TRB3 expression by shRNA in mouse diabetic
liver increases insulin sensitivity. Conversely, increased TRB3
expression via adenoviral transfer in the normal liver leads to
decreased insulin sensitivity and glucose intolerance.

Insulin modulates nuclear forkhead box O (Foxol) activity
in an Akt-dependent manner (Barthel et al,, 2001). In loss- and
gain-of-function experiments in mice, Foxo| has been shown to
promote hepatic glucose production (Pagliassotti et al., 2002;
Puigserver et al.,, 2003). Previous studies show that a negative
modulation of insulin signal transduction through insulin Pl 3-K/
Akt/Foxolis involved in gluconeogenesis (Barthel et al., 2001;
Cintra et al.,, 2008). Insulin signaling plays an important role in
controlling gluconeogenic gene expression, including that of
phosphoenolpyruvate carboxykinase (PEPCK), which catalyzes
the rate-limiting step of hepatic gluconeogenesis (Sutherland
et al, 1996). A number of observations indicate that the
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activation of Pl 3-K/Akt is a major pathway through which
insulin modulates hepatic genes. Thus, blocking insulin-induced
PI 3-K activation with wortaminnin and LY-294002 prevents the
inhibitory effect of insulin on PEPCK expression (Band and
Posner, 1997). Expression of a dominant negative mutant of Pl
3-K induces the expression of PEPCK (Miyake et al., 2002).

Increased physical exercise has been linked to improved
glucose homeostasis and enhanced insulin sensitivity. After
an acute bout of exercise, the insulin sensitivity is enhanced
in insulin-sensitive tissues, such as, skeletal muscle, liver, and
hypothalamus (Luciano et al., 2002; Flores et al., 2006; Ropelle
et al.,, 2006; Pauli et al., 2008). The molecular mechanism for
enhanced insulin-mediated glucose uptake with exercise
training may be partly related to increased expression and
activity of key proteins known to regulate glucose metabolism
in skeletal muscle (Chibalin et al., 2000; Aoi et al., 2004; Ropelle
et al., 2006). However, the molecular basis underlying the
beneficial effects of exercise on hepatic production glucose in
type 2 diabetes remains unclear. The current study was designed
to investigate the effects of an acute bout of exercise on TRB3
expression in the insulin-signaling hepatic tissue and, consequently,
hepatic production glucose in obese diabetic mice.

Materials and Methods
Experimental animals

Male Swiss mice from the University of Campinas Central Animal
Breeding Center were used in the experiments. The 4-week-old
Swiss mice were divided into three groups; control mice (lean) fed
standard rodent chow; obese mice, fed on an high fat diet
(carbohydrate: 45%; protein: 20%; fat 35%, total 5.7 kcal/g) for

2 months (DIO), and a third group, which also received an high fat
diet, but was submitted to acute exercise (DIO + EXE). Also, male
leptin-deficient (ob/ob) and lean control mice (ob/?), originally
imported from the Jackson Laboratories (Bar Harbor, ME), were
used in the experiments. All experiments were approved by the
Ethics Committee of the State University of Campinas (UNICAMP).
Room temperature was maintained stable (28 £ 1°C), and mice
were housed in individual cages, subjected to a standard light—dark
cycle (6:00 a.m. to 6:00 p.m./6:00 p.m. to 6:00 a.m.), and provided
with standard rodent chow and water ad libitum.

Exercise protocol

The swimming protocol employed was described previously
(Ryder et al., 1999), with minor modifications. Adult mice were
acclimated to swimming for 10 min for 2 days. Eight animals swam
together in plastic containers measuring 45 cm in diameter. Water
temperature was maintained at 32—33°C. Mice swam for four 30-
min periods, with 5-min rest periods for a total swimming time of
2 h. After the acute exercise protocol (DIO + EXE—Swiss or AE
group—ob/ob), animals were fed ad libitum for 2 h and food was
withdrawn 6 h before the tissue extractions. Eight hours after the
exercise protocol, the mice were anesthetized with intraperitoneal
(i.p.) injection of sodium thiopental (40 mg/kg body weight).
Following the experimental procedures, the mice were killed

TABLE |. Physiological and metabolic parameters

under anesthesia (thiopental 200 mg/kg) following
recommendations of the NIH publication no. 85-23.

Fasting glucose, insulin tolerance test (ITT), serum insulin
quantification, and glycogen content

After the exercise protocol, the mice were submitted to an insulin
tolerance test (ITT; 1.5 U/kg body weight of insulin) after 6 h fasting.
Briefly, 1.51U/kg of human recombinant insulin (Humulin R)
from Eli Lilly (Indianapolis, IN) was infused intraperitoneally to
anesthetized mice, the blood samples were collected at 0, 5, 10, 15,
20, 25, and 30 min from the tail for serum glucose determination.
The rate constant for plasma glucose disappearance (Krt) was
calculated using the formula 0.693/biological half-life (t;;;). The
plasma glucose t,; was calculated from the slope of the last square
analysis of the plasma glucose concentration during the linear phase
of decline (Bonora et al., 1989). Plasma glucose was determined
using a glucose meter (Advantage, Boehringer Mannheim, Irveine,
CA). Plasma was separated by centrifugation (1500g) for 15 min at
4°Candstored at —80°C until assay. RIA was employed to measure
serum insulin, according to a previous description (Scott et al.,
1981). Glycogen content in liver fragments was measured
according to a previously described method (Pimenta et al., 1989).

Protein analysis by immunoblotting

As soon as anesthesia was assured by the loss of pedal and corneal
reflexes, the abdominal cavity was opened, the cava vein exposed,
and 0.1 ml of normal saline or insulin (107 mol/L to 0.1 ml) was
injected. After insulin injection, hepatic tissue was excised. The
tissue was pooled, minced coarsely, and homogenized immediately
in extraction buffer (mM) (1% Triton-X-100, 100 Tris, pH 7.4,
containing 100 sodium pyrophosphate, 100 sodium fluoride,

I0 EDTA, 10 sodium vanadate, 2 PMSF, and 0. mg of aprotinin/ml)
at 4°C with a Polytron PTA 20S generator (Brinkmann
Instruments, Westbury, NY, model PT 10/35) operated at
maximum speed for 30 sec. The extract was centrifuged at
11,000 rpm and 4°C in a Beckman 70.1 Ti rotor (Palo Alto, CA) for
40 min to remove insoluble material, and the supernatant was used
for protein quantification, using the Bradford method (Bradford,
1976). Proteins were denatured by boiling in Laemmli (1970)
sample buffer containing 00 mM DTT, run on SDS-PAGE, and
transferred to nitrocellulose membranes. Membranes were
blocked, probed, and developed, as described previously (De Souza
et al., 2005). Antibodies used for immunoblotting were anti-
phospho-Akt, anti-PEPCK, anti-phospho-Foxol (Cell Signaling
Technology, Beverly, MA), anti-Akt, anti-Foxol, anti-TRB3, and
anti-B-actin (Santa Cruz Biotecnology, Inc., Santa Cruz, CA). Band
intensities were quantitated by optical densitometry (Scion Image
software, ScionCorp, Frederick, MD) of the developed
autoradiographs. The quantified phospho data were expressed
relative to total.

Statistical analysis

The results were expressed as the means - SEM. Differences
between the lean groups and mice at rest (ob/ob or Swiss) and after
exercise protocol were evaluated using one-way analysis of

Groups (n=7) Body weight (g)

Epididymal fat (g)

Fasting insulin (ngml™") Fasting glucose (mgdl~")

Control (lean) 25.9+1.22° 0.77 +0.09"
ob/ob 47.7£3.11 3.99+£0.53
AE 484+£271 3.55+0.62

1.434+0.69" 90.3+5.14"
8.3+2.84 2485+ 12.17
9.1 £3.19 112.5+5.26"

?P < 0.05, lean versus obese mice at rest.
#P < 0.05, AE versus respective obese mice at rest.
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variance (ANOVA). When the ANOVA indicated significance, a
Bonferroni post hoc test was performed.

Results
Physiological and metabolic parameters

Two diabetic models were evaluated in present study, deficient
leptin (ob/ob) and diet-induced obesity (DIO). Table | shows
comparative data regarding lean controls, leptin-deficient
(ob/ob) mice at rest and after acute exercise. The ob/ob mice at
rest have a greater body weight, epididymal fat, fasting serum
insulin, and fasting glucose than age-matched controls (lean).
No significant variations were found in body weight, epididymal
fat, and fasting serum insulin of ob/ob mice after acute exercise,
when compared diabetic mice at rest. However, the fasting
glucose was reduced (65%) in ob/ob mice at 8 h after the
exercise protocol (AE group).

Table 2 shows comparative data regarding control,
DIO mice, and DIO mice submitted to exercise protocol
(DIO + EXE). The DIO mice had a greater body weight,
epididymal fat and fasting serum insulin and fasting glucose, than
age-matched controls. No significant variations were found in
body weight, epididymal fat, and fasting serum insulin of DIO
mice after acute exercise; however, acute exercise reverses
fasting hyperglycemia of DIO mice.

Acute exercise improves insulin signaling in the liver
of ob/ob and DIO mice

Insulin-induced 5.0- (DIO) and 3.2-fold (ob/ob) increases in Akt
serine phosphorylation in the liver of lean controls, when
compared to saline injection (Fig. |A,C, respectively). In Swiss
and ob/ob mice at rest, Akt serine phosphorylation was
reduced after insulin injection by 2.7- and 3.3-fold
(respectively), when compared with lean mice (Fig. | A,C). In the
liver of the DIO + EXE and AE group, Akt serine increased by
|.8- and 2.6-fold, respectively, compared with mice at rest
(Fig. 1A,C). There was no difference in basal levels of Akt serine
phosphorylation in the groups (data not shown). The Akt
protein levels were not different between the groups

(Figs. 1A,C, lower parts).

Insulin-induced a 4.5- (DIO) and 10.3-fold (ob/ob) increase in
Foxol phosphorylation in the liver of lean mice, when
compared to saline injection (Fig. 1B,D, respectively). In Swiss
and ob/ob mice at rest, Foxo| phosphorylation was reduced
after insulin injection by 2.2- and 4.2-fold, respectively, when
compared with the lean group (Fig. 1B,D). In the liver
DIO + EXE and AE group, Foxo increased by |.5-and 3.1-fold,
compared with mice at rest (Fig. | B,D, respectively). There was
no difference in basal levels of Foxo| phosphorylation between
the groups (data not shown). The Foxol protein levels were
not different between the groups (Fig. 1B,D, lower parts).

Acute exercise suppressed TRB3 expression in the
hepatic tissue of ob/ob mice

TRB3 expression was determined in the hepatic tissue of two
animal models. The livers were blotted with anti-TRB3. TRB3
expression was increased by 1.5-and 3.8-fold in the liver of DIO
and ob/ob mice at rest (respectively), when compared with lean

TABLE 2. Physiological and metabolic parameters

A Swiss + DIO C ob/ob
1B pAkt 1B: pAkt
N v
5100 % [en
EE‘ 5000 5 _ 500
_E-E 4000 # %E A00)
£5 22 30
%E 2000+ & g
2% 0004 F 0
a5 axg
E-...— 1000 = ﬁ ~ 1000
a 0
Lon  Lean DD COCHERE Lman  Lean  obiah  AE

ImBuin

Insubn

Bkt |- _—— -l

B |B:pFoxol D IB: pFoxoi
— — — —
00 = 3000
5 k=l
= 7500 T = 2500 b
%H * =8
g E 00 " % 5 2000+
EE 1500 & & 15004 =
£
E.E 000 ‘ELE 1000
g2 ’_'_‘ $= oo
3 I—T—i o I_LI
£ o He —=
Lean  Lssn DG DeO+EXE Lemn Loan ook AE
M Insalln
IB: Foxo m 1B: Foxol -— - —
Fig. I. Insulin signaling in the liver of diet-induced obesity and ob/ob

mice. Liver extracts from mice injected with saline (—) or insulin (+)
were prepared, as described in Materials and Methods Section.

A: Tissue extracts of the Swiss mice were blotted (IB) with
anti-phospho Akt antibody or anti-Akt antibody (upper and lower
parts, respectively). B: Tissue extracts of the Swiss mice were with IB
antibodies anti-phosphoFoxo| or anti-Foxol antibody (upper and
lower parts, respectively). C: Liver extracts of the ob/ob mice were IB
with anti-phospho Aktor anti-Akt antibody (upper and lower parts,
respectively). D: liver extracts of the ob/ob mice were IB with
anti-phospho Foxol or anti-Foxo| antibody (upper and lower parts,
respectively). The results of scanning densitometry are expressed
as arbitrary units (expressed as relative to total). Bars represent
means * SEM of n =8 mice. *P<0.05, DIO mice at rest versus lean
(Swiss) and ob/ob mice at rest versus lean and #P <0.05, DIO + EXE
versus DIO mice at rest and AE group versus ob/ob mice at rest.

controls. However, 8 h after a single bout of exercise, the TRB3
expression was reduced by |.5- and 2.0-fold in the liver of
DIO + EXE and AE groups when compared with the DIO and
ob/ob groups at rest (Fig. 2A,C, respectively). No significant
variations were found in TRB3 expression in ob/ob and Swiss
lean (control) after acute exercise with or without injection
insulin (data not shown).

The liver was immunoprecipitated with anti-Akt antibody
and then blotted with anti-TRB3 antibody. A 2.4- and 2.5-fold
increase in Akt/TRB3 association was observed in the liver of

Groups (n=9) Body weight (g)

Epididymal fat (g)

Fasting insulin (ngml~") Fasting glucose (mgdl~')

Lean 24-3+222" 0.5+£0.10"
DIO 379+£3.11 2.6+0.43
DIO + EXE 38.6 £3.01 294052

1.8+0.59" 97.3+4.14°
9.7 +2.64 285.5+8.17
9.2+3.02 122.5 + 6.26"

P < 0.05, lean (control) versus DIO.
#P < 0.05 exercised (DIO + EXE) versus DIO mice.
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Fig. 2. Expression of TRB3 and TRB3/Akt association. Liver
extracts from the Swiss and ob/ob mice injected with saline or
insulin were submitted to immunoblotting (TRB3 expression) or
immunoprecipitated (TRB3/Akt association), as described in the
Materials and Methods Section. A: Samples were blotted (IB) with
anti-TRB3 antibody in liver of diet-induced obesity mice. B: Tissue
extracts were immunoprecipitated (IP) with anti-TRB3 antibody and
blotted (IB) with anti-Akt antibody in liver of diet-induced obesity
mice. C: Samples were blotted (IB) with anti-TRB3 antibody in liver of
ob/ob mice. D: Tissue extracts were immunoprecipitated (IP) with
anti-TRB3 antibody and blotted (IB) with anti-Akt antibody in liver of
ob/ob mice. Bars represent means = SEM of n =8 mice. *P<0.05,
DIO mice atrest versus lean (Swiss) and ob/ob mice at rest versus lean
and #P<0.05, DIO + EXE versus DIO mice at rest and AE group
versus ob/ob mice at rest.

the DIO and ob/ob groups, respectively, when compared with
the lean group (Fig. 2B,D). Conversely, in the liver of

DIO + EXE and AE groups, the Akt/TRB3 association
decreased by |.I- and |.6-fold, respectively, compared to DIO
and ob/ob mice at rest (Fig. 2B,D). The Akt protein levels were
not different between the groups (Fig. 2B,D, lower parts).

