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RESUMO

A AMPK hipotalamica age como um sensor energético e é capaz de modular a ingestao
alimentar, homeostase de glicose e a biossintese de 4cidos graxos. E conhecido que a
injecao intra-hipotalamica de acidos graxos suprime a producao de glicose pelo figado,
principalmente pela ativagcdo de canais de potassio sensiveis a ATP hipotalamico
(K(ATP)). Uma vez que em todos os modelos estudados a biossintese de malonil-CoA
estava envolvida, nds hipotetizamos que a Acetil-CoA Carboxilase poderia modular
respostas contra-regulatérias independente da disponibilidade de nutrientes.

Nesse estudo foram empregados os seguintes métodos: Immunoblot, PCR em tempo
real, ELISA e avaliagdes bioquimicas. Através desses métodos, nds mostramos que a
reducao da expressao de acetil-CoA carboxilase pela inje¢cao de oligonucleotideo
antisense intraventricular resultou no aumento da ingestao alimentar e diminuiu a
expressao dos mMRNA de CART, CRH e TRH. Além disso, como nos ratos em jejum, 0s
ratos tratados com oligonucleotideo antisense apresentaram concentracées de corpos
cetdnicos e glucagon séricos aumentados, além de niveis de insulina e glicogénio
hepatico diminuidos. A reducao de acetil-CoA carboxilase hipotalamica também aumentou
a expressao de PEPCK, fosforilacdo de AMPK e a producéao de glicose no figado.
Interessantemente, esses efeitos foram observados sem modificacao da fosforilacdo da
AMPK hipotalamica.

Com isso, concluimos que a inibicao da ACC hipotalamica pode ativar resposta contra-
regulatéria hepatica independente da ativacao da AMPK hipotalamica.



ABSTRACT

BACKGROUND: Hypothalamic AMPK acts as a cell energy sensor and can modulate
food intake, glucose homeostasis, and fatty acid biosynthesis. Intrahypothalamic fatty
acid injection is known to suppress liver glucose production, mainly by activation of
hypothalamic ATP-sensitive potassium (K(ATP)) channels. Since all models employed
seem to involve malonyl-CoA biosynthesis, we hypothesized that acetyl-CoA
carboxylase can modulate the counter-regulatory response independent of nutrient
availability.

METHODOLOGY/PRINCIPAL FINDINGS: In this study employing immunoblot, realtime
PCR, ELISA, and biochemical measurements, we showed that reduction of the
hypothalamic expression of acetyl-CoA carboxylase by antisense oligonucleotide after
intraventricular injection increased food intake and diminished the expression of CART,
CRH, and TRH mRNA. Additionally, as in fasted rats antisense oligonucleotide-treated
rats, increased serum glucagon and ketone bodies were observed along with
diminished levels of serum insulin and hepatic glycogen. The reduction of

hypothalamic acetyl-CoA carboxylase also increased PEPCK expression, AMPK
phosphorylation, and glucose production. Interestingly, these effects were observed
without modification of hypothalamic AMPK phosphorylation.

CONCLUSION/SIGNIFICANCE: Hypothalamic ACC inhibition can activate hepatic
counter-regulatory response independent of hypothalamic AMPK activation.
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O conceito de obesidade é bem estabelecido hoje como o acumulo excessivo de gordura
corporal, pelo desequilibrio entre a ingestao alimentar e o gasto energético. Sabe-se também que a
obesidade é um importante fator de risco para diversos tipos de doengas, assim como diabetes

mellitus do tipo Il, hipertenséo, doencgas cardiovasculares, entre outras (1).

O hipotalamo e o controle da fome

Desde o século XX acreditava-se que o hipotalamo desempenhava importante fungéo no
controle da ingestdo alimentar. No inicio dos anos 40 foram realizados estudos que levaram ao
desenvolvimento do modelo “Dual Center Model’ para o controle da fome e da saciedade. Esse
modelo demonstrou que o hipotalamo lateral (HLA) servia como centro da fome e parte do
hipotalamo ventromedial (VMH) como o centro da saciedade (2). O cérebro, continuamente, regula
os padrdoes energéticos do corpo, por reconhecer a presenca de nutrientes na circulagdo
sanguinea e pelo recebimento de sinais do figado, tecido adiposo e intestino, que sdo integrados
pelo sistema autdnomo central (simpatico e parasimpatico). O controle da ingestao alimentar tanto
pela qualidade quanto pela quantidade de alimento, € modulado por uma complexa série de
interacdes bioquimicas entre o cérebro e érgaos periféricos, levando a uma resposta apropriada

para a ingestao de alimentos (3).

No entanto, o hipotalamo apresenta além das regides citadas acima, outras duas
importantes regides: o Nucleo Paraventricular (PVN) e o Nucleo Arqueado (ARC). Este ultimo
contém duas populagbes de neurbnios, que sao responsaveis pela secrecdo tanto de
neuropeptideos orexigénicos, como o neuropeptideo Y (NPY) e a proteina relacionada ao agouti
(AgRP), quanto anorexigénicos como o pro-opiomelanocortina (POMC) e peptideo regulado por
cocaina e anfetamina (CART) (4). Os neur6nios pré-opiomelanocortina (POMC), uma populacao
especifica do nucleo arqueado do hipotadlamo, estdo tipicamente envolvidos no controle do balango
energético. Aliado a outros centros neuronais, eles regulam a homeostase energética, balanceando
a ingestao, o estoque e o gasto de energia, através de sinais metabdlicos e neuronais que levam

informacdes sobre os estoques de energia corporal (5).
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Imagem 1. Neuropeptideos e Nucleos hipotalamicos envolvidos com o controle da ingestao alimentar e gasto
energético.

O controle da secregdo desses neuropeptideos se da por acdo hormonal, principalmente
através da insulina e leptina, e ainda por nutrientes que atingem os neurénios do ndcleo arqueado

apds atravessarem a barreira hemato-encefalica.

Os horménios e nutrientes no controle de neuropeptidios e no gasto energético

A insulina € um hormonio anabdlico, essencial para a manutencao do equilibrio de glicose,
crescimento e diferenciacdo celular. Este horménio é secretado pelas células B das ilhotas
pancreaticas em resposta ao aumento dos niveis de glicose e aminoacidos circulantes apos o
periodo prandial. Dentre os efeitos da insulina na homeostase de glicose, podemos citar a redugao
da produgao de glicose pelo figado (via diminuicdo da gliconeogénese e glicogendlise), e o
aumento da captacdo de glicose pelos tecidos periféricos (muscular e adiposo). Além disso, é
atribuida a insulina a funcao de estimular a lipogénese no figado e adipécitos (6). A sinalizacdo da
insulina inicia-se quando este hormdnio estimula seu receptor especifico na membrana
citoplasmatica, o qual é uma proteina heterotetramérica, que possui atividade tirosina quinase
intrinseca. A insulina no sistema nervoso central (SNC) atenua a hiperfagia e o ganho de peso (7).

