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RESUMO

A insulina participa do controle da ingestdo alimentar e sua agéo ocorre através de uma
cascata de eventos intracelulares principalmente em neurdnios hipotalamicos. Individuos
obesos produzem citocinas inflamatérias que ativam proteinas fosfatases, como a
proteina tirosina fosfatase 1B (PTP1B), que interagem com proteinas da via de sinalizacéo
da insulina, reduzindo sua ag&o anorexigénica. A insulina também tem efeitos diretos em
outras regides cerebrais que integram o sistema dopaminérgico de recompensa, como a
amigdala. Uma vez que esse sistema € alvo da complexa rede neuronal do controle do
apetite, e também pode estar sendo modulado negativamente na obesidade, € de suma
importancia investigar terapias que possam regular sua atividade. Em vista disso, o
objetivo do estudo foi investigar a expressdao de PTP1B no ndcleo central da amigdala
(CeA) e verificar se a sua reducédo poderia melhorar a acao e sinalizacédo da insulina nessa
regido, bem como o metabolismo energético em animais obesos. Os animais alimentados
com dieta rica em gordura saturada apresentaram maior ganho de peso corporal,
resisténcia a insulina, e maior expressdo de PTP1B no CeA em relacdo aos animais
alimentados com dieta padrdo. Quando tratados com oligonucleotideo antisense para
PTP1B, os animais obesos apresentaram reducdo da expressao dessa proteina no CeA,
melhora da sinalizagcdo da insulina, reducdo da ingestdo alimentar, perda de peso
corporal, aumento do gasto energético e melhora da homeostase glicémica, bem como
diminuicdo do comportamento de ansiedade relacionada a alimentacdo em comparacao
aos animais obesos tratados com oligonucleotideo sense. Esses resultados sugerem que
a reducdo da expressao da PTP1B no CeA melhora a sensibilidade a insulina, modula a
homeostase energética e glicémica e reduz a ansiedade dos animais com obesidade
induzida por dieta hiperlipidica, dando subsidio para o desenvolvimento de novas

terapéuticas para o tratamento da obesidade e do diabetes mellitus tipo 2.



ABSTRACT

Control of food intake depends, in part, on the action and signaling of hormones, such as
insulin in the hypothalamus and in the dopaminergic reward system, that are
interconnected. In obesity, inflammatory cytokines activate protein tyrosine phosphatase
1B (PTP1B) that interacts with the insulin receptor, inhibiting it in the hypothalamus and
increasing hunger, but it is not known whether PTP1B participates in the regulation of
insulin signaling in the amygdala. Male Wistar rats were divided into two groups: Chow,
fed with standard rodent chow, and HFD, that received high-fat diet, both for 8 weeks. We
performed the dissection of the central nucleus of amygdala (CeA) to assess PTP1B
protein expression in both groups. Obese rats underwent to stereotactic surgery for
implantation of the cannula in CeA. After recovery, they were treated with sense and
antisense oligonucleotide (ASO) for 1 week to reduce the expression of PTP1B in CeA,
resulting in 2 subgroups: Sense and ASO. During treatment, the parameters measured
were blood glucose, body weight and food intake. At the end of treatment, rats were
submitted to behavioral tests, and assessment of body composition and energy
expenditure. Here we show that rats fed high-fat diet had greater body weight gain, insulin
resistance and increased PTP1B expression in the CeA compared to Chow group. When
treated with ASO, obese rats showed reduced PTP1B expression in the amygdala, loss of
body weight, lower food intake, and improved of glucose and energy homeostasis, besides
decreased in anxiolytic feeding behavior. These findings subsidize the efficacy of PTP1B

reduction to improve insulin resistance and its anorexigenic response in obesity.
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INTRODUCAO

Mudancas no estilo de vida, como 0 aumento do consumo de dietas hipercaloricas
e a reducao dos niveis de atividade fisica, tém contribuido com a epidemia da obesidade
no mundo (Flier, 2004; Ahima, 2011; Malik et al. 2013).

Em 2014, a Organiza¢do Mundial da Saude (WHO) estimou que 39% da populacao
adulta mundial, com 18 anos ou mais, apresentava sobrepeso, e mais de 13% estava
obesa. Além disso, em 2013, mais de 42 milhdes de criangcas com menos de 5 anos de
idade ja apresentavam sobrepeso ou obesidade. Mais recentemente, no Brasil, dados da
Pesquisa Nacional de Saude (PNS) realizada pelo Instituto Brasileiro de Geografia e
Estatistica (IBGE), publicados em 2015, revelaram que 56,9% das pessoas com 18 anos ou
mais estavam com excesso de peso. Além disso, 20,8% da populacdo nesta faixa etéria

estava obesa.

Com a manutencdo ou progressiva acentuacdo desse novo estilo de vida, o
prognostico é de aumento das taxas de prevaléncia de obesidade e doencas associadas
a ela; uma verdadeira ameaca a saude publica em quase todos os paises do mundo.
Diante deste cenario, profissionais da saude recomendam uma série de mudancas no
estilo de vida, que geralmente envolvem modificacdes nos habitos alimentares e a pratica
de exercicio fisico. Entretanto, essas medidas sdo geralmente efetivas apenas por um

curto periodo de tempo e as recidivas do ganho de massa corporal sdo muito frequentes.

Os medicamentos desenvolvidos para o tratamento da obesidade, até o momento,
embora sejam eficazes em reduzir a massa corporal e melhorar as complicactes
metabdlicas associadas, ainda apresentam varios efeitos colaterais (Kakkar e Dahiya,
2015). Em vista disso, outras opg¢des de tratamentos possiveis dessa doenca, e de suas
complicagfes associadas, e o estudo dos mecanismos moleculares relacionados ao seu

desenvolvimento, vém sendo alvos de muitos estudos cientificos nos ultimos anos.

Regulacédo do balanco energético

O equilibrio diario do balango energético e a manutencgao do peso corporal normal
dependem da regulagéo da ingestdo alimentar e do gasto energético total, desempenhada
principalmente pelo sistema nervoso central. O hipotalamo tem recebido grande destaque

nesse quesito por receber e integrar sinais oriundos de nutrientes e hormonios, ajustando
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a homeostase energética de acordo com essas variagdes internas. Essa regulacao por
ele exercida é conhecida como controle homeostatico e alteragdes nesse sistema podem
resultar em maior ou menor armazenamento de energia, conduzindo a reducdo ou ao

aumento de gordura corporal (Schwartz et al. 2000).

Hormonios gastrointestinais, como colecistoquinina (CCK), peptideo-1 similar ao
glucagon (GLP-1) e grelina, assim como alguns nutrientes, influenciam circuitos neuronais
que controlam o peso corporal (Nakazato et al. 2001; Batterham et al. 2002). Além desses,
horménios produzidos como resultado do aumento da adiposidade, como a leptina,

também agem sobre os nucleos hipotalamicos modulando-os.

Um grande destague na regulacdo do balanco energético é a insulina; um
hormonio polipeptidico anabdlico produzido pela por¢cdo enddcrina do pancreas em
resposta ao aumento dos niveis circulantes de glicose e aminoacidos no periodo poés-
prandial. Apresenta receptores expressos por todo o organismo, incluindo o SNC, nos
quais se liga e ativa vias de sinalizacéo intracelular (Schinner et al. 2005). A insulina
apresenta uma variedade de efeitos metabdlicos, como aumento da captacéo de glicose
e da sintese de proteinas, acidos graxos e glicogénio, bem como reducéo da producédo
hepatica de glicose, lipolise e protedlise. Ademais, interfere na expressdo génica, na
proliferacéo e diferenciacdo celulares, aumenta a producéo de 6xido nitrico no endotélio
e previne apoptose celular. Além desses efeitos, a insulina também apresenta um papel
primordial na modulacdo da homeostase energética em resposta ao estado nutricional e

ao aumento da massa adiposa.

No hipotdlamo, sua acdo é mediada pelo receptor de insulina (IR), uma
glicoproteina heterotetramérica com atividade de tirosina quinase intrinseca em sua
subunidade (. Essa € ativada pela ligagdo da insulina, que leva a uma mudanga
conformacional do receptor e o autofosforila em multiplos residuos de tirosina (Plum et al.
2005). Subsequentemente, fosforila substratos proteicos que contém o dominio SH2,
como, por exemplo, os substratos do receptor de insulina (IRS), principalmente IRS-1 e o
IRS-2 (Cheatham e Kahn, 1995). A fosforilacdo de IRSs promove a ligacdo e a ativagédo
da enzima fosfatidilinositol-3-quinase (PI13K) que ativa Akt, uma serina/treonina quinase.
Uma vez fosforilada, a Akt contribui para varios processos biolégicos, incluindo a captagédo
de glicose e a regulacdo da expressdo dos neuropeptideos ligados ao controle da
homeostase energética, pela exclusdo do fator de transcricdo FoxO1 do nucleo da célula
(Virkamaki et al. 1999).
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Figura 1. Sinalizagdo da insulina no hipotalamo.

P

A insulina também pode regular a ingestdo alimentar e a termogénese atraves da
ativacdo da enzima janus quinase-2 (JAK2), que possui atividade tirosina quinase
intrinseca e é ativada ap0s a ligacdo da insulina no IR. Uma vez ativada, a JAK2 induz a
formacdo de um sitio de ligacdo para as proteinas STAT (Signal Transducers and
Activators of Trancriptions), 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 (Carvalheira et al. 2005).

Mecanismos de resisténcia a insulina na obesidade

A inflamacao subclinica caracteristica da obesidade esta diretamente envolvida no
desenvolvimento da resisténcia a insulina e tem como principal causa a ingestéo de dieta

hiperlipidica, rica em gordura saturada (De Souza et al. 2005; Prada et al. 2005).

