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RESUMO




A insulina tem efeitos anorexigénicos, reduzindo o peso corporal. Entretanto, a maior
parte dos estudos teve como foco a agao e sinalizagdo de insulina no hipotalamo. Assim,
o primeiro objetivo do trabalho foi investigar a expressao e grau de fosforilacao das
proteinas da via de sinalizacao de insulina (IR/Akt), assim como a modulacao da
ingestao alimentar apés estimulo com insulina na regiao da amigdala em animais
controles. No segundo objetivo, investigamos se o bloqueio farmacolégico da via
da insulina com LY24002 na amigdala alterou a ingestao alimentar em resposta a
insulina. O consumo de dieta hiperlipidica tem sido associado a resisténcia a insulina no
hipotalamo. Assim, o terceiro objetivo foi investigar se a obesidade induz resisténcia
a insulina nessa regiao e em adicao investigar se a via inflamatéria IKK/NFkB e o ER
stress estavam alterados em amigdala de animais obesos. Obervou-se que apds a
injecao de insulina na amigdala, ndo houve diferenga no peso corporeo apos 24 horas em
animais controles. Em relagdo a ingestao alimentar, quatro horas apds a injecao de
insulina na amigdala, ndo houve diferenga, entretanto, ap6s 8, 12 e 24 horas houve uma
diminuicdo na ingestao alimentar em animais controles. Apds o bloqueio da PI3g com o
inibidor farmacoldgico LY (240002), trinta minutos antes da inje¢do de insulina, observou-
se que a insulina ndo foi capaz de reduzir a ingestdo alimentar. Verificou-se, apos a
injecéo de insulina na regiao da amigdala, um aumento da fosforilagcdo do receptor de
insulina (IR) e da AKT em animais controles. Para confirmamagédo da disseccao da
amigdala, testou-se a expressado proteica FKBP5, que é expressa especificamente na
regido da amigdala. Os animais foram submetidos a dieta hiperlipidica e padrao por 3
meses e realizou-se um ITT (Teste Tolerancia Insulina) para verificar a resisténcia a
insulina dos animais. Observou-se que 0s animais obesos ficaram resistentes a insulina.
Em relacdo ao peso corpéreo, houve um aumento de peso entre os obesos. Ja em
relacao a ingestao alimentar, ndo houve diferenga na ingestao apés 4, 8, 12 e 24 horas
entre os animais obesos. ApOs a injegdo de insulina na regido da amigdala, ndo
observou-se diferenca na fosforilagdo da AKT de animais obesos quando comparada ao
controle. Observou-se um aumento da fosforilacao da JNK, da IKK alfa e beta, além da
PERK e IRE1 no grupo submetido a dieta hiperlipidica quando comparada ao controle.
Sendo assim, conclui-se que: o controle da ingestao alimentar é realizado, pelo menos
em parte, pela acao da insulina na amigdala; e que o efeito da insulina na amigdala é via
IR/P13g/Akt. Os animais obesos apresentam resisténcia a acao da insulina na amigdala e
esta é associada a reducdo da ativacado da via IR/Akt. Acredita-se também que a dieta
hiperlipidica aumenta a ativacdo, na amigdala, de serinas quinases que participam da via
inflamatdria e do stress do reticulo endoplasmatico, o que pode justificar a resisténcia a
insulina.
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Insulin has anorexigenic effects, reducing body weight. However most part of the studies
have focused on hypothalamic insulin signaling. Thus the aim of the study was to
investigated if insulin activates IR/Akt pathway in the amygdala and if this activaction
controls feeding.Besides this, it was investigated if the inibition of PISK by LY294002 alters
food intake. In obese animals models insulin induce IR/PI3K/Akt pathway is impaired in the
hypothalamus. Low grade inflammation characterized at celular level by na activation of
IKK/IKB/NF-KB pathway and JNK activation, and also induce of endoplasmatic reticulum
(ER) stress are molecular mechanisms involved in insulin resistence in the hypothalamus
of obese roedents. So, it was invetigated if high fat diet impairs insulin signaling and action
in the amygdala and if low grade inflammation and ER stress were present in this brain
region. Food intake is decreased and IR and Akt phosphorylation were increased in
response to insulin in the amygdala of control rats. In order to confirm whether the
dissections of amygdala were corrected, the membranes with anti-co-chaperone FK506
binding protein 51 (FKBP5) antibody were re-blotted. FKBP51 is expressed in the
amygdala region but not in striatum. It was observed the presence of FKBP5 in their
membranes, indicating that the dissections of amygdala were appropriated. The
administration of LY prior to insulin in the amygdala abolished this effect and also impaired
Akt not IR phosphorylation in response to insulin. Body weight was increased in rats fed
with HFD compared to control rats. Insulin tolerance test showed that obese rats were
insulin resistant in comparison to control rats. Insulin injected in the amygdala did not
decrease food intake after 4, 8, 12, 24 h.The IR and Akt phosphorylation were blunted in
rats on HFD.The IKK and JNK phosphorylation were also increased in the amygdala of
obese rats. In order to evaluate ER stress, it was investigated whether high fat feeding
alters the protein expression of RNA-activated protein kinase-like ER resident kinase
(PERK) and inositol-requiring kinase (IRE1). PERK and IRE1 protein expression were
increased in the amygdala of rats fed a HFD compared to control rats, suggesting
increased ER stress in the amygdala of obese rats Summing up, it was suggested that
amygdala is an important region for food intake regulation in response to insulin and this
regulation is disrupted in obese rats. It was also shown that food intake is regulated in a
PIBK/Akt manner in the amygdala similarly to what occurs in the hypothalamus. Besides,
data were provided suggesting that obese rats may have low grade inflammation and ER
stress in parallel to insulin resistance in the amygdala.
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IR — insulin receptor