Acute exercise reduces PEPCK expression in the hepatic
tissue of DIO and ob/ob mice

We next observed the expression of PEPCK in the liver of two
models, under fasting conditions. The hepatic tissue extracts
were blotted with anti-PEPCK antibody. In the hepatic tissue of
DIO and ob/ob mice at rest, the PEPCK expression was
increased by |.4- and 2.3-fold in DIO and ob/ob, respectively,
when compared with lean groups. Interestingly, 8 h after acute
exercise, the PEPCK protein level was decreased by |.1- and
|.6-fold in the DIO + EXE and AE groups, when compared with
diabetic mice at rest (Fig. 3A,D, respectively).

Liver glucose uptake is independent of insulin action;
however, the pancreatic hormone tightly regulates hepatic
gluconeogenesis. Since acute exercise leads to high glucose
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Fig. 3. PEPCK expression, glycogen content, and insulin sensitivity

under fasting conditions in the hepatic tissue and of lean (control), ob/
ob (obese) and AE mice. Liver extracts from mice were prepared as
described in Materials and Methods Section. A: Tissue extracts were
blotted (IB) with anti-PEPCK antlbody in Swiss mice. B: Hepatlc
glycogen content in Swiss mice is expressed as mg (100 g tissue) '

C: The rate constant for glucose disappearance during an insulin
tolerance test (K;r7) in Swiss mice. D: tissue extracts were blotted
(IB) with anti-PEPCK antlbody in ob/ob mice. E: Hepatlc glycogen
content in ob/ob mice is expressed as mg (100 g tissue) . F: The rate
constant for glucose disappearance during an insulin tolerance test
(Kir1) in ob/ob mice. The results of scanning densitometry are
expressed as arbitrary units. In PEPCK expresswn, bars represent
means + SEM of n = 8 mice. *P<0.05, DIO mice at rest versus lean
(Swiss) and ob/ob mice at rest versus lean and #P <0.05, DIO + EXE
versus DIO mice at rest and AE group versus ob/ob mice at rest.

turnover in spite of low basal and stimulated insulin levels, we
decided to evaluate glycogen contents. In DIO and ob/ob mice
at rest glycogen content was reduced by |.5- and 2.3-fold,
respectively, when compared with respective lean groups
(Fig. 1B,E). In the liver of the DIO + EXE and AE groups,
glycogen content increased by |.3-and |.7-fold, compared with
DIO and ob/ob mice at rest (Fig. 3B,E, respectively).

Finally, we observed increased insulin sensitivity in the AE
group and DIO + EXE. We found a significant impairment
(65 and 55%) in the glucose disappearance rate (K;7) in ob/ob
and Swiss mice at rest when compared with lean controls
(respectively) and acute exercise improved (39 and 42%) the
glucose disappearance rate in ob/ob and Swiss mice,
respectively (Fig. 3C,F).

Discussion

Over the past years, components of the insulin-signaling
pathways have been validated in an effort to assign the

95



96

LIMAET AL.

physiological role for these targets in the regulation of glucose
homeostasis. The molecular mechanism for enhanced insulin
sensitivity with exercise training may be related to increased
expression and/or activation of key proteins that regulate
glucose metabolism (Houmard etal., 1999; Chibalin et al., 2000;
Ropelle et al., 2006; Pauli et al., 2008). Since the IR/IRS-2/PI 3-K
pathway is involved in hepatic glucose production (Kim et al.,
2001), we may suggest that physical activity partially reverses
insulin resistance of diabetic mice by acting on this pathway,
following acute exercise. In the present study, we demonstrate
that acute exercise improves fasting glucose in diabetic mice.
Eight hours after an exercise session, the TRB3 expression

is suppressed in liver from leptin-deficient mice. This
phenomenon is accompanied by an increase in insulin sensitivity
in the liver, resulting in a reduction in glucose hepatic
production in fasted mice.

One molecular mechanism mediating insulin resistance may
involve the reduced activity AKT-induced TRB3 expression.
The role of TRB3 on Akt activation has been studied in different
contents. In both mouse muscle and liver, increased TRB3
expression is associated with impaired Akt activation (Du etal.,
2003; Koh et al., 2006; Matsushima et al., 2006); a similar
association has also been observed in primary hepatocytes
(Matsushima et al., 2006). TRB3, a mammalian homolog of
Drosophila tribbles, functions as a negative modulator of Akt.
TRB3 expression is induced in liver under fasting conditions,
and TRB3 disrupts insulin signaling by binding directly to Akt and
blocking activation of the kinase. Amounts of TRB3 RNA
and protein were increased in livers of db/db diabetic mice
compared with those in wild-type mice (Du et al., 2003).
Hepatic overexpression of TRB3 in amounts comparable to
those in db/db mice promoted hyperglycemia and glucose
intolerance (Du etal., 2003). Some authors have suggested that,
by interfering with Akt activation, TRB3 contributes to insulin
resistance in individuals with susceptibility to type 2 diabetes.
In our studies, we found that expression of TRB3 is increased
in the liver of leptin-deficient mice. In the present study, we
observe that a single bout of exercise inhibits TRB3 expression
in the liver of diabetic mice, and this inhibition is accompanied by
an increase in the IR/PI 3-K/Akt pathway. Though, recently,
we reported that one bout of exercise reduced protein
tyrosine phosphatase |B (PTPIB) activity and IRS-I serine
phosphorylation (two molecular mechanisms mediating insulin
resistance), leading to restored insulin sensitivity in the
gastrocnemius muscle of DIO rats (Ropelle et al., 2006), the
role of acute exercise on PTPIB activity and IRSI serine
phosphorylation in the hepatic tissue was not investigated
and could be involved in the improvement on insulin signaling
but these mechanisms remain uncertain and deserve further
investigations. In the hepatic tissue, insulin resistance is related
as reduced insulin stimulation of tyrosine phosphorylation of
the IR and its major substrates (Michael et al., 2000; Pagliassotti
et al., 2002) and as an increase in gluconeogenesis and hepatic
glucose output (Boden et al., 2001), as a result of the inability
of Pl 3-K to inhibit the activation of glucose-6-phosphatase
(Gé6Pase) and PEPCK (Kotani et al., 1999; Chi et al., 2007).
Exercise has been shown to improve insulin action in the
liver (Gao et al., 1994); physical exercise ameliorated the
insulin-signaling response in diabetes-prone Psammomys obesus
and inhibited PEPCK activity (Heled et al., 2004). In addition,
acute exercise increased responsiveness of whole body glucose
disposal and insulin suppress ability of hepatic glucose
production in obese SHHF/Mcc-facp rats (Gao et al., 1994).
Downstream of Pl 3-K, Foxol is an important regulator that
modulates the expression of gluconeogenic genes in the
nucleus, and this is mediated by Akt phosphorylation (Aoyama
et al., 2006). Once phosphorylated, Foxol translocates to the
cytoplasm in response to insulin and reduces gluconeogenic
gene transcription. We observed high levels of PECK in the liver
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of ob/ob and Swiss mice fed on high-fat diet, these data are
in accordance with several studies in mice with severe insulin
resistance (Michael etal., 2000; Xu et al., 2003), however, some
evidences showed that rats fed on high-fat diet had a reduction
on PEPCK content in liver (Lessard et al., 2007). Our data
provide evidence that acute exercise improves insulin signaling
and increases Foxol phosphorylation in the liver, leading to
reduced hepatic PEPCK expression in ob/ob mice. Thus, since
the Pl 3-K pathway is involved in glucose output in the liver,
we suggest that acute exercise partially reverses the insulin
resistance of diabetic animals by acting on this pathway.

Collectively, our results demonstrate that a single bout of
exercise improves fasting glucose metabolism in diabetic mice
by reversing insulin resistance in hepatic tissue. The effect of
exercise on insulin action is further supported by our findings
that exercised mice show a reduction in TRB3 expression, a
mechanism by which a single bout of exercise may decrease
glucose production in the liver. Thus, these results provide new
insights into the mechanism by which physical activity improves
glucose homeostasis in type 2 diabetes, mainly fasting
hyperglycemia.
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Abstract Proper activation of phosphoinositide 3-kinase-
Akt pathway is critical for the prevention of tumorigenesis.
Recent data have characterized a negative feedback loop,
wherein mammalian target of rapamycin (mTOR) blocks
additional activation of the Akt/mTOR pathway through
inhibition insulin receptor substrate 1 (IRS-1) function.
However, the potential of IRS-1 inhibition during rapamy-
cin treatment has not been examined. Herein, we show that
IRS-1 antisense oligonucleotide and rapamycin synergisti-
cally antagonize the activation of mTOR in vivo and
induced tumor suppression, through inhibition of prolifera-
tion and induction of apoptosis, in prostate cancer cell
xenografts. These data demonstrate that the addition of
agents that blocks IRS-1 potentiate the effect of mTOR
inhibition in the growth of prostate cancer cell xenografts.

Keywords Protein kinases - Phosphatidylinositol
3-kinase - Insulin receptor substrate 1 - Rapamycin -
Prostate neoplasms

Introduction

Prostate cancer is a major health problem in the world, and
the available treatment options have proven to be inadequate
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in controlling the mortality and morbidity associated with
this disease (Jemal et al. 2007; Petrylak et al. 2004; Tannock
et al. 2004). Research efforts in the last decade have shown
that molecular targeted-therapy is a promising approach that
could expand the arsenal against prostate cancer.

The mammalian target of rapamycin (mTOR) pathway is
a key regulator of cell growth and proliferation, and
increasing evidence suggests that its deregulation is associ-
ated with human diseases, including cancer and diabetes
(Sabatini 2006; Ueno et al. 2005). The mTOR pathway
integrates signals from nutrients, energy status and growth
factors to regulate many processes, including autophagy,
ribosome biogenesis and metabolism (Dennis et al. 2001;
Sabatini 2006). Thus, rapamycin and several analogs, such
as CCI-779 and RADOO1, are currently undergoing clinical
evaluation as anticancer agents (Huang and Houghton
2002; Majumder et al. 2004).

The insulin and IGF-1 receptors are tyrosine kinases,
which phosphorylates the insulin receptor substrate (IRS)
upon ligand binding. Phosphorylated IRS, in turn, acts as a
protein scaffold that activates the phosphatidylinositol (PI)
3-kinase/Akt cascade (Yenush and White 1997). The pro-
duction of phosphatidylinositol 3,4,5-triphosphate (PIP3)
by PI 3-kinase recruits the serine/threonine kinases PDK1
and Akt to the plasma membrane, by binding to its N-termi-
nal pleckstrin homology (PH) domain. At the membrane,
Akt is phosphorylated by PDK1-mediated phosphorylation
(Lawlor and Alessi 2001). Akt phosphorylates many pro-
teins with important physiological roles, including TSC2,
inhibiting its GTPase activating protein effect towards the
small G-protein Rheb (Inoki et al. 2003). The accumulation
of the GTP-bound Rheb leads to the activation of mTOR
through an as yet unknown mechanism.

Inactivation of the tumor-suppressor gene, PTEN, occurs
in glioblastoma multiforme, endometrial cancer and prostate
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cancer, among others (Sansal and Sellers 2004). The sup-
pressor-tumor function of PTEN is linked to its lipid phos-
phatase activity; loss of this activity leads to accumulation
of its substrate, PIP3, and activation of the PI 3-kinase sig-
naling pathway (Maehama and Dixon 1998). One conse-
quence of PTEN loss is hyper-phosphorylation downstream
Akt substrates (Cross et al. 1995; del Peso et al. 1997; Kops
etal. 1999; Nakamura etal. 2000). Phosphorylation of
these proteins can lead to enhanced cell survival, increased
cell proliferation and altered cellular metabolism.

Recent studies have shown that many kinases, including
rapamycin-sensitive enzymes, promote serine/threonine
phosphorylation of IRS-1 that inhibits their function and
promotes their degradation (Mothe and Van Obberghen
1996; Rui etal. 2001). Insulin- or IGF-stimulated Akt
phosphorylation could be rescued by rapamycin treatment,
coincident with restored IRS protein levels. The rapamycin-
mediated rescue is blunted by reducing IRS-1 expression
with specific siRNAs, and rendered unnecessary by overex-
pression of IRS-1. Thus, chronic hyperactivation of mTOR
by inactivation of TSC1-TSC2 stimulates components of
the protein synthesis pathway, while inhibiting the IRS
branch of the insulin/IGF-1 signaling cascade (Harrington
et al. 2004; Shah et al. 2004; Ueno et al. 2005).

To clarify the role of mTOR feedback in prostate cancer,
we studied the potential of the IRS-1 antisense oligodeoxi-
nucleotide (ASO) as an inhibitor of proliferation during
rapamycin treatment, using the PC-3 cell line, which is
reported to be PTEN-negative.

Materials and methods
Antibodies, chemicals and buffers

The reagents and apparatus for sodium dodecyl sulfate-
polyacrylamide gel -electrophoresis (SDS-PAGE) and
immunoblotting were obtained from Bio-Rad (Richmond,
CA). Tris-[hydroxymethyl]Jamino-methane (Tris), phen-
ylmethylsulfonylfluoride (PMSF), dithiothreitol (DTT),
Triton X-100, Tween 20 and glycerol were obtained from
Sigma Chemical (St Louis, MO, USA). Dimethyl sulfoxide
(DMSO) was obtained from Calbiochem (La Jolla, CA,
USA). Aprotinin was obtained from Bayer (Sao Paulo, SP,
Brazil). Ketamin was obtained from Parke-Davis (Sdo
Paulo, SP, Brazil); diazepam and sodium thiopental were
obtained from Cristdlia (Itapira, SP, Brazil). Protein
A-Sepharose 6 MB, nitrocellulose membrane (Hybond
ECL, 0.45 um) and 125 _Protein A were obtained from
Amersham (Buckinghamshire, UK). Anti-IRS-1 and anti-
IRS-1 phosphoserine 307-specific antibodies were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
phospho-Akt (Ser473) and anti-phospho-p70 S6K (Thr421/
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Ser424) antibodies were obtained from New England Bio-
labs (Beverly, MA, USA). Rapamycin was obtained from
LC Laboratories (Woburn, MA, USA).

Phosphorothioate-modified oligonucleotides

Sense and antisense phosphorothioate oligonucleotides spe-
cific for IRS-1 (sense (SO), 5'-ACC CAC TCC TAT CCC
G-3' and antisense (ASO), 5'-CGG GAT AGG AGT GGG
T-3") were produced by Invitrogen (Carlsbad, CA). The
antisense oligonucleotide sequences were submitted to
BLAST analyses (http://www.ncbi.nlm.nih.gov) and
matched only for the human IRS-1 coding sequence.

