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Resumo

O hipotalamo mediobasal é conhecido como o local primario que coordena o
balanco entre a ingestdo alimentar e o gasto energético. Nesse contexto, dietas
com alto conteudo de &cidos graxos saturados sao apontadas como fatores
dietéticos importantes responsaveis pelo desenvolvimento da obesidade. Dados
recentes demonstraram que a autofagia, um processo que regula a homeostase
celular por degradar organelas e proteinas disfuncionais, é crucial para a
manutencao da funcionalidade de neurénios hipotalamicos AgRP e POMC, que por
sua vez, sdo responsaveis por coordenar o balangco energético corporal. Nesse
trabalho, avaliamos a distribuicdo e o conteudo de proteinas da maquinaria da
autofagia em um modelo animal de obesidade induzida por dieta hiperlipidica com 8
ou 16 semanas de dieta e também em resposta a injegcdes intracerebroventriculares
de &acido graxo estearico. Demonstramos que a exposicdo crdonica a dieta
hiperlipidica levou ao aumento da expressdo de marcadores inflamatérios e
diminuicdo de autofagia. Além disso, o tratamento intracerebroventricular com acido
estearico parece ser capaz de diminuir a autofagia em hipotalamo, sugerindo que
acidos graxos saturados podem ser 0s responsaveis pela diminuicdo da autofagia
encontrada nos animais obesos. Por fim, a indugdo de autofagia em animais
obesos com rapamicina foi capaz de melhorar a homeostase da glicose e reverter
parametros inflamatérios e metabdlicos, sem alterar o peso e a ingestdo alimentar
dos animais. Entender os mecanismos celulares e moleculares destes processos é
crucial para identificar novos alvos terapéuticos para a obesidade.
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Abstract

The mediobasal hypothalamus is known as the primary site which coordinates the
balance between food ingestion and energy expenditure. In this context, diets with high
content of saturated fatty acids are pointed as the main diet factor responsible for the
development of obesity. Recent data have shown that autophagy, a process which
regulates cellular homeostasis by degrading dysfunctional proteins and organelles, is
crucial to maintain the functionality of hypothalamic AgRP and POMC neurons, which in
turn are responsible for coordinate body energy homeostasis. In this study we evaluated
the hypothalamic distribution and content of autophagy’s machinery proteins in an
animal model of diet-induced obesity at 8 or 16 weeks of high-fat diet and in response to
intracerebroventricular injections of a saturated fatty acid. We demonstrate that chronic
exposure to a high-fat diet can lead to an increased expression of inflammatory markers
and downregulation of autophagy. Also, intracerebroventricular treatment with stearic
acid appears to contribute to the decrease of hypothalamic autophagy, suggesting that
saturated fatty acids can contribute to the downregulation of autophagy found in obese
mice. Finally, induction of autophagy in obese mice with rapamycin was able to
improved glucose homeostasis and reverse inflammatory and apoptosis markers, the
main mechanisms involving dysregulation of energy balance related to hypothalamic
neurons, while no weight loss was observed during the treatment. Understanding the
cellular and molecular mechanisms of these processes is crucial for identifying new

therapeutic targets for obesity.
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Introducao

1.1 A obesidade e o controle fisiolégico da fome

A prevaléncia da obesidade aumentou dramaticamente nos ultimos anos, sendo
que, no mundo, mais de 1,4 bilhdo de pessoas adultas estdo com sobrepeso e cerca
de 500 milhdes sao obesas (WHO, 2013). No Brasil, de acordo com a Pesquisa de
Orcamentos Familiares (2008-2009), a prevaléncia de excesso de peso é de 49% e de
obesidade 14,8%. Tais estatisticas sao alarmantes, visto que essa doenca esta
associada com diversas alteracoes metabdlicas e risco aumentado de desenvolvimento
de hipertensdo arterial, resisténcia a insulina, doengas cardiovasculares, acidentes
vasculares cerebrais e até mesmo alguns tipos de cancer (WHO, 2013).

Indubitavelmente, a manutencdo do peso corporal depende do balango entre a
ingestao calérica e o gasto de energia, sendo que, no hipotdlamo, estdo localizados
neurdnios responsaveis pela producdo de neurotransmissores relacionados com o
controle da fome e da termogénese. Nesse sistema, os horménios leptina e insulina
agem como sinalizadores dos estoques energéticos corporais para 0s neurdnios

hipotalamicos (Velloso et al., 2008; Velloso et al., 2009).

No nudcleo arqueado hipotalamico estdo presentes neurdnios, denominados de
primeira ordem, que sao responsivos aos sinais periféricos que trazem informacéao
acerca do estoque energético e que dessa forma, coordenam outros neurbnios
responsaveis por promoverem efeitos orexigénicos ou anorexigénicos. Tais neurdnios
de primeira ordem possuem diversos receptores para hormonios, dentre eles o receptor
da insulina (IR) e o receptor de leptina (ObR). A ligagcdo desses hormdnios aos seus
receptores controla a atividade desses neurbnios hipotalamicos. Essa populagéao
neuronal pode ser dividida em dois subgrupos: o primeiro, possui neurGnios que
produzem peptideos orexigénicos, o neuropeptideo Y (NPY) e a proteina relacionada
ao Agouti (AgRP); a segunda subpopulacdo produz neurotransmissores
anorexigénicos, o transcrito regulado por cocaina e anfetamina (CART) e a
proopiomelanocortina (POMC), que é clivado em horménio estimulador dos
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melanécitos a (a-MSH) e que por sua vez, age nos receptores 3 e 4 da melanocortina

(MC3R e MC4R) presentes em outras regides hipotalamicas.

Ambas populacdes neuronais possuem proje¢des axonais para demais nucleos
hipotalamicos, como por exemplo o hipotdlamo lateral e o paraventricular. No
hipotalamo lateral estdo presentes neurdnios que produzem orexina e horménio
concentrador de melanina (MCH), ambos com atividade orexigénica. Ja os neurdnios
do hipotalamo paraventricular, produzem horménio liberador de corticotrofina (CRH) e o
horménio liberador de tireotrofina (TRH), com atividade anorexigénica e proé-
termogénica (Velloso et al., 2009).

Dessa forma, em uma situacdo em que a oferta de nutrientes esta diminuida e a
concentracao de insulina plasmatica esta baixa, como no jejum, ocorre indugdo de
expressdao de NPY e AgRP e inibicao de POMC e CART. Com isso h& estimulo da
atividade de neurdnios produtores de orexina e MCH. Em contrapartida, em uma
situacdao em que ha oferta de nutrientes e aumento de insulina circulante, como no
periodo pos-prandial, ocorre o estimulo de neur6nios produtores de POMC e CART e
consequente ativagdo de neurdnios do hipotadlamo paraventricular, estimulando a
expressdao de TRH e CRH. Dessa forma, o hipotdlamo controla de forma fisiolégica o
balanco energético corporal, por controlar estimulos que coordenam a ingestao
alimentar e o gasto energético corporal (Velloso et al., 2009).

1.2 O consumo de dieta hiperlipidica e a inflamacao

Com o avancgo tecnolégico houve mudangas importantes no estilo de vida da
populacdo mundial. Agregado a isso, esta a transicao nutricional, na qual grande parte
dos individuos aumentaram o consumo de alimentos altamente palataveis e de alta
densidade energética. Tal fato, associado a menor demanda de atividade fisica, é
apontado como um importante fator para o aumento abrupto da prevaléncia da
obesidade ocorrido nas ultimas décadas (Kopelman, 2000; Swinburn et al., 2011).

O consumo de dieta hiperlipidica leva a um aumento na expressao de citocinas

inflamatérias em roedores, que por sua vez, leva a resisténcia a sinalizacdo da leptina
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e insulina no hipotdlamo. Sendo assim, a obesidade é caracterizada por um estado de
inflamacado subclinica crénica (De Souza, 2005; Milanski, 2009, Velloso et al., 2008,
Munzberg, 2004).

A inflamagcdo em animais com obesidade induzida por dieta hiperlipidica foi
demonstrada pela primeira vez em 1993, quando observou-se o aumento de Fator de
Necrose Tumoral-a (TNF-a), uma citocina pré-inflamatéria, em tecido adiposo de
camundongos obesos (Hotamisligil et al, 1993). Anos depois, demonstrou-se o
aumento de citocinas pré-inflamatorias, TNF-a e Interleucina-18 (IL1-B) no hipotalamo
de camundongos obesos (De Souza et al., 2005). Nos dias de hoje, sabe-se que a
presenca aumentada destas citocinas ocorre um dia apdés o consumo de dieta
hiperlipidica (Thaler et al., 2012), sugerindo que estas citocinas sao produzidas
localmente e de forma independente da inflamacao em outros tecidos como no tecido

adiposo.