AKT — protein kinase B

NF«xB - nuclear factor kappa B

IxB - inhibitor of nuclear factor kappa B

IKK- inhibitor of nuclear factor kappa B kinase
ER stress — endoplasmic reticulum stress
PI3K — phosphatidylinositol 3-kinase
FKBP51- peptidyl-prolyl cis-trans isomerase
ITT- Teste Tolerancia Insulina

JNK- c-jun N-terminal kinase

PERK - eukaryotic translation initiation factor 2 alpha kinase 3 / Pancreatic elF2-alpha kinase

IRE1- inositol requiring enzyme 1

OMS- Organizac¢do Mundial de Saude

IBGE- Instituto Brasileiro Geografia Estatistica
IRS- insulin receptor substrate

Foxo1- Forkhead box O 1

AgRP- Agouti-related peptide

POMC- Pro-opiomelanocortin

JAK2- janus quinase-2

STATS - signal transducer and activator of transcription 3

VMH- ventromedial hypothalamus

VTA — ventral tegmental area

NaC- nucleus accubens

Th- tirosina hidroxilase

FMRI — functional magnetic resonance imaging

CeA — central amygdala
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A obesidade é caracterizada por um excesso de gordura acumulada no tecido
adiposo e demais 6érgaos. A Organizacdo Mundial de Saude (OMS) estimou que em 2008,
1,5 bilhées de adultos com idade superior a 20 anos estavam acima do peso e mais de 200
milhées de homens e 300 milhdes de mulheres, aproximadamente 10% da populacao
adulta, eram obesos. Em 2010, 43 milhdes de criancas com idade inferior a 5 anos estavam
acima do peso (AHIMA, 2011).

No Brasil, dados do IBGE revelam que o pais passa por uma transicao nutricional,
em que a desnutricdo infantil se torna cada vez mais rara e a obesidade, a partir da
adolescéncia, cresceu de forma alarmante de 5,7% em 1974-75 para 16,7% em 2002-03 em
todas as regides e extratos econdmicos (GUIMARAES, 2007).

O aumento da obesidade estéd associado ao aumento de comorbidades relacionadas
ao ganho de peso como diabetes, hipertensdo, doenca coronariana, apnéia 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 a 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 (AHIMA, 2011).

Portanto, o estudo dos mecanismos moleculares relacionados ao desenvolvimento

da obesidade é de extrema relevancia na atualidade.

