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RESUMO

A obesidade é uma doencga caracterizada pelo acumulo excessivo de gordura
corporal, acarretando diversas alteracoes metabdlicas. Estas alteragdes influenciam
o controle do balanco energético. O hipotalamo é considerado o 6rgao chave para o
controle do balango energético. Recebe informacdes da periferia por meio de
nutrientes, sinais neurais e horménios. Dentre estes hormdnios, a insulina participa
do controle da ingestdo alimentar, tendo efeitos anorexigénicos. Esta regulacao
ocorre pela ativacdo de sua via de sinalizacdo IR/PI3g/Akt. Em animais obesos
ocorre uma menor ativacdo desta via como consequéncia ao estresse do reticulo
endoplasmatico e ativagdo de proteinas da via inflamatéria. No presente estudo
destacamos a amigdala como uma importante regido do sistema nervoso central
envolvida na regulacdo da ingestao alimentar em resposta a insulina. Essa regulagao
foi dependente da ativacao da via PI3q, pois a injegdo de LY aboliu os efeitos da
insulina no controle da ingestdo. A insulina diminuiu os niveis de RNAm do
neuropeptideo orexigénico NPY e aumentou os niveis do RNAm do neuropeptideo
anorexigénico ocitocina na amigdala de animais controles via Pl3q, o que pode ter
contribuido para a hipofagia. Além disso, em animais obesos nao houve reduc¢do na
ingestao alimentar em resposta a insulina e a fosforilagdo da Akt foi diminuida na
amigdala, sugerindo resisténcia a insulina nessa regiao do sistema nervoso central.
A resisténcia a insulina foi associada com o estresse do reticulo endoplasmatico e
inflamagéo na regido da amigdala. A inibicao do estresse do reticulo endoplasmatico
com PBA (acido fenil butirico), inibidor do estresse de reticulo, reverteu a agéao e
sinalizac&o da insulina, diminuindo a expressdao do RNAm do NPY e aumentando a
expressdao do RNAm da ocitocina na amigdala de animais obesos. Em conjunto, os
resultados sugerem que a amigdala é sensivel a agdo anorexigénica da insulina,
sendo este efeito dependente da via PI3g. A acdo da insulina na amigdala
provavelmente modula a ingestao por alterar os niveis de neuropeptideos como NPY
e ocitocina. Animais obesos apresentam resisténcia a agao e sinalizagcao da insulina
em amigdala. O mecanismo molecular pelo qual ocorre resisténcia a insulina parece
estar relacionado a ativacdo da via inflamatéria e ao estresse de reticulo
endoplasmatico.
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ABSTRACT

Insulin acts in hypothalamus decreasing food intake (FI) by IR/PI3K/Akt pathway.
This pathway is impaired in obese animals and endoplasmic reticulum (ER) stress
and low grade inflammation are possible mechanisms involved in this impairment.
Here, we highlighted amygdala as an important brain site of Fl regulation in
response to insulin. This regulation was dependent on PISK/AKT pathway similar
to the hypothalamus. Insulin was able to decrease NPY and increase oxytocin
MRNA levels in the amygdala via PI3K, which may contribute to hypophagia.
Additionally, obese rats did not reduce Fl in response to insulin and AKT
phosphorylation was decreased in the amygdala, suggesting insulin resistance.
Insulin resistance was associated with ER stress and low grade inflammation in
this brain region. The inhibition of ER stress with PBA reverses insulin
action/signaling, decreases NPY and increases oxytocin mRNA levels in the
amygdala from obese rats, suggesting that ER stress is probably one of the

mechanisms that induce insulin resistance in the amygdala.
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A obesidade é caracterizada por um excesso de gordura acumulada no tecido adiposo e
demais 6rgaos. A Organizacao Mundial de Saude (OMS) estimou que em 2008, 1,5 bilhao
de adultos com idade superior a 20 anos estavam acima do peso e mais de 200 milhdes
de homens e 300 milhées de mulheres, aproximadamente 10% da populacao adulta, eram
obesos. Em 2010, 43 milhdes de criangcas com idade inferior a 5 anos estavam acima do
peso .['

No Brasil, estudos de base populacional realizados entre os anos de 1974 e 2003,
permitiram avaliar os agravos nutricionais mais relevantes, incluindo a emergéncia da
obesidade e constatar seus principais determinantes. Segundo esses estudos, a
prevaléncia da desnutricdo em criangas e adultos foi reduzida nas udltimas décadas,
enquanto o sobrepeso e a obesidade aumentaram na populagéo brasileira, principalmente
entre os adultos. Dados recentes da Pesquisa de Orgcamentos Familiares (POF) revelam
que cerca de 40% dos adultos no Brasil estdo com excesso de peso, e que 8,9% dos
homens e 13,1% das mulheres s&o obesos. ™

O aumento da obesidade esté associado ao aumento de comorbidades relacionadas ao
ganho de peso como diabetes, hipertensdo, doenca coronariana, apneia do sono e cancer.
Além da inatividade fisica, a obesidade é causada principalmente pelo excesso de
ingestdo alimentar. Modificagbes no estilo de vida, na dieta e exercicio tém sido
recomendadas, porém embora efetivas em curto prazo, as recidivas no ganho de peso sao
muito frequentes. Além disso, o desenvolvimento de medicamentos para tratar a
obesidade vem apresentando baixa eficacia e sérios efeitos colaterais. [

O balango energético € mantido por diversos mecanismos, incluindo sinais metabdlicos
e hormonais, sinalizagao celular e molecular e sinais neurais. A identificacdo de horménios
periféricos como insulina, leptina e outros, assim como nutrientes que atuam em neurénios
hipotaldamicos para controlar a homeostase energética tem auxiliado o entendimento dos
circuitos neuronais que controlam o peso corporal. >34 52 36, 38, 42, 33]

A acédo da insulina no hipotadlamo na regulacdo do balanco energético tem sido bem
descrita na literatura **®2. A insulina sinaliza através do seu receptor (IR) que sofre uma
modificacdo conformacional, ativando a subunidade B . Uma vez ativo, este sitio

catalisa a fosforilagdo em tirosina de proteinas que contém o dominio SH2, como por
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exemplo, os substratos do receptor de insulina (IRS), principalmente IRS-1 e IRS-2. A
fosforilacdo de IRSs promove a ligacdo e ativacao da enzima phosphoinositide 3-kinase
(PI3g) que ativa a protein kinase B (Akt). A Akt ativada fosforila e retira o fator de
transcricdo forkhead box (Foxo1) do nudcleo. A ativagdo dessas proteinas pela insulina
controla o ritmo de disparos neurais ®® (Fig 1), o que é condicionado & ativagdo de canais
de potassio ATP — dependentes.

Figura 1
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Figura 1. Acado da insulina no hipotadlamo na regulagao do balango energético.

Através do controle do ritmo de disparos neuronais, a insulina modula a liberacdo de
neurotransmissores em sinapses efetoras 4. Além disso, a fosforilagdo da Foxo1
induzida por insulina tem sido associada com a regulagdo da expressdao dos
neuropeptidios agouti-related protein (AgRP) e pro-opiomelanocortin (POMC), ligados ao
controle da homeostase energética. No nucleo arqueado a insulina inibe a transcricdo do
AgRP e do neuropeptide Y (NPY), sendo estes neuropeptidios orexigénicos ! (Fig 2). Por
outro lado, a hiperinsulinemia aumenta a expressdo de RNAm do corticotrophin-releasing
hormone (CRH) no nucleo paraventricular (PVN) do hipotalamo "3 o que pode contribuir
com a hipofagia 4,
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Figura 2
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Figura 2. Acéo da insulina no controle do ritmo de disparos neuronais.

A segunda via pela qual a insulina modula a ingestao alimentar e termogénese depende
da ativacdo da enzima janus kinase-2 (JAK2). Apesar de possuir atividade tirosina quinase
intrinseca, o IR & capaz de interagir com, e ativar, a JAK2 principalmente em hipotalamo.
Uma vez fosforilada e ativada, a JAK2 recruta e fosforila signal transducers and activators
of transcription (STATSs), predominantemente STAT3, a qual conecta o sinal da insulina ao
controle da transcricdo de genes de neurotransmissores envolvidos com o controle da
fome e da termogénese.

Estudos realizados em roedores nos ultimos 11 anos demonstraram a importancia das
proteinas da via de sinalizagdo de insulina no sistema nervoso central no controle do
balango energético.

Camundongos knockouts para o receptor de insulina especificamente em neurénios do
sistema nervoso central desenvolvem obesidade e infertilidade ™. Adicionalmente,
demonstrou-se que a inibicdo temporaria de IR com oligonucleotideoantisense em
hipotalamo induz hiperfagia e aumento da adiposidade em ratos . De maneira similar, a
inibicdo de proteinas da via de sinalizagdo de insulina distais ao IR também esta
relacionada a altera¢des na ingestdo alimentar. Camundongos knockouts para IRS-2 sao
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hiperfagicos e obesos, assim como a inibicido da expressdo da PI3g ou Foxol em
hipotalamo alteram a ingestéo alimentar de formas variadas *°!.