A presenca de citocinas inflamatérias leva a ativagéo de quinase c-Jun N-teminal
(UNK) e da proteina cinase do inibidor do NF-kB (IKK). Essas proteinas agem
fosforilando em serina proteinas da via de sinalizacao de insulina. Essa fosforilacao em
serina consiste em uma fosforilagdo inibitéria, levando nesse contexto, a resisténcia
hipotalamica a insulina. Tal fato causa uma falha na regulagdo da homeostase
energética pelos neurdnios hipotalamicos (De Souza et al., 2005; Zhang et al., 2008).

Em humanos, a inflamacao subclinica também esta presente, evidenciada pelo
aumento dos niveis séricos citocinas e de proteina C reativa (PCR), sendo que, a perda
de peso leva a uma diminuicdo desses marcadores inflamatérios (Esposito et al., 2003;
Esposito et al., 2002, Ziccardi et al., 2002). Além disso, por meio de ressonancia
magnética, sugere-se a presenca de gliose em humanos obesos quando comparados a
individuos eutroficos (Thaler et al., 2012) e alteragdo no padrao de atividade neuronal
apos estimulo com ingestdo de glicose, sendo que, a reducdo de peso apds cirurgia
bariatrica nesses individuos obesos reverteu apenas em parte essa atividade neuronal,
sugerindo que existe uma alteracdo irreversivel no sistema nervoso central de
individuos obesos (Sande-Lee et al., 2011).
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1.3 Mecanismos associados a patogénese da obesidade

Os mecanismos que levam a inflamacédo relacionada ao consumo de dietas
hiperlipidicas envolvem a ativacdo de Toll Like Receptors 4 (TLR4), a inducao de
estresse de reticulo endoplasmatico (RE) (Milanski et al., 2009; Zhang et al., 2008), a
ativacao de proteina cinase C-8 (PKC-6) e inducao anémala da proteina Supressora de
Sinalizacdo de Citocinas-3 (SOCS3) e da proteina Tirosina Fosfatase-1B (PTP1B)
(Benoit et al., 2009; White et al., 2009; Munzberg et al., 2004).

Os TLR4 fazem parte de uma familia de receptores relacionados com a resposta
imune inata. Esse tipo de receptor reconhece lipopolissacarideos presentes na parede
celular de bactérias gram-negativas (Yi Xu et al., 2008; Akira, Takeda, 2004). Quando
ativados, os TLR4 culminam em uma cascata de sinalizagdo que gera ativagédo de IKK
e producao de citocinas inflamatérias (Akira, Takeda, 2004). Milanski e colaboradores
(2009) demonstraram que &acidos graxos saturados de cadeia de longa levam a
ativagéo da sinalizagdo de TLR4, estresse de RE e resisténcia a leptina no hipotalamo.
Demonstraram ainda, que a ativagcdo de TLR4 é o principal mecanismo relacionado
com o aumento da expressao de citocinas no hipotalamo induzido pelos acidos graxos
saturados de cadeia longa. Além disso, a ativagao de TLR4 parece contribuir para a
inducao de estresse de reticulo endoplasmatico hipotalamico (Milanski et al., 2009).
Recentemente, evidenciou-se que uma proteina, a fetuina A, age como um ligante
enddgeno de TLR4, sendo responsavel pela formacdo do complexo entre os acidos
graxos livres e o TLR4 (Pal et al., 2012).

O reticulo endoplasmatico é uma organela responsavel pela sintese e
empacotamento de proteinas, biossintese de lipideos e armazenamento de calcio.
Alteragbes na homeostase e no microambiente do RE levam ao comprometimento da
capacidade dessa organela em empacotar as proteinas, levando assim, ao acumulo em
seu lumem de agregados protéicos mal formados. Tal evento leva a uma resposta
adaptativa denominada Unfolded Protein Response (UPR) (Szegezdi et al 2009; Mandl|
et al 2009; Hotamisligil, 2006). Essa resposta tem como objetivo aumentar a
capacidade do RE de empacotar proteinas, por meio da ativagcdo de proteinas
envolvidas no auxilio do enovelamento proteico. A ativacdo da UPR se d& por meio de
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trés vias de sinalizagéo: a via da pancreatic-ER-kinase-like ER kinase (PERK), do fator
6 ativador de transcricao (ATF6) e inositol-requiring enzyme 1 (IRE1). As proteinas
IRE1 e PERK sofrem oligomerizacao e autofosforilagdo. Como consequéncia, a PERK
fosforila o fator iniciador eucariético 2a (EIF2a), fato que permite o bloqueio da sintese
proteica. As vias da UPR levam a indugdo de inflamagédo e, consequentemente,
resisténcia a insulina. Ainda, dependendo do grau e cronicidade de estresse de RE, a
morte celular por apoptose pode ser ativada (Szegezdi et al., 2009; Mandl et. al, 2009).

Além disso, a ativacao hipotalamica de uma das isoformas das proteinas cinases
C (PKC), a PKC-theta em resposta a um &acido graxo saturado, o acido palmitico, é
capaz de fosforilar em serina o IRS1, levando a resisténcia a insulina (Benoit et al.,
2009). As PKCs sao uma familia de proteinas com atividade serina treonina cinase
envolvidas em diversas cascatas de sinalizagdo celular (Chand et al., 2012). A PKC- 6
tem o papel central de regular a atividade de células T (Marsland, Kopf, 2008) e atua
também na ativagédo de fatores de transcricdo envolvidos na resposta inflamatoria e na

apoptose, como o NF-kB e a proteina ativadora 1( AP-1) (Chand et al., 2012).

O consumo de dieta hiperlipidica causa aumento de PTP1B em roedores (White
et al., 2009). Em contrapartida, a reducao dessa proteina leva a maior sensibilidade a
insulina e leptina hipotalamica (Picardi et al., 2008). Além disso, a delecao de PTP1B
em neurdnios POMC leva a hipersensibilizacdo a leptina, gerando anorexia e perda de
peso em camundongos (De Jonghe et al. 2011). Essa proteina é capaz de atuar na via
da leptina desfosforilando a proteina Janus Quinase-2 (JAK2), que é uma proteina
cinase associada ao ObR. Quando desfosforilada, a JAK2 interrompe a sinalizagéo da
via da leptina. Além disso, a PTP1B também é capaz de desfosforilar proteinas da via
de sinalizacao da insulina, como o préprio IR, gerando assim, inibicao da sinalizagao
dessa via (Galic et al., 2005).

Por fim, outra proteina com papel importante na fisiopatologia da obesidade é a
SOCSS. Essa proteina é capaz de diminuir a agdo da insulina e da leptina (Howard,
Flier, 2006) por ligar-se aos receptores ou suas proteinas sinalizadoras, inibindo-as ou
facilitando sua degradacdo. Em hipotalamo de camundongos com obesidade induzida
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por dieta hiperlipidica, ha ativacdo andémala dessa proteina, o que contribui para a
resisténcia a esses hormdnios (Minzberg et al., 2004).

Estudos recentes tém mostrado o envolvimento de autofagia, um sistema de
degradacao celular, com doencas metabdlicas e inducao de estresse de reticulo
endoplasmatico. (Hotamisligil, 2010; Meng, Cai, 2012).

1.4 Autofagia: definicao, regulacao e mecanismos

As células de mamiferos possuem dois mecanismos para renovagao de seu
conteudo proteico: o sistema ubiquina-proteassoma e a autofagia (Ciechanover, 2012;
Nedelsky et al., 2008). O processo de renovacdo de proteinas intracelulares é
essencial para a degradacédo de proteinas disfuncionais e também, em ocasides na
qual ha oferta diminuida de nutrientes, fornecem aminoacidos para a sintese proteica e
geracdo de energia. Consequentemente, o acumulo de proteinas disfuncionais
relacionado a falha na regulacao e atividade desses processos, tem como resultado a
formacao de agregados proteicos e aparecimento de diversas doengas como, no caso
do sistema nervoso central, de doengas neurodegenerativas (Nedelsky et al., 2008).

A autofagia é divida em trés tipos: a macroautofagia, a microautofagia e a
autofagia mediada por chaperonas (CMA). Na microautofagia a superficie do lisossomo
sofre uma invaginacdo e engolfa o material citosélico a ser degradado. Na CMA, uma
chaperona citosélica encaminha proteinas especificas para a proteina associada a
membrana no lisossomo 2A (Lamp-2A), que transloca o material para o interior do
lisossomo onde ocorre a degradacao. Ja na macroautofagia é formada uma vesicula de
dupla-membrana, denominada autofagossomo, que se funde ao lisossomo, formando o
autofagolisossomo. No autofagolisossomo proteinas, organelas e lipideos sao
degradados pelas enzimas lisossomais (Ravikumar et al., 2010; Glick et al., 2010, Yang
et al., 2009).

No que se diz respeito a macroautofagia, denominada daqui por diante de
autofagia apenas, a principal via regulatéria é a via da mammaliam target of rapamycin
(mTOR). O complexo 1 da mTOR (MTORC1) é o responsavel direto por regular

23


http://www.sciencedirect.com/science/article/pii/S0968089613000953
http://www.sciencedirect.com/science/article/pii/S0925443908001944
http://www.sciencedirect.com/science/article/pii/S0925443908001944

inversamente a via da autofagia. De forma que, sinais como fatores de crescimento,
aminodcidos, glicose e sinais de estresse celular ativam esse complexo. A atividade do
mTORC1 pode ser inibida pela rapamicina, uma droga isolada de Streptomyces
hygroscopicus (Ravikumar et al., 2010).