O tecido adiposo, além de ter como principal fungdo o armazenamento de energia,
também desempenha fung¢do enddcrina e moduladora da resposta imune, produzindo
adipocinas em relacdo proporcional e direta @ massa adiposa, as quais atuam de forma
paracrina e autdcrina (Waki e Tontonoz, 2007). Entre essas, estdo o fator de necrose
tumoral (TNF-a) e interleucinas, como IL-13 e IL-6, que participam de mecanismos
complexos que regulam negativamente a sinalizacdo de insulina em diferentes tecidos
(Tilg e Moschen, 2006).
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Essa inflamacgéo subclinica na obesidade n&o se limita aos tecidos periféricos,
podendo também atingir o hipotalamo apds poucos dias de consumo de dieta rica em
acidos graxos saturados (Thaler e Schwartz, 2010). Os mecanismos moleculares
envolvidos no desencadeamento da resisténcia a insulina hipotalamica do obeso ainda
nao estdo totalmente esclarecidos. Alguns estudos sugerem que acidos graxos saturados
e/ou LPS absorvidos no trato gastrointestinal podem atuar como agonistas do toll-like
receptor 4 (TLR4) em células hipotalamicas (Cani et al. 2007; Tsukumo et al. 2007,
Milanski et al. 2010), levando a ativacdo de proteinas quinases, como IKKB e JNK, que
além de participarem do processo inflamatorio podem fosforilar o IRS-1 em serina, no sitio
307, inibindo a sinalizacdo da insulina e desencadeando, dessa forma, a resisténcia a

insulina.

Proteinas fosfatases e resisténcia ainsulina no SNC

Outro mecanismo resultante do processo inflamatoério que ocorre na obesidade é
a ativacao de proteinas tirosina fosfatases (PTPs). Essas moléculas tém papel chave na
sinalizacao celular, influenciando o metabolismo, o crescimento e a diferenciacéo celular

e, desse modo, contribuindo potencialmente para o desenvolvimento de véarias doencas.

A proteina tirosina fosfatase 1B (PTP1B) € uma das PTPs mais estudadas e tem
um papel critico na regulacdo da via de sinalizacdo da insulina, incluindo o estado de
resisténcia a este hormonio (Goldstein, 2001; Ukkola e Santaniemi, 2002; Cho, 2013;
Bakke e Haj, 2014). A PTP1B catalisa a retirada de grupos fosfato de residuos tirosina de
IR e IRS-1 e é ativada por meio de mecanismos inflamatérios, reduzindo a transmisséo

de sinal dessa via (Asante-Appiah e Kennedy, 2003).

Em animais alimentados com dieta hiperlipidica a maior expressdo de TNF-q,
juntamente com o LPS absorvido no trato gastrointestinal e os acidos graxos saturados
provenientes da dieta, aumentam a expressao e a atividade da PTP1B no hipotalamo
através da via NFkf, resultando em resisténcia a insulina, e também a leptina, seguida da

desregulacédo do balanco energético (Picardi et al, 2010; Ito et al. 2012) (Fig. 2).

Ja foi demonstrado que o estresse do reticulo endoplasmatico em células C2C12
também aumenta a expressdo de PTP1B, prejudicando a captacdo de glicose
(Panzhinskiy et al. 2013), e que sua inibicdo melhora as respostas moleculares e

fisiol6gicas a esse estresse (Popov, 2012).
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Figura 2. PTP1B no hipotdlamo de animais obesos

Muitos estudos examinaram a expressao de PTP1B em roedores e humanos com
resisténcia a insulina, diabetes e obesidade, e reportaram que ha um aumento da
expressao e da atividade dessa proteina fosfatase nessas condi¢cdes (Ahmad e Goldstein,
1995; Venable et al. 1999; Ropelle et al. 2006). A capacidade da PTP1B em regular
negativamente a via da insulina foi estabelecida em nivel molecular (Myers et al. 2001) e
tem sido sugerido, ha muito tempo, que a sua inibi¢cdo, ou a reducdo da sua expessao,
possam ser estratégias eficazes para o tratamento de diabetes e obesidade (Koren e
Fantus, 2007; Barr, 2010; Popov, 2011).

Camundongos geneticamente modificados, que ndo expressam PTP1B, e animais
tratados com um oligonucleotideo antisense especifico para essa fosfatase, apresentam
reducdo nos niveis pés-prandiais de glicose e de insulina circulantes, bem como melhora
da sinalizacdo da insulina e da tolerancia a glicose. Além disso, apresentam reducéo do
estoque de triglicerideos no tecido adiposo e resisténcia ao ganho de peso, mesmo
guando alimentados com dieta hiperlipidica (Elchebly et al. 1999; Goldstein, 2002).
Elchebly et al (1999) observaram aumento e prolongamento da fosforilagdo de IR
estimulada pela insulina no musculo esquelético e no figado, e aumento da fosforilagdo
de IRS-1 no musculo. A magreza nesses camundongos esta associada ao aumento da

taxa metabdlica basal e do gasto energético total (Klaman et al, 2000).

Estudos analisando o efeito do exercicio fisico sobre a melhora da via de

sinalizacdo da insulina mostraram que este diminui a expressao de PTP1B em tecidos
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periféricos (Ropelle et al. 2006; De Moura et al. 2013). Trabalhos mais recentes que
investigaram o efeito de farmacos que inibem a PTP1B em cultura de células também
observaram melhora da resisténcia a insulina (Ding et al. 2014; Kitazawa et al. 2014;
Mobasher et al. 2014).

A reducgédo da PTP1B com oligonucleotideo antisense no hipotdlamo promove
reducdo de peso e melhora a sensibilidade a insulina e a tolerancia a glicose em ratos
com obesidade induzida por dieta hiperlipidica (Picardi et al. 2008). A delecdo do gene
Ptpnl em neurdnios no nucleo ventromedial do hipotalamo de camundongos alimentados
com dieta hiperlipidica melhora a sensibilidade a insulina e reduz a ingestao alimentar
(Chiappini et al. 2014).

Os estudos supracitados acerca dos efeitos negativos da proteina fosfatase
PTP1B sobre a sinalizag&o de insulina foram realizados, até o momento, em culturas de
células e no hipotalamo e tecidos periféricos em modelos animais. Contudo, recentes
evidéncias tém demonstrado que a insulina também tem efeitos diretos em outras regides
do sistema nervoso envolvidas com o comportamento alimentar. Algumas dessas regidoes
fazem parte do sistema cortico-limbico e estdo envolvidas no controle de varias funcdes
cognitivas e emotivas, como aprendizado, memoria, recompensa, aversdo, medo e
ansiedade, dessa forma, modulando o comportamento alimentar (Farooqi et al. 2007; Tye
et al. 2011). Esse sistema também funciona como um sensor dos sinais que representam
a disponibilidade de energia no organismo, estimulando a procura por alimento (Berthoud,
2007).

Amigdala e a regulacao do apetite

A amigdala, localizada na regido antero-medial do lobo temporal, faz parte do
sistema dopaminérgico de recompensa (Fig. 3). E constituida por ndcleos subcorticais
(central, medial e basolateral) e esta envolvida na atribuicdo de significado emocional a
estimulos ambientais e na regulacdo das respostas fisiolégicas e comportamentais a

esses estimulos (Berthoud, 2007).
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Figura 3. Representacéo da localizagdo anatdmica da amigdala em humanos e da sua subdivisdo em nucleos.
Adaptado de Purves et al (2004).

Assim como outras regides cerebrais, apresenta muitos receptores de insulina e
varios sistemas neuropeptidérgicos ativos (Boghossian et al. 2009). Além disso, apresenta
conexdes com o hipotalamo e com outras regides do sistema nervoso central, como o
cortex pré-frontal, tAlamo, hipocampo, cortex somatossensorial, tronco cerebral e varias
outras estruturas do sistema limbico (Fig. 4). Historicamente, tem sido atribuida a
amigdala muitos aspectos da regulacdo do comportamento alimentar (White e Fisher,
1969; Montgomery e Singer, 1975).

Figura 4. Representagéo esquematica das conexdes da amigdala com outras regiées do SNC.
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Alguns estudos com humanos, utilizando ressonancia magnética funcional,
observaram que a atividade da amigdala em resposta a estimulos com imagem de
alimentos foi muito semelhante ao observado no hipotalamo (Fletcher et al. 2010). Em
resposta aos mesmos estimulos, individuos obesos portadores da sindrome Prader-Willi
também tiveram aumento da atividade dessa regido (Holsen et al. 2006), o que também
ocorreu quando administrou-se grelina, via injecdo intravenosa, em individuos com peso
normal (Malik et al. 2008).

Os estudos com neuroimagem revelaram que a amigdala tem um papel essencial
sobre 0os mecanismos que envolvem as representacdes das experiéncias com o alimento,
as quais apresentam um forte componente emocional (Berthoud, 2007). Segundo
Petrovich et al (2005), a influéncia da amigdala sobre a ingestédo alimentar se deve a uma
rede funcional com projec6es diretas dessa estrutura em direcdo ao cértex orbital e ao
hipotdlamo lateral; regibes também ativadas quando alimentos sdo apresentados a

individuos com fome.

Em estudos com animais, lesbes na amigdala alteraram a ingestao caldrica, a
preferéncia alimentar e, consequentemente, o peso corporal. King et al (1994) verificaram
que lesdes bilaterais na regido postero-dorsal da amigdala de ratas resultaram em
hiperfagia e excesso de ganho de peso. Em um estudo subsequente, King et al (1996)
observaram que, em paralelo a hiperfagia e ao aumento da adiposidade, as lesdes da
amigdala induziam hiperinsulinemia em ratas alimentadas com dieta padrdo. Mais
recentemente, King et al (1998) verificaram que les6es nessa regiao também prejudicam
a capacidade de ajustar a ingestédo de alimentos em diferentes situagdes, concluindo que
essa area do cérebro esta diretamente envolvida na selecdo do tipo de dieta. De acordo
com o0s autores, a amigdala também esta envolvida na modulagdo do apetite através do
nucleo ventromedial do hipotdlamo, ja que lesGes nessa regido também levam a

alteracdes semelhantes.