O balangco energético é mantido por diversos mecanismos, incluindo sinais
metabdlicos e hormonais, sinalizagao celular e molecular e sinais neurais. A identificagdo de
hormdnios periféricos como insulina, leptina e outros, assim como nutrientes que atuam em
neurdnios hipotalamicos para controlar a homeostase energética tem auxiliado o
entendimento dos circuitos neuronais que controlam o peso corporal (BELGARDT et al,
2008; KONNER et al, 2009; PLUM et al, 2005; ROTHER et al., 2008; SANCHEZ-
LASHERAS et al, 2010; MORTON et al, 2011; KLOCKENER et al, 2011; KONNER et al,
2011).

A agao da insulina no hipotalamo na regulagéo do balango energético tem sido bem
descrita na literatura (WHITE, 1997; XU et al., 2005; PLUM et al., 2005). A insulina sinaliza
através do seu receptor (IR) que sofre uma modificagdo conformacional, ativando a

subunidade B (WHITE, 1997). Uma vez ativo, este sitio catalisa a fosforilagcdo em tirosina de
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proteinas que contém o dominio SH2, como por exemplo, os substratos do receptor de
insulina (IRS), principalmente IRS-1 e IRS-2. A fosforilagdo de IRSs promove a ligacao e
ativacao da enzima fosfatidilinositol-3-quinase (PI3q) que ativa Akt. A Akt ativada fosforila e
retira o fator de transcricdo Foxo1 do nucleo. A ativacdo dessas proteinas pela insulina
controla o ritmo de disparos neurais (XU et al., 2005), o que é condicionado a ativagéo de
canais de potassio ATP - dependentes. Através do controle do ritmo de disparos neuronais,
a insulina modula a liberagdo de neurotransmissores em sinapses efetoras (PLUM et al.,
2005). Além disso, a fosforilagdo da Foxo1 induzida por insulina tem sido associada com a
regulagcdo da expressao dos neuropeptideos AgRP e POMC, ligados ao controle da
homeostase energética. A segunda via pela qual a insulina modula a ingestdo alimentar e
termogénese depende da ativagdo da enzima janus quinase-2 (JAK2). Apesar de possuir
atividade tirosina quinase intrinseca, o IR é capaz de interagir com, e ativar, a JAK2
principalmente em hipotalamo. Uma vez fosforilada e ativa, a JAK2 recruta e fosforila
transdutores-de-sinal-e-ativadores-de-transcricdo (STATs), 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 (BRUNNING et al, 2000).
Adicionalmente, demonstrou-se que a inibicdo temporaria de IR com oligonucleotideo
antisense em hipotalamo induz hiperfagia e aumento da adiposidade em ratos (OBICI et al,
2002). De maneira similar, a inibicao de proteinas da via de sinaliza¢ao de insulina distais ao
IR também esta relacionada a alteragcées na ingestao alimentar. Camundongos knockouts
para IRS-2 sao hiperfagicos e obesos, assim como a inibicdo da expressao da PI3K ou
Foxo1 em hipotadlamo alteram a ingestao alimentar de formas variadas (Foxo1, PI3K, VMH e
em AgRP) (ROPELLE et al, 2009; BRUNNING et al, 2000).

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, tais como éarea ventral tegmental (VTA), nucleus

accumbens (Nac), striatum e amigdala. Regides, estas conhecidas como parte do sistema
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dopaminérgico de recompensa e de regulacao da ansiedade (FAROOAQI et al, 2007 e TYE
et al, 2011).

KONNER et al (2011) demonstraram que o IR é co-expresso com a enzima tirosina
hidroxilase (Th) que é um marcador de neurdnios dopaminérgicos. Assim, esses autores
sugeriram uma potencial ligacdo entre o controle de ingestdo alimentar e o sistema de
recompensa através da insulina. Ainda neste artigo, a inativagcdo do IR em células que
expressam Th no VTA, através de manipulagdo génica, resultou em animais obesos e
hiperfagicos (KONNER et al, 2011).

Assim como o VTA, estudos anteriores identificaram a regido da amigdala como uma
possivel area de regulacao da ingestao alimentar.