A ULK1 é proteina ortéloga a Atg1 presente em fungos, consiste em uma serina
treonina cinase que se complexa com mAtg13, FIP200 e Atg101 (Wirth et al., 2013).
Quando ha inducao de mTORC1 a autofagia é inibida pela interagédo desse complexo e
fosforilacdo em serina da ULK1 e Atg13. A fosforilacdo dessas proteinas promove a
inibicdo da atividade cinase desse complexo crucial para o inicio da autofagia
(Ravikumar et al., 2010; Wirth et al., 2013). No caso contrario, quando ha deficiéncia de
nutrientes, ocorre a inativacdo de mTORC1 e desfosforilagdo de ULK1 e de Atg13.
Com isso, a ULK1 e suas proteinas associadas dissociam-se da mTORC1 e ocorre
autofosforilagdo de ULK1 que fosforila também FIP200 e Atg13 (Wirth et al., 2013).

A proteina cinase ativada por AMP (AMPK) também atua na atividade da ULK1.
A AMPK fosforila e ativa a ULK1, além de inibir a atividade de mTORC1 por fosforilar
uma proteina reguladora desse complexo, a proteina da esclerose tuberosa TSC2
(Wirth et al., 2013). Os exatos mecanimos pelos quais a ULK1 regula a indugédo de
autofagia ainda ndo foram completamente eluciados, porém, a forma ativa dessa
proteina parece interagir com diversas proteinas da via da autofagia além de servir
como uma reguladora negativa da mTORC1 (Wirth et al, 2013). Uma interacao
importante dessa proteina é sua capacidade em fosforilar a Beclin-1 em serina, o que
permite a ativacdo do complexo entre a Beclin-1 e VPS34 (Russel et al., 2013).

O processo de autofagia se inicia com a formacdo de uma membrana de
isolamento, ou fagéfaro que, em mamiferos, possui origem controversa. Essa
membrana, a medida que se expande, capta o substrato a ser degradado até formar o
autofagossomo. Entéo, essa estrutura se funde ao lisossomo, periodo no qual ocorre a
degradacao do material contido (Yang, Klionsky, 2009; Glick et al., 2010; Ravikumar et
al., 2010). Nesses eventos, alguns processo de sinalizacdo sao cruciais.

O complexo entre a Beclin-1 e VPS34 é essencial para a formacado da
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membrana de isolamento. A Beclin-1 é a proteina ortéloga ao Atg6 em fungos e
interage com diversos cofatores responsaveis pela sua ativagao ou inativagcdo. Entre as
proteinas que estimulam a Beclin-1 estao Atg14L, UVRAG, Bif-1, Rubicon e Ambrai. A
interacdo da Beclin-1 com essas proteinas promove a formacdo do complexo da
Beclin-1 com a Vps34. Em contrapartida, a Beclin-1 possui um dominio BH3
responsavel por sua interagdo com proteinas da via da apoptose, como a Bcl-2 e Bcl-
XL, que inibem sua atividade. Quando a Bcl-2 ou a préopria Beclin-1 sdo fosforiladas
ocorre a dissociacao da ligagdo. Além disso, a ubiquitinacdo da Beclin-1 também inibe
essa associagdo. De forma interessante, a clivagem da Beclin-1 pelas caspases € uma
conexao entre a via da autofagia e de apoptose (Kang et al., 2011).

Em resposta ao jejum, a JNK1 fosforila a Bcl-2 em serina e treonina, perminitindo
a liberacdo da Beclin-1 e consequente associacdo com a Vps34 e inducdo de
autofagia. Mas além de modificagdes por fosforilagbes, a regulacdo desse complexo
pode ocorrer por outras modificacbes pds-traducionais como por exemplo a
ubiquitinacdo. A Beclin-1 pode ser ubiquitinada em residuos de lisina 63 (Lys63) pela
acao do fator 6 associado ao receptor de TNF (TRAF6), uma enzima ubiquitina ligase
(E3) e com isso ela se desliga da Bcl-2 (Wirth et al., 2013). Por outro lado, a
deubiquitinacdo da Beclin-1 pela A20 também regula a acdo da Beclin-1, sendo que,
com a deubiquitinacdo em Lys63 ocorre diminuicao da indugéao de autofagia (Shi, Kehrl,
2010).

A Vps34 é uma fosfatidilinositol 3 cinase de classe lll, portanto, sua atividade
produz fosfatidilinositol trifosfato (PI(3)P) a partir de fosfatidilinositol (Pl), fato que é
essencial para o recrutamento de proteinas relacionadas a autofagia, conhecidas como
Atgs, para a membrana do fagéfaro em ascencao (Glick et al., 2010; Wirth et al., 2013).
A interacdo de Beclin-1 com Vps34 aumenta a atividade cinase de Vps34 (Glick et al.,
2010).

Uma terceira proteina também faz parte do complexo Beclin-1 com Vps34, a
p150. Essa proteina permite que o complexo permanega ancorado a membranas
celulares (Wirth et al., 2013).
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Posteriormente, sistemas de conjugacdo semelhantes a ubiquitinacdo atuam na
formacao do autofagossomo. Primeiramente, a proteina Atg7 age como uma ubiquitina
ativadora E1 like ativando a proteina Atg12, que € entao transferida para a Atg10, uma
ubiquitina E2 like que conjuga Atg12 e Atg5. Formado o complexo Atg12-Atg5, ocorre a
sua interacdo com dimeros de Atg16L formando um complexo multimérico. Tal
complexo se associa com a membrana de isolamento e induz expansao da membrana
(Glick et al., 2010). Além disso, é responsavel por recrutar a maquinaria de conjugagao
da LC3 (Wirth et al., 2013).

O segundo sistema de conjugacdo semelhante a ubiquitinacdo € o
processamento da Microtubule-associated protein 1 light chain 3 B (LC3B). A LC3 é
traduzida como pro-LC3 e esta presente no citosol da célula. Quando ocorre inducao
de autofagia essa proteina € clivada pela Atg4, gerando assim LC3-l. Com a clivagem,
o carboxiterminal glicina é exposto e a Atg7 age como E1 like, ativando-a. A LC3-l é
entdo transferida para Atg3, uma EZ2 like, nesse momento ocorre a conjugagao do
terminal glicina a um fosfatidiletanolamina, gerando a forma processada da LC3-Il, a
LC3-1l, que passa a integrar a membrana interna e externa do autofagossomo. A LC3-lI
€ essencial na selecao do substrato a ser degradado pela autofagia (Glick et al., 2010).
Essa proteina possui um dominio de interacdo, denominado regido de interacdo da
LC3 (LIR) que interage e recruta outras proteinas para a membrana do autofagossomo
(Wirth et al., 2013).
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Figura 1. Sistemas de conjugacao semelhantes a ubiquitina.

A proteina p62 é capaz de interagir com a LC3, pois possui o dominio LIR.
Sendo assim, é incorporada ao autofagossomo e degradada pela autofagia. Além
disso, a p62 possui um dominio associado a ubiquitinas (UBA), responséavel por sua
interacdo com proteinas ubiquitinas. Com isso, a p62 € uma importante conexao na
degradacao de agregados ubiquitinados pela autofagia (Komatsu, 2012). De forma
interessante, essa proteina pode ativar mTORC1 e assim inibir a autofagia. Assim, a
inducao de autofagia pelo jejum resulta na degradacao de p62 e inibicdo de mTORCH1
(Komatsu, 2012, Pankiv et al., 2007).

1.4 Autofagia: importancia para o sistema nervoso central

No sistema nervoso central (SNC), a alteracdo no processo de autofagia esta
relacionada com o desenvolvimento de doencas neurodegenerativas, sendo esse um
mecanismo importante na homeostase neuronal e no controle de qualidade proteica
(Hara et al., 2006, Wong, Cuervo, 2010). Ainda, a autofagia estd intimamente
relacionada com o sistema imune e a inflamacdo (LEVINE et al, 2011). Sinais
inflamatérios provenientes da microglia levam a neurogeneragdo, sendo que, a
manutencdo adequada do processo de autofagia exerce um papel neuroprotetor
(Alirezaei et al., 2008).

27



Sendo assim, alteracdo no processo de autofagia pode estar relacionada com a
inflamagdo associada a diabetes e a obesidade. Acredita-se que, a inducdo da
autofagia na presenca de estresse de RE seja um mecanismo de feedback negativo,
limitando o estresse de RE (LEVINE et al.,, 2011). Nesse contexto, um importante
estudo realizado por Yang et al (2010) evidenciou que a supressao hepatica do gene
Atg7 em camundongos resulta em aumento do estresse de RE e resisténcia a insulina

nesses animais.