Cell culture

The human prostate cancer cell line PC-3 was obtained
from ATCC, Philadelphia, PA, USA. Cells were cultured in
RPMI containing 10% fetal bovine serum and glutamine
without addition of antibiotics or fungicides; they were
maintained at 37°C, 5% CO,.

Human tumor xenograft models

SCID mice were provided by the State University of Cam-
pinas—Central Breeding Center (Campinas, SP, Brazil).
SCID mice, 5-6 weeks old and weighing approximately
20-25 g, were implanted with 1.0 x 10% PC-3 cells into the
dorsal subcutis of male mice. Mice were weighed twice
weekly, and tumor measurements were taken by calipers
daily starting on day 0. These tumor measurements were
converted to tumor volume (V) using the formula
(V=W? x L x 0.52), where W and L are the smaller and
larger diameters, respectively, and plotted against time.
When the tumors were between 50 and 100 mm?, the ani-
mals were pair-matched into treatment and control groups.
Each group contained eight mice, each of which was ear
tagged and followed individually throughout the experi-
ment. Initial doses were given on the day of pair matching
(day 0). Rapamycin and IRS-1 ASO were administered via
1.p. injection daily at the doses indicated. On termination,
the mice were weighed and killed, and their tumors were
excised. Treatment-related toxicity was evaluated by means
of serial weight measurements. All experiments were
approved by the Ethics Committee of the State University
of Campinas.

Tumor extracts

Mice were anesthetized with sodium amobarbital (15 mg/kg
body weight, i.p.), and were used 10-15 min later, i.e. as
soon as anesthesia was assured by the loss of pedal and cor-
neal reflexes. Tumors were removed, minced coarsely and
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homogenized immediately in extraction buffer (1% Triton-
X 100, 100 mM Tris, pH 7.4, containing 100 mM sodium
pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA,
10 mM sodium vanadate, 2 mM PMSF and 0.1 mg of apro-
tinin/ml) at 4°C with a Polytron PTA 20S generator (Brink-
mann Instruments model PT 10/35) operated at maximum
speed for 30 s. The extracts were centrifuged at 15,000 rpm
and 4°C in a Beckman 70.1 Ti rotor (Palo Alto, CA) for
45 min to remove insoluble material, and the supernatants
of these tissues were used.

Protein analysis by immunoblotting

The whole tissue extract was treated with Laemmli sample
buffer (Laemmli 1970) containing 100 mM DTT and heated
in a boiling water bath for 4 min after which they were sub-
jected to SDS-PAGE (6% bis-acrylamide) in a Bio-Rad mini-
ature slab gel apparatus (Mini-Protean, Bio-Rad Laboratories,
Inc., Richmond, CA, USA). For total extracts, similar sized
aliquots (200 pg protein) were subjected to SDS-PAGE.
Electrotransfer of proteins from the gel to nitrocellulose
was performed for 90 min at 120 V (constant) in a Bio-Rad
miniature transfer apparatus (Mini-Protean), as described by
Towbin et al. (1979), except for the addition of 0.02% SDS
to the transfer buffer to enhance the elution of high molecu-
lar mass proteins. Nonspecific protein binding to the nitro-
cellulose was reduced by preincubating the filter overnight
at 4°C in blocking buffer (5% nonfat dry milk, 10 mM Tris,
150 mM NaCl 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 60 min with blocking
buffer without milk. The blots were subsequently incubated
with 2 uCi of '*I-protein A (30 uCi/ug) in 10 ml of block-
ing buffer for 2 h at room temperature and then washed
again for 30 min as described above. '*’I-Protein A bound
to the antiphosphotyrosine and antipeptide antibodies was
detected by autoradiography using preflashed Kodak XAR
film with Cronex Lightning Plus intensifying screens at
—80°C for 12-48 h. Band intensities were quantified by
optical densitometry of developed autoradiographs (Scion
Image software, Scion Corporation, Frederick, MD, USA).

Immunohistochemistry

To detect proliferating cell nuclear antigen (PCNA), micro-
wave post fixation was carried out using a domestic oven
(Panasonic Junior, Sao Jose dos Campos, SP, Brazil) at
700 W, which was delivered to slides immersed in 0.01 mol/l
citrate buffer, pH 6.0, in twice doses during 7 min separated
by a break of 2 min, which allowed for buffer replenishment.
The slides were allowed to cool to room temperature before
being removed from the oven. Sections were then incubated

at room temperature for 1 h with primary antibody PC10
(Dako North America, Inc., Carpinteria, CA, USA) diluted
1:150. Biotinylated horse mouse antihuman (Dako) antibod-
ies for PC10 were applied for 1 h at room temperature. The
slides were then incubated with avidin-biotin complex
(ABC) reagent (Vector) for 30 min followed by the addition
of diaminobenzidine tetrahydrochloride (DAB) (Sigma) as a
substrate-chromogen solution. After hematoxylin counter-
staining and dehydration, the slides were mounted in Ente-
llan (Merck, Darmstadt, Germany). The experiments were
done, at least, in triplicate for each mouse.

A TUNEL apoptosis detection kit (Upstate Biotechnol-
ogy, Inc., Lake Place, NY, USA) was used for DNA
fragmentation fluorescence staining according to the manu-
facturer’s protocol. Following the extraction, the tissue
extracts were fixed with 4% paraformaldehyde in 0.1 M
NaH,PO,, pH 7.4, and incubated with a reaction mix con-
taining biotin-dUTP and terminal deoxynucleotidyl trans-
ferase for 60 min. Fluorescein-conjugated avidin was
applied to the sample, which was then incubated in the dark
for 30 min. Positively stained fluorescein-labeled cells were
visualized and photographed by fluorescence microscopy.

Statistical analysis

All groups were studied in parallel. Comparisons between
different groups were performed by employing ANOVA, as
appropriate. The level of significance adopted was
P <0.05.

Results

Effects of treatment with rapamycin and/or IRS-1 ASO,
on Akt/mTOR signaling pathway in PC-3 xenografts

To evaluate IRS-1 ASO activity, we performed experi-
ments using samples from PC-3 xenografts, immunoblotted
with anti IRS-1 (Fig. 1a). There was an evident decrease in
IRS-1 protein levels within 48 h after ASO treatment,
which was maximal at 72 h after IRS-1 ASO treatment,
representing a reduction in the IRS-1 protein level of ~75%
(Fig. 1a, upper panel). The ASO-mediated IRS-1 inhibition
in PC-3 xenografts was dose dependent (Fig. 1b). The inhi-
bition of IRS-1 protein levels was detected after the injec-
tion of 0.4 nmol/kg, while inhibition was observed with
0.8 nmol/kg of IRS-1 ASO, representing a reduction in the
IRS-1 protein level of ~70% (Fig. 1b, upper panel). There
was no change in IRS-1 protein levels after IRS-1 sense oli-
gonucleotide (SO) treatment (Fig. 1a, b, middle panel).
Immunoblotting experiments were conducted to deter-
mine the effects of rapamycin, IRS-1 ASO, and the combi-
nation of both on IRS-1 serine phosphorylation in PC-3
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Fig. 1 Phosphorylation status of IRS-1, Akt and p70S6k proteins after
treatment with rapamycin and IRS-1 antisense oligonucleotide (IRS-1
ASO) alone, and with the combination of rapamycin and IRS-1 ASO.
(a, upper panel) The time course was performed with SCID mice treat-
ed i.p. with 0.4 nmol/kg of IRS-1 ASO, as indicated. At the time-points
indicated, after the treatment, they were anesthetized and a fragment
from xenograft was removed. Similar treatments were carried out with
the IRS-1 SO (a, middle panel). Loading control with anti-o-tubulin
antibodies (a, lower panel). b In a dose response experiment, SCID
mice were treated i.p. with varying doses of IRS-1 ASO or with vehi-

xenografts (Fig. 1c). Thus, with isolated rapamycin, there
was a significant decrease in IRS-1 serine phosphorylation
when compared to the control group. The isolated IRS-1
ASO inhibited partially the IRS-1 serine phosphorylation,
while the simultaneous treatment with rapamycin and the
IRS-1 ASO showed inhibition of IRS-1 serine phosphoryla-
tion similar to the treatment with rapamycin alone. There
was an increase in IRS-1 protein levels with rapamycin
treatment. On the other hand, the isolated administration of
IRS-1 ASO strongly decreased IRS-1 protein levels. We
observed that IRS-1 ASO blocked the effect of rapamycin
on IRS-1 protein expression (Fig. 1d). Isolated rapamycin
induced increases in the serine phosphorylation of Akt,
compared to the control group. The IRS-1 ASO induced
decreases in the phosphorylation of Akt protein; in addi-
tion, we observed that IRS-1 ASO blocked the effect of rap-
amycin on Akt phosphorylation (Fig. le). There were no
changes in Akt protein levels. Conversely, the isolated
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cle, as indicated. After 72 h, they were anesthetized, and fragments
from xenograft and liver were removed. Similar treatments were car-
ried out with the IRS-1 SO (b, middle panel). Loading control with
anti-a-tubulin antibodies (b, lower panel). c—f Representative Western
blots of five independent experiments showing PC-3 lysates. The ly-
sates were immunoblotted (IB) with anti-IRS-1 phospho—seriner) (c),
anti-IRS-1 antibodies (d), anti-phospho-Akt (pAkt) (e, upper panel),
anti-Akt (e, lower panel), anti-phospho-p70S6k (p-p70S6k) (f, upper
panel) and anti-p70S6k antibodies (f, lower panel). Bars represent
means & SEM. #P < 0.05 versus rapamycin and *P < 0.05 versus control

treatment with rapamycin induced a great decrease in
p70S6k phosphorylation; ASO treatment decreased p70S6k
phosphorylation to a small extent compared to rapamycin.
The association of both treatments acted synergistically in
the reduction of p70S6k phosphorylation, which was sig-
nificantly lower than each compound alone. There were no
changes in p70S6k protein levels.

Effects of treatment with rapamycin and/or IRS-1 ASO
on growth of PC-3 xenografts

As shown in Fig. 2, exposure of PC-3 xenografts to isolated
IRS-1 ASO resulted in a weak decrease in tumor growth
during the experimental period. Rapamycin-treated group
showed an important decrease in growth, with a very low
velocity of growth. Meanwhile, the combination of rapa-
mycin and IRS-1 ASO enhanced the inhibitory effect on
tumor growth, resulting in no important change in tumor
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Fig. 2 Growth curves for xenografts derived from PC-3 cells. Rapa-
mycin (4 mg/kgi.p.), IRS-1 ASO (0.4 nmol) or the combination of rap-
amycin and IRS-1 ASO (4 mg/kg and 0.4 nmol, respectively) were
injected daily in mice bearing PC-3 xenografts. Control mice received
a similar schedule of the vehicle solution. Points and means for at least
eight tumors

volume in the frame shift period of study. No substantial
weight loss was observed in any of the groups throughout
the 30 days of analysis.

Effects of treatment with rapamycin and/or IRS-1 ASO
on proliferation and apoptosis of PC-3 xenografts

We performed immunohistochemistry to detect PCNA, a
proliferation index (Fig.3a). The observed percent of
PCNA-positive cells was 45.9 £ 5.2% in the control group.
IRS-1 ASO and rapamycin administration significantly
reduced the percent of positive cells to 36.6 £ 6.8% and
24.5 + 4.7%, respectively (P < 0.05, for both). The group
treated with the combination of rapamycin and IRS-1 ASO

was found to be 4.3 &+ 3.2% in positive cells. Compared to
the control group, the combination of rapamycin- and IRS-
1 ASO-treated group showed £90% of reduction in posi-
tive cells (P < 0.001). IRS-1 ASO plus rapamycin enhanced
the effectiveness of rapamycin by 570%.

To analyze the mechanism responsible for the growth
inhibition of PC-3 cells by rapamycin and IRS-1 ASO, the
effects of rapamycin and/or IRS-1 ASO on programmed
cell death was examined. Thus, DNA fragmentation was
measured by TUNEL assay in PC-3 xenografts (Fig. 3b). In
relation to the control group, the IRS-1 ASO- and rapamy-
cin-treated groups showed about 4- and 23-fold greater pos-
itive cells, respectively (P <0.05, for both). The
combination of rapamycin and IRS-1 ASO promoted a 37-
fold increase in apoptotic cell number, when compared to
the control group (P < 0.001), and an up to 2-fold increase
compared with that of rapamycin (P < 0.05).

Discussion

PTEN alterations have been robustly implicated in human
prostate cancer, with PTEN deletions and/or mutations of at
least one allele observed in up to 60% of primary prostate
cancers, while homozygous PTEN inactivation is more fre-
quently associated with metastatic prostate tissues (Cairns
etal. 1997; Gray etal. 1995; Suzuki etal. 1998). In the
present study, we show that IRS-1 ASO and rapamycin
cooperatively antagonize the activation of mTOR in vivo
and act synergistically in tumor suppression in PC-3 pros-
tate cancer xenografts, which do not express PTEN. Our
results show that IRS-1 ASO alone reduces the activation
of PI 3-kinase pathway, while rapamycin alone reduces the
activation of mTOR. Combined treatment with rapamycin

ve}

Fig. 3 Effects of vehicle, rapa- A —
mycin (4 mg/kg i.p.), IRS-1 .
ASO (0.4 nmol/kg) or the com-
bination of rapamycin and IRS-1
ASO (4 mg/kg and 0.4 nmol,
respectively) on cell prolifera-

Control
Rapamycin

Control
Rapamycin

tion (a) and on apoptosis (b) in
PC-3 xenografts. Bars represent
means £+ SEM calculated from
PCNA and TUNEL positive
cells counted in four fields.
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and IRS-1 ASO leads to a quantitative inhibition of molec-
ular signaling through the PI 3-kinase pathway. In accor-
dance with these data, the proliferation of PC-3 xenografts
after treatment with IRS-1 ASO combined with rapamycin
was more pronounced than treatment with each alone.
Tyrosine-phosphorylated IRS-1 proteins are known to
bind efficiently a number of SH2 domain-containing pro-
teins involved in activation of downstream signaling path-
ways, including PI 3-K p85, GRB2, SHP-2, Nck and Crk
(for review, see Saltiel and Kahn 2001). There is increasing
interest in the potential role of IRS-1 in oncogenesis. Over-
expression of IRS-1 in NIH3T3 fibroblasts leads to
increased activation of the Ras-MAPK cascade and cell
transformation (Ito et al. 1996; Tanaka et al. 1996). IRS-1
overexpression also contributes to the progression of hepa-
tocellular carcinoma, possibly by inhibiting transforming
growth factor ff1-mediated apoptosis (Tanaka and Wands
1996). Although the LNCaP prostate cancer cell line does
not express IRS-1 or IRS-2, introduction of either protein in
combination with IGF-IR converts these cells to a more
aggressive phenotype (Reiss et al. 2000). A recent study
examining endogenous IRS-1 shows that it is constitutively
tyrosine-phosphorylated in a wide range of human tumor
samples, suggesting that IRS-1 activation may be a com-
mon phenomenon in tumors (Chang et al. 2002). Moreover,
a relationship between IRS-1 activation and fusion onco-
proteins has already been established. TRK-T1 (Miranda
et al. 2001) and BCR-ABL (Traina et al. 2003) have both
been shown to bind IRS-1 and to be associated with
increased IRS-1 tyrosine phosphorylation. Therefore, IRS-
1 activation may be a more general mechanism for transfor-
mation. We found that inhibition of IRS-1 by IRS-1 ASO
can lead to a decrease in the growth of PC-3 xenografts.
Our data demonstrate that lowering IRS-1 content leads to a
decrease in the number of docking sites for maximal activa-
tion of PI 3-kinase-Akt-mTOR cascade, as shown by a
reduction of Akt and p70S6k phosphorylation, respectively,

further suggesting that IRS-1 is important for PC-3 xeno-
grafts growth.