Ratos alimentados com dieta hipolipidica ou dieta padrao apresentam reducao da
ingestao alimentar em resposta a insulina no ndcleo central da amigdala (CeA), assim
como ocorre no hipotalamo (Boghossian et al. 2009; Castro et al. 2013). Essa reduc¢éo da
ingestdo alimentar esta diretamente ligada com a ativacdo da sinalizacdo da insulina
(Castro et al, 2013). Para verificar se a a¢édo da insulina na amigdala ocorre pela mesma
via do hipotalamo (IR/PI3K/Akt), Castro et al (2013) injetaram LY (240002), um inibidor da
PI3K, no CeA, e observaram que a acdo anorexigénica da insulina foi bloqueada,

comprovando que a acdo da insulina na amigdala também €& dependente de PI3K. Essa
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acdo anorexigénica foi atribuida, pelo menos em parte, a um aumento da expressao de
oxitocina, neuropeptidio anorexigénico, e pela reducéo da expressédo do neuropeptidio Y
(NPY) que é orexigénico, em resposta a insulina no CeA (Castro et al. 2013). Além disso,
outros autores observaram que a insulina nessa regido também é capaz de aumentar a
fosforilacdo de Akt, ndo apenas no CeA, como também no hipotdlamo (Oh et al. 2013),
sugerindo que ha uma conexdo entre essas duas regibes cerebrais, importante para o

controle da ingestéao alimentar.

Ao avaliar como estaria a acao e sinaliza¢do da insulina no CeA em animais com
obesidade, Boghossian et al (2009) demostraram que, em ratos alimentados com dieta
hiperlipidica, a administragdo de inje¢bes de insulina na regido do CeA ndo induziu
anorexia como nos animais controles. Castro et al (2013), ao analisarem a sinalizacdo da
insulina no CeA de ratos obesos, também observaram que essa regido, semelhante ao
hipotdlamo, apresentava resisténcia a esse horménio, assim como inflamacédo de baixo

grau e estresse do reticulo endoplasmatico.

Como mencionado anteriormente, a ativagdo de serina quinases como proteina
quinase C theta (PKCB8), JKN e IKKB também estdo diretamente envolvidas com a
resisténcia a insulina. Em ratos alimentados com dieta hiperlipidica observa-se maior
ativacdo de PKCB no CeA, com consequente ganho de peso, aumento da massa adiposa,
aumento da ingestao alimentar e, por fim, resisténcia a insulina nessa regiao cerebral
(Park-York et al. 2013). Dessa forma, esses dados sugerem que a PKCO também atue
como uma importante serina quinase na amigdala, prejudicando a sinalizagéo da insulina

e seu controle sobre a homeostase energética.

Uma recente revisdo realizada por Areias e Prada (2015) analisou o resultado
desses e de muitos outros estudos acerca do papel da amigdala sobre o comportamento
alimentar e concluiu que a amigdala é uma regido essencial para o controle do apetite, e
gue a insulina tem um papel importante nesta funcéo. Na obesidade, contudo, assim como
ja bem estabelecido no hipotdlamo, ha uma série de alteracdes que desregulam a acado e
sinalizacdo da insulina nessa regido, sendo que 0s principais mecanismos envolvidos sdo

a maior ativacdo das serina quinases e o estresse do reticulo endoplasmatico.

Diante do exposto, o presente estudo buscou avancar o conhecimento sobre os
mecanismos envolvidos no desenvolvimento de resisténcia a insulina na amigdala, em
animais alimentados com dieta hiperlipidica, que podem alterar o0 comportamento

alimentar e a homeostase energética (Fig. 5).
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Figura 5. Hipdtese sobre o envolvimento da PTP1B na resisténcia a insulina em resposta a dieta hiperlipidica
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OBJETIVOS

Objetivo Geral

Investigar se a PTP1B pode ser implicada como um mecanismo de resisténcia a

insulina no CeA da amigdala de animais com obesidade induzida por dieta hiperlipidica.

Objetivos especificos

1) Investigar a expressédo de PTP1B no CeA de animais alimentados com dieta
padrao e hiperlipidica.

2) Investigar a eficacia da reducéo da expressao da PTP1B com oligonucleotideo
antisense no CeA de animais obesos sobre a via de sinaliza¢do da insulina.

3) Avaliar a eficacia da reducdo da expressdo da PTP1B com oligonucleotideo
antisense no CeA de animais obesos sobre os parametros metabdlicos.

4) Avaliar o impacto da reducdo da expressdao da PTP1B com oligonucleotideo
antisense no CeA de animais obesos sobre a acédo anorexigénica da insulina.

5) Investigar as alteracbes comportamentais relacionadas a ansiedade apos
reducdo da expressdo da PTP1B com oligonucleotideo antisense no CeA de animais

obesos.



25

CAPITULO 1 - ARTIGO

Reduction of PTP1B expression in the amygdala of diet-induced obese rats

modulates energy metabolism and reduces feeding-like anxiety behavior

Natalia Ferreira Mendes?!, Gisele Castro?, Dioze Guadagnini?, Natdlia Tobar?, Patricia

Aline Boer?, Patricia Oliveira Pradal?*

1School of Applied Sciences, State University of Campinas, UNICAMP, 13484-
350, Limeira - SP, Brazil

2Department of Internal Medicine, State University of Campinas, UNICAMP, 11060-001,
Campinas - SP, Brazil

*Corresponding author:

Patricia Oliveira Prada, M.D., Ph.D., Professor

School of Applied Sciences, State University of Campinas, UNICAMP
Rua Pedro Zaccaria, 1300

13484-350 Limeira - SP - Brazil

Phone: +55 19 37016650

E-mail: pprada.fca@gmail.com



26

ABSTRACT

Objective: Control of food intake depends, in part, on the action and signaling of
hormones, such as insulin in the hypothalamus and in the dopaminergic reward system,
that are interconnected. In obesity, inflammatory cytokines activate protein tyrosine
phosphatase 1B (PTP1B) that interacts with the insulin receptor, inhibiting it in the
hypothalamus and increasing hunger, but it is not known whether PTP1B participates in
the regulation of insulin signaling in the amygdala.

Methods: Male Wistar rats were divided into two groups: Chow, fed with standard rodent
chow, and DIO, that received high-fat diet, both for 8 weeks. We performed the dissection
of the central nucleus of amygdala (CeA) to assess PTP1B protein expression in both
groups. Obese rats underwent to stereotactic surgery for implantation of the cannula in
CeA. After recovery, they were treated with sense and antisense oligonucleotide (ASO)
for 1 week to reduce the expression of PTP1B in CeA, resulting in 2 subgroups: Sense
and ASO. During treatment, the parameters measured were blood glucose, body weight
and food intake. At the end of treatment, rats were submitted to behavioral tests, and

assessment of body composition and energy expenditure.

Results: Here we show that rats fed high-fat diet had greater body weight gain, insulin
resistance and increased PTP1B expression in the CeA compared to Chow group. When
treated with ASO, obese rats showed reduced PTP1B expression in the amygdala, loss of
body weight, lower food intake, and improved of glucose and energy homeostasis, besides
decreased in anxiolytic feeding behavior.

Conclusion: These findings subsidize the efficacy of PTP1B reduction to improve insulin

resistance and its anorexigenic response in obesity.

Keywords: amygdala, PTP1B, insulin, obesity, food intake, anxiety
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Abbreviations:

Akt: protein kinase B; ARC: arcuate nucleus; BLA: basolateral nucleus of amygdala; BW:
body weight; CeA: central nucleus of amygdala; DIO: diet-induced obesity; IKKB: | kapa B
kinase [3; IL-10: interleucin 10; IR: insulin receptor; MAN: medial nucleus of amygdala;
MRNA: messenger ribonucleic acid; NFkB: nuclear factor kappa B; NPY: neuropeptide Y;
PEPCK: phosphoenolpyruvate carboxykinase; PI3K: phosphoinositide 3-kinase; PKCO:
protein kinase C theta; PTP1B: protein tyrosine phosphatase 1B; PVN: paraventricular
nucleus; CNS: central nervous system; BAT: brown adipose tissue; TLR-4: toll-like
receptor 4; TNF-a: tumor necrosis factor-alpha; UCP1: uncoupling protein 1; VMH:

ventromedial nucleus.

1. INTRODUCTION

Hypothalamus participates of the autonomic control of food intake in response to
many hormones, such as insulin. The dopaminergic reward system also is involved in the
hunger control in response to this hormone but mostly presents a role-like emotions and
behaviors. Insulin acts both in the hypothalamus as in the central nucleus of amygdala

(CeA) throughout IR/P13K/Akt pathway leading to an anorectic response [1, 2].

In obesity, RE stress and the inflammatory cytokines in central nervous system
can activate protein phosphatases, such as protein tyrosine phosphatase 1B (PTP1B),
that interacts with the insulin receptor (IR), inhibiting it in the hypothalamus and leading to
hyperphagia and impaired in energy and glucose homeostasis [3]. It occurs because, in
inflammation, TNF-a increases and, consequently, there is a higher activation of NFkB that
is directly related to an increased expression of PTP1B [4, 5, 6, 7]. ER stress has also
been positively correlated with the PTP1B protein expression [8, 9, 10]. Diet-induced
obese rats also present insulin resistance, RE stress and low-grade inflammation in the

CeA with lower response to insulin stimulus [2].

Based on the fact that the animals fed with high-fat diet are hyperphagic, and
considering that the other brains regions despite hypothalamus are also involved in the
control of food intake and energy homeostasis, the aim of this study was evaluated the
PTP1B expression in the CeA and if this phosphatase could impaired insulin action or

signaling pathway like in hypothalamus of diet-induced obese rats.
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2. METHODS

2.1. Reagents, Antibodies and Oligonucleotides

Sense and antisense phosphorthioate oligonucleotides specific for PTP1B (sense, 5’-AAA
GTG CTG TTG G-3’ and antisense, 5-CCA ACA GCA CTT T-3') were produced by
Invitrogen Corp. (Carlsbad, CA). Routine reagents were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Reagents for SDS-PAGE and immunoblotting were obtained
from Bio-Rad (Richmond, CA). Protein A-Sepharose 6MB was from Pharmacia (Uppsala,
Sweden). Human recombinant insulin was from Eli Lilly and Co. (Indianapolis, IN, USA).
Antibodies against phospho-IR (sc25103), IR (sc711), UCP1 (sc6529) and PEPCK
(sc32879) were from Santa Cruz Biotechnology (California, USA). Anti-PTP1B (ab52650)
was from Abcam (Massachusetts, USA). Antibodies against alfa-tubulin (#2144) and beta-
actin (#4967) were from Cell Signaling Technology (Massachusetts, USA). Primers and
probes sequences were purchased from Applied Biosystems and were: Oxytocin
(Rn00564446 _g1), neuropeptide Y (NPY) (Rn0141015_m1l), Ptpnl (Rn01423685 m1)
and UCP1 (Rn01432911_m1) for rat. Kits to perform ELISA were Rat IL-10 (#ERIL10) and
Rat TNF alpha (# ER3TNFA) from Thermo Scientific, and Rat Leptin (# EZRL-83K), Rat
Adiponectin (# EZRADP-62K) and Rat/Mouse Insulin (#EZRMI-13K) from Millipore.