Recentemente, estudos em roedores demonstraram o papel essencial da
autofagia na manutencdo da funcionalidade de neurbnios do nucleo arqueado
hipotalamico (Coupé et al., 2012; Kaushik et al., 2011, Quan et al., 2012; Meng, Cai,
2011).

Sabendo que a obesidade é caracterizada por uma inflamacao subclinica, que
leva a resisténcia a insulina e a leptina hipotalamica e que essa inflamagédo esta
relacionada com alteragdo na homeostase celular e ativagcdo de vias de estresse
celular, a falha na regulacdo da autofagia em hipotdlamo de camundongos obesos

pode representar um novo e importante mecanismo na patogénese da obesidade.
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2 Objetivos

2.1 Geral

e Caracterizar a autofagia em hipotalamo de camundongos com obesidade
induzida por dieta hiperlipidica

2.2 Especificos

e Avaliar a modulacdo de proteinas da via da autofagia em hipotalamo de
camundongos Swiss com obesidade induzida por dieta hiperlipidica;

e Verificar o efeito da inducdo hipotalamica de autofagia em parametros metabdlicos
e também na modulacdo de estresse de reticulo endoplasmatico, inflamacao e

apoptose em hipotalamo de animais obesos;

e Avaliar a modulacdo de proteinas marcadoras de autofagia em hipotalamo de
camundongos swiss tratados intracerebroventricularmente com acido graxo

saturado (acido estearico);
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Abstract

Autophagy is an important process which regulates cellular homeostasis by degrading
dysfunctional proteins, organelles and lipids. Recent data have shown that absence of
autophagy in hypothalamic POMC neurons of mice results in glucose intolerance and
weight gain. Here we evaluated the hypothalamic distribution and content of autophagy’s
machinery proteins in an animal model of diet-induced obesity at 8 and 16 weeks of diet
and in response to intracerebroventricular injections of a saturated fatty acid. We
demonstrated that chronic exposure to a high-fat diet can lead to an increased
expression of inflammatory markers and loss of basal autophagy. Intracerebroventricular
treatment with stearic acid appears to contribute to the decrease of the autophagy
machinery. Although we have not observed weight loss during treatment with the drug
inducing autophagy in diet-induced obese mice, we observed improved glucose
tolerance and reverse inflammatory and apoptosis markers, the main mechanism
involving dysregulation of energy balance related to hypothalamic neurons.
Understanding the cellular and molecular bases of these processes is crucial for

identifying new diagnostic and therapeutic targets for obesity.

32



Introduction

Obesity is the result of a disproportionately high energy intake compared to
energy expenditure that is triggered by a complex interaction between environmental
and genetic factors (1-3). Excess of calories and diet composition, particularly the
presence of long-chain saturated fatty acids, results in metabolic dysfunction and

increased body weight (4).

Hypothalamus is the main center controlling energy intake and expenditure. In a
model of diet induced obesity (DIO), the chronic intake of high fat diet (HFD) is shown to
negatively impact hypothalamic neurons causing leptin and insulin resistance. This
phenomenon plays a critical role on the development of hyperphagia and obesity (3, 5,
6). Under overnutrition, leptin and insulin resistance are at least in part mediated by
increased inflammatory markers in hypothalamic neurons such as TNF-a e IL-1 and

the activation of JNK and IKK-NFkB pathway (3,5-7).

The induction of hypothalamic inflammatory pathways in response to DIO
involves the activation of TLR2/4 (4) and endoplasmic reticulum stress induction (4,8).
Additionally, chronic inflammatory stimuli can lead to apoptosis of neurons important for
the anorexigenic response (9,10). Furthermore, two recent neuroimaging studies
revealed that dysfunction activity and neuronal loss associated with obesity in the

hypothalamus of humans (11, 12).

In addition to the effects on food intake and energy expenditure, hypothalamic
inflammation seems to impair systemic glucose metabolism. Indeed, both the genetic

and pharmacological approaches used to modulate endoplasmic reticulum stress and
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inflammation pathways in the hypothalamus were able to affect liver gluconeogenesis
(13-15). Inhibition inflammation of either TLR4 or TNFa signaling in the hypothalamus
improves insulin signal transduction in the liver and reduces hepatic glucose production
(4). These data suggest that hypothalamic inflammation plays a broad role on weight

gain and dysfunction of systemic glycemic control.

Recent findings show that neuronal autophagy is compromised in situation of fatty
acids excess from the diet (16). Here, we explore the hypothesis that malfunction of the
macroautophagy (hereafter referred to as autophagy) system could contribute to the
deterioration of hypothalamic neuronal function related to the regulation of body energy
homeostasis in a time-dependent way. Autophagy is a homeostatic process responsible
for the degradation of damaged proteins and organelles that takes place in all eukaryotic
cells and involves the sequestration of cytoplasmic components in double-membraned
autophagosomes (17). These structures subsequently fuse with lysosomes, where their
cargoes are delivered for degradation and recycling (17-19) Impaired autophagy may
lead to progression of inflammation, for example, suggesting that autophagy contributes

to the inhibition of inflammatory responses (16, 20, 21).

We show that mice under chronic exposure to high-fat diet shows increased
expression of inflammatory markers that is paralleled by loss of basal autophagy. Also,
intracerebroventricular (icv) treatment with saturated fatty acid appears to contribute to

decreased efficiency of autophagy in hypothalamus.

Activation of autophagy in hypothalamus by icv injection of rapamycin improved
glucose tolerance in obese animals without an effect in body weight. Importantly, this
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intervention decreased cellular stress in hypothalamus of obese animals. Understanding
the cellular and molecular bases of this process is crucial for identifying new diagnostic

and therapeutic targets for obesity.
Materials and Methods
Experimental animals

Male Swiss mice were provided by University of Campinas Animal Breeding
Center (CEMIB, Brazil) with 7 weeks of age. Experiments followed the Guide for the
care and use of laboratory animals published by National Institute of Health (22) and the
guidelines of the Brazilian College for Animal Experimentation and were approved by the
ethics committee at the State University of Campinas (protocol 2623-1). Animals were
maintained on a 12 hour light-dark cycle and kept in individual cages with ad libitum food
and water. In some experiments, mice received either chow diet (71%kcal carbohydrate,
20%kcal protein, 9%kcal lipids) or high-fat diet (26%kcal carbohydrate, 15%kcal protein,
59%kcal lipids) for 8 or 16 weeks. To evaluate the effect of a saturated fatty acid alone,

mice were submitted to a stereotaxic surgery and were treated intracerebroventricularly.
Cannula implant and fatty acid administration

Mice were submitted to an extereotaxic surgery in which a cannula was placed on lateral
ventricle (anteroposterior 0.34 mm, lateral 1.0 mm and depth 2.2 mm) according to a
previously described method (23). After 7 days of recovery, water drinking response
after administration of 2 pl of 10°M angiotensin Il (Sigma, St. Louis, MO, USA) was used

to confirm the position of the cannula. After two days mice were treated with 2 pl of a
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solution containing 180, 270 or 360 uM of stearic acid (Sigma). Fatty acid was diluted to
final concentrations and conjugated with bovine serum albumin free of fatty acids. Mice

were treated with 2 pl of the solution for 5 days.

Protein extraction and Immunoblotting

Anesthetized mice where decapitated and the hypothalamus was excised. Tissues were
homogenized with a tissue homogenizer (Polytron-Aggregate, Kinematica, Littau/Luzern,
Switzerland) with a Triton X-100 buffer plus anti-protease cocktail. Protein concentration
was determined by dye-binding protein assay kit (Bio-Rad Laboratories, Hercules, CA).
To perform immunoblotting, 30 ug of the protein extract of each sample were incubated
for 5 minutes at 95°C with Laemmli buffer (1 mmol sodium phosphate/L, pH 7.8, 0.1%
bromophenol blue, 50% glycerol, 10% SDS, 2% mercaptoethanol). Thereafter, samples
were separated by SDS-PAGE in polyacrylamide gels and then transferred to a
nitrocellulose membrane (Bio-Rad) in a Trans Blot SD Semi-Dry Transfer Cell (Bio-Rad)
for 30min at 20V in a buffer containing methanol and SDS. Membranes were blocked
with a solution containing 5% of skimmed milk in TTBS (10 mmol Tris/L, 150 mmol
NaCl/L, 0.5% Tween 20) for at least 2 hours at room temperature. Then, the membranes
were incubated overnight with primary antibodies described in supplemental material at
4°C. The membranes were then incubated with a horseradish peroxidase-conjugated
secondary antibody for 1 hour at room temperature. Bands were detected by
chemiluminescence (Thermo Scientific #34078) and quantified by densitometry (UN-

Scan-it Gel 6.1, Silk Scientific Inc, Orem, Utah USA).
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Immunofluorescence staining

SNC of mice was fixed in 4% paraformaldehyde and hypothalamus was processed for
embedding in paraffin block. After sectioning in 5.0 ym, samples were incubated with
primary antibodies overnight and after with second antibodies conjugated to FITC or
rhodamine for 2 hours (sc2777; sc2092, respectively - Santa Cruz Biotechnology, Santa
Cruz, CA). DAPI was used for nuclear staining. Leica FW 4500 B microscope was used
for image capturing. Hypothalamic areas were observed according to the landmarks of
the mouse brain atlas (24). Analysis and documentation of results were performed using

a Leica Application Suite V3.6 (Switzerland).