Embora a maior parte dos estudos tivesse como foco a sinalizacdo de insulina no
hipotalamo, recentes evidéncias tém demonstrado que a insulina tem efeitos diretos em
outras regides do sistema nervoso, regides estas que compreendem o sistema
mesolimbico de recompensa. Este sistema compreende o nucleo accumbens (NAc),
cortéx pré-frontal, area tegmental ventral (VTA), hipocampo, striatum e amigdala. 166 €3 141

A amigdala apresenta trés subdivisbes anatdbmicas e funcionais, o grupo medial de
subnucleos que apresenta extensas conexdes com o bulbo olfatério e com o cortex
olfativo, o grupo basolateral que apresenta conexdes importantes com o cortéx cerebral e
o grupo de nucleos central e anterior, o qual caracteriza-se por conexbes com o0
hipotalamo e com o tronco encefalico. Dessa forma a amigdala une regides corticais que
processam informagéo sensorial com sistemas efetores hipotaldmicos e do tronco
encefalico. As vias originarias de areas corticais sensoriais distinguem a amigdala do
hipotalamo, pois este recebe sinais sensoriais relativamente nao processados. Alguns dos
nucleos taldmicos que recebem sinais do bulbo olfatério e nucleos de retransmissao de
sinais sensoriais viscerais no tronco encefalico direcionam diretamente sinais sensoriais a
amigdala. Sendo assim, muitos neurdnios na amigdala respondem a estimulos visuais,
auditivos, sensoriais somaticos, sensoriais viscerais, gustativos e olfativos. A amigdala
desempenha um papel importante na expressao do comportamento emocional, através
das projecdes para o hipotalamo e o tronco encefalico influenciando assim na atividade
dos sistemas motores efetores somaticos e viscerais ®¥ (Fig 3).

Figura 3
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Figura 3. A amigdala e suas trés subdivisdes anatémicas e funcionais.
(Purves, et al. 2010)

O sistema mesolimbico dopaminérgico vem sendo reconhecido por seu papel central na
motivacao comportamental, recompensa, processos cognitivos e mais recentemente na
regulacao da alimentacdo hedénica. Alimentacdo hedbnica é a ingestao regulada pelo
prazer e esta associada aos niveis de dopamina.

A ingestao de alimentos palataveis aumenta a liberagdo de dopamina na regidao do VTA
a qual ativa vias neurais que vao estimular outras estruturas do sistema mesolimbico
como a amigdala . A liberagdo de dopamina (DA) nas fendas sinapticas das regides do
sistema limbico aumenta a sensagado de recompensa e pode ser modulada por sinais
hormonais como a insulina. [®

Poucos estudos tém investigado a relagéo entre as mudancas fisiologicas e patoldgicas
dos niveis de insulina e a homeostase da DA. No sistema nervoso central a insulina vem
sendo demonstrada como fator regulatério da sinalizagdo dopaminérgica levando a
reducdo da resposta limbica em regides do sistema de recompensa frente ao estimulo de
alimentos em humanos. Em individuos saudaveis, a insulina reduz a ativacao das regides
do hipocampo, cértex frontal e visual em resposta a imagem de alimentos.’®” Estudos
demonstraram que a inibicdo de componentes da via de sinalizacao da insulina como PI3q
e Akt reduzem drasticamente a expressdo do transportador de dopamina (DAT) e o
clearance de DA. [
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Konner et al (2011) demonstraram que o IR é co-expresso com a enzima tirosina
hidroxilase (Th) que é um marcador de neurbnios dopaminérgicos. Assim, esses autores
sugeriram uma potencial ligacao entre o controle de ingestao alimentar e o sistema de
recompensa através da insulina. Ainda neste artigo, a inativacao do IR em células que
expressam Th no VTA, através de manipulacdo génica, resultou em obesidade e
hiperfagia. [*

Assim como o VTA, estudos anteriores identificaram a regido da amigdala como uma
possivel area de regulacdo da ingestdo alimentar. A amigdala é uma regido
tradicionalmente estudada por seu papel em comportamento como medo e ansiedade,
porém mais recentemente tem se tornado foco de alguns estudos por sua influéncia na
ingestao alimentar 1181 Esta regido parece ter um papel importante no desenvolvimento de
aversdo ou de recompensa a determinados alimentos ' 73 Também esta envolvida na
selecdo de alguns macronutrientes, pois lesbes na amigdala alteram a preferéncia por
macronutrientes ", Reducdo no consumo de lipidios foi observada pela administracéo, na
amigdala, de enterostatina ou agonista de receptor de melanocortina 4 ¥ 7. Entretanto,
quando era administrado antagonista de receptor de melanocortina 4 observou-se
aumento do consumo de lipidios [ ',

Em humanos, estudos que empregaram ressonancia magnética funcional (FMRI)
demonstraram que o padrdo de resposta na amigdala a estimulos com imagem de
alimentos foi similar ao observado no hipotalamo 8. Em obesos, observou-se elevada
atividade nessa regido em resposta a estimulos com imagem de alimentos em individuos
portadores da sindrome Prader-Willi com obesidade grave ®"?71. A injec&o intravenosa de
grelina, horménio orexigénico, aumenta a atividade da amigdala em resposta a imagem de
alimentos M.

Em roedores, estudos demonstraram que lesdes na amigdala alteram a ingestdo
alimentar e o peso corpoéreo.

King et al (1994) verificaram que lesdes bilaterais na regido postero-dorsal da amigdala
resultavam em hiperfagia e excesso de ganho de peso em ratas. Em outro estudo, King et
al (1996) observaram que em paralelo a hiperfagia e ganho de peso, as lesbes da

amigdala induziam hiperinsulinemia mesmo em ratas alimentadas com dieta padréo.
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Mais recentemente, Boghossian et al (2009) demostraram que a administracao de
injegbes de insulina na regido do CeA (nucleo central da amigdala) ndo induziam anorexia
em ratos Sprague-Dawley recebendo dieta hiperlipidica. Assim, sugeriram que a amigdala
€ uma regiao importante para o controle da ingestao alimentar pela insulina e que animais
obesos tém alteragao dessa regulacéo . De fato, a amigdala expressa IR em abundancia
231 'ho entanto, a sinalizacdo desse horménio ainda nao foi investigada nessa regido do
sistema nervoso central.

Portanto, seria interessante investigar se 0s mesmos eventos de sinalizacao insulinica
também ocorrem na amigdala e se esta sinalizagdo estd envolvida na regulagdo da
ingestao alimentar. Nesse sentido, o primeiro objetivo do presente estudo é investigar
a expressao e grau de fosforilacao das proteinas da via de sinalizacao de insulina,
assim como a modulacao da ingestao alimentar apés estimulo com insulina na
regiao da amigdala em animais controles. De forma complementar, o segundo
objetivo do estudo é investigar se o bloqueio farmacolégico da via da PI3q, com
LY24002, na amigdala altera a resposta a insulina quanto a ingestao alimentar e
sinalizacao intracelular de insulina de animais controles. O terceiro objetivo é
investigar se a insulina, através da via PI3q modula a expressao de neuropeptidios
orexigénicos e anorexigénicos em animais controles.

O consumo de dieta hiperlipidica tem sido associado a resisténcia a insulina no
hipotdlamo. Os estudos sugerem que esta resisténcia € decorrente da reducdo da
ativacdo da via IRSs/PI3g/Akt nessa regido do sistema nervoso %', Assim, o quarto
objetivo do presente estudo foi investigar se havia resisténcia a insulina na
amigdala de animais com obesidade induzida por dieta.

Nas ultimas décadas, estudos tém demonstrado que a obesidade produz um estado de
inflamag&o cronica subclinica, caracterizado por niveis circulantes elevados de citocinas
pro-inflamatérias e infiltracdo de macréfagos no tecido adiposo 8. Muitas destas citocinas
liberadas bloqueiam a ag&o da insulina em varios tecidos, incluindo hipotadlamo. Um dos
mecanismos moleculares responsaveis pelo desencadeamento de resisténcia a insulina é
a ativacao da via inflamatoria | kappa B kinase o/f (IKK a/B)/ IxB/ fator nuclear kappa B
(NFkB) 8 No hipotalamo, ativacdo da via IKK/IkB/NFkB e resisténcia & insulina ocorre

devido a IKKbeta ativada induzir a fosforilagcdo em serina dos IRSs. Este evento bloqueia o
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sinal da insulina e constitui um dos elementos indutores de resisténcia hipotalamica a
insulina desencadeada por obesidade "1,

Em paralelo a ativacao da via inflamatéria, o estresse de reticulo endoplasmatico (RE)
tem sido descrito como outro mecanismo desencadeador de resisténcia a insulina *® (Fig
4).

Figura 4

insulina Obesidade
R |yl Inflamacdo subdlinica

i f(-—"
¥

":‘{Mﬂ i':;kﬂ. NFk hipotélamsa

fé\ \LLL

Reticulo
stress Endoplasmatico

é_ 5>

Res:stéma a
insulina

Figura 4. Mecanismo de ativagdo da via inflamatéria e estresse do reticulo endoplasmatico
culminando com resisténcia a insulina.

O RE é uma organela citoplasmatica responsavel pela sintese, maturagdo e locomogéao

de um grande numero de proteinas sendo também um sitio critico de homeostase de

célcio (Ca™).