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 (FLETCHER et al, 2010). 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
(STOECKEL et al, 2008; HOLSEN et al, 2006). A injecao intravenosa de grelina, hormdnio
orexigénico, aumenta a atividade da amigdala em resposta a imagem de alimentos (MALIK
et al, 2008).

Em roedores, estudos demonstraram que lesdes na amigdala alteram a ingestao

alimentar e o peso corpéreo.

KING et al (1994) verificaram que lesbes bilaterais na regidao 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 lesées da

amigdala induziam hiperinsulinemia mesmo em ratas alimentadas com dieta padréo.

Mais recentemente, BOGHOSSIAN et al (2009) demonstraram que a administracéo
de inje¢cdes 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 é uma regido importante para o controle da ingestao alimentar pela insulina e que
animais obesos tém alteracdo dessa regulagcdo (BOGHOSSIAN et al, 2009). De fato, a
amigdala expressa IR em abundéancia (HAJNAL et al, 1998; BOGHOSSIAN et al 2009), no
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entanto, a sinalizagcdo desse horménio ainda nao foi investigada nessa regido do sistema

nervoso central.

Portanto, seria interessante investigar se os mesmos eventos de sinalizagao
insulinica também ocorrem na amigdala e se esta sinalizacado esta envolvida na regulacao
da ingestdao 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 apds estimulo com insulina
na regiao da amigdala em animais controles. De forma complementar, o segundo
objetivo do estudo é investigar se o bloqueio farmacoldgico da via da PI3K com
(LY24002) na amigdala pode alterar a resposta a insulina quanto a ingestao alimentar
e sinalizacao de insulina intracelular de animais controles.

O consumo de dieta hiperlipidica tem sido associado a resisténcia a insulina no
hipotdlamo (PRADA, et al 2005; PICARDI et al, 2009). Os estudos sugerem que esta
resisténcia é decorrente da redugdo da ativagdo da via IRSs/PI3g/Akt nessa regido do
sistema nervoso (PRADA, et al 2005; PICARDI et al, 2009).

Nas ultimas décadas, estudos tém demonstrado que a obesidade produz um estado
de inflamacao crdnica subclinica, caracterizado por niveis circulantes elevados de citocinas
pro-inflamatérias e infiltracdo de macrofagos no tecido adiposo (HOTAMISLIGIL, 2006).
Muitas destas citocinas liberadas bloqueiam a agéao da insulina em varios tecidos, incluindo
hipotdlamo. Um dos mecanismos moleculares responsaveis pelo desencadeamento de
resisténcia a insulina é a ativagao da via inflamatéria IKK/IxB/NFxB (HOTAMISLIGIL, 2006).
No hipotalamo, ativagdo da via IKK/IkB/NFkB e resisténcia a insulina ocorre devido a
IKKbeta ativada induzir a fosforilagdo em serina dos IRSs. Este evento bloqueia o sinal da
insulina e constitui um dos elementos indutores de resisténcia hipotalamica a insulina
desencadeada por obesidade (ZHANG et al, 2009). Em paralelo a ativagdo da via
inflamatdria, a ativacédo do stress de reticulo endoplasmatico (RE), por excesso no consumo
de calorias, tem sido descrita como outro mecanismo desencadeador de resisténcia a
insulina. O RE induz a ativagdo da via inflamatéria IKK/IkB/NFkB e também da serina
quinase JNK (c-Jun N-terminal kinase) que inibem o sinal da insulina (EIZIRIK et al, 2008;
HOTAMISLIGIL, 2006, 2010; ZHANG et al, 2009).
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Assim, o terceiro objetivo do presente estudo € investigar a expressao e grau
de fosforilacdo das proteinas da via de sinalizacao de insulina, assim como a
modulacao da ingestao alimentar apos estimulo com insulina na regiao da amigdala
em animais com obesidade induzida por dieta hiperlipidica. Se houver redugédo da
ativacao das proteinas da via de sinalizagdo de insulina em amigdala de animais obesos,
iremos investigar o mecanismo pelo qual ocorre essa reducdo. Dessa forma, o quarto
objetivo do trabalho é investigar se a via inflamatéria IKK/IKB/NFKB e o stress de RE
estao alterados em amigdala de animais obesos.
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2. OBJETIVOS




1) Investigar a expressao e grau de fosforilagdo das proteinas da via de sinalizagdo de
insulina (IR/ /Akt), assim como a modulagdo da ingestao alimentar apds estimulo com

insulina na regido da amigdala em animais controles.