RNA extraction and qRT-PCR

Hypothalamic tissue was homogenized in Trizol (Invitrogen 15596018, Sao Paulo,
Brazil) and RNA was isolated and quantified (Nanodrop 8000, Thermo Scientific,
Wilmington, DE, USA). Integrity of RNA was assessed by agarose gel. cDNA was
synthetized with 3 ug of total RNA sample with a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems 4368813). gRT-PCR analysis was performed in an
ABI Prism 7700 sequence detection system (Applied Biosystems). GAPDH primer was
used as control. Each PCR contained 3.0 ng of reverse-transcribed RNA, 200 nM of
each primer, TagManTM (Applied Biosystems) and RNase free water. Data was

analyzed with 7500 System SDS Software (Applied Biosystems — Life Technologies).

Statistical Analysis

Results are expressed as mean values +/- SEM. Levene's test for the homogeneity of
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variances was initially used to check if the data could be used for parametric analysis of
variance. Unpaired Student’s t-test was used to compare differences between two
groups. When there were more than two groups One-Way ANOVA was performed. Two-
Way ANOVA was applied when necessary. Tukey Post Test was used when needed. In
all cases p<0,05 was considered as statistically significant. Data was analyzed with

software GraphPad Prism 5 (GraphPad Software Inc, USA).

Results

Evaluation of metabolic parameters of Swiss mice fed on a high fat diet.

Swiss mice fed on HFD exhibit higher body mass compared to mice fed on
control diet (Chow), from 8 weeks on HFD until 16 weeks (Figure 1A). At 16 weeks on
HFD obese mice presented increased mRNA levels of inflammatory markers such as,
IL-18 (Figure 1B) and TNFR1 (Figure 1C) when compared with chow group. On
contrary, mRNA levels of IL-10, an anti-inflammatory cytokine was decreased in obese

animals. (Figure 1E).

Autophagy marker LC3 is abundantly expressed in the arcuate nucleus

Autophagy is an important cellular process for degrading proteins and recycling of
organelles and pathogens. Alterations in autophagy flux have been show to contribute to
defects in insulin signaling and ER stress in obesity in peripheral tissues. In order to
investigate if the regulation of autophagy plays a role in hypothalamic cellular
homeostasis, we first evaluated the presence of the autophagy markers in hypothalamic

neurons such as LC3B (microtubule-associated protein light chain 3 B), an indicator of
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autophagossome formation, and ATG7, an activating protein ubiquitin-like E1 involved in
initial autophagossome formation. As depicted in Figure 2A, LC3B (I and Il) is expressed
in the mediobasal hypothalamus of animals treated with both diets at 8 (figure 2A) and
16 (figure 2B) weeks. Also, LC3 expression colocalizes with neurons and microglia from
hypothalamic arcuate nucleus (Supplemental Figure 1A and B). Moreover, LC3
colocalizes with Lamp-1, a lysosome marker, in hypothalamus of mice (Supplemental
Figure 2A). ATG7 is also expressed in the hypothalamic arcuate nucleus of lean and

obese mice (Supplemental Figure 2B).

Modulation of hypothalamic autophagy in mice chronically exposed to a high

saturated fat diet

In order to investigate if autophagy is regulated under obesity condition; we fed
Swiss mice with chow or HFD for 16 weeks. After 8 weeks on HFD, no difference in
protein content of LC3-Il in the hypothalamus was observed (Figure 3A). However, at
this time point we observed an increased content of p62 (figure 3B). This results show
that after 8 weeks on HFD, autophagy’s machinery is partially preserved. On the other
hand, when mice were exposed more chronically to a HFD (16 weeks), the protein
content of hypothalamic LC3-1l was lower (figure 3C) and p62 was higher (Figure 3D)
when compared to lean mice. Also, Ulk1 gene expression was upregulated in obese
animals (Figure 4D), as well as Becn1, and Sqgstm1 gene expression (Figure 4B and E).
Nevertheless, no difference was found in MAPLLC3, the LC3 gene (Figure 4D)

compared to Chow group. These data demonstrated that the impairment of
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hypothalamic autophagy under chronic HFD feeding leads to loss of autophagy probably

causing accumulation of aggregated proteins and loss of cellular homeostasis.

Hypothalamic modulation of autophagy by isolated saturated fat acid

Next, we evaluated the effects of long-chain saturated fatty acids on autophagy,
since they are known by its inflammatory properties in hypothalamus (4). As depicted in
Figure 5, there was a gradual increase in p62 content in response to icv treatment with

different doses of stearic acid.

Increased hypothalamic autophagy by Rapamycin counteracts the effects of HFD

in mice.

Once we observed a defect in autophagy in animals with chronic exposure to
HFD, we asked whether the activation of hypothalamic autophagy could reverse the
deleterious effects of obesity. To test this hypothesis, obese animals were treated icv
with rapamycin, an mTOR inhibition drug known to induce autophagy. As shown in figure
6 A, no differences were observed in a glucose tolerance test, after 30 minutes of
glucose injection between obese mice treated with rapamycin when compared to obese
mice treated with saline. Also, obese mice treated with saline had higher glucose levels
at this point when compared to lean mice with the same treatment. Nevertheless, obese
mice treated with rapamycin did not show any difference in total area under the curve of
glucose, the only difference observed was in obese saline treated mice compared to
lean saline treated mice (figure 6B). There were no differences in food intake and body
mass between treated and untreated animals (figure 6C and D). Although no differences

were found in systemic glucose metabolism and food intake after rapamycin treatment
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this intervention was able to increase hypothalamic content of LC3-Il (Figure 7A) and
decreased p62 (Figure 7B). Moreover, rapamycin was able to reduce phosphorylation of
JNK1, an inflammatory marker (Figure 8A) and reduce EIF2a phosphorylation, a marker
of ER stress (Figure 8B). Also, there was a reduction in the content of proapoptotic
protein Bax (Figure 8C) and increased content of antiapoptotic protein Bcl-2 (Figure 8D),
showing the protective effect of autophagy in the restoration of cellular homeostasis in

hypothalamus of HFD fed animals for 16 weeks.

Discussion

Unlike inflammation in peripheral tissues, which develops as a consequence of
obesity, hypothalamic inflammatory signaling is evident in the first days of was evident in
both rats and mice within 1 to 3 days of HFD onset, prior to substantial weight gain,
indicating that the diet rather than increased adiposity is the cause of insulin insensitivity

and inflammation (12).

In this work we hypothesized that chronic exposition to a high-saturated fat diet
could modulate autophagy in hypothalamus of mice. It is known that autophagy is the
main route to degradation and recycling of damaged organelles and long-lived proteins
and its role in CNS has been demonstrated in a number of neurodegenerative diseases

(25-28).

We demonstrated that LC3B and Atg7 are present in the hypothalamic arcuate
nucleus in both lean and obese mice in microglia and neurons cells. An interesting
perspective is that hypothalamic modulation of autophagy in response to obesity could

be nucleus or cell specific. Recent studies have shown the importance of basal levels of
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autophagy in maintaining the functionality of hypothalamic neurons. When autophagy is
inhibited specifically in AgRP neurons, the physiological increase in the expression of
this neurotransmitter in response to fasting is abolished, leading to increased POMC
and a-MSH and generates a lean phenotype in mice (29). In contrast, deletion of Atg7 in
POMC neurons leads to protein aggregates formation due to the accumulation of p62
(30). P62 is a multifunctional adapter protein that recruits ubiquitinated proteins to the
autophagosome (31,32) and its increase is a sign defective autophagy in the cell (33).
Lack of autophagy efficiency in POMC neurons also resulted in higher food intake
caused, at least in part, by leptin resistance and decreased energy expenditure and, as
a consequence, these animals exhibit increased body mass (30). Another group showed
accumulation of aggregated proteins marked with ubiquitin and p62, decreased axonal
projection of POMC neurons and the same phenotype in response to POMC-specific

deletion of Atg7 (34).