A via da PI3K também é importante no SNC, uma vez que a administragao central de um
bloqueador da PI3K inibe a anorexia induzida pela insulina (8, 9). Além disso, a insulina age no
hipotdlamo diminuindo a expresséo de mRNA e a produgdo do neuropeptideo NPY (9,10) e

aumentando a expressao de mRNA do neuropeptideo POMC (9,11).
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A leptina € um hormdnio anorexigénico, secretado principalmente pelos adip6citos do
tecido adiposo branco (WAT) de maneira proporcional a massa corporal deste tecido e que possui
caracteristicas estruturais de citocinas (12,13). A sinalizagdo da leptina ocorre pela ligagdo a um
receptor monomérico transmembrana da familia dos receptores de citocina da classe |, que apéds a
ligagao da leptina se dimeriza e desencadeia a resposta intracelular através das proteinas JAK2 e
STAT (14). O receptor ObRb dentre os OBRs é o que mais esta expresso em neurdnios do ARC,
sendo o principal responsavel pela transdugcao do sinal de leptina nesta regido (13,15). Estudos
iniciais mostraram que a administrag&do central de leptina diminuiu a ingestéao alimentar e aumentou

0 gasto energético em ratos magros apos jejum (9,15,16) .

Assim como a insulina, a leptina age no SNC ativando os neurbnios POMC e inibindo os
neuropeptidios AgRP e NPY no ARC (4,9). O bloqueio de STAT3 no hipotadlamo causa hiperfagia,
obesidade e atenua a diminuicdo da ingestédo alimentar induzida pela leptina (9,18). Além disso, a
leptina ativa a proteina alvo de rapamicina em mamiferos (mTOR), uma proteina quinase
altamente conservada que age como um sensor energético celular. A inibicdo farmacolégica de

mTOR bloqueia o efeito anorexigénico da leptina (19).

A administracédo ICV de leptina também aumenta a produgéo de proteinas desacopladoras
(UCPs), proteinas importantes na reducdo do stress oxidativo celular, no figado, musculo
esquelético e tecido adiposo branco (WAT), independente da perda de peso (19). Em ratos com
obesidade induzida por dieta, a leptina administrada ICV é incapaz de reduzir a ingestao alimentar
(9,20), além de apresentarem diminuida presenca de PI3K e mTOR hipotalamicos e sinalizagao de
PI3K. A resisténcia a leptina no SNC em um estado obeso nos evidencia que a desregulacdo do
SNC contribui para a obesidade (9,21-23).

A glicose é a principal fonte de energia para o organismo e é essencial para o SNC, o qual
tem absoluta necessidade de glicose para exercer sua funcédo. O organismo obtém glicose através
da alimentacdo, mas também pode estoca-la armazenando para uso posterior na forma de
glicogénio, ou produzir glicose de novo de outras fontes de energia além da glicose, mecanismo
chamado de gliconeogénese. Tanto a hiper quanto a hipoglicemia levam a alteragbes no
comportamento alimentar e isso traz a hipétese de que o SNC utiliza o carboidrato como um sinal
para regular a ingestao alimentar. Além disso, importantes regides do SNC envolvidas no controle

do balango energético sao sensiveis a alteragées nos niveis de glicose.
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Elas sdo populagbes de neurbnios hipotalamicos, que aumentam (induzidos por glicose) e
diminuem (inibidos por glicose) a atividade quando expostos a glicose (24-26). Neurdnios induzidos
por glicose estao co-localizados com os neuropeptidios POMC e os neurdnios inibidos por glicose
estao co-localizados com os neuropeptidios AGQRP/NPY (27). Deste modo, a presenca de glicose

estimula neurdnios anorexigénicos e inibe neurdnios orexigénicos (9).

Existem multiplos componentes capazes de sensibilizar a presenca de glicose e um deles
€ a proteina quinase ativada por adenosina monofosfato (AMPK), a qual funciona como uma
proteina sensora do estado energético que € ativada quando os niveis de ATP e

consequentemente de nutrientes estdo baixos (9).

O importante sensor energético AMPK

Estudos recentes, que procuravam entender os mecanismos centrais do controle do gasto
energético e os sinais de saciedade, nos mostraram que a AMPK desempenha papel importante
neste processo. Em 2004, Minokoshi e colaboradores mostraram que a administragdo exégena de
leptina foi capaz de inibir a AMPK no ARC e a sua ativagao constitutiva preveniu o efeito anoréxico
da leptina. Desta maneira, a partir deste estudo eles sugeriram que a inibicado da AMPK no ARC

era necessaria para a sinalizagdo anorexigénica da leptina (28).

A AMPK tem sido descrita como sensor de homeostase energética celular e corporal, e
esta presente em altos niveis nos tecidos que controlam a homeostase energética, tais como,
figado, coracao, tecido adiposo, pancreas, cérebro e musculo esquelético (29). Sua estrutura
protéica € formada por uma subunidade catalitica, denominada a e duas subunidades regulatdrias,
denominadas B e y (29-31). A subunidade a contém um dominio quinase tipico serina/treonina na
cadeia N terminal, que somente tem atividade significante quando fosforilada por proteinas
upstream em residuo de treonina no loop de ativacdo (32,33). As subunidades y contém os sitios
regulatérios ligados ao nucleotideo adenina e sdao compostas de quatro repeticbes de uma
sequéncia denominada CBS (34). O sitio 4 aparece ligando muito fortemente AMP, de tal forma
que nao seja substituido por ADP ou ATP. Outros dois sitios (1 e 3) e ligam competitivamente
AMP, ADP e ATP e é por estes sitios que a AMPK reconhece a disponibilidade de energia na
célula. O sitio 2 permanece sempre desocupado. As subunidades 3 contém dominios C terminais
que formam um conservado nucleo afy, que conecta os dominios C terminais das subunidades a

com as regides N terminais das subunidades y (35-37).
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A maioria das subunidades B contém modulos que se ligam a carboidratos (CBMs), que
sdo dominios ndo cataliticos encontrados em enzimas que metabolizam amido e glicogénio
(38,39). Os CBMs fazem com que a AMPK se ligue ao glicogénio em células intactas (40-43). O
papel fisiolégico disso permanece incerto, embora uma fungdo possa se localizar a AMPK com
alvos downstrean também ligados ao glicogénio, assim como a glicogénio sintase (44,45).