The primary pathway by which most growth factors and
cytokines activate mTOR and its downstream targets
appears to be the PI 3-kinase/Akt pathway (for review, see
Fingar and Blenis 2004). Recent reports have shown that, in
absence of TSC2 or in hiperinsulinemic situations, IRS-1
increases its serine phosphorylation in parallel with a
reduction in its protein levels. Importantly, all the studies
found that long term treatment with rapamycin completely
restores IRS-1 protein levels and the insulin/IGF-1 respon-
siveness of PI 3-kinase Akt pathway (Harrington et al.
2004; Shah et al. 2004; Ueno et al. 2005). In agreement
with these studies, our results show an increase in IRS-1
serine phosphorylation as well as a reduction in protein
levels in PC-3 xenografts; moreover, the treatment with
rapamycin restored IRS-1 levels and activity in the PC-3
xenografts as demonstrated. Furthermore, PC-3 xenografts
treated with both IRS-1 ASO and rapamycin exhibit a
strong attenuation of the PI 3-kinase pathway. Altogether,
these data suggest that loss of PTEN expression in PC-3
xenografts triggers a feedback inhibition of Akt signaling,
which is reversed by rapamycin and IRS-1 ASO can over-
come.

In addition to the down-regulation of the PI 3-kinase/Akt
pathway, continuous treatment with IRS-1 ASO for
4 weeks resulted in significant tumor growth delay, and the
treatment with IRS-1 ASO plus rapamycin strongly inhib-
ited cell proliferation and induced apoptosis. The suppres-
sion of the PI 3-kinase/Akt pathway in these tumors might
potentially result in the reduction of protein synthesis, cell
growth and proliferation downstream of mTOR through
inactivation of p70S6k and activation of 4E-BP1 (Fingar
and Blenis 2004; Fingar et al. 2002; Jefferies et al. 1997).

Based on these results, we propose a model for the syn-
ergism between IRS-1 ASO and rapamycin in suppressing
growth in PC-3 cells lacking PTEN (Fig. 4a). According to

A B C
IRS-1 Fdl IRS-1 Fdl IRS-1 ra
tdins(4,5) P, tdins(4,5) P, tdins(4,5) P,
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Fig. 4 Model for IRS-1 ASO and rapamycin synergism in PC-3 xeno-
grafts. a mTOR feedback in PC-3 xenografts. The activated mTOR
inhibits IRS-1 signaling towards PI 3-kinase. b Rapamycin treatment.
Rapamycin inhibits mTOR and activates IRS-1 signaling towards PI 3-

@ Springer

kinase. ¢ Treatment with combination of IRS-1 ASO and rapamycin.
The simultaneous treatment with IRS-1 ASO and rapamycin delivers
an additional signal, which leads to enhanced apoptosis and diminished
proliferation



J Cancer Res Clin Oncol (2008) 134:833-839

839

this model, rapamycin alone induces mTOR inhibition,
which is rapidly followed by IRS-1 activation (Fig. 4b).
IRS-1 ASO, in turn, inhibits the expression of IRS-1 and
has the same role as mTOR feed back. Thus, the combina-
tion of IRS-1 ASO with rapamycin provides an additive
signal inhibition, which leads to enhanced apoptosis and
diminished proliferation (Fig. 4c).

In conclusion, our data demonstrate that the addition of
agents that block IRS-1 potentiate the effect of mTOR inhi-
bition in the growth of PC-3 xenografts.
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Abstract

Recent studies have shown that statins might have relevant effects on insulin resistance in animal models and in humans. However, the
molecular mechanisms that account for this improvement in insulin sensitivity are not well established. The aim of the present study was to
investigate the effect of a statin on insulin sensitivity and insulin signaling in liver and muscle of rats fed on a high-fat diet (HFD) for
4 weeks, treated or not with lovastatin during the last week. Our data show that treatment with lovastatin results in a marked improvement in
insulin sensitivity characterized by an increase in glucose disappearance rate during the insulin tolerance test. This increase in insulin
sensitivity was associated with an increase in insulin-induced insulin receptor (IR) tyrosine phosphorylation and, in parallel, a decrease in IR
serine phosphorylation and association with PTP1B. Our data also show that lovastatin treatment was associated with an increase in insulin-
stimulated insulin receptor substrate (IRS) 1/phosphatidylinositol 3-kinase/Akt pathway in the liver and muscle of HFD-fed rats in parallel
with a decrease in the inflammatory pathway (c-jun N-terminal kinase and I kappa f kinase (IKKf)/inhibitor of kB/nuclear factor kB) related
to insulin resistance. In summary, statin treatment improves insulin sensitivity in HFD-fed rats by reversing the decrease in the insulin-
stimulated IRS-1/phosphatidylinositol 3-kinase/Akt pathway in liver and muscle. The effect of statins on insulin action is further supported
by our findings that HFD rats treated with statin show a reduction in IRS-1 serine phosphorylation, I kappa kinase (IKK)/inhibitor of xB/
nuclear factor kB pathway, and c-jun N-terminal kinase activity, associated with an improvement in insulin action. Overall, these results

provide important new insight into the mechanism of statin action in insulin sensitivity.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Insulin uses 2 main signaling pathways, the phosphati-
dylinositol 3-kinase (PI3K)-AKT/protein kinase B (PKB)
pathway, which is responsible for most of the metabolic
actions of the hormone, and the Ras—mitogen-activated
protein kinase pathway, which regulates expression of some
genes and cooperates with the PI3K pathway to control cell
growth and differentiation [1]. The (PI3K)-AKT pathway
initiates when the insulin receptor (IR) undergoes autopho-
sphorylation after insulin binding and phosphorylates a
number of intracellular proteins including IR substrate
proteins (IRSs; IRS-1 and IRS-2 are the most important)
[2]. After tyrosine phosphorylation, IRS-1 and IRS-2 bind

* Corresponding author. Department of Internal Medicine, FCM-
UNICAMP, 13081-970 Campinas SP, Brazil. Fax: +55 19 3521 8950.
E-mail address: msaad@fcm.unicamp.br (M.J.A. Saad).

0026-0495/$ — see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.metabol.2007.07.021

and activate the PI3K [2,3]. Downstream to PI3K, activation
of a serine/threonine kinase (Akt) occurs, which in turn
stimulates glucose transport in the muscle and adipose tissue,
stimulates glycogen synthesis in the liver and muscle, and
stimulates lipogenesis in the adipose tissue [4]. Therefore,
the PI3K/Akt pathway has an important role in the metabolic
effects of insulin.

An important mechanism that may contribute to the
dysregulation of the insulin-signaling pathway includes
serine 307 (Ser’®”) phosphorylation of IRS proteins by
c-jun N-terminal kinase (JNK) [5]. The JNK is a member of
the mitogen-activated protein kinase family [6,7] and can be
activated by tumor necrosis factor o [8] and interleukin 13
[9,10], both proinflammatory cytokines. Serine 307 is
located next to the phosphotyrosine (pY)-binding domain
in IRS-1, and its phosphorylation inhibits the interaction
of the pY-binding domain with the phosphorylated NPEY
motif in the activated IR, causing insulin resistance [11].



58 C.A. Lalli et al. / Metabolism Clinical and Experimental 57 (2008) 57-65

Furthermore, JNK might serve as a feedback inhibitor during
insulin stimulation [5,11].

In rodents and humans, the dietary intake of high amounts
of fat has been shown to be associated with increased
adiposity and insulin resistance [12]. A recent study has
shown that a high-fat diet (HFD) induces a tissue-specific
regulation of glucose transport with reduced glucose uptake
and insulin signaling in muscle that is accompanied by an
increased insulin-stimulated glucose uptake in adipose tissue
[13]. In this context, insulin resistance could be tissue
specific to the muscle, liver, and hypothalamus, whereas
adipose tissue remains sensitive to insulin.

Another mechanism involved in HFD-dependent insulin
resistance is the activation of the proinflammatory I kappa 3
kinase (IKKp)/inhibitor of xB (IxB)/nuclear factor xB
(NFxB) pathway [14-16]. I kappa kinase (IKK) is a serine
kinase; and its activation phosphorylates the IxkB, a
cytoplasmic protein that inhibits nuclear translocation of
NFkB, a family of transcription factors that function as
homo- or heterodimers in the regulation of the expression of
proinflammatory, immunomodulatory, and antiapoptotic
genes [17]. After its phosphorylation, IxB is ubiquitinated
and degraded in the proteosome, releasing NFkB for
translocation to the nucleus and activation of gene expres-
sion. It has been proposed that NFxB-increased activation
may play an important role in the pathogenesis of insulin
resistance [14-17].

Since their discovery in the early 1970s, statins have been
used to lower cholesterol, acting as 3-hydroxy-3-methylglu-
taryl coenzyme A reductase inhibitors [18,19]. However,
recent studies have shown that statins might have additional
relevant effects on insulin resistance in animal models
[20,21] and in humans [22,23]. However, the molecular
mechanisms that account for this improvement in insulin
sensitivity are not yet well established. The aim of the
present study is to investigate the effect of a statin on insulin
sensitivity and insulin signaling in the liver and muscle of
HFD-fed rats.

2. Materials and methods

2.1. Materials

Male Wistar rats were provided by the State University of
Campinas-Central Breeding Center (Campinas, SP, Brazil).
Antiphosphotyrosine and anti-IR (aIR) antibodies anti—IRS-
1, anti-Aktl/2, and anti-pJNK were from Santa Cruz
Technology (Santa Cruz, CA). Anti-pAkt was from Cell
Signaling Technology (Beverly, MA). Anti-PI3K and anti—
phospho-IRS-1°"%" were obtained from Upstate Biotech-
nology (Lake Placid, NY). Human recombinant insulin
(Humulin R) was purchased from Eli Lilly (Indianapolis,
IN). Routine reagents were purchased from Sigma Chemical
(St Louis, MO) unless otherwise specified. ['*’I]-Protein A
was from Amersham Biosciences Group (Little Chalfont,
United Kingdom).

2.2. Animals

Four-week-old male Wistar rats were randomly divided
into 3 groups with similar body weights and fed for 4 weeks:
control group (C), fed standard rodent chow and water ad
libitum (protein, 20 kcal%; carbohydrate, 70 kcal%; lipid,
10 kcal%); HFD group, fed a fat-rich chow and water ad
libitum (protein, 20 kcal%; carbohydrate, 35 kcal%; lipid,
45 kcal%, predominantly in the form of lard); and lovastatin
group (L), fed a fat-rich chow and water ad libitum and
treated daily with lovastatin (6 mg/kg) by oral gavage at
night during the last week of the experiment. All experiments
were approved by the Ethics Committee of the State
University of Campinas.

2.3. Methods

2.3.1. Tissue extraction and immunoprecipitation

Food was withdrawn 12 to 14 hours before the experiments.
One hour before the procedure, the animal received the last
dose of drug or vehicle. Rats were anesthetized with sodium
thiopental (25 mg/kg body weight, intraperitoneally) and were
used 10 to 15 minutes later, that is, as soon as anesthesia was
ensured by the loss of pedal and corneal reflexes. The
abdominal cavity was opened, the cava vein was exposed, and
0.5 mL of isotonic sodium chloride solution or insulin (6 ug)
was injected. Fragments of liver and soleus muscle were then
collected at 30 and 90 seconds, respectively. The fragments
were minced coarsely and homogenized immediately in
extraction buffer (1% Triton-X 100, 100 mmol/L Tris [pH
7.4] containing 100 mmol/L sodium pyrophosphate,
100 mmol/L sodium fluoride, 10 mmol/L EDTA, 10 mmol/L
sodium vanadate, 2 mmol/L phenylmethylsulfonyl fluoride,
and 0.1 mg of aprotinin per milliliter) at 4°C with a Polytron
PTA 20S generator (model PT 10/35; Brinkmann Instruments,
Littau-Luzern, Switzerland) operated at maximum speed for
30 seconds. The extracts were centrifuged at 15000 rpm and
4°C in a Beckman 70.1 Ti rotor (Palo Alto, CA) for 45 minutes
to remove insoluble material, and aliquots of the resulting
supernatants containing 2.0 mg of total protein of these tissues
were used for immunoprecipitation with 10 uL of polyclonal
antibodies: anti-oIR, aIRS-1, anti-Akt (Cell Signaling Tech-
nology), anti—phospho-[Thr183]-JNK, anti—phospho-IRS-
15397 and anti-IkBo and Protein A Sepharose 6MB or
Protein A/G Plus (Pharmacia, Uppsala, Sweden). Tissue
extraction and immunoprecipitation overnight were followed
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), transfer to nitrocellulose membranes,
and blotting with anti-pY, oIR, anti—IRS-1, or anti-p85/PI3
kinase antibodies.

2.3.2. Protein analysis by immunoblotting

The precipitated proteins and/or whole-tissue extracts
were treated with Laemmli sample buffer [24] containing
100 mmol/L dithiothreitol and heated in a boiling water bath
for 5 minutes, after which they were subjected to SDS-PAGE
in a Bio-Rad (Hercules, CA) miniature slab gel apparatus
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Table 1
Serum insulin and plasma fasting glucose levels
C HFD L
Plasma glucose (mg/dL) 95+ 11 118+ 6 112+ 11
Serum insulin (ng/mL) 222+£0.12*%  3.76+024** 2.68+0.08

Serum insulin and plasma glucose levels. Data are expressed as mean +
SEM. Each group was composed of 6 animals.

* P <.001: C vs HFD.