Although the quantification of autophagy is difficult, since this mechanism is a
dynamic process involving formation and processing of protein biomarkers such as LC3-
II, we observed reduction in this autophagy marker in response to chronic exposure to
HFD (16 weeks) but not with 8 weeks of HFD. This data suggests lost in efficiency of
autophagy machinery over the exposure to obesity. An important aspect observed both
in animals and in humans is the time of exposure to obesogenic environment: the longer
the time in which the individual remains obese, the more difficult restore metabolic
homeostasis (35,36). It is believed that one of the causes for the loss of control of food
intake in chronic obesity would be the loss of hypothalamic neurons involved in the

regulation of energy homeostasis (9, 37).
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Autophagy and apoptosis have many features in common and the regulation of
both mechanisms is crucial to decide if a cell would survive or not in response to cellular
stress (38). Most of the times, autophagy protects neurons from death in stress
situations (39-41), although autophagy can be a type of programmed cell death (42).
Because of this, our finding raises an interesting mechanism that could contribute to
apoptosis of hypothalamic neurons in chronic exposure to HFD. In this context,
hypothalamic autophagy defect in obese mice can exacerbate IKKB/NF-kB activation

and potentiate inflammation present in DIO (16).

We have found that genes involved in the initial steps of autophagy induction are
upregulated in mice treated 16 weeks with HFD. We propose that posttranslational
events could be involved in regulation of autophagy in obesity or autophagy in disrupted
at a latter point such as Atg5-12 conjugation, LC3 processing or
autophagosome/lysosome fusion. Although the exact mechanism by which there was a
downregulation of autophagy in our model is unknown, another possibility is that
inflammatory mediators produced primarily by microglia, leads to decreased autophagy

activation in neurons (43).

Although autophagy occurs at basal levels in all cells, diverse environmental
stressors and nutrient deprivation are strong inducers of this degradative machinery
(44). A key negative regulator of autophagy is the nutrient sensor mTOR (45, 46).
Because of that, rapamycin, a potent inhibitor of mTOR, is largely used as an autophagy

inductor (47).

Our results show that short-time treatment with rapamycin was able to ameliorate
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glucose sensibility in obese mice despite no difference in body mass. Also, the drug was
able to modulate important markers of autophagy in the hypothalamus, suggesting an
improvement of autophagy. A recent study propose that the time of the treatment with
rapamycin is crucial to metabolic phenotype, in the first weeks of intraperitoneal
treatment the authors found glucose intolerance in mice, but at 20 weeks of treatment,
rapamycin was able to ameliorated glucose sensibility (48). For that reason, we
conclude that the effect of rapamycin directly in hypothalamus has different effects on

glucose sensibility than in peripheral tissues in a short-time treatment.

Also, as expected, icv treatment with rapamycin in obese mice inhibits
inflammatory and apoptotic stimuli and reverse induction of ER stress, showing a
protective effect of the restoration of autophagy in cellular stress in animals fed HFD.
Induction of autophagy contributes to limiting the ER stress (49). An important study by
Yang et al (2010) showed that suppression of hepatic gene Atg7 in mice results in

increased ER stress and insulin resistance in these animals (50).

We concluded that obesity causes downregulation of hypothalamic autophagy
that may contribute to neuronal dysfunction. This can lead to formation of protein
aggregates, accumulation of dysfunctional mitochondria, inflammation and ultimately
apoptosis. Perturbation in autophagy’s homeostasis could be related to apoptosis which
is present in hypothalamic neurons of obese mice and is pointed as the cause of the
irreversibility of hypothalamic feed control dysregulation in chronic obesity. Reversal of
basal autophagy in hypothalamus of obese mice could be an interesting target to control

neuronal injury and to improve glucose homeostasis. Understanding the biological basis
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of obesity and obesity-related pathologies and discovering medical therapies to restore

metabolic function is an urgent need for the biomedical community.
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Figure Legends

Figure 1. Weight gain and inflammatory markers in hypothalamus of obese mice. A - Weight
gain of mice fed high-fat diet versus chow diet until 16 weeks of feeding. B, C and D - IL1-,
TNFR1 and IL-10 respectively gene expression by qRT-PCR in hypothalamus of diet-

induced obese mice. Values are shown as mean + SEM. *P < 0.05. n= 6 animals per group.

Figure 2. LC3 is expressed in arcuate nucleus of Swiss mice. A — Immunostaining of LC3
(green) in arcuate hypothalamic nucleus of lean and obese mice (8 weeks of HFD). DAPI
staining (blue) reveals nuclei of cells. B — Immunostaining of LC3 (green) in arcuate

hypothalamic nucleus of lean and obese mice (16 weeks of HFD).

Figure 3. LC3 and p62 content in hypothalamus of diet-induce obese mice with 8 and 16
weeks of diet treatment. A — Western-blotting showing LC3-Il to B-actin ratio in
hypothalamus of obese mice with 8 weeks on HFD. B — p62 content in hypothalamus of
obese mice with 8 weeks on HFD. C - LC3-1l to B-actin ratio in hypothalamus of obese mice
with 16 weeks on HFD. D — p62 content in hypothalamus of obese mice with 18 weeks on

HFD. Values are shown as mean =+ SEM. *P < 0.05. n= 4-7 animals per group.

Figure 4. mRNA gene expression of autophagy machinery proteins in hypothalamus of
obese mice. A, B, C, D and E - Ulk1, Becn1, Atg5, Map1Ic3 and Sgstm1 gene expression
by gqRT-PCR in hypothalamus of diet induce obese mice (16 weeks on HFD) versus lean

mice. Values are shown as mean + SEM. *P < 0.05. n= 6 animals per group.

Figure 5. Stearic acid leads to p62 accumulation. A —Western blotting of p62 in
hypothalamus of obese mice (16 weeks on HFD) treated for 5 days with 2 pl of a solution

containing 180, 270 or 360 uM of stearic acid or saline (Sal) once a day. Values are shown
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as mean = SEM. *P < 0.05.n=3-4 animals per group.

Figure 6. Metabolic parameters in mice treated icv with Rapamycin. A and B— GTT curve
and area under the GTT of lean or obese mice (16 weeks of HFD) treated with 2 pl of a
solution containing 25 uM rapamycin (Rap) or saline (Sal) once a day for 5 days. C and D —
Food intake and weight modulation in obese mice treated with rapamycin. Values are shown
as mean = SEM. *P < 0.05 HFD versus chow diet treated with saline and HFD treated with

rapamycin versus HFD treated with saline. n= 5-6 animals per group.

Figure 7. Rapamycin treatment reverses autophagy’s downregulation in obese mice. A —
Western blotting showing LC3-Il to B-actin ratio in hypothalamus of diet induced obese mice
(16 weeks on HFD) treated for 5 days with 2 pl of a solution containing 25 yM rapamycin
(Rap) or saline (Sal) once a day for 5 days. B — p62 content in hypothalamus of diet induced
obese mice treated with rapamycin. Values are shown as mean + SEM. *P < 0.05. n=5-6

animals per group.

Figure 8. Rapamycin treatment decreases inflammation, endoplasmic reticulum stress and
apoptosis markers in obese mice. A and B —Western blotting of pJNK and pEIF2a content
in hypothalamus of obese mice (16 weeks on HFD) treated for 5 days with 2 ul of a solution
containing 25 uM rapamycin (Rap) or saline (Sal) once a day for 5 days. C and D — Bax and
Bcl-2 content in hypothalamus of obese mice treated with rapamycin. Values are shown as

mean + SEM. *P < 0.05.n=5-6 animals per group.
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Online Supporting Material

Methods

Antibodies, chemicals and primers

Antibodies against LC3B (ab48394, AbCam, Cambridge, MA, USA), p62 (ab91526),
pEIF2S1 (ab32157), pJNK (sc-6254, Santa Cruz Biotechnology, Santa Cruz, CA), EIF2
(ab32157), Bax (sc493), Bcl-2 (sc492), Anti rabbit IgG (GE 30021019), Goat-anti-Mouse
lgG (Zymed 626520), Rabbit-anti-Goat IgG (Zymed 811620), Beta actin (ab8227), were
used for western blotting. For imunostaining Vectashield mounting Medium with DAPI
(Vector laboratories), LC3B (Cell signaling 3868, Boston, MA, USA), HuR (sc — 20694),
F4/80 (sc-25830) and Atg7 (sc-33211) were used. Primers for mouse GAPD, TNFR1, II-
10, I11B, MAP1LC3, Atg5, Sgstm1, Becn1 and ULK1 (Applied Biosystems) were used for
RT-PCR. Rapamycin (Cayman Chemical Company) was used to induce autophagy.
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Online Supporting Material

Supplemental Figure 1

A B

Arc — 16 weeks HFD Arc — 16 weeks HFD

LC3 HuR Merge LC3 F4/80 Merge

Suplemental Figure 1 — LC3 colocalizes with hypothalamic neurons and microglia cells. A -
Coimmunostaining of LC3 (green) and HuR (red) in arcuate hypothalamic nucleus of lean and
obese mice. B - Coimmunostaining of LC3 (green) and F4-80 (red) in arcuate hypothalamic
nucleus of lean and obese mice DAPI was used for nuclear staning. n=3 animals per group.
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Supplemental Figure 2
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Suplemental Figure 2 — Immunostaining of autophagy’s markers A - Coimmunostaining of LC3
(green) and Lamp-1 (red) in arcuate hypothalamic nucleus of lean and obese mice. B -
Immunostaining of Atg7 (green). DAPI was used for nuclear staning. n=3 animals per group.
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Capitulo Il

Discussao e conclusao

Nas ultimas décadas houve um grande avanco na caracterizacdo dos
mecanismos envolvidos na patogénese da obesidade. Porém, por se tratar de uma
doenca metabdlica resultante de uma complexa interagdo entre farotes genéticos e
ambientais, diversos novos mecanismos ainda estao sendo investigados. Sabe-se que
a falha na regulagcdo da autofagia esta relacionada com o envelhecimento e também
com a progressao de diversas doencas como cancer, doencas pulmonares, vaculares e
infecciosas (Choi et al, 2013). Especificamente no sistema nervoso central, a
manutencgao correta da autofagia € essencial para a manutencéao da funcionalidade de
neurbnios (Wong, Cuervo, 2010) e sua falha se relaciona com doencas
neurodegenerativas como Huntington, Parkinson e Alzheimer (Kegel et al., 2000, Nixon
et al., 2005, Ebrahimi-Fakhari, et al., 2011; Vogiatzi et al., 2008). Nesse trabalho, foi

investigado o papel da autofagia hipotalamica em resposta a uma dieta rica em lipideos.