O estresse de RE foi descrito como potente mecanismo desencadeador de resisténcia a
insulina em tecidos periféricos e também em hipotalamo 1% 46 47:48: 491 ' A opesidade e dieta
rica em lipideos podem desencadear uma resposta adaptativa conhecida como Unfolded
Protein Response (UPR). Esta resposta aumenta a fosforilagdo de proteinas associadas a
membrana do RE como a, PERK (PKR-like eukaryotic initiation factor2 a kinase), IRE1a
(inositol requering enzyme) e ATF6 (activating transcription factor-6) . A atividade
endorribonuclease da IRE1a cliva o RNAm da X-box binding protein-1 (XBP1) tornando-a
ativa na forma do fator de transcricdo (XBP1). No reticulo endoplasmatico o XBP1 sozinho

ou em conjunto com o ATF6 estimula a producdo de chaperonas e proteinas envolvidas
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na biogénese, secrecao, sintese fosfolipidica e na degradacao de proteinas associadas ao
reticulo endoplasmatico. Sendo assim a XBP1 ativa uma das principais vias relacionadas
a funcao de empacotamento do RE e modulagéo do estresse do RE B,

No sistema nervoso central estudos demonstraram o papel do estresse do reticulo
endoplasmatico no déficit da regulacao metabdlica. Animais com insuficiéncia da XPB1,
com niveis elevados de estresse do RE, demonstraram aumento no peso corporal Y,
Porém o tratamento com tauro-ursodeoxycholic ou acido fenil-butirico, que sao inibidores
do estresse de RE, foi capaz de reduzir o peso corporal desses animais 1% %I,

Dessa forma, o quinto objetivo do trabalho foi investigar a obesidade induzida por
dieta altera a via inflamatéria e induz estresse de RE em amigdala de ratos. Em
adicao, o sexto objetivo do trabalho foi investigar se a inibicao do estresse do
reticulo endoplasmatico, com PBA, reverte a resisténcia a insulina na amigdala de

animais obesos.
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2- OBJETIVOS
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Investigar a expressao e grau de fosforilacdo das proteinas da via de sinalizacéao
de insulina (IR/PI3g/Akt), assim como a modulacado da ingestdo alimentar apds
estimulo com insulina na regido da amigdala em animais controles.

Investigar se o bloqueio farmacoldgico da via da PIBK com (LY24002) na
amigdala pode alterar a resposta a insulina quanto a ingestao alimentar e a
sinalizag&o de insulina intracelular em animais controles.

Investigar se a sinalizacao da insulina (IR/PI3g/Akt), pode modular a expressao
de neuropeptidios em condigdes fisiologicas.

Investigar a expressao e grau de fosforilagdo das proteinas da via de sinalizacao
de insulina, assim como a modulacdo da ingestao alimentar apds estimulo com
insulina na regiao da amigdala em animais com obesidade induzida por dieta.

Se houver reducao da ativagdo das proteinas da via de sinalizacdo de insulina
em amigdala de animais obesos: investigar a ativacao e regulacao das proteinas
da via inflamatéria e do stress do reticulo endoplasmatico em amigdala de
animais obesos.

Investigar se a inibicao do estresse do reticulo endoplasmatico com PBA reverte

a resisténcia a insulina na amigdala de animais obesos.
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ABSTRACT

Insulin acts in hypothalamus decreasing food intake (FI) by IR/PI3K/Akt pathway.
This pathway is impaired in obese animals and endoplasmic reticulum (ER) stress
and low grade inflammation are possible mechanisms involved in this impairment.
Here, we highlighted amygdala as an important brain site of FI regulation in
response to insulin. This regulation was dependent on PISK/AKT pathway similar
to the hypothalamus. Insulin was able to decrease NPY and increase oxytocin
MRNA levels in the amygdala via PI3K, which may contribute to hypophagia.
Additionally, obese rats did not reduce Fl in response to insulin and AKT
phosphorylation was decreased in the amygdala, suggesting insulin resistance.
Insulin resistance was associated with ER stress and low grade inflammation in
this brain region. The inhibition of ER stress with PBA reverses insulin
action/signaling, decreases NPY and increases oxytocin mRNA levels in the
amygdala from obese rats, suggesting that ER stress is probably one of the
mechanisms that induce insulin resistance in the amygdala.
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HIGHLIGHTS

Lower food intake in response to insulin in the amygdala is dependent on
the PI3K/Akt pathway.

Insulin decreases NPY and increases oxytocin mRNA levels via PI3K in
Vivo.

Insulin receptor and Akt phosphorylation in amygdala are disrupted in
obese rats.

Insulin resistance, ER stress and inflammation are present in amygdala of
obese rats.

The inhibition of ER stress with PBA reverses insulin resistance,
decreases NPY and increases oxytocin mRNA levels in the amygdala from
obese rats.
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1. Introduction

Insulin is an important peptide hormone that regulates the brains control of food
intake and energy expenditure [1-3]. Deletion of the insulin receptor (IR) in the
central nervous system (CNS) of mice induced obesity and altered metabolism in
vivo [3, 4]. Most studies consider the hypothalamus as the main region in the CNS
which regulates energetic metabolism in response to insulin. However, insulin has
effects in other brain regions, such as ventral tegmental area, substantia nigra, and
amygdala [5-10].

In the hypothalamus, insulin acts through IR inducing insulin substrate 1 (IRS-1)
tyrosine  phosphorylation. IRS-1 tyrosine  phosphorylation  activates
phosphoinositide 3-kinase (PI3K), which is required for the effects of insulin on
feeding [11]. PISK phosphorylates generates phosphatidylinositol-3,4,5-
triphosphate [3-5], which activates protein kinase B (PKB or Akt). The effect of
IR/PI3K/Akt pathway on food intake is well described in the hypothalamic nuclei [1,
11]. In arcuate nucleus, insulin inhibits transcription of agouti-related peptide
(AGRP) and neuropeptide Y (NPY), which are orexigenic neuropeptides [1]. On the
other hand, hyperinsulinemia increases corticotrophin-releasing hormone (CRH)
MRNA expression in the paraventricular nucleus of hypothalamus [12] which may
contribute to induce hypophagia [13]. However, it has not been investigated if, in
the amygdala, insulin may regulate IR/PI3K/Akt, and whether this pathway might
modulate the expression of neuropeptides in physiologic conditions.

In obese animal models insulin-induced IR/PI3K/Akt pathway is impaired in the
hypothalamus. Endoplasmic reticulum (ER) stress and low grade inflammation
(LGI) are possible molecular mechanisms involved in this impairment. Both ER
stress and LGl activate serine kinases such as c-Jun N-terminal kinase (JNK) and |
kappa B kinase (IKKB) which induce inhibitory IRS-1 serine 307 phosphorylation
trigging hypothalamic insulin resistance in obese states [1,14]. However, whether a
high fat diet induces LGl and/or ER stress in amygdala is not known.

Thus, the aim of the present study was to investigate whether insulin activates
IR/PI3K/Akt pathway in the amygdala and whether this activation controls feeding
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and neuropeptides expression. In addition, we aimed to investigate whether a high

fat diet induces ER stress and LGl in parallel to insulin resistance in amygdala.
2. Materials and Methods

2.1. Material

Eight week old male Wistar rats were obtained from Central Breeding
Center of the State University of Campinas, Sdo Paulo, Brazil. Human recombinant
insulin was from Eli Lilly and Co. (Indianapolis, Indiana, USA). Routine reagents
were purchased from Sigma Chemical Co. (St. Louis, MO, USA), unless specified
elsewhere. Antibodies against beta-actin (sc376421), phospho-IR (sc25103),
phospho-JNK  (sc55642), phospho-IKKa/B (sc21660) and phospho-PERK
(sc32577) were from Santa Cruz Biotechnology (California, USA). Phospho-
IRE15¢72* (ab48187) was from Abcam (Massachussetts, USA). Phospho-Akt*®*"3
(9271S) was from Cell Signaling Technology (Massachussetts, USA). FKBP51
(Q13451) was from Enzo Life Science (New York, USA).

2.2. Animal Characterization

All experiments were approved by the Ethics Committee of the State
University of Campinas. Eight week old male Wistar rats were maintained in cycles
of 12 h dark/light at 21 °C. Animals were randomly divided into two groups with
similar body weights (BW) (280+4¢g) according to the diet. Standard rodent chow
(chow) (70% carbohydrate, 20% protein and 10% fat) and a high-fat diet (HFD)
(55% saturated fat (lard), 29% carbohydrates and 16% protein) from Nuvilab
(Sogorb Industria e Comércio Ltda, Brazil) were used for 2 months as previously
described [14, 15]. Food and water were available ad libitum.

2.3. ITT (Insulin Tolerance Test)

Awakened fasted rats were submitted to insulin tolerance test. Briefly, 1.5
IU/kg of insulin was injected intraperitoneally and glycemia was measured at 0, 5,
10, 15, 20, 25, and 30 min thereafter [15].
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2.4. Food Intake Measurements

BW was measured 24h after insulin injection in amygdala. Food intake was
recorded in a metabolic cage (Tecniplast 3701M081, Buguggiate, VA, ltaly) for 4,
8, 12 and 24 h after insulin injection in amygdala.

2.5. Cannula implantation

Free fed rats were anesthetized with 1 mg/kg IP injections of a mixture of 70
mg/kg ketamine (Fort Dodge Animal Health, USA) and 2 mg/kg xylazine (Lloyd
Laboratories, USA) and placed in a stereotaxic instrument (Ultra Precise - model
963 — Kopf). Briefly, rats were implanted with unilateral cannulas (26-gauge
stainless-steel guide cannula (Plastics One, USA) aimed to the central nucleus of
the amygdala (CeA): [coordinates (AP/L/DV to bregma) -2.16/-4.00/-7.18 mm]
according to Paxinos and Watson and pilots experiments. Cannulas were fixed
using two screws, special glue and acrylic cement. BW was monitored daily for 5-7
days following the surgery. We performed a pilot experiment to confirm the site of
the cannulation. Briefly, rats received 2ul injection of methylene blue dye. Rats
were killed immediately after the injection, and brains were collected on ice. Brains
were sectioned 1 mm in a coronal stainless steel matrix with razor blades to check
the position of the cannula and the site of injection under microscopy. To further
confirm the dissections we re-blotted the membranes from immunoblotting
experiments with an antibody against to co-chaperone FK506 binding protein 51
(FKBP51). This protein is expressed in the CeA and is not expressed in the

striatum which is a close region to amygdala.