** P <.05: HFD vs L.

(Mini-Protean). For total extracts, 250 ug of proteins were
subjected to SDS-PAGE. Electrotransfer of proteins from the
gel to nitrocellulose was performed for 120 minutes at 120 V
in a Bio-Rad Mini-Protean transfer apparatus [25]. Non-
specific protein binding to the nitrocellulose was reduced by
preincubating the filter for 2 hours in blocking buffer (5%
nonfat dry milk, 10 mmol/L Tris, 150 mmol/L NaCl, 0.02%
Tween 20). The nitrocellulose blot was incubated with
specific antibodies overnight at 4°C and then incubated with
2 mCi FS['®I]-labeled protein A (30uCi/ug). The results
were visualized by autoradiography with preflashed Kodak
XAR film (Manaus, Amazonas-Brazil). Band intensities
were quantified by optical densitometry (model GS300;
Hoefer Scientific Instruments, San Francisco, CA).

2.3.3. Insulin tolerance test

All the 3 groups were submitted to an intravenous insulin
tolerance test (1 U/kg body weight of insulin, intravenously);
and samples for blood glucose measurements were collected
at 0 (basal), 4, 8, 12, and 16 minutes after injection. Rats
were anesthetized with sodium thiopental (25 mg/kg body
weight, intraperitoneally) as described above, 40uL of blood
was collected from their tails, and blood glucose concentra-
tion was measured by the glucose-oxidase method. There-
after, the rate constant for plasma glucose disappearance
(Ki) was calculated using the formula 0.693/(¢;,). The
plasma glucose ¢, was calculated from the slope of the least
squares analysis of the plasma glucose concentrations during
the linear phase of decline [26].

2.3.4. Serum insulin analysis
Serum insulin levels were analyzed by radioimmunoas-
say, as previously described [27].

2.3.5. Statistical analysis

All groups of animals were studied in parallel. Compar-
isons between different groups were performed by using
Student ¢ test for unpaired samples and analysis of variance as
appropriate. The level of significance adopted was P <.05.

3. Results

3.1. Animal characteristics

Body weights were higher in HFD-fed rats than in the
control group (HFD: 412 +5 gvs C: 347+ 12 g, P <.05) and
in the lovastatin group compared with control rats (L: 426 +
20 g vs C: 347 £ 12 g, P <.05). The body weights of HFD-

fed rats and the rats of the lovastatin group were not
statistically different. The insulin levels in HFD-fed animals
were higher than those in the control group (C: 2.22 +
0.12 ng/mL vs HFD: 3.76 = 0.24 ng/mL, P < .001). The
group fed on the diet and treated with lovastatin presented
insulin levels that were similar to those of the controls and
statistically different from the animals fed the HFD (HFD:
3.76 £ 0.24 ng/mL vs L: 2.68 £ 0.08 ng/mL, P <.05). We did
not find any difference in fasting plasma glucose concentra-
tions between the 3 groups. Table 1 shows the results of
serum insulin and fasting plasma glucose.

The HFD animals were more insulin resistant than
the control rats, as expressed by their lower plasma glucose
disappearance rates measured by the insulin tolerance
test (Kiy) (C: 4.3%/min + 0.6%/min vs HFD: 1.7%/min =+
0.4%/min, P < .05). The use of lovastatin increased
the insulin sensitivity, as shown by the K (L: 3.3%/min £
0.5%/min), which was different from the HFD group
(P <.05) (Fig. 1).

3.2. Insulin signaling in liver of controls, HF D-fed rats, and
lovastatin-treated rats

There were no differences in IR protein levels between
the 3 groups. The insulin-induced IR tyrosine phosphoryla-
tion in the liver of HFD rats was decreased when compared
with control animals. The animals treated with lovastatin
presented insulin-induced IR tyrosine phosphorylation
levels that were similar to those of controls (C: 100% + 4%
vs HFD: 48% + 5%, P < .001; HFD vs L: 101% + 9%,
P <.001; Fig. 2A and B). The IR serine phosphorylation in
the liver of HFD rats was increased when compared with
control animals; and after the treatment with lovastatin, the IR
serine phosphorylation was similar to that of the control
group (C: 100% + 10% vs HFD: 157% + 8%, P <.05; HFD:

%
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Fig. 1. All 3 groups were submitted to an intravenous insulin tolerance, as
described in Materials and methods. Blood samples were collected from the
tails of anesthetized rats at 0 (basal), 4, 8, 12, and 16 minutes after injection
of 1 U/kg body weight of insulin intravenously; glucose concentration was
measured by the glucose-oxidase method; and the rate constant for plasma
glucose disappearance (Kj,) was calculated. The HFD-fed rats were more
resistant than the control rats as shown by K, (C: 4.3%/min + 0.6%/min vs
HFD: 1.7%/min £ 0.4%/min, P <.05), and the use of lovastatin increased the
insulin sensitivity (K L: 3.3%/min + 0.5%/min vs HFD: 1.7%/min + 0.4%/
min, P <.05).
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Fig. 2. Insulin signaling in the liver of control animals, animals fed on HFD for 4 weeks, and animals fed on HFD for 4 weeks and treated with lovastatin
during the last week. In animals infused with insulin, the samples were extracted at 30 seconds after insulin injection. A, Immunoprecipitation (IP) with oIR
and immunoblotting (IB) with a-IR antibodies. B, IP with o-IR and IB with a-PY. C, IP with aIR and IB with antiphosphoserine antibodies. D, IP with aIR
and IB with anti-PTP1B antibodies. E, IP with o-IRS-1 and IB with o-IRS-1. F, IP with a-IRS-1 and IB with a-PY. G, IP with a-IRS-1 and IB with PI3K.
H, IB with a-AKT1/2 antibodies. I, IB with a-PAKT. Data are mean + SEM of 10 independent experiments; that is, 10 different cohorts of animals were fed

on a control diet, HFD for 4 weeks, or HFD for 4 weeks plus lovastatin treatment during the last week. *HFD vs C, P <.001; **HFD vs L, P <.001; #L vs
HFD, P <.05.

157% + 8% vs L: 112% + 4%, P <.05; Fig. 2C). A similar of IRS-1 in the liver of the 3 groups, there was a decrease

behavior was seen for the association of IR and PTP1B (C: in insulin-stimulated IRS-1 tyrosine phosphorylation in
100% £ 12% vs HFD: 140% + 8%, P <.05; HFD: 140% + 8% the HFD group with an increase after the use of the drug
vs L: 95% + 10%, P < 0.05; Fig. 2D). Despite similar levels (C: 100% + 3%, HFD: 76% + 7%, and L: 112% = 14%,
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Fig. 3. Insulin signaling in the skeletal muscle of control animals, animals fed on HFD for 4 weeks, and animals fed on HFD for 4 weeks and treated with
lovastatin during the last week. In animals infused with insulin, the samples were extracted at 90 seconds after insulin injection. A, IP with o-IR and IB with a-IR
antibodies. B, IP with o-IR and IB with a-PY. C, IP with a-IR and IB with antiphosphoserine antibodies. D, IP with «IR and IB with anti-PTP1B antibodies.
E, IP with o-IRS-1 and IB with a-IRS-1. F, IP with a-IRS-1 and IB with a-PY. G, IP with a-IRS-1 and IB with PI3K. H, IB with a-AKT1/2 antibodies. I, IB
with o-PAKT. Data are mean + SEM of 10 independent experiments. *HFD vs C, P <.001; **HFD vs L, P <.001.

P <.05 between HFD animals and lovastatin group; Fig. 2E
and F). The IRS-1/PI3K association presented a similar
behavior (C: 100% % 0.5% vs HFD: 40% + 4%, P <.001;
HFD vs L: 121% + 4%, P <.001; Fig. 2G). There were no
differences in Akt protein levels between the groups

(Fig. 2H). However, animals fed on the HFD presented a
decrease in insulin-induced Akt serine phosphorylation,
which was reversed after lovastatin treatment (C: 100% =+
5% vs HFD: 70% = 2%, P <.001; HFD vs L: 95% =+ 5%,
P <.001; Cvs L, P<.05; Fig. 2I).
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Fig. 4. Insulin signaling in the liver of control animals, animals fed on HFD
for 4 weeks, and animals fed on HFD for 4 weeks and treated with lovastatin
during the last week. A, IB with o-IRS-1°"°7 antibodies. B, IB with o-
JNK1. C, IB with IkBo. D, IB with antiactin antibodies. Data are mean +
SEM of 10 independent experiments. *HFD vs C, P <.001; **HFD vs L,
P <.001; #HFD vs L, P <.01; &C vs HFD and HFD vs L, P <.05.

3.3. Insulin signaling in the skeletal muscle of controls,
HFD-fed rats, and lovastatin-treated rats

There were no differences in IR protein levels in the
skeletal muscle of controls, HFD-fed animals, and lovasta-
tin-treated animals (Fig. 3A). Despite an apparent decrease in
insulin-stimulated IR tyrosine phosphorylation in the HFD-
fed animals and increase after use of lovastatin, there were no
statistical differences between the groups (C: 100% = 17%,
HFD: 76% =+ 4%, and L: 129% + 23%; Fig. 3B). The IR
serine phosphorylation in the muscle of HFD rats was
increased when compared with control animals (C: 100% +
8% vs HFD: 155% + 8%, P <.05; Fig. 3C). In the group fed
on the HFD and treated with lovastatin, the IR serine
phosphorylation was similar to that of the control group
(HFD: 155% =+ 8% vs L: 116% = 5%, P <.05; Fig. 3C). A
similar behavior was seen for the association of IR and
PTPI1B (C: 100% + 10% vs HFD: 140% = 8%, P <.05; HFD:
140% + 8% vs L: 105% + 8%, P <.05; Fig. 3D). However,
although no differences were observed in IRS-1 protein
levels, the HFD-fed animals presented a significantly
reduced insulin-stimulated IRS-1 tyrosine phosphorylation
compared with control rats and an increased phosphorylation
after the use of the drug (C: 100% + 5% vs HFD: 51% + 7%,
P <.001; HFD vs L: 151% + 3%, P <.001; Fig. 3E and F).

The IRS-1/PI3K association presented similar results (C:
100% = 1% vs HFD: 54% + 20%, P < .001; HFD vs L:
179% = 11%, P <.001; Fig. 3G). There were no differences
in Akt protein levels between the groups (Fig. 3H); however,
the HFD-fed rats presented a decrease in insulin-induced Akt
serine phosphorylation that was reversed by the use of
lovastatin (C: 100% + 2% vs HFD: 64% + 2%, P <.001;
HFD vs L: 116% =+ 7%, P <.001, Fig. 3I).

3.4. Phospho-IRS-1°""", phospho-JNK, and IxBo. in the
liver of controls, HFD-fed rats, and lovastatin-treated rats

The consumption of the HFD significantly increased the
levels of phospho-IRS-15%7 of the rats in the HFD group
compared with those of the control rats, and the treatment
with lovastatin decreased it to values similar to those of
controls (C: 100% + 5% vs HFD: 171% = 20%, P <.001;
HFD vs L: 113% + 12%, P <.001; Fig. 4A). Similarly, the
HFD-fed animals presented a significant increase in the
levels of phospho-[Thr183]-JNK compared with controls;
and this increase was reversed in the group of animals treated
with lovastatin (C: 100% =+ 7% vs HFD: 162% = 3%, P <
.001; HFD vs L: 141% + 3%, P <.01; Fig. 4B). There was a
decrease in IkBo in HFD-fed rats, suggesting an activation
of IKKf, which was reversed in the lovastatin group (C:
100% + 6%, HFD: 44% + 4%, and L: 67% + 2%; Fig. 4C).
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Fig. 5. Insulin signaling in the skeletal muscle of control animals, animals
fed on HFD for 4 weeks, and animals fed on HFD for 4 weeks and treated
with lovastatin during the last week. A, IB with a-IRS-1°%7 antibodies. B,
IB with o-JNK1. C, IB with IkBa. D, IB with antiactin antibodies. Data are
mean + SEM of 10 independent experiments. *HFD vs C, P <.001; **HFD
vs L, P <.001; #C vs L, P <.01; &C vs HFD and HFD vs L, P <.05.
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3.4.1. Phospho-IRS-1°*"*"", phospho-JNK, and IxBo.
in the skeletal muscle of controls, HFD-fed rats, and
lovastatin-treated rats

The levels of phospho-IRS-1°%7 increased in the group
of animals treated with the HFD compared with the control
rats, and this increase was reversed in the lovastatin-treated
rats compared with the controls (C: 100% =+ 14% vs HFD:
137% + 7%, P <.001; HFD vs L: 110% =+ 12%, P <.05; Fig.
5A). Increased phospho-[Thr183]-JNK was observed in the
HFD-fed rats compared with controls, and a reversal of this
increase was also seen in the lovastatin-treated animals
(C: 100% = 6% vs HFD: 172% + 2%, P <.001; HFD vs L:
138% + 2%, P <.001; C vs L, P <.01; Fig. 5B). The use of
the HFD decreased the IkBo in the HFD group compared
with control animals, whereas treatment with lovastatin
reversed this decrease to values similar to those of controls
rats (C: 100% = 7% vs HFD: 72% = 6%, P <.05; HFD vs L:
97% =+ 3%, P <.01; Fig. 5C).

4. Discussion

In the present study, we demonstrated that lovastatin, an
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibi-
tor, has insulin-sensitizing properties in HFD-fed rats.
Treatment with lovastatin resulted in a marked improvement
in insulin sensitivity characterized by an increase in the
glucose disappearance rate during the insulin tolerance test.
This increase in insulin sensitivity was associated with an
increased insulin-stimulated IRS-1/PI3K/Akt pathway in the
liver and muscle of HFD-fed rats in parallel with a decrease
in the inflammatory pathway (JNK and IKK/IxB/NFkB)
related to insulin resistance.

Our data showing an improvement in insulin sensitivity in
statin-treated HFD-fed rats are in agreement with the results
of 3 separate studies in humans [28-30]. In these studies, the
authors used both simvastatin and cerivastatin and measured
insulin action by euglycemic hyperinsulinemic glucose
clamp and by homeostatic model assessment. In other
studies, the improvement in insulin action by statin was not
demonstrated, probably because of the lack of direct
assessment of insulin action or inclusion of patients using
other drugs that interfered in insulin action [31,32]. A
retrospective cohort study using Saskatchewan health
databases found that the use of statin was associated with a
delay of 10 months in starting insulin treatment in patients
with type 2 diabetes mellitus [33]. In Zucker rats,
atorvastatin resulted in a dose-dependent increase in insulin
sensitivity [21].