2.2 Animal Characterization

Eight weeks old male Wistar rats from the State University of Campinas (UNICAMP)
Central Animal Breeding Center weighing approximately 200 g, were housed in groups of
4-5 per cage. Room temperature was controlled (22 + 1 °C) and a light-dark cycle was
maintained on a 12-h on-off cycle. Food and water were available ad libitum. All
experiments were approved by the Ethics Committee at the State University of Campinas.
Animals were randomly divided into two groups: control rats, fed with standard rodent chow
(Chow) (70% carbohydrate, 20% protein and 10% saturated fat), and obese rats, fed with
high-fat diet (DIO) (29% carbohydrate, 16% protein and 55% saturated fat) from Nuvilab

(Sogorb Industria e Comércio Ltda, Brazil) for 8 weeks.
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2.3. ITT (Insulin Tolerance Test)

After 8 weeks of the diet, awakened fasted rats were submitted to insulin tolerance test.
Briefly, 1.5 IU/kg of human recombinant insulin was injected intraperitoneally and glycemia
was measured at 0, 5, 10, 15, 20, 25, and 30 min thereafter.

2.4. Cannula Implantation

Obese rats were anesthetized with 70 mg/kg ketamine (Fort Dodge Animal Health, USA)
and 2 mg/kg xylazine (Lloyd Laboratories, USA) and after the loss of corneal and pedal
reflexes they were positioned on 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:
[coordinates (AP/L/DV to bregma) -2.16/-4.00/-7.18mm] according to Paxinos and Watson
as previously described [1, 2]. Cannulas were fixed using special glue and acrylic cement.

Rats were allowed 5 days for recovery.

2.5. Oligonucleotide Treatment

The sequences of phosphorthioate oligonucleotides, specific for PTP1B (sense, 5’-AAA
GTG CTG TTG G-3’ and antisense, 5-CCA ACA GCA CTT T-3’), were used as previously
described [3] and were evaluated by immunoblotting of total protein extracts of the CeA
using specific anti-PTP1B antibody. After the cannula implantation and the recovery
period, obese rats were housed in individual cages and treated with PTP1B sense
oligonucleotide (Sense) or PTP1B antisense oligonucleotide (ASO). Both oligonucleotides
were diluted in ultrapure water and the treatment was performed through cannula

infusions, once a day (6:00 p.m.) with a total volume of 2.0 pl/dose (4.0 nmol/ul) for 7 days.

2.6. Metabolic Parameters

At the end of the diet period, and during the treatment with antisense or sense
oligonucleotides, body weight (BW) and the blood glucose concentration were measured.
After the treatment, BW and fasting glucose were measured. The food was removed 10
hours before the experiments. Blood samples were collected from the jugular vein for the
determination of the serum concentrations of insulin, leptin, adiponectin, IL-10, and TNF-

a levels, which were measured by ELISA.
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2.7. Protocol for Food Intake Determination

Food intake was measured in the home cage. During the treatment, the food was
measured daily. At the end of the treatment period, rats were food deprived for 6 hours
and then food intake was recorded for 4, 8, 12 and 24 hours after insulin (2 pL) or saline
(2 pL) injection in the CeA.

2.8. DEXA

After the end of oligonucleotide treatment rats were anesthetized and the body fat mass
and lean mass contents were measured using a DEXA system (Discovery Wi QDR Series;

Hologic Apex Software, Hologic Inc.).

2.9.VO2/VCO2 and Respiratory Exchange Ratio Determination

VO32, VCO3, and respiratory exchange ratio (RER) were measured in fed rats through an
indirect open-circuit calorimeter (Oxylet M3 system; PanLab/Harvard Apparatus). Animals
were allowed to adapt 2 days before and measurements were done on the last day of

oligonucleotide treatment.

2.10. Pyruvate Test

On the last day of treatment, 12 hours fasted rats were injected with sodium pyruvate 1
g/kg body weight intraperitoneally. Blood samples were collected from the tail immediately
before and at 15, 30, 60, 90, 120, 150, and 180 min after the sodium pyruvate injection.

2.11. Tissue extraction, Immunoprecipitation, and Immunoblotting

After 7 days of treatment, rats 10 hours fasted were anesthetized with 70 mg/kg ketamine
and 2 mg/kg xylazine and, as soon as the loss of pedal and corneal reflexes, were treated
with insulin or saline in the CeA. After 15 minutes, liver, brown adipose tissue and CeA
were quickly extracted. CeA was dissected in a stainless-steel matrix with razor blades on
ice [1, 2]. A pool of 5 rats per sample and 4 samples per group were used. Samples were
immediately homogenized in buffer (1% Triton X-100, 100 mmTris (pH 7.4), 100 mm
sodium pyrophosphate, 100 mm sodium fluoride, 10 mm EDTA, 10 mm sodium vanadate,

2 mm PMSF, and 0.01 mg aprotinin/mL). Insoluble material was removed by centrifugation
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(15.000 rpm) for 40 min at 4 °C and the protein concentration of the supernatants was
determined using a Pierce BCA Protein Assay Kit (Pierce Biotechnology, USA).
Immunoblotting and immunoprecipitation were performed as previously described (Picardi
et al 2008). Results were visualized by Chemi Doc XR+ System (Bio-Rad, USA).

Densitometric analyzes were done using image J software.

2.12. RNA Isolation and RT-qPCR

Rats have been fasted for 12 hours and then were decapitated. The fresh CeA was quickly
dissected and the total RNA was isolated using RNeasy® Mini Kit (Cat: 74106 Quiagen
Inc., CA, USA). RT-gPCR was performed using Tagman RT-PCR Master Mix (Applied
Biosystems) in an Mx3000P thermocycler (Stratagene). The PCR conditions were 2 min
at 50 °C, 10 min at 95 °C, followed by 45 cycles at 95 °C for 15 s and 60 °C for 60 s. Real

time data were analyzed using the Data Assist 4.0 software (Applied Biosystems).

2.13. Behavioral Tests

2.13.1. Elevated Plus Maze (EPM)

EPM is a classical test for assessment of anxiety-related behavior. After 24 hours of
habituation in the testing room, animals were placed individually in the center of the
apparatus and could explore the maze for 5 min. EPM consists of two open arms (6 x 35
cm), two enclosed arms (6 cm x 35 cm x 20 cm), a central square (6 cm x 6 cm) and is
elevated approximately 75 cm above the floor and has 3 sensors on each arm which detect
the animal movement. Results were computed by the software Syslab Cross 2.2 (Insight,
Brazil). The measured parameters included the percentage of the number of entries and
the time spent on the open arms, excluding the time of permanence and the number of

entries in the central square.

2.13.2 Novelty Suppressed Feeding (NSF)

NSF assesses stress-induced anxiety by measuring the latency of an animal to approach
and eat a familiar food in an aversive environment [11]. Rats were food-deprived 16 hours
prior to the test, with water ad libitum. A piece of known high-fat diet was placed in the

center of the open field apparatus (50 cm x 48 cm x 50 cm) with white opaque walls and
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floor, and rats were placed in one of the corners. Latencies to approach and to begin eating
were recorded with a limit of 10 min. As soon as the rat was observed to eat, or the 10-
minute time limit was reached, the rat was quickly removed from the open field, placed in
the home cage and observed again until began to eat in this your known place. Latency to

eat and food intake during 10 min in the home cage were measured.

2.14. Statistical Analysis

Data were expressed as means +*SEM of the number of independent experiments
indicated. For statistical analysis, groups were compared using a One-tailed t-test or One-
way ANOVA. The level of significance adopted was P<0.05.

3. RESULTS

3.1. PTP1B expression is enhanced in the CeA of rats on HFD and its reduction

improves insulin signaling

As expected, rats fed with a high-fat diet for eight weeks gained more weight than rats on
chow diet. After 8 weeks on HFD, ITT demonstrated insulin resistance in this group
compared to the group of rats on chow (Fig. 1A and B). In addition, PTP1B gene and
protein expression in the CeA were increased in rats on HFD compared to rats on chow
(Figure 1C). Treatment with antisense oligonucleotide (ASO) for 7 days marked reduced
Ptpnl mRNA expression and PTP1B protein expression in the CeA of rats on HFD
compared to rats treated with sense oligonucleotide (Sense) on the same diet (Fig. 1D).
Besides that, ASO-treated rats showed lower PTP1B/IR association accompanied by
increased IR tyrosine phosphorylation and AKT phosphorylation in response to insulin
stimulation in the CeA (Fig. 1E-G).

3.2. Reduction of PTP1B expression in the CeA of rats on HFD decreases adiposity

by increasing energy expenditure and reducing food intake

In order to evaluate the effect of reduced PTP1B expression in the CeA of rats on HFD,
we treated the CeA of rats on HFD with ASO or Sense for 7 days and measured metabolic
parameters. In this regard, ASO treatment induced a greater weight lost compared to

sense-treated rats beginning at 5 up to 7 days of treatment (Fig. 2A). In addition to this
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result, ASO treatment was able to reduce fat mass without altering lean mass measured
by DEXA (Fig. 2 B and C). This finding suggests that the reduction of PTP1B in CeA of
rats on HFD lead to leanness. The leanness may due to increased energy expenditure
and/or reduction on food ingestion. We first measured energy expenditure of rats on HFD
treated with ASO or Sense. There were no differences between treatments during the dark
cycle regarding O2 consumption and CO2 production. However, treatment with ASO
increased O2 consumption during the light cycle. There was a tendency to higher CO2
production in the light cycle of rats treated with ASO (p=0.0952) (Fig. 2 D and E). ASO-
treated rats had a reduction on RER, in both cycles compared to Sense-treated rats (Fig.
2F). Furthermore, ASO group showed higher UCP1 mRNA and protein expression in the
brown adipose tissue compared to Sense group (Fig. 2G). We next investigated whether
ASO treatment may interfere with food ingestion of rats on HFD. ASO treatment reduced
the percent of daily food intake compared to Sense treated rats (Fig. 2H). In accordance
with this result, ASO treatment decreased NPY mRNA expression, which is an orexigenic
neuropeptide and increased oxytocin mRNA expression, which is an anorexigenic
neuropeptide in the CeA of rats on HFD (Fig. 21). We also investigated whether the
reduction of PTP1B expression with ASO treatment was able to improve the anorexigenic
insulin effect. Insulin injection in the CeA of rats on HFD was able to decrease food intake
after 4 and 8 h in rats treated with ASO. In contrast, in the Sense group the anorexigenic

effect of insulin was blunted (Figure 2J).