2.6. Insulin injections

After overnight fast cannulated rats received insulin (2 uL) or saline (2 uL)
injections between 0700-0900h for tissues collections or food intake
measurements. To inhibit PI3K we used LY-294002 (50uMfrom Calbiochem) or its
vehicle (5% DMSO in saline) [16, 17].
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2.7. Tissue Collection for Inmunoblotting

Rats have been fasted for twelve hours and then received insulin or saline
injection. After 15 min the amygdala was quickly dissected in a stainless-steel
matrix with razor blades on ice [9, 10]. A pool of 5 rats per sample and four
samples (n=4) per group was used. Samples were immediately homogenized in
buffer (1% Triton X-100, 100mM Tris, pH 7.4, 100mM sodium pyrophosphate,
100mM sodium fluoride, 10mM EDTA, 10mM sodium vanadate, 2mM
phenylmethanesulphonylfluoride (PMSF) and 0.1 mg ml™" aprotinin at 4°C. The
immunoblotting was performed as described before [14-17].

2.8. RNA isolation and Real Time-PCR

Rats have been fasted for twelve hours and received LY-294002 or vehicle
injection into amygdala one hour prior of insulin or saline injections. Twelve hours
later rats were killed by decapitation and fresh AMY was quickly collected on a
stainless-steel matrix with razor blades on ice. Total RNA was isolated using
RNeasy® Mini Kit (Cat. 74106, Qiagen Inc.CA,USA). Relative quantitative RT-PCR
was performed using TagMan RT-PCR Master Mix (Applied Biosystems) in an
Mx3000P thermocycler (Stratagene). The Mx3000P software was used to calculate
the cycle threshold for each reaction. Relative expression levels were determined
using the comparative Ct method with normalization of target gene expression
levels to hypoxanthine phosphoribosy! transferase (HPRT). Primers and probes
sequences were purchased from Applied Biosystems and were: Oxytocin
(Rn00564446-g1), neuropeptide Y (NPY) (Rn01410145_m1) and Crh
(Rn01462137-m1), HPRT (Rn01527840_m1) for rat. The PCR conditions were 2
min at 50 °C, 10 min at 95 °C, followed by 40 cycles at 95 °C for 15 s and 60 °C for
60 s. Real time data were analyzed using the engine provided by Applied

Biosystems.

2.9. 4-Phenyl Butyric Acid (PBA) Treatment
Rats fed a HFD were implanted with cannulas in amygdala as described

before. After the recovery period (5-7 days), they were divided into two groups:
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vehicle and PBA treated rats. Chemical chaperone PBA (1 ug/kg of body weight)
was dissolved in 4.6 mg/ml of DMSO into 1 mL of 0.9% saline and administered
twice daily by gavage for 7 days as previously described [18, 19]. The vehicle
group received the same amount of DMSO diluted in saline. Following the PBA or
vehicle treatment, body weight, insulin action and signaling, ER stress, NPYand

oxytocin mRNA levels were measured.

2.10. Statistical Analysis

Data are expressed as means + SEM of the number of independent
experiments indicated. For statistical analysis, groups were compared using a two
tailed t-test. The level of significance adopted was p<0.05.

3. Results
3.1. Food intake is decreased and IR and Akt phosphorylation are increased
in response to insulin in the amygdala of rats on chow

Insulin injection in the amygdala did not alter 24h-body weight of rats fed
with standard chow (Fig 1 A). To evaluate whether insulin in the amygdala affects
food intake, we evaluated food intake 4, 8, 12 and 24 h after the hormone
administration. Insulin injected in the amygdala did not decrease food ingestion
after 4h. However, food intake was lower in response to insulin after 8, 12 and 24 h
in rats on chow (Fig. 1 B). IR tyrosine phosphorylation and Akt serine
phosphorylation were increased in response to insulin injected in the amygdala
compared to saline injected rats (Fig. 1 C, D). In order to confirm whether the
dissections of amygdala were corrected, we re-blotted the membranes with anti-co-
chaperone FK506 binding protein 51 (FKBP51) antibody. We observed the
presence of FKBP51 in our membranes, indicating that the dissections of
amygdala were appropriate (Fig. 1 C). FKBP51 is expressed in the amygdala but
not in striatum (Fig. 1 E).

3.2. Insulin decreases food intake and increases Akt phosphorylation in the
amygdala via PI3K
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Insulin plus LY or vehicle injections in the amygdala did not alter 24h-body
weight of rats fed with standard chow (Fig 2 A). To evaluate whether insulin in the
amygdala affects food intake is dependent of PI3K, we evaluated food intake 8 h
after the hormone administration with prior LY or vehicle treatment. As expected,
food intake was lower in response to insulin after 8 h in rats on chow. However, the
administration of LY prior to insulin in the amygdala abolished this effect (Fig. 2 B).
Akt serine phosphorylation was increased in response to insulin in the amygdala
compared to saline injected rats. The administration of LY prior to insulin in the
amygdala impaired Akt phosphorylation in response to insulin (Fig. 2 C). We
observed the presence of FKBP51 in our membranes, indicating that the
dissections of amygdala were appropriate (Fig. 2 C).

3.3. Insulin modulates NPY and oxytocin gene expression in amygdala

In order to gain insight regarding molecules regulated by insulin in the
amygdala, we investigated weather insulin regulates neuropeptides expression in
the amygdala from control rats. Insulin decreased NPY mRNA expression and
increased oxytocin mRNA expression in the amygdala from chow group. LY
injection blunted those effects (Fig. 3 A and B). CRH mRNA expression was not
different between the groups (Fig. 3 C).

3.4. Insulin action and signaling in the amygdala are impaired in rats fed with
HFD

Body weight was increased in rats fed with HFD compared to control rats
(Fig. 4 A). Insulin tolerance test showed that obese rats were insulin resistant
compared to control rats (Fig. 4 B). To evaluate whether HFD induces insulin
resistance in the amygdala, we evaluated food intake 4, 8, 12 and 24 h in response
to insulin or saline. Insulin injected in the amygdala did not decrease food intake
after 4, 8, 12, 24 h in obese rats (Fig. 4 C). IR tyrosine phosphorylation and Akt
serine phosphorylation were increased in response to insulin in the amygdala in
control rats compared to saline injected rats. However, this effect was blunted in
rats on HFD (Fig. 4 D, E). We observed the presence of FKBP51 in our
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membranes, indicating that the dissections of amygdala were appropriate (Fig. 4
E).

3.5. HFD induces ER stress and low grade inflammation in amygdala

These results were obtained from rats without cannulas to reduce a possible
interference of the surgery and chronic cannulas implantation on inflammatory and
ER stress conditions. In order to evaluate ER stress, we investigated whether high
fat feeding alters the phosphorylation of RNA-activated protein kinase-like ER
resident kinase (PERK) and inositol-requiring kinase alpha (IRE1a). PERK and
IRE1a phosphorylation were increased in the amygdala of rats fed a HFD
compared to control rats, suggesting increased ER stress in the amygdala of
obese rats (Fig. 5 A and B). JNK phosphorylation was increased in the amygdala
of rats fed with a HFD compared to control animals (Fig. 5 C). IKKalpha/beta
phosphorylation was also increased in the amygdala of obese rats (Fig. 5 D). We
observed the presence of FKBP51 in our membranes, indicating that the

dissections of amygdala were appropriate (Fig 5 A).

3.6. The inhibition of ER stress restores insulin action/signaling, decreases
NPY and increases oxytocin mRNA levels in amygdala from obese rats

We investigated whether the inhibition of ER stress with chemical chaperone
PBA improves insulin resistance in the amygdala from rats fed a HFD. PBA
treatment reduced PERK phosphorylation in the amygdala from obese rats,
suggesting a reduction of ER stress in this brain region (Fig. 6 A). PBA treatment
also reduced body weight of obese rats when compared with vehicle treated rats
(Fig. 6 B). PBA treatment restored insulin action in the amygdala from obese rats
since food intake was reduced after insulin injection into amygdala (Fig. 6 C). In
parallel, we observed that Akt phosphorylation was increased in response to insulin
in the amygdala from obese rats treated with PBA (Fig. 6 D). Insulin decreased
NPY mRNA expression and increased oxytocin mRNA expression in the amygdala

from obese rats treated with PBA compared to vehicle obese rats (Fig. 7 A and B).
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These results suggest that the inhibition of ER stress reverses insulin
resistance in the amygdala from obese animals. We observed the presence of
FKBP51 in our membranes, indicating that the dissections of amygdala were
appropriate (Fig. 6 D).

4. Discussion

Our data indicate that insulin signaling in amygdala may have an important
role in the control of food intake, and this effect is mediated by PI3K pathway.
Insulin also decreased NPY and increased oxytocin mRNA levels in amygdala from
control rats. In addition, we showed that in high fat feeding rats there is an increase
in inflammatory pathways and ER stress in the amygdala, and in parallel, insulin
signaling is reduced in this brain region. The inhibition of ER stress reversed insulin
resistance in amygdala.

The anorexigenic effects of insulin are well described in the hypothalamus.
In the hypothalamus, insulin decreases food ingestion by signaling through
IR/PI3K/Akt pathway [1, 17]. Insulin receptors have also been found to be
abundant in the amygdala [7,8], more recently, amygdala was highlighted as an
important site to regulate food intake.

Amygdala is involved in the control of emotion and cognitive functions as
memory, learning, fear, anxiety, aversion and food preferences [20-24]. Inhibition
of melanocortin into amygdala increased food intake. In contrast, injections of
melanocortin agonist or enterostatin in the amygdala reduced food ingestion [10,
25-27].