A principal quinase upstream que fosforila o residuo de Thr172 e consequentemente ativa
a AMPK na maioria das células dos mamiferos, € um complexo que envolve a quinase supressora
de tumor (LKB1) e duas subunidades acessérias denominadas STRAD e MO25 (39,46-48). Essa
ligacdo causa uma alteragdo conformacional na AMPK, promovida por trés mecanismos
independentes. Sao eles: indugdo de Thr172 (fosforilacdo) (49,50), inibicdo de Thr172
(desfosforilagao) (50-52) e ativacao alostérica da AMPK ja fosforilada em Thr172 (52,53). Embora a
expressado da LKB1 seja induzida em células de mamiferos por agentes que aumentam as razdes
AMP:ATP e ADP:ATP, (46) é necessario enfatizar que esses efeitos séo realizados pela ligagao
dos nucleotideos de adenina nas subunidades y da AMPK e que o complexo LKB1 permanece
constitutivamente ativo (39,54). Além disso, a LKB1 é responsavel pela ativacdo de 12 quinases
das familias de quinases relacionadas a AMPK, sendo responsavel pela fosforilagdo dos residuos
de treonina similares ao Thr 172 em todas elas (55). Em alguns tipos celulares, a Thr 172 pode ser
fosforilada pela proteina quinase dependente de calcio/calmodulina (CAMKKR), promovendo uma
via ativada por calcio para ativar a AMPK (56-58). A ativagdo por este mecanismo pode ocorrer na
auséncia de qualquer alteragéo nas razdes dos nucleotideos adenina, embora o aumento de célcio
possa agir sinergicamente com o aumento de AMP ou ADP (59). Este mecanismo ocorre
principalmente em neurénios (56), células endoteliais (60) e linfocitos T (61).

Além desses mecanismos que fosforilam o residuo Thr172, sabe-se que este ultimo pode
ser fosforilado por TAK1 (também conhecido como MAP3K7 e MEKK?7) (62), uma proteina
downstream aos receptores de citocinas, que usualmente é encontrada agindo upstream da
cascata de sinalizagdo das MAP quinases (JNK) e NF-kB (39,63).
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A AMPK é ativada por estresse nutritivo e hormonal através do aumento da razéo
AMP/ATP, apo6s a deplegdo dos niveis de ATP intracelular (29). Adicionalmente, a ativagao da
AMPK ocorre quando ha ligagdo com AMP ou pela fosforilagcdo facilitada por essa ligagéo (64).
Esta ativagao induz vias catabolicas, como o transporte de glicose, glicolise e a oxidag¢édo de acidos
graxos e inibe vias anabdlicas como a sintese de colesterol e acidos graxos, através de modulagao
alostérica de proteinas alvo e pelos efeitos na expressao génica (29). Um substrato ja bem
caracterizado da AMPK é a enzima Acetil-CoA carboxilase (ACC), uma enzima dependente de
biotina (65), que é fosforilada em residuos de serina 79 e inativada quando AMPK estéa fosforilada
e ativada.

A Acetil-CoA carboxilase no auxilio da homeostase energética

A ACC é a enzima chave no controle da sintese de acidos graxos, por catalisar a
irreversivel carboxilagdo de acetil-CoA gerando malonil-CoA, um substrato da enzima acido graxo
sintase (FAS), que é responsavel pela sintese de acidos graxos no citoplasma. Além de seu papel
como intermediario do metabolismo, o malonil-CoA é um inibidor da Carnitina Palmitoil-Transferase
| (CPT-I), impedindo a captagédo e oxidacdo de acidos graxos de cadeia longa pela mitocéndria
(13,66,67). Em mamiferos, a ACC apresenta duas subunidades, a alfa e a beta, codificadas por
genes diferentes. A ACC-alfa, também conhecida como ACACA ou ACC1 é uma enzima citosélica
e é predominantemente expressa em tecidos lipogénicos como o figado, tecido adiposo (68,69) e
glandulas mamarias (69), e através dela a producao de malonil-CoA desencadeia a biossintese de
acidos graxos de cadeia longa. A expressdo do gene da ACCa e a atividade da enzima sao
moduladas por dieta rica em carboidrato e pela insulina, resultando em aumento na adiposidade,
secrecao de lipoproteinas e conteido de gordura hepatica (70). A ACC-beta, também conhecida
como ACACB ou ACC2, é uma enzima ligada a membrana externa mitocondrial e é
predominantemente expressa no coragao, musculo esquelético (69) e figado (71). Nestes tecidos,
o malonil-CoA regula a oxidagdo de acidos graxos, inibindo o transportador dos precursores de
acidos graxos de cadeia longa (CPT1) do citosol para a mitocondria, para posterior oxidagdo. A
principal diferenga estrutural entre as duas isoformas é que a cadeia N-terminal da ACC2 é mais
estendida, contendo uma sequéncia direcionada para mitocéndria (69). Desta maneira, a atividade
da ACC bloqueia a oxidagao enquanto a sintese é favorecida.
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No hipotalamo a atividade das proteinas AMPK/ACC e os niveis de malonil-CoA
produzidos tém sido relacionados ao controle da fome, gasto energético e homeostase da glicose.
Gao e colaboradores (2007) mostraram que a ACC tem funcdo importante na cascata de
sinalizacao intracelular hipotalamica que controla a ingestao alimentar e o balanco energético (13).
Neste sentido, Lane e colaboradores (2006) mostraram que a inibigdo da FAS hipotalamica em
camundongos, através do uso de C75 (cerulenina), promove um aumento nas concentragdes de
malonil-CoA hipotalamico, reduzindo a ingestdo alimentar e aumentando o gasto energético em
musculo esquelético, o que resultava em acentuada perda de peso e diminuida adiposidade (72).
Dessa maneira, as proteinas AMPK/ACC e o malonil-CoA parecem estar intimamente ligados aos

mecanismos centrais que controlam o gasto energético, a fome e a saciedade.

Adicionalmente, estudos realizados pelo nosso grupo mostraram que o uso de citrato via
ICV inibe a AMPK hipotalamica, reduz a ingestao de racdo, promove perda de peso, aumenta a
sensibilidade a insulina no figado, musculo e tecido adiposo e altera a expressao da PEPCK e da
glicose-6-fosfatase no figado (73,74). A partir dos estudos acima, alguns questionamentos foram
feitos a respeito da importancia da enzima ACC no hipotdlamo: O efeito observado era decorrente
da maior atividade da ACC ou da inibicado da AMPK? Se a enzima ACC for inibida em uma

condicao de inatividade da AMPK, o padrao de resposta seria mantido?

Ac. Esteérico

Ac. Palmitico

*x

CPT1

Imagem2. Em condigGes de jejum a AMPK fosforila e inibe a ACC, diminuindo a sintese de 4cidos graxos de

cadeia longa e aumentando a beta oxidagao.
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No hipotadlamo, a fosforilagio da AMPK e da ACC responde ao ciclo
jejum/alimentado/jejum, isto é, em jejum ambas estao fosforiladas e no estado alimentado ambas
estdo desfosforiladas, uma condi¢do que favorece a sintese de malonil-CoA pela ACC. Em jejum a

ACC esta fosforilada mas inativa, com isso a sintese de malonil-CoA encontra-se reduzida.