3.4. Reduction of PTP1B expression in the CeA of DIO rats might interfere glucose

homeostasis

At the end of treatment, ASO group showed reduced fasting blood glucose and serum
insulin levels (Fig. 3 A and B). Despite reduction of adiposity, there was only a tendency
to decrease in serum leptin levels (p=0.1014) after ASO treatment compared to Sense
treatment (Fig. 3C). ASO treatment did not alter serum adiponectin, TNF-a and IL-10 levels
compared to Sense treatment (Fig. 3 D-F). Because fasting blood glucose was lower after
ASO treatment in comparison with Sense group, we performed a pyruvate test, which is
an indirect measure of gluconeogenesis in vivo. We observed a decrease in blood glucose
after intraperitoneal pyruvate injection in the group treated with ASO, suggesting lower
gluconeogenesis compared to Sense group (Fig. 3G). This data was accompanied by

decreased hepatic PEPCK protein levels (Fig. 3H).
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3.5. Reduction of PTP1B expression in the CeA of rats on HFD may has a role

inducing feeding anxiety behavior

To get insight whether the reduction of PTP1B expression in the CeA may interfere in
anxiety behavior, we performed elevated plus maze test in rats on HFD treated with ASO
or Sense oligonucleotides. The results showed that the ASO group spent for more time in
the open arms compared to the Sense group (Fig. 4A). There were no differences in the
number of entries into the open arms between both groups (Fig. 4B). This result suggested
that ASO treatment might promote an anxiolytic behavior. To gain further insight whether
the lower anxiety behavior was associated with food intake in the ASO-treated rats, we
employed a novelty suppressed feeding test on both groups. We observed that ASO group
had enhanced latency to feed in the arena and in the home cage compared to the Sense
group (Fig. 4C and D). That behavior reflected in a lower amount of food consumed by the
ASO group in the home cage (Fig. 4E).

4. DISCUSSION

This study was the pioneer in uncovering the involvement of the protein
phosphatase PTP1B as a negative regulator of the insulin pathway in the CeA of obese
rats. Some studies have shown that in obesity occurs inflammation and ER stress in this
brain region, resulting in insulin resistance and impairing its anorexigenic action [1, 2]. In
this study, we found that diet-induced obese rats show increased PTP1B expression in the
CeA. To date, no study had evaluated the expression of PTP1B in this brain region,
although recently it has been demonstrated that it is expressed in the BLA of animals
subjected to chronic stress [11].

In hypothalamic neurons, PTP1B has been implicated in the regulation of body
weight, adiposity, and peripheral sensitivity to insulin and leptin [12]. Furthermore, when
inhibited in the hypothalamus, promotes browning in white adipose tissue, increases
energy expenditure and prevents the development of diet-induced obesity, glucose
intolerance and hepatic steatosis [13]. However, the role of PTP1B appears to change
according to the cell type. PTP1B deletion in SF1 neurons, that express transcription factor
stereidogenic 1, in the VMH, improves insulin signaling, but decreases energy expenditure,
leading to body weight gain in female mice [14].

Considering this important role of PTP1B in energy metabolism and glucose

homeostasis in the hypothalamus, we evaluated whether increased expression of this
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protein in the amygdala of obese animals would also have a negative regulatory role as
well as insulin, and to understand the main consequent metabolic changes. We use a
knockdown model for PTP1B with antisense oligonucleotide (ASO), which was injected
directly into the CeA of obese rats fed with a high-fat diet.

Animals treated with ASO had reduced expression of PTP1B and increased
phosphorylation in insulin receptor (IR) after insulin stimulation in the CeA. Picardi et al
have observed a significant reduction in PTP1B expression in the hypothalamus of animals
treated with the same oligonucleotide antisense via intracerebroventricular injection,
regardless of the diet that the animal received, although PTP1B expression was higher in
obese animals [3]. The authors also observed a higher IR phosphorylation in the
hypothalamus in these treated animals, showing that PTP1B is not only increased in
obesity but also downregulates the insulin pathway in this brain region.

Impaired of IR phosphorylation and insulin signaling in the CeA of animals fed with
high-fat diet have been demonstrated [2], proving that insulin resistance, resulting from
high consumption of saturated fat, is not restricted to the hypothalamus in the CNS. In
animals treated with ASO, we also observed a reduction of food intake, independent of
insulin stimulation and, consequently, weight loss.

Other studies using knockout or some knockdown animals for PTP1B in the
hypothalamus [3, 12] also observed a reduction in body weight, food intake, and increased
energy expenditure. Boghossian et al, studying the action of insulin in the amygdala on
food intake, found that animals fed high-fat diet lose response to the anorexigenic action
of insulin in this brain region, which is reversed when the high-fat diet is changed again for
chow diet [1]. Thus, we hypothesized that increased expression of PTP1B in the CeA,
resulting from high-fat diet intake, may be physiologically reversed when the diet of obese
rat is exchanged for chow diet, similar to what happens in our study when PTP1B is
reduced with ASO treatment, decreasing food intake in response to insulin.

There are no studies to date that have evaluated the energy expenditure or
thermogenesis in brown adipose tissue (BAT) of animals with some kind of treatment or
genetic manipulation in the CeA. It has been shown that mice lacking PTP1B exhibit
increased energy expenditure without changes in UCP1 mRNA expression in the BAT [15].
PTP1B deletion specifically in SF-1 neurons, however, increases sensitivity to insulin and
leptin, but also reduces energy expenditure and UCP1 mRNA expression in the BAT. The
author’s explanation for this paradox phenomenon is that the increased insulin sensitivity
in this neurons decreases the activation of the sympathetic nervous system. Thus, it seems

that PTP1B action is neuron-specific and depends on the signaling pathway that
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predominates in the region studied. In our study, we observed that reduction of PTP1B
expression in the CeA promotes increased energy expenditure and UCP1 mRNA and
protein expression in the BAT.

This regulation of peripheral metabolism by CNS is not restricted to the changes
observed in energy homeostasis. Our data indicate that PTP1B reduction in the CeA also
modulates glucose homeostasis. Rats treated with ASO presents, at the end of treatment,
reduction of glycemia and serum fasting insulin, and lower protein expression of PEPCK
in the liver. Regulation of peripheral metabolism, including glucose homeostasis, as
feedback to the insulin action in the CNS, has been well elucidated in the literature. In
hypothalamus, insulin action and signaling are essential for modulating insulin
concentration and hepatic glucose production [16]. We still can not be sure if the amygdala
has direct effects on peripheral metabolism or so does through the hypothalamus and
other brain regions. What is well described in the literature is the existence of direct
projections from the amygdala and other regions of autonomic control of the CNS, such
as the hypothalamus, parabrachial nucleus and dorsal motor nucleus of the vagus nerve
[17, 18, 19].

Boghossian et al observed that the insulin in the CeA is able to activate populations
of neurons in different regions of the CNS including VMH, ARC and PVN [1]. Once these
regions are also known as affect the peripheral metabolism, the most reasonable
hypothesis is that the CeA modulates peripheral glucose homeostasis through its effects
on these hypothalamic nucleus. Recently it was demonstrated that the medial nucleus of
amygdala (MAN) contains glucose sensors neurons innervating the VMH [20].

We also observed a reduction of blood glucose of animals with reduced PTP1B in
the CeA. Park York et al [21] overexpressed PKCB in the CeA of rats fed high-fat diet and
observed increased hepatic PEPCK mRNA expression in the liver, associated with a
reduction in AMPK levels, suggesting that amygdala have a regulatory input on the hepatic
metabolism. In our study, we observed that obese mice has increased PTP1B expression,
probably also upregulated by serine kinase PKC8 and, when treated with ASO, we found
reduced PEPCK protein expression in the liver.

The reduction of PTP1B expression in the CeA did not have effects on the
inflammatory response. Although ASO group have lost body weight and fat mass, there
was no significant reduction of the serum cytokines levels produced by macrophages in
the adipose tissue. No studies have evaluated the systemic inflammatory response in

animals that received some treatment in the amygdala. Our hypothesis for this result is
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that the saturated fatty acids of high-fat diet maintain this systemic inflammatory response,
even with the improvement of insulin resistance in the amygdala.

In addition to changes in the peripheral metabolism, we also observed that PTP1B
reduction in the CeA decreases food intake in response to insulin and modulates the
expression of neuropeptides, reducing NPY mRNA expression and increasing oxytocin
MRNA expression. Food intake regulation and energy homeostasis by NPY in the CNS,
particularly in the hypothalamus, it is well established in the literature [22]. New studies
have shown a positive relationship between NPY and stress and anxiety behaviors, which
is due, in particular, to the presence of receptors Y1, especially in amygdala neurons [23].
Castro et al [2] also found NPY mRNA expression in the CeA, which was modulated by
insulin and inhibition of ER stress in obese animals, concomitant with an improved insulin
sensitivity in this region.

Oxytocin is a peptide synthesized in peripheral tissues and the CNS, primarily in
neurons of PVN and supraoptic nucleus of hypothalamus [24, 25]. It has an important
effect on the energy homeostasis, modulating body weight [26, 27] reducing food intake
and increasing thermogenesis by mobilizing energy reserves [28]. Central or peripheral
administration of exogenous oxytocin affects glucose metabolism, enhancing insulin
sensitivity in DIO rats [24]. Therefore, increase in oxytocin levels in the amygdala of
animals with reduced PTP1B can be an explanatory element for the reduced food intake
and increased energy expenditure in these animals.