Our data showed that insulin in the amygdala diminishes food intake in rats
on chow. Similar result was obtained by Boghossian et al. (2009) [9]. However, in
their study they did not investigate which pathway may account for the effect of
insulin in amygdala [9, 10]. In our study we showed that LY injection abolished the
anorexigenic effect of insulin, suggesting that the effect of insulin in the amygdala
is mediated by PI3K/Akt pathway. In arcuate nucleus, the activation of neurons
coexpressing agouti-related protein (AGRP), and NPY induces feeding [29, 30].

Here, we demonstrated that insulin decreased the orexigenic NPY mRNA
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expression in amygdala via PISK, which may contribute to decrease food intake.
Oxytocin is an anorexigenic peptide and has been found to be abundant in the
amygdala [31]. It was shown that insulin modulated oxytocin gene expression, at
least, in vitro [32]. Indeed, we observed that insulin increased oxytocin mRNA
expression via PI3K in amygdala in vivo of control rats. Together, these results
suggest that the reduction on food intake in response to insulin was mediated, at
least in part, by the decrease of NPY and increase of oxytocin mRNA levels.

It is well known that HF feeding induces insulin resistance in the CNS of
rodents [28]. Indeed, we observed that insulin in the amygdala failed to reduce
food intake in rats fed with HFD for 2 months. In parallel, we observed that Akt
phosphorylation was faint in response to insulin in the amygdala of obese animals,
suggesting insulin resistance in this region of CNS triggered by obesity.

Several mechanisms may contribute to the dysregulation of the insulin
signaling pathway in the CNS of obese rodents [28, 33-35]. It is well known that
obesity may induce ER stress in peripheral tissues and also in the hypothalamus
[14, 35, 36]. Elevated caloric intake due to diets enriched in lipids such as
saturated fatty acid and cholesterol elicits ER stress via alteration of calcium
homeostasis and production of toxic metabolites [37-42].

Increased PERK and IRE1a phosphorylation are indicators of ER stress.
Diet-induced obesity and ob/ob mice have higher levels of PERK and IRE1a
phosphorylation in multiple tissues [36, 44]. Enhanced PERK and IRE1a
phosphorylation are also seen in the hypothalamus of obese mice [14, 35, 45]. In
our study, we observed that PERK and IRE1a phosphorylation were increased in
the amygdala of rats on HFD, suggesting that in addition to the hypothalamus [1,
14] high fat feeding induces ER stress also in the amygdala. The inhibition of ER
stress, with PBA treatment, reduced PERK phosphorylation in the amygdala in
parallel to increase insulin action and signaling in this brain site. Furthermore,
insulin was able to decrease NPY and increase oxytocin mRNA expression in the
amygdala from obese rats treated chronically with PBA, suggesting a strong
relationship between ER stress, insulin resistance and food intake controlled by
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NPY and oxytocin levels. Together, these results suggest that ER stress induced
by HFD is probably one of the mechanisms of insulin resistance in the amygdala.

ER stress and inflammatory pathways have many links [46-48]. IRE1a
induces JNK activation in many tissues which triggers a modulation of several
inflammatory genes [49]. In addition, both IRE1a and PERK activate IKKB/nuclear
factor kappa B (NF-kB) pathway driving inflammatory response [48].

The activation of JNK and IKKB induce inhibitory IRS-1 serine
phosphorylation leading to insulin resistance in peripheral tissues and also in the
hypothalamus [28, 49, 50]. Genetic disruption of IKKB in AQRP neurons protects
mice from diet induced obesity [52]. Conditional deletion of JNK1 in the CNS of
mice improved insulin signaling and action in the hypothalamus upon high fat diet
[53, 54].

Our data demonstrated an increase in JNK and IKKB phosphorylation, in
agreement with reduced Akt phosphorylation in response to insulin in the amygdala
of obese rats, suggesting that these serine kinases may have important role
downregulating insulin signaling in this brain region.

In summary, our results suggested that amygdala is an important region for
food intake regulation in response to insulin and this regulation is disrupted in
obese rats. We showed that food intake is regulated in a PI3K/Akt manner in the
amygdala similarly to that occurs in the hypothalamus. Insulin also decreases NPY
and increases oxytocin mRNA levels via PI3K in vivo, which may contribute to
hypophagia. Further, we provide data suggesting that obese rats may have low
grade inflammation and ER stress in parallel to insulin resistance in the amygdala.
The inhibition of ER stress with PBA improves insulin action and signaling in the
amygdala from obese rats, suggesting that ER stress is probably one of the

mechanisms of insulin resistance in the amygdala.

Acknowledgements



37

The present work received financial support of FAPESP (Fundacao de
Amparo a Pesquisa do Estado de Sao Paulo): 2008/55674-8, Sao Paulo, Brazil
and INCT (Instituto Nacional Ciéncia e Tecnologia em Obesidade e Diabetes):
573856/2008-7.

The authors would like to thank Dioze Guadagnini, Andrey dos Santos,
Alexandre H. B. de Matos, Iscia Lopes-Cendes, L. Janeri, J. Pinheiro, (Department
of Internal Medicine, UNICAMP, Campinas, Sao Paulo) for their technical

assistance.

References

[1] Belgardt, B.F., Bruning, J.C. (2010). CNS leptin and insulin action in the control
of energy homeostasis. Ann N Y Acad Sci. 1212, 97-113.

[2] Benoit, S.C., Clegg, D.J., Seeley, R.J., Woods, S.C. (2004). Insulin and leptin
as adiposity signals. Recent Prog Horm Res. 59, 267-285.

[3] Berthoud, H.R. (2007). Interactions between the "cognitive" and "metabolic”
brain in the control of food intake. Physiol Behav. 9, 486-498.

[4] Bruning, J.C., Gautam, D., Burks, D.J., Gillette, J., Schubert, M., Orban, P.C.,
Klein, R., Krone, W., Muller-Wieland, D., Kahn, C.R. (2000). Role of brain insulin
receptor in control of body weight and reproduction. Science. 289, 2122-2125.

[5] Elmquist, J.K. (1998). CNS regulation of energy balance and body weight:
insights from rodent models. Lab Anim Sci. 48, 630-637.

[6] Figlewicz, D.P., Evans, S.B., Murphy, J., Hoen, M., Baskin, D.G. (2003).
Expression of receptors for insulin and leptin in the ventral tegmental
area/substantia nigra (VTA/SN) of the rat. Brain Res. 964, 107-115.

[7] Havrankova, J., Schmechel, D., Roth, J., Brownstein, M. (1978). Identification of
insulin in rat brain. Proc Natl Acad Sci U S A. 75, 5737-5741.

[8] Havrankova, J., Roth, J., Brownstein, M. (1978). Insulin receptors are widely
distributed in the central nervous system of the rat. Nature. 272, 827-829.

[9] Boghossian, S., Lemmon, K., Park, M., York, D.A. (2009). High-fat diets induce
a rapid loss of the insulin anorectic response in the amygdala. Am J Physiol Regul
Integr Comp Physiol. 297, R1302-1311.



38

[10] Boghossian, S., Park, M., York, D.A. (2010). Melanocortin activity in the
amygdala controls appetite for dietary fat. Am J Physiol Regul Integr Comp
Physiol. 298, R385-393.

[11] Niswender, K.D., Morrison, C.D., Clegg, D.J., Olson, R., Baskin, D.G., Myers,
M.G., Jr., Seeley, R.J., Schwartz, MW. (2003). Insulin activation of
phosphatidylinositol 3-kinase in the hypothalamic arcuate nucleus: a key mediator
of insulin-induced anorexia. Diabetes. 52, 227-231.

[12] Chan, O., Inouye, K., Akirav, E., Park, E., Riddell, M.C., Vranic, M., Matthews,
S.G. (2005). Insulin alone increases hypothalamo-pituitary-adrenal activity, and
diabetes lowers peak stress responses. Encodrinol. 146, 1382—1390.

[13] Hillebrand, J. J., de Wied, D., Adan, R. A. (2002). Neuropeptides, food intake
and body weight regulation: a hypothalamic focus. Peptides. 23, 2283-2306.

[14] Ropelle, E.R, Flores, M.B., Cintra, D.E., Rocha, G.Z., Pauli, J.R., Morari, J., de
Souza, C.T., Moraes, J.C., Prada, P.O., Guadagnini, D., Marin, R.M., Oliveira,
A.G., Augusto, T.M., Carvalho, H.F., Velloso, L.A., Saad, M.J., Carvalheira, J.B.
(2010). IL-6 and IL-10 anti-inflammatory activity links exercise to hypothalamic
insulin and leptin sensitivity through IKKbeta and ER stress inhibition. PLoS Biol.
24, 8(8).

[15] Tsukumo, D.M., Carvalho-Filho, M.A., Carvalheira, J.B., Prada, P.O., Hirabara,
S.M., Schenka, A.A., Araujo, E.P., Vassallo, J., Curi, R., Velloso, L.A., Saad, M.J.
(2007). Loss-of-function mutation in Toll-like receptor 4 prevents diet-induced
obesity and insulin resistance. Diabetes. 56, 1986-1998.

[16] Prada, P.O., Ropelle, E.R., Mourao, R.H., de Souza, C.T., Pauli, J.R., Cintra,
D.E., Schenka, A., Rocco, S.A., Rittner, R., Franchini, K.G., Vassallo, J., Velloso,
L.A., Carvalheira JB, Saad MJ.(2009). EGFR tyrosine kinase inhibitor (PD153035)
improves glucose tolerance and insulin action in high-fat diet-fed mice. Diabetes.
58, 2910-2919.