2) Investigar se o bloqueio farmacol6gico da via da PI3K com (LY24002) na amigdala
pode alterar a resposta a insulina quanto a ingestdo alimentar e sinalizagao de insulina
intracelular de animais controles.

3) Investigar a expressao e grau de fosforilacao das proteinas da via de sinalizagao de
insulina, assim como a modulagdo da ingestdo alimentar ap6s estimulo com insulina na
regido da amigdala em animais com obesidade induzida por dieta.

4) Se houver reducao da ativacdo das proteinas da via de sinalizagdao de insulina em
amigdala de animais obesos: investigar a ativagdo e regulagcdo das proteinas da via
inflamatdria e do stress do reticulo endoplasmatico em 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 PI3K/Akt pathway similarly what occurs in the hypothalamus. In addition, obese
rats did not reduce FI in response to insulin and had decreased Akt phosphorylation in
amygdala, suggesting insulin resistance. Insulin resistance was associated with ER stress and

low grade inflammation in this brain region.
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HIGHLIGHTS

» Lower food intake in response to insulin in amygdala dependents on PI3K/Akt pathway.

» 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.
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1. Introduction

Insulin is an important signal to the brain controlling 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]. PI3K 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 [10-12]. However, whether insulin signaling in amygdala is important to
control feeding is not known.

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 LGI activate
serine kinases such as c-Jun N-terminal kinase (JNK) and I kappa B kinase (IKK[) which
induce inhibitory IRS-1 serine 307 phosphorylation trigging hypothalamic insulin resistance in
obese states [12,13]. However, whether a high fat diet induces LGI and/or ER stress in

amygdala is not known.
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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. In
addition, we aimed to investigate whether a high fat diet induces ER stress and LGI in parallel

to insulin resistance in amygdala.

2. Materials and Methods

2.1. Materials

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, phospho-IR, phospho-JNK, phospho-IKKo/p and phosphor-PERK were from Santa
Cruz Biotechnology, Inc. Phospho-IRE1 alpha was from Novus Biologicals. Phospho-Akt,

FKBP51 were from Cell Signaling Technology.

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 12h 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) and a highfat diet (HFD) were

used for 2 months as previously described [13,14]. Food and water were available ad libitum.
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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 [14].

2.4. Food Intake Measurements
BW was measured 24h after insulin injection in amygdala. Food intake was recorded

in a metabolic cage 4, 8, 12 and 24h after insulin injection in amygdala.

2.5. Cannula implantation

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. A pilot experiment was performed 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 1mm
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 the membranes were

re-blotted from immunoblotting experiments with an antibody against to co-chaperone FK506
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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
Insulin (2pg) or saline (2uL) injections were done on overnight fasted cannulated rats
between 7-9h (AM) for tissues collections or food intake measurements. To inhibit PI3K, LY-

294002 (50uMfrom Calbiochem) or its vehicle (5% DMSO in saline) was used [15,16].

2.7. Tissue Collection for Immunoblotting

Twelve hours-fasted rats received insulin or saline injection and 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 a buffer and immunoblotting was performed as described before [13-16].

2.8. 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
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Insulin injection in the amygdala did not alter 24h-body weight of rats fed with
standard chow (Fig 1A). To evaluate if insulin in the amygdala affects food intake, food intake
in 4, 8, 12 and 24 h after the hormone administration were evaluated. 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. 1B). IR tyrosine phosphorylation
and Akt serine phosphorylation were increased in response to insulin injected in the amygdala
compared to saline injected rats (Fig. 1C, D). In order to confirm whether the dissections of
amygdala were corrected, the membranes with anti-co-chaperone FK506 binding protein 51
(FKBPS) antibody were re-blotted. It was observed the presence of FKBPS in their
membranes, indicating that the dissections of amygdala were appropriate (data not shown).