High availability of oxytocin in the CNS has an anxiolytic role, reducing not only
anxiety behaviors, but also fear and social phobia [29]. Some studies have reported the
influence of this change in feeding anxiety behavior and food preferences, which are
mainly mediated by CeA, rich in oxytocin receptors [26, 30].

Castro et al [2] observed that insulin stimulation in the CeA increases oxytocin
MRNA expression via PI3K in control rats. When ER stress was inhibited in the CeA of
obese rats the authors observed similar results. In this way, we believe that increases in
oxytocin mMRNA expression in the CeA of obese animals after reduction of PTP1B is
directly related to the improved insulin sensitivity in this brain region. Together, these
results suggest that food intake reduction in insulin response in ASO rats was mediated,
at least in part, by decreasing of NPY and increasing of oxytocin.

It has been shown that higher PTP1B expression in the BLA is directly related to
induced anxiety behavior by stress, while PTP1B reduction in this region reflects anxiolytic
behavior, which was evaluated by elevated plus maze (EPM) [11]. However, these authors

evaluated the role of PTP1B in endocannabinoid signaling and not on insulin signaling
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and/or energy metabolism. In according to the data published by them, PTP1B
dephosphorylates the metabotropic glutamate receptor 5 (mGIuR5), impairing
endocannabinoids production downstream. This signal, when impaired, produces a variety
of effects on behavior that mirror those produced by exposure to stress, such as increased
activation of the hypothalamic-pituitary-adrenal axis (HPA), anxiety and impaired extinction
of fear. In our study, the experiment conducted in the EPM showed that animals with
reduced expression of PTP1B in the CeA presented attenuation of anxiety behavior.

In contrast, in the NSF test, 16h fasted rats of ASO group presents longer latency
to approach of the known food in the open field arena compared to Sense group in the
same conditions. Longer latencies to approach and eat indicate higher levels of anxiety-
like behavior [11]. However, we believe that this lower latency to eat observed in the Sense
group was due to increase feeding-like anxiety in these obese rats, different from what
happens with ASO group, that prioritized to analyze the unknown place instead of eating,
even though several hours of fasting. In the home cage ASO group also presents longer
latency to eat, and how already was expected, they ate less than Sense group. Thus, we
concluded with these behavioral tests that PTP1B reduction in the CeA not only reduced
hunger through improving the anorexigenic action of insulin, but also reduced feeding-like
anxiety, even in prolonged fasting periods.

Altered emotional states such as anxiety and depression are commonly observed
in obese individuals and are directly related to changes in feeding behavior, especially in
food choices. These negative emotions increase preference for comfort foods, rich in sugar
and fat [31]. Hence, unveil the molecular mechanisms that are behind the feeding behavior
in CNS regions participating in the reward system, enables to develop new therapeutic
approaches, not only effective in reducing hunger, but also in mitigating negative

behavioral changes and metabolic complications characteristics of obesity.

5. CONCLUSION

Together, our data indicate that, in obesity, PTP1B is increased in the CeA, interfering in
the insulin action and signaling in this region. When PTP1B is reduced, we observe
improved in the insulin sensitivity in the amygdala, resulting in reduced body weight and
food intake, increased energy expenditure, improving peripheral glucose homeostasis and
reduction of anxiety behavior. In addition, PTP1B reduction in the CeA modulates

orexigenic and anorexigenic neuropeptide expression involved in food intake and changes



39

in feeding behavior and peripheral metabolic homeostasis. This study highlights the
important role that this extra hypothalamic region has on the regulation of appetite and
energy homeostasis, thereby contributing to the development of new therapies for the
treatment of obesity and type 2 diabetes.
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FIGURE LEGENDS

Figure 1 - PTP1B is increased in the CeA of rats on HFD and its reduction improves
insulin signaling. (A) Body weight gain during 8 weeks of diet; (B) Insulin tolerance test
after of diet period; (C) Ptpnl mRNA expression and protein expression of PTP1B in the
CeA of Chow and HFD groups; (D) Ptpnl mRNA expression and protein expression of
PTP1B in the CeA of Sense and ASO groups; (E) PTP1B/IR association in the CeA of
Sense and ASO groups; (F) IR phosphorylation in the CeA of Sense and ASO groups. (G)
AKT phosphorylation in the CeA of Sense and ASO groups. Data are expressed as mean
+ SEM of 20 rats/group. To perform immunoblotting (IB) of CeA we use a pool of 5 rats
per sample and 4 samples per group. For RT-gPCR we use a pool of 10 rats per sample
and three samples per group. To perform immunoprecipitation (IP) of CeA we use 5
samples, one sample per animal. One-tailed t-test and One-way ANOVA. *P<0.05 vs.

other groups; **P<0.01 vs. Chow group.

Figure 2 - Reduction of PTP1B expression in the CeA of rats on HFD reduces body
weight and improves energy homeostasis and anorexigenc insulin action. (A) Body
weight evaluation during treatment with oligonucleotide; (B) fat mass and (C) lean mass
after treatment with oligonucleotide by densitometric scanning; (D) O2 consumption (E)
CO2 production; (F) Respiratory exchange ratio; (G) UCP1 mRNA expression and protein
expression of UCP1 in the BAT,; (H) 24h food intake during the treatment with
oligonucleotide; (I) NPY and Oxytocin mRNA expression in the CeA of ASO and Sense
rats; (J) Food intake in response to saline/insulin stimulation in Sense and DIO groups
after 6h fasted. Data expressed as mean + SEM of 10 rats per group (n = 10). To perform
indirect calorimetry we used 10 rats/group. For immunoblotting (IB) and RT-qPCR of BAT
we used 10 samples (n = 10) per group. For evaluate food intake we used 10 rats/group.
To perform RT- gPCR in the CeA we use a pool of 10 rats per sample and three samples
(n = 2). One tailed t-test and One-way ANOVA. *P<0.05.

Figure 3 - Reduction of PTP1B expression in the CeA of rats on HFD might interfere
on glucose homeostasis. (A) Fasting glucose (B) Serum fasting insulin (C) Leptin (D)
Adiponectin (E) TNF-a and (F) IL-10 levels of rats treated with ASO or Sense. (G) Blood

glucose levels after injection of sodium pyruvate 1 g/kg i.p. (H) PEPCK protein expression
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in the liver. Data are expressed as mean £ SEM. We used 20 rats per group (n = 20). To
perform immunoblotting (IB) of liver we used 10 rats/group. For pyruvate test we used 5

rats/group. One-tailed t-test. *P<0,05.

Figure 4 - Reduction of PTP1B expression in the CeA of rats on HFD decreased
feeding anxiety behavior. (A) Time and number of entries in open arms of EPM. (B)
Latency to eat in open field arena and in home cage and food intake in home cage. Data

are expressed as mean = SEM. We used 10 rat/group. One-tailed t-test. *P<0,05.



<5
(=1
S

600

Body weight (g)
n
(=]
o

HFD

400 P‘ﬁj_i_f:
Chow

—

*

8 9 10 11 12 13 14 15 16

Time (weeks of age)

IB: PTP1B
CeA 1B:B-actin
151 Ptpn1 15
o) ]
)] c
< g 1.0 510
Z< P
3= =
o =
© 0.51 * 805
53 <
0.0- 0.0
Sense  ASO
HFD
CeA
IB: AKT [ s — |
1.5 7 *
—
2 *
Sq0{ F—
S1.
ey
[
£05-
<
0.0-
insulin (CeA): - + - +
Sense ASO
_

HFD

Figure 1
CeA
B C CeA B: PTPB[== == == =]
Ptpn1 IB: f-actin[ W . . =
— 3 1.09 *
3150 -
= ) * 9 0.8
E E’z 'g
- L ® <] 0.6
g 100 25 >
[o} o ©
g EZ £ 041
B 50 M £
° = < 0.2
(]
[e] *
m +—— 0 ‘ ; 0.0 : ;
5 10 15 20 25 30 Chow  HFD Chow  HFD
Time (min)
CeA
CeA CeA F eer—— — —]
[ vo = ] IP:IR 1B: PTP1E M W W5 | IB: IR [ s s |
= == == =] IB: IR [ S —— |
—_— 250 T 2.0 —_
0 i)
297 1 E 15 *
215 ;
> 151 —
* g * £ 1.0
Z 109 2
I < 0.5
< 054
0.0 - 0.0-
Sense  ASO Sense  ASO insulin (CeA; -  + - +
HFD HFD Sense ASO
HFD



46

Figure 2
= 105 - 3007
.-5’ 250 -
o _ T -
3 100 Sense S 2007 . C
o \x‘w P @ 2004
= 0 1504
£ 95 g €
5] £ i c
o ASO = 100 8 100+
& 904 — - —
| 501
=R
85 T T T T T T T 0 T 0 T
1 2 3 4 5 6 7 Sense ASO Sense ASO
: i [ ye—
Time (days of treatment) HFD HFD
CJSense
D _ (Sense E - [Sense F - EmASO
20 20 1.0
. ASO * mASO * *
— —
c ! i 0.8+
S 157 s _ 157 p=0.0952
ac B.E A 0.6
5E0d 3E€ 101 i
22 o2 @,
82 a3 :
N J S g
O 5 O 5 0.2
0 0 0.0
Dark Light Dark Light Dark Light
HFD HFD HFD
BAT
G BAT 5. UcP1 [ = e H
UCP1 IB: oi-tubulin [ === — — |
2.0 2.0 ~
* o 10
* o
E 2] AT
o = £
% % % ‘8 64
S5 1.04 T 2 1.0 Re]
Eo £ T = 47
5 2 s ASO
L 054 < 054 e 2-
° I " |
0.0 T 0.0 T 0 T T T T T T
Sense ASO Sense  ASO 1. 2 3 4 5 (IS
HFD HFD Time (days of treatment)
| CeA J
Oxytocin
*
200 - NPY —
- 0.0417
150 - ISense
100 -+ * = == ASO
—~12T S
o e | o S 0.03
< g ®e
Z £ 094 = s
xo = 2> .02
Eo - '8 -
S 0.6 - g3
= "2 0011
0.3 1 R
0.0 T T 000'
Sense ASO Sense ASO insulin (CeA): - + - + - 4+ - 4+ - + - 4+
HFD 4h 8h 12h