In the present study, the increase in insulin sensitivity
induced by lovastatin was associated with an increase in
insulin-stimulated IR tyrosine phosphorylation in parallel
with a reduction in IR serine phosphorylation and also in the
IR/PTP1B association in liver and muscle. Previous data
showed that an increase in IR serine phosphorylation is
associated with impairment in insulin-induced activation of

its receptor [34-36]. Another mechanism that controls IR
function is the activity of PTP1B, and previous studies have
demonstrated an increase in IR/PTP1B association in
situations of insulin resistance [36,37]. In this regard, the
reversal of increased IR serine phosphorylation and also of
IR/PTP1B association induced by lovastatin may have a role
in the improved insulin sensitivity induced by this drug. Our
data also show that lovastatin treatment was associated with
an increase in the insulin-stimulated IRS-1/PI3K/Akt path-
way. This finding is consistent with studies demonstrating
statin-induced activation of Akt/PKB [38,39]. A previous
study suggested that Akt/PKB activation by statin is PI3K
dependent [39]. Our data showing an increase in the insulin-
induced activation of upstream regulators of Akt/PKB, such
as IRS-1 and PI3K, in the liver and muscle of HFD-fed rats
reinforce this previous study. This effect of statin may have
an important role in the improvement of insulin sensitivity in
HFD-fed animals because this pathway has been implicated
in glucose transport in muscle and in glycogen synthesis in
liver and muscle [40,41].

Serine phosphorylation of IRS proteins is believed to be a
major mechanism of suppression of IRS-1 activity that
contributes to insulin resistance [40]. One possible kinase
that might increase IRS-1 serine phosphorylation in HFD-fed
rats is JNK [13]. Our data showing that statin reversed Ser*"’
IRS-1 phosphorylation and blunted JNK activation in liver
and muscle provide new insights into the mechanism of
statin improvement in insulin action.

Another mechanism involved in HFD-dependent insulin
resistance is the activation of the proinflammatory IKK/IxB/
NFkB pathway [14,16]. We have also demonstrated a
decrease in the level of IkB in the liver and muscle of rats fed
on a HFD compared with control animals, suggesting an
activation of this pathway. Interestingly, the statin treatment
also reversed this activation. Hence, in our study, the use of
lovastatin in rats on HFD reversed the deleterious effects of
the insulin signaling pathway with regard to JNK activation
and IKK/IxB/NFxB pathway.

Clinical and experimental studies strongly support an
anti-inflammatory role for statins. Liver is a major site of
action of statins, particularly in the inhibition of cholesterol
synthesis. However, the hepatocyte is also a source of
proinflammatory mediators; and a decrease in the expression
of these factors could be an important mechanism of the anti-
inflammatory action of these drugs [42]. The cholesterol
synthesis is a complex process that generates isoprenoids,
such as farnesyl pyrophosphate and geranylgeranyl pyropho-
sphate, that serve as lipid attachments for a variety of
signaling molecules, such as guanosine-3-phosphate (GTP)-
binding protein Ras and its related Ras-like proteins, such as
Rho, Rac, Rab, Rap, and Ral [43,44]. The translocation of
Ras to the membrane is necessary for activity and is
dependent on farnesylation. Similarly, attachment of Rho
and Rac to the membrane is required for activity; but in
contrast to Ras, these factors undergo geranylgeranylation.
Ras has been associated with cellular proliferation, Rac with
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generation of reactive oxygen species, and Rho with
activation of proinflammatory pathways [41,44]. Interest-
ingly, Rho and Rac proteins can induce NF«xB activity by a
mechanism that induces phosphorylation of IxB and nuclear
accumulation of NFxB [45,46]. In the case of NFxB, statins
have also been shown to limit NFxB nuclear accumulation
and DNA binding, perhaps via an increase in the expression
of IxkB [47,48]. In addition, statins have been shown to
reduce the expression of c-jun [48], indicating a possible
effect on JNK activity. Our data showing that statin blunted
the activation of IKK/IkB/NFkB and JNK in liver and
muscle of HFD-fed rats indicate a possible mechanism for
their anti-inflammatory effect on insulin action. In addition
to alterations described in this study induced by the HFD,
other mechanisms can also induce insulin resistance [49-51].
We cannot exclude the possibility that lovastatin could also
be acting through other mechanisms, contributing to its
effect of improving insulin action.

In summary, statin treatment improves insulin sensitivity
in HFD-fed rats by reversing the decrease in the insulin-
stimulated IRS-1/PI3K/Akt pathway in the liver and muscle.
The effect of statins on insulin action is further supported
by our findings that HFD rats treated with statin demonstrate
a reduction in IRS-1 serine phosphorylation, IKK/IxB/
NFkB pathway, and JNK activity associated with an
improvement in insulin action. Overall, these results provide
important new insight into the mechanism of statin action in
insulin sensitivity.
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Acute physical exercise reverses S-nitrosation of the insulin
receptor, insulin receptor substrate 1 and protein kinase B/
Akt in diet-induced obese Wistar rats

José R. Pauli, Eduardo R. Ropelle, Dennys E. Cintra, Marco A. Carvalho-Filho, Juliana C. Moraes,
Cl4audio T. De Souza, Licio A. Velloso, José B. C. Carvalheira and Mario J. A. Saad

Departamento de Clinica Médica, FCM, Universidade Estadual de Campinas (UNICAMP), Campinas, SP, Brazil

Early evidence demonstrates that exogenous nitric oxide (NO) and the NO produced by inducible
nitric oxide synthase (iNOS) can induce insulin resistance. Here, we investigated whether this
insulin resistance, mediated by S-nitrosation of proteins involved in early steps of the insulin
signal transduction pathway, could be reversed by acute physical exercise. Rats on a high-fat diet
were subjected to swimming for two 3 h-longbouts, separated by a45 min rest period. Twoor 16 h
after the exercise protocol the rats were killed and proteins from the insulin signalling pathway
were analysed by immunoprecipitation and immunoblotting. We demonstrated that a high-fat
diet led to an increase in the iNOS protein level and S-nitrosation of insulin receptor 3 (IR3),
insulin receptor substrate 1 (IRS1) and Akt. Interestingly, an acute bout of exercise reduced
iNOS expression and S-nitrosation of proteins involved in the early steps of insulin action, and
improved insulin sensitivity in diet-induced obesity rats. Furthermore, administration of GSNO
(NO donor) prevents this improvement in insulin action and the use of an inhibitor of iNOS
(L-N¢-(1-iminoethyl)lysine; L-NIL) simulates the effects of exercise on insulin action, insulin
signalling and S-nitrosation of IR3, IRS1 and Akt. In summary, a single bout of exercise reverses
insulin sensitivity in diet-induced obese rats by improving the insulin signalling pathway, in
parallel with a decrease in iNOS expression and in the S-nitrosation of IR/IRS1/Akt. The decrease
in iNOS protein expression in the muscle of diet-induced obese rats after an acute bout of exercise
was accompanied by an increase in AMP-activated protein kinase (AMPK) activity. These results

provide new insights into the mechanism by which exercise restores insulin sensitivity.

(Resubmitted 3 August 2007; accepted after revision 30 October 2007; first published online 1 November 2007)
Correspondingauthor M. J. A. Saad: Departamento de Clinica Médica, FCM-UNICAMP, Cidade Universitaria Zeferino
Vaz, Campinas, SP, Brasil. Email: msaad@fcm.unicamp.com.br

Nitric oxide (NO) is a free radical and biological signalling
molecule produced by the intracellular enzyme, NO
synthase (Lane & Gross, 1999). The reactivity of NO
towards molecular oxygen, thiols, transition metal centres,
and other biological targets enables NO to act as an
ubiquitous cell-signalling molecule with diverse physio-
logical and pathophysiological roles (Gross & Wolin,
1995). In this regard, NO can react with cysteine residues
in the presence of O, to form S-nitrosothiol (Stamler
et al. 1992, 1997), altering the activity of proteins
including H-ras (Lander et al. 1995), the olfactory cyclic
nucleotide-gated channel (Broillet & Firestein, 1996)
and glyceraldehyde-3-phosphate dehydrogenase (Molina
y Vedia et al. 1992). The reversible regulation of protein
function by S-nitrosation has led to the proposal that
S-nitrosothiols function as post-translational modifiers,
analogous to those created by phosphorylation or
acetylation (Stamler ef al. 1997).

© 2008 The Authors. Journal compilation © 2008 The Physiological Society

A previous study reported that inducible nitric oxide
synthase (iNOS), a cytokine-inducible proinflamatory
mediator in several pathological conditions, is over-
expressed in the muscle and fat of genetic and dietary
models of obesity and type2 diabetes (Perreault &
Marette, 2001), and that this expression is associated with
insulin resistance. The iNOS knockout mice are protected
from muscle insulin resistance by related diet-induced
obesity (Perreault & Marette, 2001). We have recently
demonstrated that the insulin resistance induced by
increased iNOS in obesity may be related to S-nitrosation
of insulin signalling proteins, insulin receptor (IR), insulin
receptor substrate 1 (IRS1) and protein kinase B (Akt)
(Carvalho-Filho et al. 2005).

It is well established that exercise training, even acutely,
can improve insulin sensitivity in the muscle of obese
rats (Betts et al. 1993; Bruce et al. 2001). However,
the molecular mechanisms involved in this improvement
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Table 1. Components of rat diet and rat chow

Standard chow High fat diet

Ingredients gkg™' kcalkg' gkg=' kcalkg™'
Cornstarch (Q.S.P.) 397.5 1590 115.5 462
Casein 200 800 200 800
Sucrose 100 400 100 400
Dextrinated starch 132 528 132 528
Lard — — 312 2808
Soybean Oil 70 630 40 360
Cellulose 50 — 50 —
Mineral Mix 35 — 35 —
Vitamin Mix 10 — 10 —
L-Cystine 3 — 3 —
Choline 2.5 — 2.5 —
Total 1000 3948 1000 5358

in insulin signalling are not fully understood. Exercise
training is also associated with enhanced AMP-activated
protein kinase (AMPK) signalling. AMPK activation can
modulate NO production through down-regulation of
iNOS protein expression (Pilon et al. 2004). Treatment
with AICAR, an AMPK agonist, improves glucose
homeostasis and insulin sensitivity (Winder, 2000; Fiedler
etal. 2001).

In the light of these previous data, we investigated
whether the improvement in insulin signalling, associated
with acute exercise, could be associated with the
down-regulation of iNOS protein expression and reduced
S-nitrosation of IRB, IRS1 and Akt, and accompanied by
AMPK activation.

Methods
Animals and diet

Male Wistar rats from the University of Campinas Central
Animal Breeding Center were used in the experiments. All
experiments were approved by the Ethics Committee of
the State University of Campinas (UNICAMP).

The 4-week-old Wistar rats were divided into three
groups, control rats (C) fed standard rodent chow
(composition, see Table 1), obese rats, fed on an obesity-
inducing diet for 3 months (DIO) (composition, see
Table 1), and a third group, which also received an
obesity-inducing diet, but was submitted to a single bout
of exercise (DIO + EXE).

Exercise protocol

Rats were accustomed to swimming for 10 min for 2 days.
The animals swam in groups of three in plastic barrels of
45 cm in diameter that were filled to a depth of 60 cm,
for two 3 h-long bouts, separated by a 45 min rest period,
and the water temperature was maintained at ~34°C.

J Physiol 586.2

This exercise protocol was adaptated from a previously
published procedure (Chibalin et al. 2000). Two and 16 h
after the exercise protocol, or asindicated in the time course
experiments, the rats were anaesthetized with an intra-
peritoneal (1.p.) injection of sodium thiopental (40 mg (kg
body weight)~™'). In all experiments the appropriateness
of anaesthesia depth was tested by evaluating pedal and
corneal reflexes, throughout the experimental procedure.
Following the experimental procedures, the rats were killed
under anaesthesia (thiopental 200 mg kg™!) following the
recommendations of the NIH publication n°85-23.

S-Nitrosoglutathione treatment

S-Nitrosoglutathione (GSNO) was prepared by the
reaction of glutathione with sodium nitrite in acidic
solution, as previously reported (Shishido e al. 2003).
The rats received an intraperitoneal (1.p.) injection of
GSNO (0.1 mol1™") or phosphate-buffered saline every
2 h, until completing four doses in 8 h. Immediately after
the last dose the animals were submitted to the same
exercise protocol, and 2h or 16 h after the last bout of
exercise, the rats were anaesthetized with an 1.p. injection of
sodium thiopental (40 mg (kg body weight)™'), and then
skeletal muscle (gastrocnemius) was taken for biochemical
analyses.

L-NIL treatment

The rats received an intraperitoneal injection of the iNOS
inhibitor 1-N°¢-(l-iminoethyl)lysine (L-NIL; 80 mg (kg
body weight) ") or phosphate-buffered saline twice (every
12 h) daily for 10 days. This treatment protocol with L-NIL
was adaptated from a previously published procedure
(Sugita et al. 2005). One hour after the last dose of L-NIL,
the animals were submitted to the protocol of acute exercise
previously described, and 2 h and 16 h after the last bout of
exercise, the rats were anaesthetized with an 1.p. injection
of sodium thiopental (40 mg (kg body weight)™!), and
then skeletal muscle (gastrocnemius) was extracted for
biochemical analyses.

Insulin tolerance test (ITT) and serum insulin
determination

Two hoursand 16 h after the exercise protocol, the rats were
submitted to an insulin tolerance test (ITT; 9.0 ml kg™
of a solution 107 mol 17! of insulin). Briefly, 9.0 ml kg™
of a solution 107° mol 1! of human recombinant insulin
(Humulin R) from Eli Lilly (Indianapolis, IN, USA) was
injected 1.P. in anaesthetized rats, the blood samples were
collected from the tail at 0, 5, 10, 15, 20, 25 and 30 min,
for serum glucose determination. The rate constant for
plasma glucose disappearance (Kyrr) was calculated using

© 2008 The Authors. Journal compilation © 2008 The Physiological Society
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the formula 0.693/(¢,/,). The plasma glucose ¢/, was
calculated from the slope of least square analysis of the
plasma glucose concentration during the linear phase of
decline (Bonora et al. 1989). Plasma glucose level was
determined by colorimetric method using a glucosemeter
(Advantage. Boehringer Mannheim, USA). Plasma was
separated by centrifugation (1100 g) for 15 min at 4°C and
stored at —80°C until assay. Radioimmunoassay (RIA) was
employed to measure serum insulin, according to a pre-
vious description (Scott et al. 1990).