FKBPS5 is expressed in the amygdala but not in striatum (Fig. 1E).

3.2. The ability of insulin to decrease food intake and increase Akt phosphorylation in the
amygdala is dependent on PI3K

Insulin plus LY or vehicle injections in the amygdala did not alter 24h-body weight of
rats fed with standard chow (Fig 2A). To evaluate if insulin in the amygdala affects food
intake is dependent of PI3K, food intake 8 h after the hormone administration with prior LY or
vehicle treatment was evaluated. 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. 2B). 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. 2C, D).
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3.3. 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. 3A).
Insulin tolerance test showed that obese rats were insulin resistant compared to control rats
(Fig. 3B). To evaluate whether HFD induces insulin resistance in the amygdala, food intake 4,
8, 12 and 24 h in response to insulin or saline were evaluated. Insulin injected in the amygdala
did not decrease food intake after 4, 8, 12, 24 h in obese rats (Fig. 3C). 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. 3D, E).

3.4. 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. To investigate if high fat feeding alters ER stress, the phosphorylation of RNA-
activated protein kinase-like ER resident kinase (PERK) and inositol-requiring kinase alpha
(IREla) were evaluated. PERK and IRE1a phosphorylation were increased in the amygdala
of rats fed a HFD compared to control rats, suggesting an increased ER stress in the amygdala
of obese rats (Fig.4A and B). JNK phosphorylation was increased in the amygdala of rats fed
with a HFD compared to control animals (Fig.4C). Similarly, IKKo/p phosphorylation was

increased in the amygdala of obese rats (Fig. 4D).
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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. It also shown 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 anorexigenic effects of insulin are well described in the hypothalamus. In the
hypothalamus, insulin decreases food ingestion by signaling through IR/PI3K/Akt pathway
[1,16]. Besides insulin receptors were abundant in the amygdala [8,7], 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 [16-21]. Inhibition of melanocortin or an
injection of neuropeptide Y into amygdala increased food intake. In contrast, injections of
melanocortin agonist or enterostatin in the amygdala reduced food ingestion [10, 22-24].

It was shown 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 [8,9]. Data
were shown that LY injection abolished the anorexigenic effect of insulin, suggesting that the
effect of insulin in the amygdala is mediated by PI3K/Akt pathway.

It is well known that HF feeding induces insulin resistance in the CNS of rodents [25].
Indeed, it was 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 that insulin resistance in this
region of CNS triggered by obesity.
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Several mechanisms may contribute to the dysregulation of the insulin signaling
pathway in the CNS of obese rodents [25-28].

It is well known that obesity may induce ER stress in peripheral tissues and also in the
hypothalamus [13, 28, 29]. Elevated caloric intake stresses the ER due to na increase in
protein synthesis resulting in the accumulation of synthesized unfolded proteins [30].

Increased PERK and IREla phosphorylation are marks of ER stress. Dietinduced
obesity and ob/ob mice have higher levels of PERK and IRE1a phosphorylation in multiple
tissues [29, 31]. Enhanced PERK and IREla phosphorylation are also seen in the
hypothalamus of obese mice [13, 28, 32]. Herein, it was observed that PERK and
IRE1a phosphorylation were increased in the amygdala of rats on HFD. This suggests that in
addition to the hypothalamus [12,13] high fat feeding increases ER stress also in the
amygdala.

ER stress and inflammatory pathways have many links [33-35]. IREla induces JNK
activation in many tissues which triggers a modulation of several inflammatory genes [36]. In
addition, both IREla and PERK activate IKKB/nuclear factor kappa B (NF-kB) pathway
driving inflammatory response [35].

The activation of JNK and/or IKKf induce inhibitory IRS-1 serine phosphorylation
leading to insulin resistance in peripheral tissues and also in the hypothalamus [25, 37, 38].
Genetic disruption of IKKf in AgRP neurons protects mice from diet induced obesity [39].
Conditional deletion of JNK1 in the CNS of mice improved insulin signaling and action in the
hypothalamus upon high fat diet [40, 41].