Em estudo recente, Harada e colaboradores mostraram que o conteldo hepatico de
triacilgliceréis no figado de animais knockout tecido especifico para ACCa nao apresentaram
diminuigao significativa quando comparados com animais controles. Indicando que a ACCf neste
caso encontra-se induzida para compensar o bloqueio genético da outra isoforma. Esses dados
mostram que o malonil-CoA produzido a partir da ACC pode ser utilizado pela FAS na lipogénese
de novo, sob circunstancias néo fisiolégicas que resultam do bloqueio da ACCa, e sugerindo que o
malonil-CoA no figado ndo é compartimentalizado por apenas uma isoforma especifica da ACC
(75).

O envolvimento dos nutrientes nas respostas contra requlatérias

Diversos estudos evidenciam que neur6nios sensiveis a glicose especificamente os
localizados no hipotalamo ventromedial, exercem papel fundamental na resposta contra-regulatéria
durante a hipoglicemia. Esta resposta é exercida pelo glucagon (resposta inicial), cortisol,
adrenalina, noradrenalina e hormonio do crescimento (resposta em longo prazo) que promoverao a
mobilizacdo das reservas de energia e ativardo a sintese de glicose hepatica. No cérebro sdo
encontrados neurbnios sensiveis a glicose em areas como o septo (76,77), amigdala (76,78),
estriado, cortex motor (76,79), rombencéfalo (76,80-84) e hipotalamo (76,85-89). Além destes
neurdnios existem outros também sensiveis a glicose, encontrados em tecidos periféricos como na
carétida (76,90), veia hepatoportal (76,91-96) e no intestino (76,97). Estes neurdnios tanto
periféricos quanto centrais formam uma rede neural integrada, que monitora e responde a

alteragdes nos niveis de glicose a que sdo expostos (76).
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Especificamente os neur6nios hipotalamicos sensiveis a glicose sdo encontrados em
regides distintas do hipotalamo, como o VMH (incluindo o nucleo arqueado e ventromedial) (76,98-
101), o DMH (76,102) e o PVN (76,103). Além disso, sao localizados em regides envolvidas com
controle do sistema nervoso autdbnomo, funcdo neuroendécrina, metabolismo de nutrientes e
homeostase de glicose. Esta localizacdo nos mostra que os neurbnios sensiveis a glicose no
cérebro sao capazes de receber sinais dos niveis de glicose no sangue e de uma variedade de
horménios (76).

Os niveis de glicose circulantes sdo mantidos rigorosamente pela insulina e glucagon,
regulando a captagdo, formacao e estoque de glicose (104). O efeito desses horménios no
metabolismo de glicose garante que a glicogénese e a sintese de gordura ocorra durante periodos
de excesso de nutrientes, enquanto que a glicogendlise e a neoglicogénese ocorra durante
periodos de escassez (4). Diferente da glicose, que diminui a ingestdao alimentar (105,106), a
frutose aumenta a ingestao alimentar quando metabolizada pelo SNC (106,107). Embora glicose e
frutose utilizem as mesmas vias de sinalizacao para controlar a ingestdo alimentar, elas agem em

um principio inverso e tem efeitos reciprocos nos niveis de malonil-CoA hipotalamico (105).

Alguns estudos mostraram que a infusdo de glicose ICV em camundongos aumentam
drasticamente os niveis de malonil-CoA, além de diminuir a expressdo de neuropeptidios
orexigénicos (NPY e AgRP) e aumentar a dos anorexigénicos (a-MSH e CART) no hipotalamo,
levando a diminuicdo acentuada na ingestdo alimentar apés 30 minutos da injecdo de glicose
(106), enquanto que a infusdo de frutose ICV aumenta os niveis de AMP, ativa a AMPK, diminui a
ACC e a concentracao de malonil-CoA, provocando maior fome e entdo maior ingestao alimentar
(108).

Outros estudos mostram também que o aumento de &cidos graxos de cadeia longa no
hipotalamo contribuem para diminuicdo da producéo de glicose, através da ativacdo de canais de
potassio sensiveis a ATP contendo SUR1/Kir6.2 (109). Entretanto, quando ha elevagédo de acidos
graxos de cadeia longa no figado a producdo de glicose hepatica é aumentada durante a
hiperinsulinemia. Essas observagdes nos trazem a hip6tese de que mecanismos sensiveis a
lipidios compartilham reag6es bioquimicas similares (acimulo de acidos graxos), mas mecanismos
fisiologicos opostos (regulacao da produgao de glicose) (110).
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Em tecidos periféricos como figado e musculo, o acumulo de lipidios, especificamente de
acidos graxos de cadeia longa, ativam isoformas novas de proteina C quinase (PKC) para induzir
resisténcia a insulina (111). Assim, a ativacdo de PKC leva a fosforilacdo do residuo de treonina
(T180) na subunidade Kir6.2 dos canais de potassio nas células B-pancreaticas. Esses canais sdo
encontrados tanto em células B-pancreaticas quanto em neurénios (112) e a ativagao direta desses

canais de potassio hipotalamicos leva a diminui¢cdo da produgéo de glicose (113).

Rosseti e colaboradores (2008) mostraram por administragdo de acido graxo no hipotalamo
médio basal que a ativagdo de PKC no hipotédlamo leva a diminuicdo da produgéo de glicose
hepatica. Estes resultados sugerem que a ativacado de PKC hipotalamica, é suficiente e necessaria
para que por mecanismos sensiveis a lipideos presentes no SNC, a produgao de glicose através
da ativacao/fosforilacdo dos canais de potassio possa ocorrer (114).

E conhecido que a AMPK desempenha importante fungdo no desencadeamento das
respostas contra-regulatorias, permitindo a recuperagao da glicemia. Neste sentido, a ativagéo da
AMPK no hipotadlamo ventromedial medeia a secrecdo de glucagon e catecolaminas, importantes
horménios contra-regulatérios (115). Contudo, o mecanismo pelo qual a ativagdo da AMPK
hipotalamica induz as respostas contra-regulatérias ndo é completamente conhecido.

Nossa hipétese é a de que a enzima ACC e o malonil-CoA produzido sdo fundamentais
para este processo. Esta hipotese é reforgada por dados da literatura, que mostram a capacidade
de &cidos graxos de cadeia longa, quando administrados por via ICV, de inibirem a producao de
glicose pelo figado (116,117) e que danos nos mecanismos que recebem sinais de acidos graxos
no hipotalamo interferirem na homeostase da glicose (118).
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Objetivo Geral

Avaliar a modulagdo da expressado e atividade de enzimas hepaticas em animais com

bloqueio da expresséo da enzima acetil-CoA carboxilase (ACC) hipotalamica.