47

<
[y -~
1 o
Q. .
g g
T
© © - o~ )
(wyBu) uonenusazuo)
™ *
[0 =
5 3
U [
2o j
® @ < o 9
o o o o o
(qwyBu) uoneyusouo)
*
—L
838828 e

(p/Bw) asoon|9
< pooig Bunses

ASO

Sense

ASO

Sense

ASO

Sense

HFD

HFD

HFD

o
2]
P
o
)
= 3
H o
w
3 g ] o
(TwyBd) uonenuaouon
L.
o}
w
3 <
L
= b
H 5
w
& 3 g & e
(qw/6d) uonenussuo)
o)
(0]
o
Q
= @
2 H S
w
S 2 2 o o

(qwyBr) uonenuasuoy

(@]

HFD

HFD

HFD

Liver

c
S
@
T
a
g

IB: PEPCK

Pyruvate test

r
<
o

— T 1
w9 ®

—

- o
sjun AsedygJ

Sense
ASO

T
o
wn
-

- T
o
w

004

o

A._Emeumwoo:_m poo|g

ASO

Sense

HFD

Time (min)



48

Figure 4
Elevated Plus Maze B Novelty Suppressed Feeding
Arena Home cage Home cage
— 40 5251 - - _
= s 800 250 . 2.0
- 2 5 * —
£ 30- * E 6001 2007 2151
S B z z 2 I
5 g_ 151 - - 150 @
g 20- 5 T S 400- G E 1.0
e T 5 107 2 21007 4 B
© 10- » 300 S 8 ol *
g 2 54 50 '
i: c
- gl 0 g 0.0 -
Sense ASO Sense ASO Sense ASO Sense ASO Sense ASO
— — — L — —

HFD HFD HFD HFD HFD



49

DISCUSSAO

O aumento da obesidade e de suas comorbidades associadas em escala mundial
vem exigindo da ciéncia cada vez mais estudos que visem encontrar terapéuticas eficazes
para tratar, ou minimamente, prevenir essas doencas de grande impacto para a saude

publica.

O hipotalamo, que foi por muitos anos protagonista do controle da ingestao
alimentar e da homeostase energética, possibilitou um melhor e mais detalhado
entendimento dos mecanismos regulatorios do apetite e de suas principais alteracdes nas
doencas, como na obesidade. Estudos mais recentes vém buscando transpor esse
conhecimento para outras areas do SNC envolvidas com a regulagdo do apetite, e que
apresentam conexdes, ndo apenas com o hipotalamo, mas com todo o circuito cerebral
envolvido no controle energético (Berthoud 2007; Cazettes et al. 2011). Nesse sentido, o
presente estudo foi pioneiro em desvendar o envolvimento da proteina fosfatase PTP1B
como regulador negativo da via da insulina no nucleo central da amigdala (CeA) de ratos

obesos.

Alguns estudos na literatura ja demonstraram que na obesidade ocorre inflamacéo
e estresse do reticulo endoplasmatico no CeA, culminando em resisténcia a insulina
nessa regiao encefélica, com prejuizo da sua acédo anorexigénica (Boghossian et al. 2009;
Castro et al. 2013). Essa inflamacao tem como uma de suas caracteristicas 0 aumento de
TNF-a e, consequentemente, a maior ativacao de NFkB, que, por sua vez, estdo
diretamente relacionadas com uma maior expressdo de PTP1B (Zabolotny et al. 2008;
Picardi et al. 2010; Ito et al, 2012; Gouranton et al. 2014). O estresse do reticulo
endoplasmatico também tem sido correlacionado positivamente com a expressao dessa
proteina fosfatase (Gu et al. 2004; Popov, 2012; Panzhinskiy et al. 2013). Em nosso
estudo, verificamos que animais com obesidade induzida por dieta hiperlipidica
apresentam aumento da expressado de PTP1B no CeA. Até o momento, nenhum estudo
tinha avaliado a expresséo dessa fosfatase nessa regido cerebral, embora, recentemente,
jatenha sido demonstrado que ela esta expressa no nucleo basolateral da amigdala (BLA)

de animais submetidos a estresse cronico (Qin et al. 2015).

Em neurbnios hipotalamicos a expressdo de PTP1B tem sido implicada na
regulagdo do peso corporal, da adiposidade, e da sensibilidade periférica & insulina e

leptina (Bence et al, 2006). Além disso, quando inibida no hipotalamo, promove browning
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do tecido adiposo branco, aumenta 0 gasto energético e previne o desenvolvimento de
obesidade induzida por dieta, de intolerancia a glicose e de esteatose hepatica (Zhang et
al. 2015). No entanto, o papel da PTP1B parece variar de acordo com o tipo celular. A
delecdo de PTP1B em neurbnios SF1, que expressam o fator de transcricao
estereidogénico 1, no nucleo ventromedial do hipotalamo, melhora a sinalizacdo da
insulina, mas diminui 0 gasto energético, promovendo ganho de peso corporal em

camundongos fémeas (Chiappini et al. 2014).

Considerando esse importante papel da PTP1B no hipotalamo sobre o
metabolismo energético e a homeostase glicémica, avaliamos se a maior expressao
dessa proteina no CeA de animais obesos também teria um papel de regulacdo negativa
na via da insulina e quais seriam as principais alteracdes metabdlicas consequentes. Para
isso, utilizamos um modelo de knockdown para PTP1B com oligonucleotideo antisense,
que foi injetado diretamente no CeA de animais com obesidade induzida por dieta

hiperlipidica.

Os animais tratados com oligonuceotideo antisense apresentaram reducao da
expressao da PTP1B e maior fosforilagdo do receptor de insulina (IR) apés estimulo com
insulina no CeA. Picardi et al (2008) ja haviam observado reducado significativa da
expressdo de PTP1B no hipotdlamo de animais tratados com o mesmo oligonucleotideo
antisense via injecéo intracerebroventricular, independente da dieta que o animal recebia
(padrao ou hiperlipidica), muito embora a expressdo de PTP1B estivesse elevada nos
animais obesos. Os autores também observaram maior fosforilagdo do IR no hipotalamo
desses animais tratados, mostrando que essa proteina fosfatase ndo sé estd aumentada

na obesidade como também regula negativamente a via da insulina nessa regiao cerebral.

Castro et al (2013) ao avaliarem a sinalizagdo de insulina no CeA de animais
alimentados com dieta hiperlipidica, observaram menor fosforilagdo do IR, comprovando
gue a resisténcia a insulina, consequente do alto consumo de gordura saturada, ndo se
restringe apenas ao hipotalamo no SNC. Nos animais tratados com oligonucleotideo
antisense também observamos reducéo da ingestao alimentar, independente de estimulo

com insulina e, consequentemente, perda de peso corporal.

Outros estudos que utilizaram animais knockout ou algum knockdown para PTP1B
no hipotalamo (Bence et al. 2006; Picardi et al. 2008) também observaram reducédo de
peso corporal, da ingestao alimentar, além do aumento do gasto energético. Boghossian
et al (2009), ao estudarem a agao da insulina na amigdala sobre a ingestao alimentar,

verificaram que animais alimentados com dieta hiperlipidica perdem a resposta a acdo
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anorexigénica da insulina nessa regido cerebral, o que é revertido quando a dieta
hiperlipidica é trocada novamente por dieta padrdo. Dessa forma, esse aumento da
expressao da PTP1B, consequente da ingestéo de dieta hiperlipidica no CeA, talvez seja
fisiologicamente revertido quando a dieta do animal obeso € trocada por dieta padréo,
semelhante ao que ocorre quando a PTP1B é inibida com oligonucleotideo antisense,
diminuindo a ingestédo alimentar em resposta a acdo enddgena e ao estimulo exégeno

com insulina.

Ndo h& estudos na literatura, at¢é o momento, que tenham avaliado o gasto
energético ou o tecido adiposo marrom (TAM) de animais com algum tipo de tratamento
ou manipulagcédo genética no CeA. Ja foi demonstrado que camundongos deficientes em
PTP1B apresentam aumento do gasto energético sem alteracdes na expressao génica de
UCP1 no TAM (Klaman et al. 2000). A delecdo de PTP1B especificamente nos neurénios
SF-1, no entanto, aumenta a sensibilidade a leptina e insulina, mas reduz o gasto
energético e a expressdao de UCP1 no TAM. A explicacdo dos autores para esse
fenbmeno paradoxo € que a maior sensibilidade a insulina neste neurdnio diminui a
ativacdo do sistema nervoso simpatico. Portanto, parece que a acdo da PTP1B é
neurdnio-especifica e depende da via de sinalizacdo que predomina na regiao estudada.
Em nosso estudo observamos que, no CeA, a reducao da expressao de PTP1B promove

0 aumento do gasto energético e da expressdo de UCP1 no TAM.

Essa regulacdo do metabolismo periférico pelo SNC néo se restringe apenas as
alteracdes observadas na homeostase energética; nossos dados apontam que a reducao
da PTP1B no CeA também modula a homeostase glicémica. Os animais tratados com
oligonucleotideo antisense apresentam, ao final do tratamento, reducédo da glicemia e da
insulina sérica de jejum, e menor expressao da enzima PEPCK no figado. A regulacdo do
metabolismo periférico, incluindo a homeostase glicémica, como feedback a acdo da
insulina no SNC, ja € bem elucidada pela literatura. No hipotalamo, a agéo e sinalizagédo
da insulina é essencial para modular a concentracéo de insulina circulante e a producao
hepatica de glicose (Obici et al. 2002). Ainda ndo se pode afirmar com certeza se a
amigdala apresenta efeitos diretos no metabolismo periférico ou também o faz atravées do
hipotalamo ou de outras regides cerebrais. O que ja esta bem descrito na literatura é a
existéncia de projecdes diretas entre a amigdala e outras regides de controle autonémico
do SNC, como hipotalamo, nucleo parabraquial e nicleo motor dorsal do nervo vago
(LeDoux, 2000; Petrovich et al. 2001; Aizawa et al. 2004;).
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Boghossian et al (2009) observaram que a insulina no CeA é capaz de ativar
populacdes de neurdnios em diferentes regibes do SNC, incluindo os nucleos
hipotalamicos VMH, ARC e PVN. Uma vez que estas regides também sdo conhecidas por
afetar o metabolismo periférico, a hipétese mais sensata € de que o CeA module a
homeostase glicémica periférica através dos seus efeitos sobre estes nudcleos
hipotalamicos. Recentemente foi demonstrado que o ndcleo medial da amigdala (MAN)
contém neurdnios sensores de glicose que inervam o VMH (Zhou et al. 2010).