It was demonstrated an increase in JNK and IKKf phosphorylation, in agreement with

reduced Akt phosphorylation in response to insulin in the amygdala of obese rats, suggesting
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that these serine kinases may have important role downregulating insulin signaling in this
brain region.

Summing up, this results suggested that amygdala is an important region for food
intake regulation in response to insulin and this regulation is disrupted in obese rats. It also
shown that food intake is regulated in a PI3K/Akt manner in the amygdala similarly to that
occurs in the hypothalamus. Besides, data were provided suggesting that obese rats may have

low grade inflammation and ER stress in parallel to insulin resistance in the amygdala.
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Figure Legends

Fig. 1. Food intake and insulin signaling in amygdala of rats on chow. (A) Body weight
(BW) after insulin injections; (B) Food intake in g/g of BW in response to insulin (2pg)
injected in amygdala; (C) Insulin receptor (IR) and (D) Protein kinase B (PKB or Akt)
phosphorylation in response to insulin; (E) protein expression of cochaperone 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) it was used a pool
of 5 rats per sample and four samples (n=4) per group. It was used [-actin as a loading control.

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 (2png), 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) it was used a pool of 5 rats per
sample and four samples (n=4) per group. It was used B-actin as a loading control. Two tailed
T Test was used. *P<0.05 versus other groups; #P<0.05 versus saline injected rats. Veh:

vehicle.
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Fig. 3. 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 (2pg)
injected in amygdala of HFD animals; (D) Insulin receptor (IR) and (E) Protein kinase B
(PKB or Akt) phosphorylation in response to insulin (2png) of rats on chow or HFD. Data are
presented as means +/- SD from 10 rats. To performed immunoblotting (IB) of amygdala (D
and E) it was used a pool of 5 rats per sample and four samples (n=4) per group. It was used B-
actin as a loading control. Two tailed T Test was used. *P<0.05 versus chow; #P<0.05 versus

other groups.

Fig. 4. HFD induces ER stress and low grade inflammation in amygdala. (A) PERK and (B)
IRE1a phosphorylation in amygdala of rats on chow or HFD. (C) JNK and (D) IKK
o/P phosphorylation in amygdala of rats on chow or HFD; Data are presented as means +/-
SD. To performed immunoblotting (IB) of amygdala it was used a pool of 5 non-cannulated
rats per sample and three samples per group. Two tailed T Test was used. *P<0.05 versus

control.
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Figure 3.
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4. CONCLUSAO




1. O controle da ingestdo alimentar é realizado, pelo menos em parte, pela acdo da

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

3. Os animais obesos apresentam resisténcia a acao da insulina em amigdala e nao

reduzem a ingestao em resposta a este horménio.

4. A resisténcia a insulina na amigdala de obesos € associada a reducao da ativacéao

da via IR/Akt nesta regido.

5. A dieta hiperlipidica aumenta a ativacdo, em amigdala, de serinas quinases que

participam da via inflamatdéria, o que pode justificar a resisténcia a insulina.

6. A dieta hiperlipidica aumenta o stress de reticulo endoplasmatico em amigdala,
podendo ser mais um elemento indutor de resisténcia a insulina nesta regidao do sistema

nervoso central.
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5. ANEXOS
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CERTIFICADO

Certificamos que o Protocolo n® 2279-1, sobre "Estudo do Efeito da insulina e
da leptina em striatum, area tegmental ventral e nicleo accumbens em

roedores" sob a responsabilidade de Profa. Dra. Patricia de Oliveira Prada /

Maria Fernanda Condes Areias. esta de acordo com os Principios Eticos na

Experimentacdo Animal adotados pelo Colégio Brasileiro de Expenmentagac
Animal (COBEA), tendo sido aprovado pela Comissao de Etica no Uso de Animais

- CEUA/Unicamp em 18 de novembro de 2010

CERTIFICATE

We certify that the protocol n® 2279-1, entitled ™ " oisin
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 November 18, 2010

Campinas, 18 de novembro de 2010,
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Profa. Dra M aria A, Guaraldo Fatima Alonso
Presidente Secretaria Executiva
CELALINICANMP Telefone (19) 3521-6359
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