Avaliar a capacidade da ACC desencadear respostas contra-regulatérias independente da

atividade e fosforilagdo da AMPK.

Objetivos Especificos

a) Caracterizacao do modelo de bloqueio da expressao da ACC no hipotalamo

o Avaliar a ingestdo de racdo e massa de tecido adiposo branco.

e Avaliar dos niveis de glucagon, corticosterona e insulina plasmatica.

e Avaliar a expressao génica de neuropeptidios hipotalamicos envolvidos com o controle
da ingestao alimentar.

e Avaliar o conteudo proteico de proteinas envolvidas com a sintese de acidos graxos:
AMPK e ACC.

b) Metabolismo hepatico

e Avaliar o conteudo de proteinas relacionadas ao metabolismo de carboidratos e lipidios:
PEPCK, AMPK e ACC.

e Avaliar a producdo de glicose hepatica através do teste de tolerancia ao piruvato
intraperitoneal (PTTip).

e Avaliar os depdésitos de glicogénio hepatico e os niveis de corpos cetdnicos.
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Abstract

BACKGROUND: Hypothalamic AMPK acts as a cell energy sensor and can modulate food intake,
glucose homeostasis, and fatty acid biosynthesis. Intrahypothalamic fatty acid injection is known to
suppress liver glucose production, mainly by activation of hypothalamic ATP-sensitive potassium
(K(ATP)) channels. Since all models employed seem to involve malonyl-CoA biosynthesis, we
hypothesized that acetyl-CoA carboxylase can modulate the counter-regulatory response
independent of nutrient availability.

METHODOLOGY/PRINCIPAL FINDINGS: In this study employing immunoblot, real-time PCR,
ELISA, and biochemical measurements, we showed that reduction of the hypothalamic expression
of acetyl-CoA carboxylase by antisense oligonucleotide after intraventricular injection increased
food intake and diminished the expression of CART, CRH, and TRH mRNA. Additionally, as in
fasted rats antisense oligonucleotide-treated rats, increased serum glucagon and ketone bodies
were observed along with diminished levels of serum insulin and hepatic glycogen. The reduction of
hypothalamic acetyl-CoA carboxylase also increased PEPCK expression, AMPK phosphorylation,
and glucose production. Interestingly, these effects were observed without modification of
hypothalamic AMPK phosphorylation.

CONCLUSION/SIGNIFICANCE: Hypothalamic ACC inhibition can activate hepatic counter-

regulatory response independent of hypothalamic AMPK activation.
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Introduction

The hypothalamus actively participates in energy expenditure, satiety signals and counter-
regulatory response [1-3]. Neuropeptides such as NPY, AGRP, POMC and CART are known to be
expressed in the hypothalamic nucleus, to participate in the regulatory mechanism of energy
expenditure, satiety signals and counter-regulatory response, and be modulated by hormones and

nutrients.

AMP-activated protein kinase (AMPK) can integrate signaling circuits between peripheral tissues
and the hypothalamus to regulate food intake and whole-body energy expenditure [3,4]. This
important cell energy sensor can activate the catabolic pathways that produce ATP when energy
availability is low. On the other hand, when energy is sufficient for cellular activity, it shuts down
pathways that produce energy [5]. Additionally, hypothalamic AMPK has an important role in the
expression of hypothalamic neuropeptides [6-8] and counter-regulatory response [2], modulating

energy expenditure and plasma concentrations of corticosterone, glucagon, and catecholamines.

Acetyl-CoA carboxylase (ACC) is responsible for catalyzing the reaction that produces malonyl-
CoA, an intermediate in the biosynthesis of fatty acids. ACC is an AMPK target, which
phosphorylates on Ser72 and thereby inactivates ACC under conditions of energy surplus [9].
Several studies have shown that pharmacological activation of AMPK, which promotes the inhibition
of ACC and a decrease in hypothalamic levels of malonyl-CoA, leads to an increase in food intake
[10,11]. Furthermore, recently Kinote and colleagues showed that fructose activates hypothalamic
AMPK and stimulates hepatic PEPCK and gluconeogenesis [12]. On the other hand, refeeding and
fatty acid synthase inhibitor increase the hypothalamic availability of malonyl-CoA and decrease
food intake [13-16]. The hypothalamic level of malonyl-CoA increases (4.0-fold) in response to
transition from fasted to fed state. In fasted rats, the reduction of hypothalamic level of malonyl-CoA

occurs even in the presence of acetyl-CoA [17].

Hypothalamic lipid metabolism is important for the control of energy metabolism [18-20]. Obici and
colleagues demonstrated that oleic acid [21] and inhibition of carnitine palmitoyltransferase-1 [22]
decrease food intake and liver glucose production. More recently, Ross and collaborators
demonstrated differential effects of hypothalamic long-chain fatty acid infusion on the glucose

production [23].
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In this study, they showed that a low dose of oleic acid administered to the medium basal
hypothalamus is sufficient to markedly reduce liver glucose production, whereas a polyunsaturated
fatty acid (linoleic acid) and a saturated fatty acid (palmitic acid) did not show any effect or only in
high dose, respectively. Mammalian cells are not capable of producing polyunsaturated fatty acids,
but the biosynthesis of saturated and monounsaturated fatty acids that occurs in the cytoplasm is

very important for this pathway.

We hypothesized that inhibition of ACC independent of nutritional status and AMPK activation has
an important role in the positive modulation of hepatic counter-regulatory response. To test this
hypothesis, intracerebroventricular injection of antisense oligonucleotide (ASO) to acetyl-CoA
carboxylase (ACC) was performed in rats with free access to food; the analyses were performed at
noon because it is a time when the animal has no counter-regulatory stimulus resulting from long

fasting.

Material and methods

Ethics Statement

This study was carried out in strict accordance with the recommendations of the COBEA (Brazilian
College of Animal Experimentation) guidelines, which was approved by the Ethical Committee for
Animal Use (ECAU) (ID protocol: 1970-1) of the Universidade Estadual de Campinas (UNICAMP),

Campinas, Sao Paulo, Brazil.