Primeiramente, demonstramos que a LC3, uma proteina relacionada a via da
autofagia, € expressa de forma abundante no nucleo arqueado e se colocaliza com
neurdnios e também com células da micrdglia nessa regido. Além disso, de acordo com
um trabalho prévio (Meng, Cai, 2011) verificamos que a proteina componente da
maquinaria da autofagia Atg7 também é expressa no ndcleo arqueado hipotalamico.

Demonstramos que a obesidade induzida por um longo periodo de dieta
hiperlipidica (16 semanas) foi capaz de diminuir o conteudo proteico de uma proteina
relacionada a autofagia, a LC3-ll, e aumentar o conteddo da proteina substrato da
autofagia, a p62. A LC3-lIl é a forma lipidada da LC3 e integra a membrana do
autofagossomo (Glick et al., 2010, Wirth et al., 2013) sendo usada portanto, como
medida indireta da quantidade de autofagossomos no tecido. Ja a proteina p62 é uma
adaptadora entre a via da ubiquitina e a autofagia, reconhecendo agregados
ubiquitinados e os encaminhando para degradacgéo pelo autofagolisossomo, no qual a
propria p62 também é degradada (Komatsu, 2012). Por este motivo, a p62 atua como

um marcador inverso da atividade autofagica. De forma semelhante, Meng e Cai (2011)
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demonstraram uma diminuicdo no conteludo de proteinas da maquinaria autofagica,
Atg7, LC3-Il e Atg5, em animais com obesidade induzida por dieta hiperlipidica por 4 a 5
meses. A diminuigdo de Atg7 por shRNA em hipotalamo mediobasal resultou em ganho
de peso e aumento da ingestdo alimentar nesses em roedores. Quando em dieta
hiperlipidica, os animais com autofagia hipotalamica deficiente desenvolvem obesidade
de forma ainda mais exacerbada, com maior ganho de peso e intolerancia a glicose.
Ainda, o animal com diminuicdo de Atg7 hipotalamica apresenta maior inflamacao
evidenciada pela ativagcdo de NF-kB. De forma importante, a delegcdo de IKKB nesses
animais reverte os efeitos observados, sugerindo que, os efeitos metabdlicos
observados pela diminuicdo da autofagia hipotalamica sdo mediados pela ativacao de

inflamagao nesse modelo.

De forma interessante, com 8 semanas de dieta hiperlipidica nao foi observado
diminuicdo no conteudo de LCS3-Il, embora a p62 esteja aumentada. Tal fato pode
refletir uma demanda aumentada de proteinas mal-formadas. Nao podemos excluir a
possibilidade de que haja apenas um aumento de conteudo de p62 resultante de
expressao aumentada dessa proteina, ja que a expressao de p62 pode ser induzida em
situacdes de estresse (Jain et al., 2010).

O simples fato de existir um aumento no contetudo de p62 em animais obesos ja
representa um evento interessante pois, essa proteina pode regular varios processos
de sinalizacao celular. Por exemplo, a p62 esta envolvida com a ubiquitinacdo de
TRAF6 (Komatsu et al., 2012). Essa interacdo entre a p62 e a TRAF6, que tem
atividade de enzima ubiquitina ligase (E3), promove a autoubiquitinagcdo da TRAF®6,
que, por sua vez, é importante para a transferéncia de ubiquitinas para proteinas alvo
(Moscat et al., 2007). A atividade de enzima ubiquitina da TRAF6 é essencial na cascata
de sinalizacdo do TLR4 e ativacao de NF-kB, por exemplo (Akira, Takeda, 2004). Ainda,
a p62 parece interagir com a proteina relacionada a via extrinseca da apoptose, a
caspase 8. Um estudo mostrou que quando a via da apoptose € ativada, a caspase 8
sofre ubiquitinacdo e entdo, a p62 promove a agregacado de caspase 8 estimulando
assim seu processamento e ativacdo. Com isso, ocorre maior ativacdo das caspases

efetoras e consequentemente, maior ativacdo da via da apoptose (Jin et al., 2009).
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Além da associagédo de p62 com a via da apoptose, a propria via da autofagia pode agir
ativando a apoptose. Young et al (2012) demonstraram que a membrana do

autofagossomo age como uma plataforma para a ativagao de caspase 8.

Com relacdo a importancia da autofagia para os neurbnios hipotalamicos
envolvidos no controle da fome, alguns trabalhos envolvendo a manipulagédo genética
de Atg7 demonstraram seu papel crucial. Quando a autofagia € inibida de forma
especifica em neurbnios AgRP, a resposta fisiologica ao jejum em aumentar a
expressao desse neurotransmissor € abolida, levando ao aumento de POMC e a-MSH.
Tal fato gerou um fenétipo magro em camundongos (Kaushik et al., 2011). Em
contrapartida, quando ha inibicdo de Atg7 em neurdnios hipotalamicos POMC, ocorre o
acumulo de p62 que se colocaliza com proteinas ubiquitinas, sugerindo formacao de
agregados proteicos. Com relacao ao fenétipo, o camundongo que nao possui autofagia
eficiente em neurénios POMC tem maior peso, consequéncia de maior ingestao
alimentar e diminuicao de gasto energético. Além disso, esse animal € desenvolve uma
intolerancia a glicose ainda maior quando em dieta hiperlipidica. O aumento da ingestao
alimentar é causado em parte pela resisténcia a leptina encontrada nesse animal (Quan
et al., 2012). Em um outro trabalho em que também investigou-se a repercussao da
delec&o de Atg7 em neurdnios hipotalamicos POMC evidenciou-se aumento de peso e
adiposidade, intolerancia a glicose, acimulo de agregados marcados com ubiquitinas e
p62 e interessantemente, diminuicdo da projecao axonal de neurénios POMC (Coupé et
al., 2012).

Demonstramos que o tratamento icv acido graxo estedrico, um &cido graxo
saturado de cadeia longa, é capaz de levar ao acumulo de p62 em hipotalamo de
camundongos. Nos ultimos anos, diversos trabalhos demonstraram que acidos graxos
livres séricos em excesso sao responsaveis pela resisténcia a insulina (Griffin et al.,
1999; Boden et al., 1995). Além disso, acidos graxos saturados sdo capazes de ativar
células da micréglia via TLR4 (Wang et al., 2012) e ativam vias inflamatérias em
astrocitos (Gupta et al., 2012). Espeficamente no hipotadlamo, acidos graxos saturados
de cadeia longa sao responsaveis pela ativagcdo de TLR4 e indugédo de estresse de
reticulo endoplasmatico (Milanski et al., 2009).
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No experimento seguinte, demonstramos que a administracdo de rapamicina,
uma droga inibidora do mTORCH1, via intracerebroventricular (icv) por 5 dias foi capaz
de aumentar o conteudo de LCS3-Il e diminuir p62 hipotalamica, sugerindo que o
tratamento foi capaz de restaurar a autofagia em camundongos obesos. Com isso,
houve diminuicdo na fosforilagdo de JNK1 e EIF2a, sugerindo uma diminuigdo na
ativacao de via inflamatéria e de estresse de reticulo endoplasmatico, respectivamente.
Além disso, a indugdo de autofagia em animais obesos diminuiu o conteudo de Bax e
aumentou o conteudo de Bcl-2, sugerindo diminuicdo da ativagdo de vias apoptoticas
em hipotdlamo de animais obesos. Esses resultatos revelam que a indugdo de
autofagia diminuiu a ativacao de processos celulares relacionados ao estresse.

A rapamicina parece exercer efeitos importantes na atividade de neurdnios
hipotalamicos. Em um modelo animal de obesidade induzida pela idade avangada,
ocorre a ativagdo andmala de mTOR em neurénios POMC. Tal fato leva ao aumento da
atividade de canais de potassio sensiveis a ATP, levando a diminuicdo da atividade
dessa populacao neuronal. De forma interessante, a administracao icv de rapamicina e
consequente inibicdo da mTOR causa perda de peso em animais senis relacionada ao
aumento da atividade de neur6nios POMC (Yang et al., 2012).