Protein analysis by immunoblotting

As soon as anaesthesia was assured by the loss of pedal
and corneal reflexes, the abdominal cavity was opened,
the portal vein was exposed and 0.2 ml of normal saline
with or without insulin (107°moll™!) was injected.
In preliminary experiments, we determined that this
dose of insulin can reach peripheral levels that are
3—4 times higher than the dose that can induce the
maximal insulin effect on insulin signalling proteins in
muscle. At 90 s after the insulin injection, both portions
of gastrocnemius (red and white fibres) were ablated,
pooled, minced coarsely and homogenized immediately
in extraction buffer (1% Triton X-100, 100 mm Tris,
pH 7.4, containing 100mm sodium pyrophosphate,
100 mM sodium fluoride, 10 mm EDTA, 10 mM sodium
vanadate, 2mm PMSF and 0.1 mgml™' aprotinin) at
4°C with a Polytron PTA 20S generator (Brinkmann
Instruments model PT 10/35) operated at maximum
speed for 30 s. The extracts were centrifuged at 9000 g and
4°C in a Beckman 70.1 Ti rotor (Palo Alto, CA, USA) for
40 min to remove insoluble material, and the supernatants
of these homogenates were used for protein quantification,
performed by the Bradford method. Proteins were
denatured by boiling in Laemmli sample buffer
containing 100 mm DTT, run on SDS-PAGE, transferred
to nitrocellulose membranes, which were blocked, probed
and developed as previously described (Laemmli, 1970;
Saad et al. 1997). The IRB and IRS1 were immuno-
precipitated from rat muscle with or without previous
insulin infusion in the portal vein. Antibodies used for
immunoblotting were antiphosphotyrosine (pY) (sc-508,
mouse monoclonal) anti-IR (sc-711, rabbit polyclonal),
anti-IRS1 (sc-559, rabbit polyclonal), anti-Akt (sc-1618,
goat polyclonal), antiphospho [Ser*’’] Akt (sc-7985-R,
rabbit  polyclonal), anti-INOS (sc-7271, mouse
monoclonal), antiphospho-c-jun N-terminal  kinase
(JNK) (sc-6254, mouse polyclonal), anti-protein tyrosine
phosphate 1B (PTP1B) (sc-1719 goat polyclonal) (Santa
Cruz Biotechnology, CA, USA), antiphospho [Ser”]
acetyl CoA carboxylase (ACC) (rabbit polyclonal,
07-184), antiphosphoserine-IRS-1307 (rabbit polyclonal,
no 7247) was from Upstate Biotechnology (Charlottesville,

© 2008 The Authors. Journal compilation © 2008 The Physiological Society
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VA, USA). Anti-ACC (rabbit polyclonal, no 3662), anti-
AMPK (rabbit polyclonal, no 2757), antiphospho [Thr!”?]
AMPK (rabbit polyclonal, no. 2531), antip85-PI3-kinase
(phosphatidylinositol 3-kinase, P13-K) (rabbit polyclonal,
no 4292) antibodies were from Cell Signalling Technology
(Beverly, MA, USA). Blots were exposed to preflashed
Kodak XAR film with Cronex Lightning Plus intensifying
screens at 80°C for 12-48h. Band intensities were
quantified by optical desitometry (Scion Image software,
ScionCorp, Frederick, MD, USA) of the developed
autoradiographs.

Detection of S-nitrosated proteins by the
biotin-switch method

The biotin-switch assay was performed essentially as
previously described (Jaffrey & Snyder, 2001;
Martinez-Ruiz & Lamas, 2004). Muscle tissue was
extracted and homogenized in extraction buffer (250 mm
Hepes, pH7.7, 1mm EDTA, 0.1 mm neucuproine).
After centrifugation at 9000¢ for 20 min, insoluble
material was removed and extracts were adjusted to
0.5mgml™! of protein, and equal amounts were blocked
with four volumes of blocking buffer (225 mm Hepes,
pH7.7, 0.9 mMm neucuproine, 2.5% SDS, and 20 mm
methylmethanethiosulphonate) at 50°C for 30 min with
agitation. After blocking, extracts were precipitated with
two volumes of cold acetone (—20°C), chilled at —20°C
for 10 min, centrifuged at 2000 g at 4°C for 5 min, washed
with acetone, dried out, and resuspended in 0.1 ml HENS
buffer (250 mm Hepes, pH7.7, 1mMm EDTA, 0.1 mm
neucoproine, and 1% SDS) per milligram of protein. Until
this point, all operations were carried out in the dark.
A one-third volume of biotin-HPDP 4 mm and 2.5 mm
ascorbic acid was added and incubated for 1h at room
temperature. Proteins were acetone-precipitated again
and resuspended in the same volume of HENS buffer.

For purification of biotinylated proteins, samples from
the biotin-switch assay were diluted with two volumes
of neutralization buffer (20 mm Hepes, pH 7.7, 100 mm
NaCl, 1 mm EDTA, and 0.5% Triton X-100), and 15 ul
neutravidin-agararose per milligram of protein in the
initial extract was added and incubated for 1 h at room
temperature with agitation. Beads were washed five times
with washing buffer (20 mm Hepes, pH 7.7, 600 mm NaCl,
1 mMm EDTA, and 0.5% Triton X-100) and incubated with
elution buffer (20 mm Hepes, pH 7.7, 100 mm NaCl, 1 mm
EDTA, and 100 mm 2-mercaptoethanol) for 20 min at
37°C with gentle stirring. Supernatants were collected,
Laemmli buffer was added, and proteins were separated
by SDS-PAGE.
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Table 2. Characteristics of Wistar rats after 3 months on a high-fat diet (DIO), DIO rats submitted to
exercise (DIO + EXE-2 h and DIO + EXE-16 h) and their age-matched controls

Control DIO DIO + EXE-2 h DIO + EXE-16 h

Body weight (g) 4123+ 17.4 536.8 + 28.8* 539.1 £+ 29.6* 575,1 £+ 26,5*
Epididymal fat (g) 5.67+1.2 11.34 £ 1.6* 11.41 £ 1.4* 12,63 £ 1.3*
Plasma glucose (mg dI~") 81.80+5.9 89.70 £ 7.1 90.63 £ 8.5 85,63 + 9,6*
Insulin (ng mI—") 3.33+£0.8 6.84 £+ 0.66* 6.12 £ 1.8* 6.41 £ 1,8*
FFA (mmol I-1) 0.63+0.16 1.72 £0.27* 2.92 £ 0.4%# ND

TNFa (pg mi-T) 426+£19.8 122.6 £ 14.1* 129.7 £ 17.4 ND

Kitt (% min=") 467 +0,14 2.4 +0,6% 4.89 + 0,84 4.72 +0.64

n =8 in each group. *P < 0.001 versus control group and #P < 0.001 versus DIO #P < 0.001 versus DIO,

ND, not determined.

Other assays

Serum free fatty acids (FFA) levels were analysed in rats
using the NEFA-kit-U (Wako Chemical GmBH, Neuss,
Germany) with oleic acid as a standard. Serum levels of
tumour necrosis factor o (TNF-«) was determined in rats
using ELISA kits from Pierce Biotechnology (Rockford, IL,
USA), according to the instructions of the manufacturer.
Both analyses were determined 2 h after the acute exercise.

Statistical analysis

Where appropriate, the results were expressed as
means =+ s.E.M. Differences between the lean group and
sedentary obese group and between the sedentary obese
and the group submitted to the exercise protocol were
evaluated using one-way analysis of variance (ANOVA).
When ANOVA indicated significance, a Bonferroni post
hoc test was performed.

Results
Physiological and metabolic parameters

Table 2 shows comparative data regarding controls (C),
diet-induced obesity rats (DIO) and DIO rats submitted to
exercise protocol (DIO 4 EXE-2 h and DIO + EXE-16 h).
Rats fed on the high-fat diet for 12 weeks had a higher
body weight, epididymal fat and fasting serum insulin
than age-matched controls (C). No significant variations
were found in body weight, epididymal fat and fasting
serum insulin in DIO rats after a single session of exercise,
compared to DIO rats. The fasting glucose concentrations
were similar between the groups; however, the reduction
in the glucose disappearance rate (Kyrr), induced by the
high-fat diet, was restored 2 h and 16 h after acute exercise.

As expected, the plasma FFA levels were higher in obese
rats, and acute exercise induced a marked increase in the
levels of this substrate. Plasma levels of TNF-o were also
higher in DIO rats, but there was not a clear increase in
this cytokine after a bout of exercise.

A single bout of exercise improves insulin signalling
in the muscle of DIO rats

The effect of in vivo 1.v. insulin infusion on IR tyrosine
phosphorylation was examined in the gastrocnemius
muscle of controls, DIO rats and DIO rats submitted
to exercise (after 2h and 16h). Fragments of muscle
tissue were immunoprecipitated with anti-IR antibody
and then blotted with antiphosphotyrosine antibody.
In the control animals, insulin increased IR tyrosine
phosphorylation by 6.9-fold over basal, compared with
2.4-fold over basal in the muscle of DIO rats. Insulin
increased IR tyrosine phosphorylation by 7.6-fold and
4.8-fold over basal in the muscle from DIO + EXE-2 hand
DIO + EXE-16 h rats, respectively, showing that exercise
improves insulin-induced IR tyrosine phosphorylation in
these rats (Fig. 1A). There was no difference in basal levels
of IR tyrosine phosphorylation or in IR protein levels
between the groups (Fig. 1A).

IRS1 tyrosine phosphorylation and IRS1/PI3-K
association were observed to increase in control animals
by 8.0-fold and 8.6-fold over basal following insulin
administration, respectively, compared with 2.4-fold and
1.9-fold increases in the muscle of DIO rats over basal.
Insulin increased IRS1 tyrosine phosphorylation and
IRS1/PI3-K association by 7.1-fold and 7.5-fold and
5.3-fold and 5.8-fold in the muscle from DIO + EXE-2 h
and DIO + EXE-16 hrats, respectively, over basal, showing
that exercise improves insulin-induced IRS1 tyrosine
phosphorylation in these rats (Fig. 1B and C). There
was no difference in basal levels of IRS1 tyrosine
phosphorylation or in IRS1 protein levels between the
groups (Fig. 1B).

Finally, in gastrocnemius muscle from control rats,
insulin increased Akt serine phosphorylation by 7.7-fold
over basal, compared with a 2.4-fold increase in the muscle
from DIO rats over basal. Similar to insulin-induced
IR and IRSI tyrosine phosphorylation, there was an
increase of 7.9-fold and 5.2-fold in the muscle of
DIO + EXE-2h and DIO + EXE-16 h rats, respectively,
over basal, showing that exercise improves insulin-induced
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Akt phosphorylation in these rats (Fig. 1D). There were
no differences between the basal levels of Akt serine
phosphorylation or in Akt protein levels between the
groups (Fig. 1D).

Acute physical exercise reverses S-nitrosation
and restores insulin signalling in the muscle of
diet-induced obesity rats.

In order to determine the time-course of the exercise-
induced reduction in iNOS expression, we measured iNOS
protein levels by immunoblotting in the muscle of obese
rats that were submitted to the exercise protocol at 1, 2, 4
and 16 h after exercise. Results show that 2 h after exercise
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there is greater decrease in iNOS protein expression and
thatafter 16 h this expression is still decreased compared to
controls (Fig. 2A). In the muscle of DIO rats an enhanced
expression of iNOS was found (Fig. 2B). We demonstrated
an enhanced S-nitrosation of IRS, IRSI, and Akt in the
muscle of DIO rats, and this nitrosation was significantly
reduced 2 hand 16 h after exercise in DIO rats (Fig. 2C-E).

The increase in AMPK phosphorylation induced by
acute physical exercise inhibits iNOS and reverses
insulin resistance in the muscle

In order to investigate the time-course of the exercise-
induced increase in AMPK phosphorylation, we measured
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Figure 1. Insulin signalling in the muscle of controls, DIO and DIO rats submitted to exercise

Muscle extracts from rats injected with saline or insulin were prepared as described in Methods. A, tissue extracts
were immunoprecipitated (IP) with anti-IR8 antibody and immunoblotted (IB) with anti-PY antibody or anti-IR8
antibody. B, tissue extracts were also IP with anti-IRS1 antibody and IB with anti-PY antibody and anti-IRS1 antibody,
or C, anti-PI3-K antibodies. D, muscle extracts were IB with anti-Akt or antiphospho-[Ser’3] Akt antibodies. The
results of scanning densitometry are expressed as arbitrary units. Bars represent means + s.e.M. of eight rats.

*P < 0.05, versus DIO rats.
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p-AMPK levels by immunoblotting. Physical exercise
stimulated AMPK phosphorylation, which peaked at 1 h
and then decreased, but phosphorylation at 16 h was still
higher than basal (Fig. 3A). Two hours after exercise, in
obese animals, in parallel with an increase in AMPK
phosphorylation there was also an important increase in
ACC phosphorylation, a downstream target of AMPK and
a good correlate of its activation (Winder 2000). However,
in obese animals (DIO) there was a decreased in AMPK
and ACC phosphorylation when compared with control
and DIO rats submitted to acute exercise protocol (Fig. 3B
and C).
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GSNO induces insulin resistance in muscle
gastrocnemius in vivo by means of S-nitrosation

In order to investigate whether supplementation withaNO
donor could abolish the effect of exercise in DIO rats, we
administrated GSNO to obese rats for 8 h (every 2 h), and
these animals were then submitted to the exercise protocol.
Results showed that, in animals treated with GSNO, the
effect of exercise on insulin sensitivity was abolished,
as indicated by a lower plasma glucose disappearance
rate during the insulin tolerance test (Kyrr) (Fig.4A),
suggesting that the reduction in nitrosation may be an
important mechanism for the improvement of insulin
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Figure 2. The protein iNOS expression and S-nitrosation of the proteins of the insulin signalling pathway
in the gastrocnemius muscle of controls, DIO and DIO rats submitted to exercise

A, iINOS expression decreased 2 h after acute exercise, as demonstrated in the time course. However, the iNOS
expression remained decreased for 16 h as compared to the DIO rats. B, iINOS expression was assessed by iNOS
protein levels using Western blot, as described in Methods. C—E, S-nitrosation of IR8 (C), IRS1 (D), and Akt (E) is
shown, as determined by the biotin-switch method. Bars represent means =+ s.e.m. of eight rats. *P < 0.05, versus

control and #P < 0.05, DIO + EXE versus DIO.
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Figure 3. Expression and phosphorylation of AMPK and ACC in rat gastrocnemius muscles
A, physical exercise stimulated AMPK phosphorylation which peaked at 1 h and then decreased, but at 16 h it was
still higher than basal. B and C, the results show that, in obese animals, 2 h after exercise, in parallel to an increase
in AMPK phosphorylation there was also a significant important increase in ACC phosphorylation, a downstream
target of AMPK and a good correlate of its activation (Winder 2000). Bars represent means = s.e.M. of 16 rats (C
and DIO) and 8 rats (DIO + EXE) *P < 0.05, versus control and #P < 0.05, DIO + EXE versus DIO.

sensitivity induced by exercise. In accordance with these
data, insulin-induced IR, IRS1 and Akt phosphorylation
did not increase in GSNO-treated animals after exercise
(Fig. 4B-D).

In the muscle of DIO rats, we found an enhanced
expression of iINOS, and acute exercise reduces iNOS
expression in GSNO-treated rats. (Fig. 4E). As expected,
nitrosation of IRB, IRS1, and Akt was not reduced after
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Figure 4. Effect of GSNO on insulin sensitivity and S-nitrosation in muscle of controls, DIO and DIO rats

submitted to exercise

A, effect of GSNO treatment on glucose disappearance rates, measured by the 30-min insulin tolerance test
(KrT). B-D, insulin-induced tyrosine phosphorylation of IR (B), IRS1 (C) and serine phosphorylation of Akt (D)
followed by immunoprecipitation are shown. E, iNOS protein expression assessed by immunoblot is indicated.
F-H, S-nitrosation of IRB (F), IRS1 (G) and Akt (H) in muscle of animals, determined by the biotin switch method
are shown. Bars represent means =+ s.e.Mm. of six rats. *P < 0.05, versus control; #P < 0.05, DIO + EXE versus DIO;

##P < 0.05, versus DIO or DIO + EXE-2 h plus GSNO injection.
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exercise in GSNO-treated rats (Fig.4F—H). These data
suggest that the maintenance of nitrosation of IR, IRS1
and Akt by GSNO precludes the effect of exercise on insulin
sensitivity.