Animals and Surgical procedures

Male Wistar rats (12 wk old, 250-280 g) were taken from the University's central breeding colony
and maintained in polypropylene cages in a room at 24 £ 1 °C with lights on from 6:00 to 18:00 h
and fed diets and water ad libitum. The rats were chronically instrumented with an ICV cannula and
kept under controlled temperature and light-dark conditions in individual metabolic cages. Surgery

was performed under anesthesia, and all efforts were made to minimize animal suffering.
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Briefly, the animals were anesthetized with 50 mg/kg ketamine and 5mg/kg diazepam (ip) and
positioned onto a Stoelting stereotaxic apparatus after the loss of cornea and foot reflexes. A
stainless steel 23 gauge guide cannula with an indwelling 30 gauge obturator was stereotaxically
implanted into the lateral cerebral ventricle at pre-established coordinates, anteroposterior, 0.2 mM
from bregma, lateral, 1.5 mM; and vertical, 4.2 mM, according to a previously reported technique
[24]. The cannulas were considered patent and correctly positioned by dipsogenic response elicited
after injection of angiotensin Il (2 uL of solution 10-6M) [25]. After test for cannula function and

position rats were randomly assigned to one of the experimental groups.

AICAR injection

The fed rats received 3 pL of bolus injection of 2 mmol/L 5-amino-1-B-D-ribofuranosyl-imidazole-4-

carboxamide (AICAR) into the lateral ventricle.

Sense (SO) and antisense oligonucleotide (ASO) injection.

Phosphorothioate-modified sense and antisense oligonucleotides (produced by IDT, Munich,
Germany) were diluted to a final concentration of 1 nmol/uL in dilution buffer containing 10 mmol/L
Tris—HCI and 1.0 mmol/L EDTA. The oligonucleotides sequences consisted of 5'-GCC AGT CAG
TAA GAG CAG-3' (sense) and 5-TGA GAT CTG CAA TGC A-3' (antisense). Wistar rats were
injected into the lateral ventricle with two daily doses of 4 nmoles oligonucleotides in dilution buffer
containing either sense (ACC-SO) or antisense oligonucleotides (ACC-ASO) for three days.
Fragments of liver and hypothalamus were obtained about 12 h AM on the fourth day of treatment
with oligonucleotide. The animals were provided free access to water and rat chow. Control animals

received saline solution.
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Pyruvate Challenge

Rats with free access to food were injected intraperitoneally with sodium pyruvate (0.5 g/kg). Blood
samples were collected from the tail vein immediately before and at various time points (0—120 min)
after the pyruvate load to measure blood glucose.

Tissue extraction and immunoblotting

The rats were anesthetized after specific treatments and tissue samples were obtained and
homogenized in freshly prepared ice cold buffer (1% Triton X 100, 100 mM TRIS, pH 7.4, 100 mM
sodium pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 10 mM sodium vanadate, 2 mM
PMSF, and 0.01 mg aprotinin/mL). The insoluble material was removed by centrifugation (10,000 g)
for 25 min at 4 °C. The protein concentration in the supernatant was determined by the Bradford
dye-binding method. The supernatant was resuspended in Laemmli sample buffer and boiled for 5
min before separation in SDS PAGE using a miniature slab gel apparatus (Bio Rad, Richmond,
CA). Electrotransfer of proteins from the gel to nitrocellulose was performed for 90 min at 120 V
(constant). The nitrocellulose transfers were probed with specific antibodies. The
phophoenolpyruvate carboxykinase (PEPCK) and glyceraldeyde-3-phosphate dehydrogenase
(GAPDH) antibodies were obtained from Santa Cruz Biotechnology, Inc., Santa Cruz, CA. The total
AMP activated protein (AMPK), phospho-AMPK (p-AMPK), total ACC (ACC) and phospho-ACC
antibodies were obtained from Cell Signaling Technology, Inc., Danvers, MA. Subsequently, the
blots were incubated with HRP-conjugate antibodies (KPL, Gaithersburg, MD- USA). The results
were visualized by autoradiography with preflashed Kodak XAR film. Band intensities were
quantified by optical densitometry of developed autoradiographs (Scion Image software, ScionCorp)
and the intensities of the bands were normalized to those of either total protein or GAPDH to correct

for protein loading in the case of cellular lysate extracts.

34



Real time PCR analysis

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 (RQ1, Promega, Madison, WI, USA). Reverse-transcription
was performed using total RNA from hypothalamic samples. Intron-skipping primers for CART,
TRH, and CRH mRNAs were obtained from Applied Biosystems. Real-time PCR analysis of gene
expression was performed in an ABI Prism 7700 sequence detection system (Applied Biosystems,
California). The optimal cDNA and primer concentrations, as well as the maximum efficiency of
amplification, were obtained through five-point, two-fold dilution curve analysis for each gene. Each
PCR contained 20 ng of reverse-transcribed RNA and and was run according to the manufacturer’s
recommendation using the TagMan PCR Master Mix (Applied Biosystems, California). Target
mRNA expression was normalized to GAPDH expression and expressed as a relative value using
the comparative threshold cycle (Ct) method (2-AACt) according to the manufacturer’s instructions.

Biochemical and hormonal measurements

Blood glucose was determined using a glucometer. Serum insulin, glucagon, and corticosterone
were analyzed simultaneously and measured in duplicate at all time points using a commercially
available rat endocrine Linco-plex kit (Rendo-85K, Linco Research, St Charles, MO, USA). All blood
samples were collected from the tail vein.

For the determination of the level of hepatic glycogen, a tissue fragment was evaluated as

described by Burant and colleagues [26].
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Data presentation and statistical analysis

All numerical results are expressed as means * SE of the indicated number of experiments. Blot
results are presented as direct band comparisons in autoradiographs and quantified by
densitometry using the Scion Image software (ScionCorp). Student’s t-tests of unpaired samples
and variance analysis (ANOVA) for multiple comparisons were used as appropriate. Post hoc test
(Tukey) was employed when required at significance level of p < 0.05.

Results

Hypothalamic AMPK phosphorylation and ACC expression.

Initially, we evaluated the levels of hypothalamic phosphorylation of AMPK and the expression of
ACC. As expected, fasted rats showed higher AMPK phosphorylation than fed rats. The ICV
treatment of fed rats with either antisense or sense oligonucleotide (ASO and SO, respectively) to
ACC proteins did not affect the hypothalamic phosphorylation of AMPK (Fig. 1A). In addition, we
evaluated the effect of intracerebroventricular (ICV) injection of ACC-ASO (antisense
oligonucleotide) on the hypothalamic expression of ACC. For this purpose, rats were treated with
either antisense or sense oligonucleotide (4 nmol/animal) twice a day for three days. As shown in
Fig. 1B, the ACC-ASO treatment reduced ACC expression in the hypothalamus by 50%, when
compared to both the control group (treated with saline) and the ACC-SO group (sense nucleotide).