[17] De Souza, C.T., Frederico, M.J., da Luz, G., Cintra, D.E., Ropelle, E.R., Pauli,
J.R., and Velloso, L.A. (2010). Acute exercise reduces hepatic glucose production
through inhibition of the Foxo1/HNF-4alpha pathway in insulin resistant mice. J
Physiol. 588, 2239-2253.


http://www.ncbi.nlm.nih.gov/pubmed?term=Ropelle%20ER%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Flores%20MB%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Cintra%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Rocha%20GZ%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Pauli%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Morari%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=de%20Souza%20CT%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=de%20Souza%20CT%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Moraes%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Prada%20PO%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Guadagnini%20D%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Marin%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Oliveira%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Oliveira%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Augusto%20TM%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Carvalho%20HF%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Velloso%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Saad%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Carvalheira%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=20808781
http://www.ncbi.nlm.nih.gov/pubmed?term=Tsukumo%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=17519423
http://www.ncbi.nlm.nih.gov/pubmed?term=Carvalho-Filho%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=17519423
http://www.ncbi.nlm.nih.gov/pubmed?term=Carvalheira%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=17519423
http://www.ncbi.nlm.nih.gov/pubmed?term=Prada%20PO%5BAuthor%5D&cauthor=true&cauthor_uid=17519423
http://www.ncbi.nlm.nih.gov/pubmed?term=Hirabara%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=17519423
http://www.ncbi.nlm.nih.gov/pubmed?term=Hirabara%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=17519423
http://www.ncbi.nlm.nih.gov/pubmed?term=Schenka%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=17519423
http://www.ncbi.nlm.nih.gov/pubmed?term=Ara%C3%BAjo%20EP%5BAuthor%5D&cauthor=true&cauthor_uid=17519423
http://www.ncbi.nlm.nih.gov/pubmed?term=Vassallo%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17519423
http://www.ncbi.nlm.nih.gov/pubmed?term=Curi%20R%5BAuthor%5D&cauthor=true&cauthor_uid=17519423
http://www.ncbi.nlm.nih.gov/pubmed?term=Velloso%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=17519423
http://www.ncbi.nlm.nih.gov/pubmed?term=Saad%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=17519423
http://www.ncbi.nlm.nih.gov/pubmed?term=Prada%20PO%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Ropelle%20ER%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Mour%C3%A3o%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=de%20Souza%20CT%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Pauli%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Cintra%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Cintra%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Schenka%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Rocco%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Rittner%20R%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Franchini%20KG%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Vassallo%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Velloso%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Velloso%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Carvalheira%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=19696185
http://www.ncbi.nlm.nih.gov/pubmed?term=Saad%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=19696185

39

[18] Ozcan, L., et al. (2009). Endoplasmic reticulum stress plays a central role in
development of leptin resistance. Cell Metab. 9, 35-51.

[19] Won, J.C., Jang, P.G., Namkoong, C., Koh, E.H., Kim, S.K., Park, J.Y., Lee,
K.U., Kim, M.S. (2009). Central administration of an endoplasmic reticulum stress
inducer inhibits the anorexigenic effects of leptin and insulin. Obesity (Silver
Spring). 17, 1861-1865

[20] Figlewicz, D.P., MacDonald Naleid, A., Sipols, A.J. (2007). Modulation of food
reward by adiposity signals. Physiol Behav. 91, 473-478.

[21] Glass, M.J., Billington, C.J., Levine, A.S. (2000). Naltrexone administered to
central nucleus of amygdala or PVN: neural dissociation of diet and energy. Am J
Physiol Regul Integr Comp Physiol. 279, R86-92.

[22] Glass, M.J., Billington, C.J., Levine, A.S. (1999). Opioids and food intake:
distributed functional neural pathways? Neuropeptides. 33, 360-368.

[23] Kelley, A.E. (2004). Ventral striatal control of appetitive motivation: role in
ingestive behavior and reward-related learning. Neurosci Biobehav Rev. 27, 765-
776.

[24] Yamamoto, T. (2007). Brain regions responsible for the expression of
conditioned taste aversion in rats. Chem Senses. 32, 105-109.

[25] Primeaux, S.D., York, D.A., Bray, G.A. (2006). Neuropeptide Y administration
into the amygdala alters high fat food intake. Peptides. 27,1644-1651.

[26] Lin, L., Park, M., Hulver, M., York, D.A. (2006). Different metabolic responses
to central and peripheral injection of enterostatin. Am J Physiol Regul Integr Comp
Physiol. 290, R909-915.

[27] Lin, L., Park, M., York, D.A. (2007). Enterostatin inhibition of dietary fat intake
is modulated through the melanocortin system. Peptides. 28, 643-649.

[28] Prada, P.O., Zecchin, H.G., Gasparetti, A.L., Torsoni, M.A., Ueno, M., Hirata,
A.E., Corezola do Amaral, M.E., Hoer, N.F., Boschero, A.C., Saad, M.J. (2005).
Western diet modulates insulin signaling, c-Jun N-terminal kinase activity, and
insulin receptor substrate-1ser307 phosphorylation in a tissue-specific fashion.
Endocrinology. 146, 1576-1587.



40

[29] Gropp, E., Shanabrough, M., Borok, E., Xu, A.W., Janoschek, R., Buch, T.,
Plum, L., Balthasar, N., Hampel, B., Waisman, A., Barsh, G.S., Horvath, T.L.,
Brining, J.C. (2005). Agouti-related peptide-expressing neurons are mandatory for
feeding. Nat. Neurosci. 8, 1289-1291.

[30] Luquet, S., Perez F.A., Hnasko T.S., Palmiter, R.D. (2005). NPY/AgRP
neurons are essential for feeding in adult mice but can be ablated in neonates.
Science. 310, 683—-685.

[31] Chaves, V.E., Tilelli C.Q., Brito N.A., Brito M.N. (2013). Role of oxytocin in
energy metabolism. Peptides. 45, 9-14.

[32] Lioutas, C., Einspanier, A., Kascheike, B., Walther, N., Ivell, R. (1997). An
autocrine progesterone positive feedback loop mediates oxytocin upregulation in
bovine granulosa cells during luteinization. Endocrinology. 138, 5059-5062.

[33] Benoit, S.C., Kemp, C.J., Elias, C.F., Abplanalp, W., Herman, J.P., Migrenne,
S., Lefevre, A.L., Cruciani-Guglielmacci, C., Magnan, C., Yu, F. (2009). Palmitic
acid mediates hypothalamic insulin resistance by altering PKC-theta subcellular
localization in rodents. J Clin Invest. 119, 2577-2589.

[34] Park-York, M., Boghossian, S., Oh, H., York, D.A. (2012). PKC theta
Expression in the Amygdala Regulates Insulin Signaling, Food Intake and Body
Weight. Obesity (Silver Spring). 21(4), 755-64.

[35] Ozcan, L., Ergin, A.S., Lu, A., Chung, J., Sarkar, S., Nie, D., Myers, M.G., Jr.,
Ozcan, U. (2009). Endoplasmic reticulum stress plays a central role in
development of leptin resistance. Cell Metab. 9, 35-51.

[36] Ozcan, U., Cao, Q., Yilmaz, E., Lee, A.H., lwakoshi, N.N., Ozdelen, E.,
Tuncman, G., Gorgun, C., Glimcher, L.H., Hotamisligil, G.S. (2004). Endoplasmic
reticulum stress links obesity, insulin action, and type 2 diabetes. Science. 306,
457-461.

[37] Listenberger, L.L., Ory, D.S., Schaffer, J.E. (2001) Palmitate-induced
apoptosis canoccur through a ceramide-independent pathway. J Biol Chem. 276,
14890— 14895.

[38] Holland, W.L., Brozinick, J.T, Wang, L.P, Hawkins, E.D, Sargent, KM. (2007)


http://www.ncbi.nlm.nih.gov/pubmed?term=Gropp%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Shanabrough%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Borok%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Xu%20AW%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Janoschek%20R%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Buch%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Plum%20L%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Balthasar%20N%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Hampel%20B%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Waisman%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Barsh%20GS%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Horvath%20TL%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Br%C3%BCning%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=16158063
http://www.ncbi.nlm.nih.gov/pubmed?term=Chaves%20VE%5BAuthor%5D&cauthor=true&cauthor_uid=23628372
http://www.ncbi.nlm.nih.gov/pubmed?term=Tilelli%20CQ%5BAuthor%5D&cauthor=true&cauthor_uid=23628372
http://www.ncbi.nlm.nih.gov/pubmed?term=Brito%20NA%5BAuthor%5D&cauthor=true&cauthor_uid=23628372
http://www.ncbi.nlm.nih.gov/pubmed?term=Brito%20MN%5BAuthor%5D&cauthor=true&cauthor_uid=23628372
http://www.ncbi.nlm.nih.gov/pubmed/23628372

41

Inhibition of ceramide synthesis ameliorates glucocorticoid-, saturated-fat-, and
obesity-induced insulin resistance. Cell Metab. 5, 167-179.

[39] Unger, R.H.; Orci, L. (2002). Lipoapoptosis: Its mechanism and its diseases.
Biochim. Biophys Acta. 1585, 202-212.

[40] Ariyama, H., Kono, N., Matsuda, S., Inoue, T., Arai, H. (2010). Decrease in
membrane phospholipid unsaturation induces unfolded protein response. J Biol
Chem. 285, 22027-22035

[41] Samuel, V.T., Petersen, K.F., Shulman, G.I. (2010). Lipid-induced insulin
resistance: unravelling the mechanism. Lancet. 375, 2267-2277

[42] Fu, S., Yang, L., Li, P., Hofmann, O., Dicker, L. (2011). Aberrant lipid
metabolism disrupts calcium homeostasis causing liver endoplasmic reticulum
stress in obesity. Nature. 473, 528-531.

[43] Hotamisligil, G.S. (2010). Endoplasmic reticulum stress and the inflammatory
basis of metabolic disease. Cell. 140, 900-917.