Ndo podemos descartar também o efeito da perda de peso sobre a reducdo da
glicemia dos animais com reducdo da PTP1B no CeA. Park-York et al (2013) ao
superexpressarem PKCB no CeA de ratos alimentados com dieta hiperlipidica observaram
aumento da expressao génica de PEPCK hepética, associada a uma reducéo dos niveis
de pAMPK, sugerindo que a amigdala tenha um input regulatério sobre o metabolismo
hepatico. Em nosso estudo, observamos que animais obesos apresentam aumento da
expressao de PTP1B, provavelmente também regulada positivamente pela serina quinase
PKCB e, quando tratados com oligonucleotideo antisense, verificamos reducédo da

expressao de PEPCK no figado.

Além das alteragcbes no metabolismo periférico, também observamos que a
reducdo da PTP1B no CeA diminui a ingestédo alimentar em resposta a insulina e modula
a expressao de neuropeptideos, diminuindo a expressao génica de NPY e aumentando a

de oxitocina.

A regulacédo da ingestéo alimentar e da homeostase energética pelo NPY no SNC,
em especial no hipotdlamo, ja estd bem estabelecida na literatura (Loh et al. 2015). No
entanto, novos estudos vém mostrando a relacdo positiva do NPY com comportamento
de estresse e ansiedade, o que se deve, particularmente, a presenca de receptores Y1,
especialmente em neurbnios da amigdala (Reichmann e Holzer, 2015). Castro et al.
(2013) também verificaram expressdo de NPY no CeA, que foi modulada pelo estimulo
com insulina e pela inibicdo do estresse do reticulo endoplasmético em animais obesos,

concomitante a melhora da sensibilidade a insulina nessa regiao.

A oxitocina € um peptideo sintetizado por tecidos periféricos e pelo SNC,
principalmente em neurénios do nucleo PVN e supradptico do hipotalamo (Deblon et al.
2011; Acevedo-Rodriguez et al. 2015). Apresenta importante efeito sobre a homeostase
energética, modulando o peso corporal (Olszewski et al. 2010; Blevins e Ho, 2013),
reduzindo a ingestao alimentar e aumentando a termogénese através da mobilizacédo de

reservas energéticas (Chaves et al. 2013). A administracdo central ou periférica de
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oxitocina exogena afeta o metabolismo de glicose, melhorando a sensibilidade & insulina
em ratos com obesidade induzida por dieta hiperlipidica (Deblon et al. 2011). Portanto, o
aumento dos niveis de oxitocina na amigdala dos animais com reducdo da PTP1B pode
ser um elemento explicativo para a reducao da ingestdo e aumento do gasto energético

desses animais.

Grande disponibilidade de oxitocina no SNC tem um papel ansiolitico, reduzindo
nao apenas comportamentos relacionados a ansiedade, mas também o medo e a fobia
social (Neumann e Slattery, 2016). Alguns estudos vém reportando a influéncia dessa
alteracdo do comportamento de ansiedade sobre o comportamento alimentar e as
preferéncias alimentares, que sdo mediados principalmente pelo CeA, muito rico em

receptores de oxitocina (Olszewski et al. 2010; L&szl6 et al. 2016).

Castro et al (2013) observaram que o estimulo com insulina no CeA aumenta a
expressao génica de oxitocina via PI3K em ratos controles. Ao inibir o estresse de reticulo
no CeA de ratos obesos os autores observaram resultado semelhante. Dessa forma,
acreditamos que a maior expressdo de oxitocina no CeA de animais obesos, apds a
reducdo da PTP1B, esteja diretamente relacionada com a melhora da sensibilidade a
insulina nessa regido cerebral. Juntos, estes resultados sugerem que a reducao da
ingestdo alimentar em resposta a insulina nos animais tratados com oligonucleotideo
antisense foi mediada, pelo menos em parte, pela diminuicdo de NPY e aumento de

oxitocina.

Ja foi demonstrado que a maior expressdo de PTP1B no nucleo basolateral da
amigdala (BLA) esta diretamente relacionada ao comportamento de ansiedade induzida
por estresse, ao passo que a reducédo da PTP1B nessa regido reflete em comportamento
ansiolitico, o que foi avaliado por teste labirinto em cruz elevado (LCE) (Qin et al. 2015).
Contudo, esses autores avaliaram o papel da PTP1B sobre a sinalizacdo de
endocanabindides e ndo sobre a sinaliza¢do da insulina e/ou metabolismo energético. De
acordo com os dados por eles apresentados, a PTP1B desfosforila o receptor de
glutamato metabotropico 5 (mMGIuUR5), prejudicando a producdo de endocanabindides
downstream. Essa sinalizacdo, quando prejudicada, produz uma variedade de efeitos
neurocomportamentais que espelham aqueles produzidos pela exposi¢cdo ao estresse,
tais como aumento da ativagcdo do eixo hipotalamo-pituitaria-adrenal (HPA), niveis
elevados de ansiedade, alteracdo do comportamento de enfrentamento do estresse, e
prejuizo na extingao do medo. Em nosso estudo, o experimento realizado no LCE mostrou

que os animais com reducéo da expressédo da PTP1B no CeA apresentaram atenuacgao
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do comportamento de ansiedade. Esse resultado est4 condizente com a literatura,
sugerindo que a PTP1B na amigdala tenha relagdo direta com o comportamento de

ansiedade.

Estados emocionais alterados, como ansiedade e depressdo, sdo comumente
observados em individuos obesos e estdo diretamente relacionadas com mudancas no
comportamento alimentar, especialmente nas escolhas alimentares. Essas emocdes
negativas aumentam a preferéncia do individuo por comfort foods, ricos em acucares e
gorduras (de Oliveira et al. 2015). Por isso, desvendar os mecanismos moleculares que
estdo por trds do comportamento alimentar, em regides do SNC que participam do
sistema de recompensa, possibilita desenvolver novas abordagens terapéuticas que
sejam eficazes ndo apenas em diminuir a fome, mas também em atenuar as alteracdes

comportamentais negativas e complicacdes metabdlicas caracteristicas da obesidade.
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CONCLUSAO

Em conjunto, nossos dados apontam que na obesidade a PTP1B esta aumentada
no CeA, interferindo na acao e sinalizacao da insulina nessa regido. Quando a expresséo
dessa fosfatase foi reduzida observamos melhora da sensibilidade a insulina na amigdala,
e melhora da sua acao e sinalizagéo, resultando em reducdo do peso corporal e da
ingestao alimentar, aumento do gasto energético, melhora da homeostase glicémica
periférica, bem como reducdo do comportamento de ansiedade. Além disso, a reducéo
de PTP1B no CeA alterou a expressao de neuropeptideos orexigénicos e anorexigénicos
envolvidos com a ingestdo alimentar e com alteracdes metabolicas periféricas e
comportamentais. Esse estudo reforca o importante papel que essas regifes extra-
hipotalamicas tém sobre a regulacdo da homeostase energética e do apetite, contribuindo,
dessa forma, para o desenvolvimento de novas terapéuticas para o tratamento da

obesidade e do diabetes mellitus tipo 2.
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Inhibition of PTP1b in the amygdala reduces food
intake, body weight and modulates glycemic
homeostasis in obese rats
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Background

The control of food intake depends, in part, of the action
and signaling of hormones, such as insulin in hypothala-
mic neurcns. In obesity, inflammatory cytokines activate
protein phosphatases, such as protein tyrosine phospha-
tase 1B (PTP1E). FTP1B interacts with the insulin recep-
tor (IR) and the insulin receptor substrate (IRS1),
inhibiting them in hypothalamus. Other brain regions,
that are part of the dopaminergic reward system, such as
the amygdala, participate of the control of energy balance
in parallel to the hypothalamus. Insulin exerts its anorexi-
genic effect also through the amygdala and, in obesity, this
effect is abolished. However, it is not known whether
PTP1B is expressed and participates of the regulation of
insulin signaling in amygdala

Aim

To investigate whether FTP1B expression is increased in
the amygdala of diet induced obese (DIQ) rats and
whether the inhibition of PTP1B has any effect on
energy metabolism or on insulin signaling, or action in
the central nucleus of the amygdala (CeA) in DIO rats,

Materials and methods

Male Wistar rats with 8 weeks old were divided into two
groups: Chow (n=25) fed with standard rodent chow, and
DICY (n=25), that received high fat diet, both for more 8
weeks. To assess PTPIB protein expression, 5 animals
from each group were anaesthetized and, then, per-
formed the dissection of the CeA. The other 20 animals
were underwent to stereotactic surgery for implantation
of the cannula in CeA . After recovery, the animals were

* Conme=pondence: natdiamende Sagmaloom
L sickacte Futsciual de Carmpinas, Somcae, Brac

treated with sense and antisense oligonuclectide (ASQ)
for 7 days, to inhibit the expression of PTP1B in CeA,
giving rise to the subgroups: Chow+Sense, Chow+A S0,
DIO+Sense e DIO+ASQ. During treatment, the para-
meters evalated were blood glucose and body weight. At
the end of treatment was conducted the euthanasia of
animals for extraction of Ced.

Results

Animals fed high fat diet had greater body weight gain,
insulin resistance and increased PTP1E expression and
activation in CeA compared to Chow group. When treated
with ASQ), DIO animals showed reduced expression of
PTPLB in CeA, loss of body weight and food intake, and
decrease in blood ghcose levels, reaching values similar to
those presented by the animals of the Chow goup.

Conclusion

These data suggest that the inhibition of PTP1B in the
amygdala improved glucose homeostasis and reduced
food intake and body weight in obese rats.
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