As expected, the treatment with ACC-SO did not affect the expression of ACC.
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Food intake and epididymal fat mass

Food intake was measured on the third night after the treatment with ACC-ASO had been started.
As can be observed in Fig. 2A, rats treated with ACC-ASO presented higher food intake (20.0 £ 0.7
g/12 h) than control (saline) and ACC-SO (15.9 + 1.3 g/12 h and 16.0 + 1.0 g/12 h, respectively). At
the end of the experimental period, the epididymal fat mass was measured. Figure 2B shows that
the treatment with ACC-ASO diminished epididymal fat mass (1.5 + 0.4 g), when compared to
control (5.0 £ 0.8 g) and ACC-SO animals (4.5 £ 0.7 g). However, the body weight was not modified
by the treatments with either ACC-ASO or ACC-SO (data not shown).

Real time analysis of gene expression.

CART, TRH, and CRH mRNA were measured in the hypothalamus by real time PCR. As shown in
Figure 3, the treatment with ACC-ASO significantly decreased gene expression of neuropeptides
CART (50%), TRH (70%), and CRH (40%) (Figs. 3A, B, and C, respectively) relative to control rats.
Interestingly, the analysis of gene expression in fasted rats revealed a behavior similar to that of
rats treated with ACC-ASO. ACC-SO treatment did not alter the expression of any of the
hypothalamic neuropeptides evaluated.

Serum hormone level

Serum glucagon, insulin, and corticosterone levels were quantified on the fourth day. The
animals had previous free access to chow and blood samples were collected at 12:00 h. The serum
corticosterone level was not affected by the treatments with ACC-ASO, ACC-SO, or saline ICV
(data not shown).
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However, the serum level of glucagon in the ACC-ASO group (14.9 £ 2.7) was higher than
in the control and ACC-SO groups (6.2 + 1.5 and 4.0 = 2.3 pmol.I'!, respectively), but it was similar
in the fasted group (11.8 = 4.0 pmol.I'") (Fig. 4A). On the other hand, the serum level of insulin for
ACC-ASO was similar to that of fasted animals (204 + 38 and 194 + 102 pmol.I'!, respectively), but
smaller than the control and ACC-SO treatment values (459 + 215 and 648 + 114 pmol.l7,
respectively) (Fig. 4B). Interestingly, the blood level of ketone bodies increased in the ACC-ASO
group relative to the control and ACC-SO groups (0.47 £ 0.11, 0.29 £ 0.07 and 0.32 £+ 0.09 mmol.I",
respectively) (Fig. 4C). The hepatic glycogen store was reduced in ACC-ASO (20.1 + 5.0 mg.g' of
tissue) when compared to control and ACC-SO rats (35 + 7 and 34 + 3 mg.g"' of tissue,

respectively) (Fig. 4D).

Hepatic gluconeogenic profile.

To assess whether the liver presented counter-regulatory activity, we evaluated the expression of
PEPCK and the capacity of the liver to produce glucose after administration of pyruvate, a
gluconeogenic substrate. As can be observed in Figure 5A, the expression of hepatic PEPCK
increased significantly (by seven-fold) after treatment with ACC-ASO when compared to control
animals, and so did the phosphorylation of AMPK and ACC (Fig. 5B). The treatment with ACC-SO,
as expected, did not exert any effect on PEPCK expression and AMPK and ACC phosphorylation
relative to control and ACC-SO.

To evaluate liver glucose production, rats received intraperitoneal injection of sodium pyruvate and
blood glucose was measured (Fig. 6A and B). As can be observed in Figures 6A and 6B, the
glycemic curve and the area under the curve (AUC) were greater in the group treated with ACC-
ASO than with ACC-SO and control (3960 + 700, 2800 + 400, 2340 + 450, respectively).
Additionally, we evaluated the glycemic curve and AUC in rats previously ICV treated with AICAR, a
pharmacological activator of AMPK. As expected, the increase in blood glucose was higher if

compared to ACC-SO and control rats.
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Discussion

The results presented in this study demonstrate the role of hypothalamic acetyl-CoA
carboxylase (ACC) in the control of hepatic glucose production. The studies performed so far have
demonstrated the participation of AMPK in the modulation of food intake and glucose homeostasis
by different mechanisms in the hypothalamus [1-3,16,18,21-23,27]. A common feature to
mechanisms proposed is the modulation of the hypothalamic level of malonyl-CoA. The
biosynthesis of malonyl-CoA is controlled by ACC, a key enzyme in the control of biosynthesis of
fatty acid and widely expressed in different tissues. Activated AMPK phosphorylates (at ser79) and
inhibits ACC, leading to a reduction in the level of malonyl-CoA. The hypothalamic activity of AMPK
increases during fasting and decreases during refeeding [4]. To investigate the hypothesis that the
hypothalamic level of malonyl-CoA can modulate liver glucose production, we initially evaluated the
hypothalamic phosphorylation of AMPK in fasted and freely fed rats (light cycle). As expected,
fasted rats showed greater AMPK phosphorylation than fed rats. Reduced AMPK phosphorylation is
linked to an increase in ACC activity and biosynthesis of malonyl-CoA. Tokutake and colleagues
showed that the hypothalamic level of malonyl-CoA is modulated by the fasting/feeding transition in
rats [17]. Interestingly, although the hypothalamic level of malonyl-CoA was modified by the
fasting/feeding state, the acetyl-CoA level was not altered. To test the hypothesis that the reduction
of hypothalamic ACC activity in fed rats would be enough to activate a counter-regulatory response,
we injected ICV ACC-ASO in the light cycle in freely fed rats. Although, ACC-ASO injection did
reduce hypothalamic ACC protein, it did not affect the hypothalamic phosphorylation of AMPK.

In an elegant study in Kahn’s Lab, Minokoshi and colleagues demonstrated that constitutively
active-AMPK mice ate more and had increased expression of NPY and AGRP mRNA in ARC [4].
The increase in the AMPK activity was linked to diminished ACC activity, mimicking a fasting
condition. In our study, ACC-ASO rats also presented reduced hypothalamic ACC expression, if
compared to control rats (free access to food) and ACC-SO. Interestingly, this effect was
accompanied by lower hypothalamic CART, CRH, and TRH mRNA levels.
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These neuropeptides present reduced hypothalamic expression in response to fasting and leptin
[28,29]. Furthermore, it is important to point out that the analyses were performed in the light cycle,
a period of reduced food intake [30]. Although ACC-ASO-treated rats had free access to food, they
presented gene expression similar to those of fasted rats. Additionally, they did not show
differences in body weight and epididymal fat mass, as expected, due to reduced expression of
CART, TRH, and CRH, three neuropeptides linked to pro-thermogenic metabolism and
anorexigenic behavior [31,32]. Therefore, these results reinforce the role of malonyl-CoA as an
indicator of energy homeostasis.