The effects of an iNOS inhibitor on insulin resistance
and S-nitrosation of proteins of the insulin signalling
pathway

We next investigated whether an inhibitor of iNOS (L-NIL)
could mimic the effect of exercise on insulin sensitivity
and signalling in DIO rats. The administration of L-NIL
for 10 days improved insulin sensitivity in DIO rats, as
measured by the glucose disappearance rate during the
insulin tolerance test, Kyirr, and no additive effect was
observed in DIO animals that were treated with this
drug and that exercised (Fig. 5A). In these experiments,
insulin-induced IR, IRS1 and Akt phosphorylation was
improved by L-NIL, furthermore, no additive effect
was observed with exercise (Fig. 5B—D). L-NIL inhibits
iNOS activity, but our results show that L-NIL has no
effect on iNOS protein expression. As expected, L-NIL
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reduced IR, IRS1 and Akt S-nitrosation in DIO rats,
and again no additive effect was observed with exercise
(Fig. 5E-H).

Effect of treatment with GSNO or I-NIL on PTP1B
protein levels, JNK activity and IRS1 serine
phosphorylation in the muscle of controls, DIO
and DIO + EXE rats

Diet-induced obesity is associated with an increased
expression of PTP1B in muscle, and 2 h after an acute bout
of exercise there is no change in this protein expression
(Fig. 6A). The previous administration of a NO donor,
GSNO, did not modify this increased expression of PTP1B.

JNK activation was determined by monitoring
phosphorylation of JNK (Thr 183 and Tyr 185)
(Fig. 6B). The high-fat diet induced an increase in
JNK phosphorylation in the muscle of DIO rats when
compared with control rats. Two hours after the exercise
protocol is not sufficient to reverse the increase in
JNK phosphorylation in the muscle of DIO rats. This
phenomenon is not affected by a previous administration
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Figure 5. Effect of iNOS inhibitor (L-NIL) on insulin sensitivity and S-nitrosation in muscle of controls,

DIO and DIO rats submitted to exercise

A, effect of treatment for 10 days with (-NIL on glucose disappearance rates, measured by the 30-min insulin
tolerance test (Kir7). B-D, insulin-induced tyrosine phosphorylation of IR (B), IRS1 (C) and serine phosphorylation
of Akt (D) followed by immunoprecipitation are shown. E, iINOS protein expression assessed by immunoblot is
indicated. F~H, S-nitrosation of IRB (F), IRS1 (G) and Akt (H) in muscle of animals, determined by the biotin switch
method are shown. Bars represent means =+ s.e.M. of six rats. *P < 0.05, versus control and #P < 0.05, DIO + EXE

versus DIO without GSNO injection.
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of GSNO. Similar results were observed for IRS1 Ser307
phosphorylation (Fig. 6C).

The administration of L-NIL, which is an inhibitor
of iINOS, did not affect the increase in PTP1B protein
expression (Fig.6D), JNK phosphorylation (Fig.6E),
or IRS1 Ser307 phosphorylation (Fig.6F), induced by
high-fat diet.

Discussion

The impaired insulin action on whole-body glucose uptake
is a hallmark feature of type 2 diabetes mellitus. Physical
exercise has been linked to improved glucose homeostasis
and enhanced insulin sensitivity after an acute bout of
exercise in humans (Devlin et al. 1987; Zierath, 1995)
and rodents (Richter et al. 1982; Wallberg-Henriksson,
1987; Wallberg-Henriksson et al. 1988). In this study, we
demonstrated that a high-fat diet leads to an increase in
the iNOS protein level and S-nitrosation of IRS, IRS1
and Akt. Interestingly, an acute bout of exercise reduces

Acute exercise/insulin resistance

667

in the early steps of insulin action and improves insulin
sensitivity in DIO rats.

Several mechanisms may be involved in insulin
resistance in the muscle of DIO rats, including serine
phosphorylation of IR or IRSs (induced by serine kinases
such as mTOR, and the stress kinases, JNK and IKKS TAB
kinase), by an increase in the activity or amount of the
enzymes that normally reverse insulin action (e.g. PTP1B)
or by an increase in iNOS (Hotamisligil et al. 1996; Bedard
et al. 1997; Elchebly et al. 1999; Perreault & Marette, 2001;
Hirosumi et al. 2002; Carvalho-Filho et al. 2005; Ropelle
et al. 2006). In several situations of insulin resistance,
such as diet-induced or genetic obesity, and endotoxaemia,
iNOS is induced in tissues classically related to insulin
signalling (Bedard etal. 1997; Kapur et al. 1997; Kapur et al.
1999). Perreault & Marette (2001) demonstrated that the
genetic disruption of iNOS protects against obesity-linked
insulin resistance, preventing impairments in PI3-K and
Akt activation by insulin in muscle.

We recently demonstrated that the insulin resistance
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Figure 6. Effect of GSNO or L-NIL on PTP1B protein levels, JNK activity and IRS1 serine phosphorylation
in the muscle of controls, DIO and DIO rats submitted to exercise

Tissue extracts were immunoblotted (IB) with anti-PTP1B antibody (A and D), antiphospho-JNK antibody (B and
E), anti-IRS1307 phosphoserine antibody (C and F). Bars represent means =+ s.t.M. of eight rats. *P < 0.05, versus

control.
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S-nitrosation of proteins involved in insulin signal trans-
duction, i.e, insulin receptor 8-subunit, insulin receptor
substrate 1 (IRS1), and Akt. S-nitrosation of IRS reduces
its autophosphorylation and tyrosine-kinase activity and
S-nitrosation of IRS1 is associated with its reduced tissue
expression (Carvalho-Filho et al. 2005; Carvalho-Filho
et al. 2006). In addition, S-nitrosation of Akt is associated
with a decreased serine kinase activity of this enzyme in
basal states and after insulin stimulation. S-nitrosation
of these proteins is associated with the down-regulation
of the IRB/IRS1/PI3-K/Akt pathway. Since this pathway
plays a central role in the metabolic actions of insulin in
the muscle, including stimulation of glucose uptake and
glycogen synthesis, down-regulation of this pathway in
muscle by S-nitrosation may be an important mechanism
of iNOS-induced insulin resistance. Interestingly, our data
show that a single bout of exercise in DIO rats reduced
iNOS expression and the S-nitrosation of IRB/IRS1/Akt
in skeletal muscle. In accordance, it has recently been
demonstrated in muscle biopsies that a regular exercise
programme reduces the local expression of cytokines and
iNOS (Gielen et al. 2003). Our data show that the effect
of exercise, in reducing iNOS expression and decreasing
S-nitrosation of proteins involved in early steps of insulin
action, was accompanied by an improvement in insulin
sensitivity and an increase in insulin-induced IR, IRS1
and Akt phosphorylation. In addition, our data reinforce
this mechanism by showing, first, that treatment witha NO
donor (GSNO) prevents the beneficial effect of exercise on
insulin sensitivity and, secondly, by showing that upon
inhibition of this latter situation there is no additive effect
of exercise.

Some of our results differ from other studies on
acute exercise (Chibalin et al. 2000; Arias et al. 2007),
which showed unchanged serine phosphorylated Akt, but
increased threonine phosphorylated Akt. The reasons for
these differences are not completely clear, but certainly
methodological differences may contribute to these
discrepancies. In previous reports (Chibalin et al. 2000;
Arias et al. 2007), insulin signalling was investigated in
isolated muscle after in vitro incubation; however, our
results were obtained after in vivo insulin stimulation. In
addition, these previous studies investigated control rats,
while in the present study we investigated the effect of
exercise on DIO rats.

Exercise and muscle contraction have been shown to
enhance NO production and NOS expression in muscle
(Balon & Nadler, 1997). Previous data show that low
doses of NO donors can increase glucose uptake and
improve insulin action (McGrowder et al. 2006). We
also investigated whether administration of low doses
of GSNO (1 um) can induce improved glucose uptake
and/or changes in S-nitrosation of proteins during the
early steps of insulin action in the muscle of rats. These
results showed that at low doses, an NO donor (GSNO)

J Physiol 586.2

improved glucose uptake, but did not induce S-nitrosation
of IR, IRS1, PI3-K or Akt in muscle (data not shown).
Although the mechanisms by which administration of
low doses of NO can improve insulin sensitivity are not
well established, our data suggest that changes in the
S-nitrosation status of proteins involved in the insulin
signalling pathway are not involved. In addition, it is
important to emphasize that exercise induces neuronal and
endothelial nitric-oxide synthase (nNOS and eNOS, also
termed NOS1 and NOS3, respectively) and not iNOS (also
termed NOS2) expression. We can, thus, suggest that the
effect of NO on insulin sensitivity is dose dependent and
also depends on the enzyme that generates NO, which is
expressed in different sites.

The mechanism by which exercise reduces iNOS
expression in DIO rats is not completely understood, but it
may be mediated, at least in part, by an increase in AMPK.
It is well known that exercise activates AMPK, and this is
believed to contribute to its insulin-sensitizing action in
situations of insulin resistance (Wojtaszewski et al. 2005).
Data from different sources indicate that AMPK activation
reduces iNOS induction and blunts iNOS-mediated NO
production (Bedard et al. 1997; Kapur et al. 1997; Pilon
et al. 2004). In accordance with these previous data, we
show that, in the muscle of DIO rats, an acute bout of
exercise is accompanied by an increase in AMPK activation
and a reduction in iNOS expression.

In addition, it should be taken into consideration
that insulin resistance is a metabolic situation that is
related to several molecular mechanisms that act in
parallel to down-regulate insulin signalling. Since exercise
is an efficient way to improve insulin sensitivity, it is
possible that it may also act in other mechanisms of
insulin resistance. In this regard, we recently verified an
attenuation of the increase in the expression and activity
of the PTP1B 16 h after a single session of exercise (Ropelle
etal. 2006). In this same exercise protocol, we also observed
the reverse of JNK activation and the increase of serine
phosphorylation of IRS1 in muscle of DIO rats.

Taking these data together with our data, we can suggest
that exercise reverses the multiple mechanisms that can
contribute to insulin resistance. However, the present
data show that GSNO, which induces insulin resistance
and impairs exercise-induced improvement in insulin
action, does not affect JNK phosphorylation, PTP1B
expression or IRS1 serine phosphorylation. In addition
L-NIL, an inhibitor of iNOS improves insulin action
and insulin signalling in DIO rats without influencing
JNK phosphorylation, PTP1B expression or IRS1 serine
phosphorylation. These data suggest that S-nitrosation is
animportant mechanism of insulin resistance, and reversal
of this mechanism is sufficient to improve insulin action
and signalling.

It is possible that common upstream events could
mediate the increased activation of JNK, S-nitrosation
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and iNOS expression in DIO rats, and that this common
mechanism is reversed by exercise. We investigated some
candidates and our data showed that 2 h after exercise
there is a marked increase in FFA levels and almost
no change in TNF-« levels, suggesting that these are
probably not common upstream events in DIO and are
not reversed by exercise. It is important to emphasize that
JNK, S-nitrosation and iNOS can be activated by toll-like
receptor 4 (TLR4), which is a pattern recognition receptor
also presentin muscle (Shi et al. 2006; Tsukumo et al. 2007).
It was recently demonstrated in humans that exercise
down-regulates TLR4 in monocytes (Lancaster et al. 2005),
suggesting that this receptor may be a candidate for the
activation of JNK, iNOS and S-nitrosation in obesity, and
may be reversed by exercise.

It has been recently demonstrated that in humans,
15-18 h after a single session of exercise there is protection
against fatty acid-induced insulin resistance and that this
protective effect of exercise is accompanied by an increased
lipogenic capacity of muscle and a resulting increase
in partitioning of excess fatty acids toward triglyceride
synthesis in muscle. This repartitioning of fatty acids
after exercise toward intramyocellular triglyceride (IMTG)
synthesis and oxidation reduced the accumulation of
bioactive fatty acid metabolites, which are known to
increase the activation of proinflammatory pathways in
skeletal muscle and induce insulin resistance (Schenk
& Horowitz, 2007). Similar results were obtained by
transgenic overexpression of diacylglycerol acyltransferase
(DGAT1) in mouse skeletal muscle, which mitigated the
detrimental effect of fatty acids, and protected mice against
high-fat diet-induced insulin resistance (Liu et al. 2007).

Qur data show that, at 2 h after exercise in DIO rats,
insulin sensitivity and insulin signalling were completely
normalized; however, at 16 h after exercise, despite the
normal insulin sensitivity there is only a partial restoration
of insulin signalling. These data suggest that the complete
normalization, by acute exercise, of the insulin action in
obesity induced by diet may be caused by other factors and
may involve other pathways. It is important to mention
that the doses of insulin used were 3—4 times higher
than the dose required for maximal insulin signalling,
suggesting a possibility of spare insulin signalling under
these conditions. This may involve proteins of the insulin
signalling pathway not investigated, such as aPKC (protein
kinase C), or other pathways such as cbl associated protein
(CAP)/Casitas b lineage lymphoma (Cbl), which have a
controversial role in insulin-induced glucose uptake in
skeletal muscle. Another possibility may be associated
with the haemodynamic changes induced by exercise.
It is known that a single bout of exercise decreases
sympathetic activity and increases muscle blood flow
during the postexercise period. It is interesting that,
during hyperinsulinaemia after a single bout of exercise,
sympathetic activity is lower and muscle vasodilation is
higher. These haemodynamic changes may also contribute

© 2008 The Authors. Journal compilation © 2008 The Physiological Society

Acute exercise/insulin resistance 669

to the reversion of the insulin resistance (Bisquolo et al.
2005). These data are in accordance with previous data
demonstrating that exercise improves insulin-induced
glucose uptake, atleastin part, asaresult of haemodynamic
adaptations.

One limitation of the proposed theory of exercise-
induced insulin sensitization in this study is that iNOS
is normally not expressed in muscle (Kapur et al. 1997),
and its expression is only induced in states of insulin
resistance. However, exercise can also improve insulin
action in healthy muscle. Therefore, this theory may not
provide a universal explanation and, hence, is probably
only one of several factors involved in the improvement of
insulin sensitivity induced by exercise in DIO.

In summary, a single bout of exercise reverses insulin
sensitivity in DIO rats by improving the insulin signalling
pathway, in parallel with a decrease in iNOS expression and
in the S-nitrosation of IR/IRS1/Akt. These results provide
new insights into the mechanism by which exercise restores
insulin sensitivity in DIO rats.
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