[44] Tsutsumi, A., Motoshima, H., Kondo, T., Kawasaki, S., Matsumura, T.,
Hanatani, S., Igata, M., Ishii, N., Kinoshita, H., Kawashima, J. (2011). Caloric
restriction decreases ER stress in liver and adipose tissue in ob/ob mice. Biochem
Biophys Res Commun. 404, 339-344.

[45] Won, J.C., Jang, P.G., Namkoong, C., Koh, E.H., Kim, S.K., Park, J.Y., Lee,
K.U., Kim, M.S. (2009). Central administration of an endoplasmic reticulum stress
inducer inhibits the anorexigenic effects of leptin and insulin. Obesity (Silver
Spring). 17, 1861-1865.

[46] Deng, J., Lu, P.D., Zhang, Y., Scheuner, D., Kaufman, R.J., Sonenberg, N.,
Harding, H.P., Ron, D. (2004). Translational repression mediates activation of
nuclear factor kappa B by phosphorylated translation initiation factor 2. Mol Cell
Biol. 24, 10161-10168.

[47] Hu, P., Han, Z., Couvillon, A.D., Kaufman, R.J., Exton, J.H. (2006). Autocrine
tumor necrosis factor alpha links endoplasmic reticulum stress to the membrane
death receptor pathway through IRE1alpha-mediated NF-kappaB activation and
down-regulation of TRAF2 expression. Mol Cell Biol. 26, 3071-3084.



42

[48] Hummasti, S., Hotamisligil, G.S. (2010). Endoplasmic reticulum stress and
inflammation in obesity and diabetes. Circ Res. 107, 579-591.

[49] Urano, F., Wang, X., Bertolotti, A., Zhang, Y., Chung, P., Harding, H.P., Ron,
D. (2000). Coupling of stress in the ER to activation of JNK protein kinases by
transmembrane protein kinase IRE1. Science. 287, 664-666.

[50] Lee, Y.H., Giraud, J., Davis, R.J., White, M.F. (2003). c-Jun N-terminal kinase
(JNK) mediates feedback inhibition of the insulin signaling cascade. J Biol Chem.
278, 2896-2902.

[51] Aguirre, V., Werner, E.D., Giraud, J., Lee Y.H., Shoelson, S.E., White, M.F.
(2002). Phosphorylation of Ser307 in insulin receptor substrate-1 blocks
interactions with the insulin receptor and inhibits insulin action. J Biol Chem. 277,
1531-1537.

[52] Zhang, X., Zhang, G., Zhang, H., Karin, M., Bai, H., Cai, D. (2008).
Hypothalamic IKKbeta/NF-kappaB and ER stress link overnutrition to energy
imbalance and obesity. Cell. 135, 61-73.

[53] Belgardt, B.F., Mauer, J., Wunderlich, F.T., Ernst, M.B., Pal, M., Spohn, G.,
Bronneke, H.S., Brodesser, S., Hampel, B., Schauss, A.C. (2010). Hypothalamic
and pituitary c-dun N-terminal kinase 1 signaling coordinately regulates glucose
metabolism. Proc Natl Acad Sci U S A. 107, 6028-6033.

[54] Unger, E.K., Piper, M.L., Olofsson, L.E., Xu, A.W. (2010). Functional role of c-
Jun-N-terminal kinase in feeding regulation. Endocrinology. 151, 671-682.

Figure Legends

Fig. 1. Food intake and insulin signaling in amygdala from rats on chow. (A)
body weight (BW) after insulin injections; (B) food intake in g/g of BW in response
to insulin (2uL) injected in amygdala; (C) insulin receptor (IR) and (D) protein
kinase B (PKB or Akt) phosphorylation in response to insulin; (E)protein expression
of co-chaperone FK506 binding protein 51 (FKBP51) in amygdala (AMY) and
striatum (STR). Data are means +/- SD from 10 rats per group. To performed
immunoblotting (IB) of amygdala (C and D) We used a pool of 5 rats per sample

and four samples (n=4) per group. We used B-actin as a loading control. FKBP51
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was blot to confirm AMY dissections. Two tailed T Test was used. *P<0.05 versus

saline injected rat.

Fig. 2. Insulin decreases food intake via PI3K in the amygdala. (A) body weight
(BW) after insulin (2ug), and LY (294002 -50 uM) injections; (B) food intake in g/g
of BW in response to insulin (2ug) or saline with prior injection of LY or vehicle (5%
DMSO in saline) in amygdala; (C) protein kinase B (PKB or Akt) phosphorylation in
response to insulin with prior injection of LY or vehicle in amygdala. Data are
presented as means +/- SD from 10 rats per group. To performed immunoblotting
(IB) of amygdala (C) we used a pool of 5 rats per sample and four samples (n=4)
per group. We used B-actin as a loading control. FKBP51 was blot to confirm AMY
dissections. Two tailed T Test was used. *P<0.05 versus other groups; #P<0.05
versus saline injected rats. Veh: vehicle.

Fig 3. Insulin modulates NPY and oxytocin expression in amygdala. Fasted
control rats were injected with insulin (2ug) or saline with prior injection of LY or
vehicle (5% DMSO in saline) in amygdala. (A) neuropeptide Y (NPY); (B) oxytocin
and (C) corticotropin-releasing hormone (CRH) mRNA levels in amygdala. To
perform RT-PCR of amygdala we used a pool of 5 rats per sample and 4 samples
per group (n=4). One-Way ANOVA was used. * P<0.05 versus other groups. Veh:

vehicle.

Fig. 4. High fat diet (HFD) impairs insulin action and signaling in amygdala.
(A) body weight (BW) of rats on chow or HFD; (B) blood glucose during insulin
tolerance test (ITT) of awake rats on chow or HFD; (C) food intake in g/g of BW in
response to insulin (2ug) injected in amygdala of HFD animals; (D) insulin receptor
(IR) and (E) protein kinase B (PKB or Akt) phosphorylation in response to insulin
(2ug) of rats on chow or HFD. Data are presented as means +/- SD from 10 rats.
To performed immunoblotting (IB) of amygdala (d and e) We used a pool of 5 rats
per sample and four samples (n=4) per group. We used B-actin as a loading
control. FKBP51 was blot to confirm AMY dissections. Two tailed T Test was used.
*P<0.05 versus chow; #P<0.05 versus other groups.
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Fig. 5. HFD induces ER stress and low grade inflammation in amygdala. (A)
PERK and (B) IRE1a phosphorylation in amygdala from rats on chow or HFD. (C)
JNK and (D) IKK /B phosphorylation in amygdala from rats on chow or HFD. Data
are presented as means +/- SD. To performed immunoblotting (IB) of amygdala we
used a pool of 5 non-cannulated rats per sample and three samples per group.
FKBP51 was blot to confirm AMY dissections. Two tailed T Test was used.

*P<0.05 versus chow.

Fig 6. The inhibition of ER stress improves insulin resistance in amygdala
from obese animals. (A) PERK phosphorylation in the amygdala from rats on
HFD treated with 4-phenylbutyric acid (PBA) or vehicle (DMSO in saline); (B) body
weight during PBA treatment; (C) 8 h-food intake (g/g of Body Weight (BW); (D)
Akt phosphorylation in response to insulin (2ug) or saline injected in the amygdala
from rats on a HFD treated with PBA or vehicle. Data are presented as means +/-
SD from 10 rats per group. To performed immunoblotting (IB) of amygdala we used
a pool of 5 rats per sample and four samples (n=4) per group. We used B-actin as
a loading control. FKBP51 was blot to confirm AMY dissections. Two tailed T Test
and Two-Way ANOVA were used. *P<0.05 versus other groups. Veh: vehicle.

Fig 7. The inhibition of ER stress decreases NPY and increases oxytocin
mRNA levels in amygdala from obese rats. Rats on high fat diet (HFD) were
treated with PBA or vehicle (VEH) (5% DMSO in saline) for 7 days to investigate
neuropeptides expression in the amygdala. 24h-fasted HFD rats were injected with
insulin (2ug) in amygdala. (A) neuropeptide Y (NPY) and (B) oxytocin mRNA levels
in response to insulin in amygdala from rats treated with PBA or VEH. To perform
RT-PCR of amygdala we used a pool of 5 rats per sample and 4 samples per
group (n=4). T test was used to analyze the differences between groups. * P<0.05

versus vehicle.
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4- DISCUSSAO
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O presente estudo demonstrou que a injecdo de insulina na regidao central da
amigdala reduz a ingestao alimentar de ratos controles via PI3g/Akt, de forma similar
ao que ocorre no hipotalamo. A insulina também reduziu a expressdo do RNAm de
NPY e aumentou a expressao do RNAm de ocitocina via PI13q, in vivo. Boghossian et
al, (2009) observaram reducao de ingestdo alimentar apds injecdo de insulina na
regiao central da amigdala em ratos Sprague Dawley. Entretanto, estes autores nao
investigaram a via molecular que estava envolvida neste efeito como também néao
investigaram que neuropeptidios estavam envolvidos na resposta a insulina. A
reducao da expressao de NPY na amigdala, via PI3q, sugere que a insulina regula a
expressao deste neuropeptidio na amigdala, assim como ocorre em hipotalamo. Esta
reducao pode ter contribuido com a diminuicdo da ingestdo em resposta a insulina
observada neste grupo de animais.