In fasting state, the hepatic metabolism shifts toward fat oxidation and synthesis of glucose
as part of a counter-regulatory hormonal response. This shift in metabolism is important for the
energy homeostasis, in which the hypothalamus has a fundamental role. Han and colleagues
showed that pharmacological inhibition of hypothalamic AMPK or ARC/VMH DN-AMPK
overexpression attenuated hypoglycemia-induced increases in plasma concentrations of
corticosterone, glucagon, and catecholamine [2]. They concluded that systemic hypoglycemia
causes hypothalamic activation of AMPK, which is important for counter-regulatory hormonal
responses. In addition, recently, Kawashima and colleagues showed that hypothalamic AMPK
activation by glucopenia occurs via a CaMKK-independent pathway [33] and that another AMPK
upstream kinase might be involved in 2DG activation of AMPK, such as LKB1 [34]. Considering that
ACC-ASO-treated rats mimic fasting condition, we compared their hormonal profile to that of fasted
rats. ACC-ASO-treated rats presented reduced serum insulin and hepatic glycogen accompanied
by increased serum glucagon, ketone bodies, and AUC in the pyruvate test, typical hormonal and
biochemical responses to fasting condition. Therefore, these results suggest that modulation of the
hypothalamic activity of ACC may be able to trigger a counter-regulatory response, independent of
the availability of nutrients, and hypothalamic phosphorylation of AMPK.

In recent years, many studies have shown that the hypothalamus participates in the
modulation of hepatic glucose production by activation of hypothalamic ATP-sensitive potassium
(K(ATP)) channels and parasympathetic signals delivered by the vagus nerve [35-38], which is
associated with reduced hepatic expression of gluconeogenic genes, glucose-6-phosphatase
(G6Pase), and phosphoenolpyruvate carboxykinase (PEPCK).
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The liver is known to play an important role in glucose homeostasis through gluconeogenesis
[39]. In ACC-ASO-treated rats, liver expression of PEPCK increased, corroborating the results of
pyruvate tolerance test. These effects were accompanied by increase in liver AMPK and ACC
phosphorylation in ACC-ASO-treated rat. Liver activation of AMPK is linked to diminished
expression of gluconeogenic enzymes [40] and phosphorylation of glycogen synthase 1 [41], which
reduces the glucose output from the liver. Furthermore, the increase in the blood level of ketone
bodies, as well as ACC inactivation in the liver, suggests that fatty acid oxidation is increased under
ACC-ASO, when compared to control and ACC-SO groups.

Thus, we believe that the hypothalamic levels of ACC protein and malonyl-CoA are important
signals to control liver glucose production by an AMPK-independent mechanism. Although AMPK
surely is an important nutrient and energy sensor that maintains energy homeostasis, many
proteins can be modulated by kinase activity of AMPK. Thus, in the cell, it can modulate the
pathway related to protein synthesis, mitochondrial biogenesis, fatty acid and glucose metabolism,
and autophagia [42]. Therefore, ACC may be a better target to control the hepatic metabolism than
AMPK.
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Figure 1.
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Fig. 1-Representative western blot of hypothalamic p-AMPK (A) and ACC (B) in fasted and
fed rats, ACC-ASO (ASO) and ACC-SO (SO). Bars show quantification of total p-AMPK
and ACC proteins normalized by total GAPDH or AMPK in liver. Data are mean + SEM of

five rats. (A)* p < 0.05 vs. control fed, ASO and SO. (B)* p < 0.05 vs. control and SO.
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Figure 2.
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Fig. 2- Food intake (A) and epididymal fat mass (B) in control, ACC-ASO (ASO) and ACC-

SO (SO) rats. Data are mean = SEM of 8-10 rats. (A and B)* p <0.05 vs control and SO

rats.
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Figure 3.
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Fig. 3- Analyses of CART, TRH and CRH mRNA expression in the hypothalamus of
control, ACC-ASO (ASO) and ACC-SO (SO) rats by RT-PCR. Data are mean + SEM of 8-

10rats. #p <0.05and * p <0.01.
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Figure 4.
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Fig. 4- Serum glucagon (A) and insulin level (B), blood ketone bodies (C) and hepatic
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glycogen (D) in control (fed), ACC-ASO (ASO), ACC-SO (SO) and fasted rats. Data are
mean + SEM of 8-10 rats. (A) * p<0.01 to ASO and fasted vs control and SO. (B) *

p <0.05 vs ASO and fasted. (C and D) * p <0.05 vs control and SO.
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Figure 5.
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Fig. 5-Liver PEPCK expression (A), AMPK/ACC phosphorylation (B) and blood glucose
during pyruvate test (C and D). (A) Representative western blot of PEPCK. Bars show
quantification of total PEPCK protein normalized by total GAPDH. (B) Representative
western blot of p-AMPK protein normalized by total GAPDH and p-ACC. (C) Blood glucose
during test and (D) area under curve (AUC). Data are mean + SEM of 4-6 rats (A and B)
and 8-10 (C). (A and B) * p <0.05 vs control and SO rats. (D) * p <0.05 vs control and

ACC-SO rats.
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CONCLUSAO GERAL




A partir dos resultados descritos neste trabalho podemos concluir que:

e A inibicdo da ACC hipotalamica aumentou a ingestdao espontanea de ragdo. Este
efeito foi acompanhado significativa redu¢dao de neuropeptideos hipotalamicos
associados a maior gasto energético e inibicdo da fome, condicdo similar a
observada em animais mantidos em jejum.

e A inibicdo da ACC hipotalamica aumentou os niveis de glucagon e reduziu de
insulina circulante, caracterizando a ativacdo da resposta contra-regulatéria
hormonal.

e Alinibigdo da ACC hipotalamica promoveu aumento dos niveis de corpos cetdnicos
no sangue e redugao de glicogénio no figado.

e O figado de animais tratados com oligoantisense para ACC hipotalamica
apresentou maior expressao de PEPCK, maior producdo de glicose apds desafio

com piruvato e maior fosforilagdo da AMPK e ACC no figado.
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CEEA/Unicamp

CERTIFICADO

Certificamos gue o Protocolo n® 1870-1, sobre "Papel de acetil-CoA carboxilase

hipotaldmica contra-regulatéria hepética”, sob a responsabilidade de Prof. Dr.
Marcio Alberto Torsoni / Vinicius Dias Paereira, estd de acordo com os

Principios Eticos na Experimentagfio Animal adotados pelo Colégio Brasileiro de
Experimentagdo Animal (COBEA), tendo sido aprovado pela Comissao de Elica
na Experimentacdo Animal - CEEA/Unicamp em 05 de outubro de 2009.

CERTIFICATE

We certify that the protocol n® 1970-1, entitied "The role of h alamic acetyl-
CoA in _the hepatic counter-regulatory response”, is in agreement with the

Ethical Principles for Animal Research established by the Brazilian College for
Animal Experimentation (COBEA). This project was approved by the institutional
Committee for Ethics in Animal Research (State University of Campinas -
Unicamp) on October 5, 2009.

Campings, 05 de outubro de 2008.
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