No nucleo-arqueado, a ativagdo de neurdnios que expressam AGRP e NPY induz
a ingestdo alimentar ** *°. Na amigdala, sabe-se que o NPY tem uma forte relagdo
com o aumento da ingestdo alimentar . A infusdo de NPY na amigdala foi capaz
de aumentar a preferencia do animal pela dieta com alto teor calérico P71,

Outro peptideo encontrado em abundancia na regido da amigdala é a ocitocina
581 Este possui varios efeitos fisiolégicos, incluindo o efeito anorexigénico 9. A
insulina aumenta a expressao génica da ocitocina in vitro °™. De fato, nosso estudo
demonstrou que a insulina aumenta a expressdo do RNA mensageiro da ocitocina
via PI3K na amigdala de ratos controles.

Em conjunto, a reducdo de RNAm de NPY e o aumento do RNAm da ocitocina em
amigdala, podem ter contribuido para a reducédo da ingestao alimentar em resposta a
insulina.

No presente estudo, observou-se uma reducado da ativacao do receptor de insulina e da
Akt na regido central da amigdala que foi acompanhada pela resisténcia a agao da
insulina em animais que receberam dieta hiperlipidica por 2 meses. Boghossian et al,
(2009) observaram que ratos submetidos a dieta hiperlipidica por 3 dias ndo reduziam a
ingestdo apods injecdo de insulina na amigdala, confirmando assim os resultados do
presente estudo. O que esse artigo ndo mostrou foi se esta resisténcia a acao da insulina

era decorrente da reducao da fosforilacdo de proteinas da via da insulina. Este mesmo



54

grupo de pesquisadores, posteriormente demonstrou que a dieta hiperlipidica foi
associada com o aumento dos niveis PKCO na regiao da amigdala de ratos Sprague
Dawley. A inje¢ao de lentivirus para superexpressar PKC6 na amigdala foi acompanhada
pela diminuicdo aguda do efeito anorexigénico da insulina em animais controles. Como a
PKC6O é uma serina quinase, os autores sugeriram que seu aumento poderia ser um
mecanismo indutor de resisténcia a insulina *®. Ainda neste artigo, demonstraram que a
superexpressao de PKC6O na amigdala, cronicamente, s6 aumentou a ingestao alimentar e
ganho de peso quando os animais foram submetidos a dieta hiperlipidica. Assim, suscitou
a duvida se o efeito foi decorrente da superexpressao de PKCO ou se foi outro efeito
decorrente da dieta hiperlipidica *®. Também n&o foi realizada a inibicdo da PKC6 no
intuito de avaliar a reversdo da resisténcia a insulina.

Dietas enriquecidas com lipidios, como &cidos graxos saturados e colesterol provocam
o estresse do RE. Recentemente, muitos estudos demonstram mecanismos através dos
quais 0 excesso de lipidio induz o estresse do RE 6% 83 84 851 Eyposicao ao acido graxo
saturado palmitato (16:00) induz o estresse do RE, pois o palmitato bloqueia a sintese de
triglicerideos e sua secrecao em forma de triglicérides. Assim gera um acumulo de lipides

e citotoxicidade pelo aumento de espécies reativas de oxigénio ®® ceramidas " 68

fosfolipidios altamente saturados na membrana do reticulo endoplasmatico

e
diacilgliceréis 3. Excesso de colesterol também induz o estresse do RE por inibir a
atividade da sarco/endoplasmic reticulum calcium ATPase (SERCA), afetando a
homeostase do calcio e provocando o estresse do RE 621,

Sabe-se que a obesidade esta associada com o estresse do RE, sendo este
desencadeado pela ativacdo de uma resposta adaptativa conhecida como UPR ®%. Entre
as condigcbes que provocam o estresse do RE na obesidade estdo privacado de glicose e
nutrientes, infec¢des virais, lipideos, aumento da sintese e secre¢do de proteinas e

s 40,3032 Fm ym estudo animais

expressao de proteinas mutantes ou nao dobrada
geneticamente obesos apresentaram estresse de RE em figado e tecido adiposo ¥1. Won,
et al, (2009), demonstraram que a administracédo intracerebroventricular (ICV) do indutor
de estresse do RE tapisigardina (TG) aumentou a ingestdo alimentar e o peso corporal
dos animais obesos, além disso a administragdo ICV de TG inibiu o efeito anorexigénico

da insulina e leptina ",
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Nossos resultados sugerem que ratos obesos apresentam inflamacédo subclinica e
estresse de RE associados a resisténcia a insulina em amigdala semelhante ao que
ocorre em hipotalamo. A inibicdo do estresse de RE, com PBA, melhorou a acédo e
sinalizagao de insulina nesta regido do SNC. Além disso, a insulina foi capaz de diminuir a
expressao do RNAm do NPY e aumentar a expressdao do RNAm da ocitocina na amigdala
de ratos obesos tratados com PBA, sugerindo uma forte relagao entre o estresse do RE,
resisténcia a insulina e ingestao alimentar controlada pelos niveis de NPY e oxitocina. Os
resultados mostram o estresse do RE como um possivel mecanismo de resisténcia a
insulina em amigdala.

A associacado entre estresse de RE e inflamacdo subclinica ocorre, pois ambas
aumentam a ativacao das serinas quinases JNK e IKK que inibem o sinal da insulina. No
estresse de RE, as proteinas IRE1 e PERK sao responsaveis por esta ativagcdo. Na
inflamacao subclinica dos obesos a ativagéo de receptores do sistema imune inato, como
o Toll like receptor 4, além de citocinas no SNC, produzidas por células gliais, podem
ativar a JNK e IKK /%6 78 Ng presente estudo observou-se um aumento da ativagdo da
proteina IRE1 e PERK na amigdala de animais obesos, sugerindo que a dieta hiperlipidica
induziu o estresse de reticulo nesta regidao do sistema nervoso central. Pode-se também
especular que o aumento da fosforilacdo da JNK e IKK pode ter sido induzido pelo
aumento da fosforilagédo da IRE1 e PERK e também pela inflamagéo subclinica do obeso.

Em conjunto, os resultados sugerem que a amigdala é sensivel a acao anorexigénica
da insulina, sendo este efeito dependente da via PI3q. Este efeito reduz NPY e aumenta
ocitocina, favorecendo a hipofagia. Animais obesos apresentam resisténcia a acéo
anorexigénica da insulina em amigdala acompanhada pela reducdo da ativacdo do
receptor de insulina e da Akt. O mecanismo molecular pelo qual ocorre resisténcia a
insulina parece estar relacionado a ativagédo da via inflamatéria e ao estresse de reticulo
endoplasmatico. A inibicdo do estresse de RE melhorou a acéo e sinalizagdo de insulina
na regidao da amigdala, sugerindo que este mecanismo € essencial para a indugdo de

resisténcia a insulina nesta regiao do sistema nervoso central.
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5- RESUMO DOS RESULTADOS
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1. A acdo da insulina na amigdala reduz a ingestdo alimentar de animais
controles.

2. O efeito anorexigénico da insulina na amigdala é via IR/PI3g/Akt.

3. Os animais obesos apresentam resisténcia a agao anorexigénica da insulina.

4. A insulina diminui a expressao do RNAm do NPY e aumentou a expressao do
RNAm da ocitocina na amigdala via P13q.

5. A resisténcia a insulina na amigdala de obesos € associada a redugao da
ativacao da via IR/Akt nesta regido.

6. A obesidade induzida por dieta hiperlipidica aumenta a ativacao, em amigdala,
de serinas quinases como JNK e IKK que participam da via inflamatéria, o que
pode justificar a resisténcia a insulina.

8. A obesidade induzida por dieta hiperlipidica induz o estresse de reticulo
endoplasmatico em amigdala, podendo ser mais um elemento indutor de
resisténcia a insulina nesta regido do sistema nervoso central.

9. A inibicdo do estresse de RE pelo tratamento com PBA melhora a acédo e
sinalizag&o de insulina, diminuindo a expressdo do RNAm do NPY e aumentando
a expressao do RNAm da ocitocina na amigdala de animais obesos.



58

6- CONCLUSAO
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Nossos resultados sugerem a amigdala como uma regido importante na
regulacdo da ingestao alimentar sendo esse controle realizado, em parte, pela
acao da insulina através da via PISK. A reducdo na ingestdo alimentar em
resposta a insulina observada é mediada, pelo menos em parte, pela diminuicao
na expressao do RNAm do NPY e aumento na expressdao do RNAm da ocitocina.
Os animais obesos apresentam uma resisténcia a insulina na regiao da amigdala.
O mecanismo pelo qual ocorre esta resisténcia esta associado a inducédo de
estresse do reticulo endoplasmatico e inflamacdo subclinica. A inibicdo do
estresse de RE melhora a agao e sinalizacao de insulina, fortalecendo a hipétese
de que o estresse do reticulo endoplasmatico € um mecanismo importante para

desencadear resisténcia a insulina na amigdala.
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CERTIFICADO

Certificamos que o projeto "REGULACAO DA AGAO E SINALIZACAO DE
INSULINA E LEPTINA EM STRIATUM DE ANIMAIS CONTROLES E OBESOS:
EFEITOS NA INGESTAO ALIMENTAR, VIA INFLAMATORIA E STRESS DE
RETICULO ENDOPLASMATICO" (protocolo n® 2526-1), sob a responsabilidade
de Profa. Dra. Patricia de Oliveira Prada / Gisele de Castro, estd de acordo

com os Principios Eticos na Experimentagio Animal adotados pela Sociedade

Brasileira de Ciéncia em Animais de Laboratério (SBCAL) e com a legislagéo
vigente, LEI N° 11.794, DE 8 DE OUTUBRO DE 2008, que estabelece
procedimentos para o uso cientifico de animais, e o DECRETO N° 6.899, DE 15
DE JULHO DE 2009.

O projeto foi aprovado pela Comissdo de Etica no Uso de Animais da
Universidade Estadual de Campinas - CEUA/UNICAMP - em 18 de outubro de
2011.
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