Alguns trabalhos mostram que a rapamicina exerce efeitos deletérios na
homeostase glicemica de roedores, apesar de paradoxalmente melhorar outros
parametros como adiposidade (Chang et al., 2009, Houde et al., 2010). Porém, Fang et
al (2013) demonstraram que o tempo de tratamento com rapamicina resulta em
diferentes efeitos sob o metabolismo de camundongos. Nas primeiras semanas de
tratamento foi observada uma intolerancia a glicose nesses animais, porém, apds 20
semanas de tratamento essa intolerancia foi revertida. Observamos uma melhora na
sensibilidade a glicose apés 30 minutos do desafio com glicose intraperitoneal em
animais obesos tratados com rapamicina, sugerindo que, o efeito da rapamicina
diretamente no SNC é diferente do encontrado na periferia.

Além disso, a autofagia esta relacionada com componentes do sistema imune

inato e adaptativo, e, no contexto de inflamacéo, atua como um regulador negativo de
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sinalizacao de citocinas (Virgin, Levine, 2009). Por exemplo, em macréfagos a autofagia
reduz os niveis de IL-1B por degradar essa citocina em resposta a LPS. In vivo, a
inducado de autofagia por rapamicina € capaz de reduzir os niveis séricos dessa citocina
apos estimulo com LPS (Harris et al., 2011), demonstrando assim o importante papel da
autofagia no controle de inflamagéo. Tal fato vai de encontro com o resultado deste
trabalho que mostra que a inducdo de autofagia hipotalamica em animais obesos
reduziu a ativagdo de via inflamatdéria. Portanto, a autofagia é essencial no controle da
inflamacéo e a falha nesse processo pode auxiliar na perpetuacao do sinal inflamatério
presente na obesidade, responsavel pela indugao de dano em neur6nios hipotalamicos

relacionados com o controle da fome e termogénese.

De forma contraria, componentes do sistema imune podem regular o processo
da autofagia. O TLR4 é capaz de regular a inducao de autofagia (Xu et al., 2007) de
forma dependende da associagdo de Beclin-1 com proteinas adaptadoras da via do
TLR4, MyD88 e Trif, fato que se associa com a menor interagdo da Beclin-1 com Bcl-2
(Shi, Kehrl, 2008). Além disso, a TRAF6 promove a ubiquitinacdo da Beclin-1 apés a
inducao de TLR4 para induzir autofagia mediada por esse receptor. De forma contraria,
a deubiquitinacdo da Beclin-1 pela proteina A20 limita a inducdo de autofafia mediada
por TLR4 (Shi, Kehrl, 2010).

A ativacédo prolongada de NF-kB por estimulagdo com E. Coli em macrofagos
leva a diminuicao de autofagia e morte celular (Schlottmann et al., 2008). Além disso, a
cotransfeccao de micrdglia infectada com virus da imunodeficiéncia simia ou o estimulo
com TNFa resulta em diminuigdo de autofagia e morte neuronal. Esses trabalhos
demonstram que a exposi¢ao prolongada a inflamagao pode ocasionar diminuicdo da
autofagia, o que sugere que a inflamagéo presente na obesidade pode ser a causa da
diminuicao da autofagia em hipotalamo de camundongos obesos.

Adicionalmente ao controle da inflamacao, a manutencédo da autofagia basal é
importante na remocéao proteinas e organelas disfuncionais e de agregados proteicos. A
falha na inducdo da autofagia pode causar o acumulo de mitocondrias disfuncionais,

levando ao estresse oxidativo e também o acumulo de proteinas disfuncionais gera
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formacao de agregados proteicos (Yang, Klionsky, 2009; Ravikumar et al., 2010). Dados
ndo publicados do nosso grupo demonstram a presengca de agregados proteicos
ubiquitinados em hipotalamo de camundongos com 16 semanas de dieta hiperlipidica,
reforcando a hipdtese de que ocorre falha no processo autofagico com obesidade

cronica.

A falha na autofagia em SNC resulta em neurodegeneracdo em camundongos e
esta relacionada com a patogénese de diversas doencas neurodegenerativas, como o
Alzheimer, Huntington e Parkinson (Kegel et al., 2000, Nixon et al., 2005, Ebrahimi-
Fakhari et al., 2011 Vogiatzi et al., 2008). Estudos epidemiol6gicos demonstram que
existe uma correlacdo positiva com a obesidade e doengas neurodegenerativas como
Parkinson e Alzheimer (Whitmer et al,. 2008; Gustafson et al., 2003; Johnson et al,.
1999, Logroscino et al,. 1996, Hellenbrand et al,. 1996) Sabendo da relacdo entre
autofagia e doencas neurodegenerativas, a falha nesse processo em modelo de
obesidade sugere que esse fato pode representar uma importante associagdo entre a
obesidade e doencas como Alzheimer.

Portanto, a obesidade induzida por dieta hiperlipidica em camundongos leva a
diminuicdo da autofagia hipotalamica, fato que pode contribuir para a perpetuagdo da
inflamacado local e indugdo de morte neuronal. Além disso, o acido graxo estearico
parece modular a via da autofagia levando ao acumulo de uma proteina substrato da
via, a p62, o que sugere um acumulo de agregados proteicos. De forma importante, a
falha em regular a autofagia em camundongos obesos representa um importante
mecanismo que pode estar associado com o risco aumentado de doencgas
degenerativas na obesidade.
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Abstract: Introduction: Crohn's cisease (CD) i a chronic intestingl silment with & multifactoris! etiology, whose in-
cidence hes increased during the last three decades. Recently, a role for mesenteric fat has been proposed in CD
pathophysiology, since fst hypertrophy & detectsd nearby the affected intestinal ares; however, there are few Stud-
ies on this aspect. Aim: To evalugte -nﬂammamry &ﬂiViD_I in intestinal mMucosa and mesenternc fat tissue of patients
with CD and controls. Meterisis and Methods: Ten patients with ileocecs! CD nd 18 pstients with non-rfiammstory
disesse (control groups) were stiidied. The Specimens were snap-froZen and the eXpression of TLR-4, F4/80, IL1-p
and IL-8 were determined by immunobiot of protein extracts. TLR4 RNA level were messured using RT-PCR. The t
Test was spplied (p<0.05). The jocal ethical committes epproved the Study. Results: The intestinal mucosa of CD
group hed signiicantly higher protein jevels of TLR-4, F4/80, IL-1p and IL8 than the controls. The gene expression
of TLR4 was lower in the intestingl mucosa of CD compared to the control group. Regard the mesenteric fat tssue,
there was no statisticsl difference related to TLR-4, F4/80, IL-18 and IL-6 proteins expression. Conciusions: These
Sndings May result from an upregulation of mecrophage sctivation end intraceliuisr pathways activated by bacte-
rial antigens, which are more important in intestingl mucosa than fst tissue in CD patients. This may represent an
anomeious regulation of inhete immunity and cousd contribUte to the production of proinfiammatory medistors and
diseese gevelopment.

Keywords: Crohn’s disesse, irflsmmatory bowel cisease, innate immunity, cytokines

Introduction kines induce the sctivation of their respective
receptors triggering the activation of an intra-
The incressing incidence of inflarmmstory bowel cellular signaling cascade ultimately leading to
disease (IBD), particularly Crohn’s disease (CD) the activation of nuclear transcription factors
and ulcerative colitis (UC), has rsised queries NF-KB and STAT-1. which control the transcrip-
regarding the pathogenesis and factors poten- tion of inflarnmatory factors [2, 3].
tiglly involved in the onset of these diseases.
D and UC are multifactorial chronic intestina! The mermbrane receptors TLRs (Toll-like recep-
diseases, which occur mainly in the second and tors) thet mediate the recognition of antigens of
third decades of life [1]. the intestinal lumen as lipopolysaccharide
(LPS), peptideoglycan (PGN) or fisgelin (Flsg)
Msacrophages are key cells involved in 1BD, were slso associsted with CD due to the activa-
since they are part of the innate immune sys- ton of NF-KB via MyD88, thersby increasing
tein at the interface with the external environ- the production of proinflamimstory cytokines
ment, and are responsible for the release of such as IL-1g, IL-6, IL-8 and susceptibility to
various cytokines such as TNF-o and IFN-y. invasion by pathogens in the lamina propris,
Once released, these proinfismmatory cyto- thus perpetuating the inflammatory process [4,
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Autophagy is decreased in mesenteric fat tissue but not in intestinal
mucosae of patients with Crohn’s disease
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Abstract Crohn's dsesse (CD) 5 2 chronic intestinal disesse
with 2 multifactorial eticlogy, Recently, a role for mesenteric
fathas been proposed in CD pathophysiology, since fat hypes
trophy is detected close 1o the affecied intestinal area; howe ver,
there are few studies regarding autophagy and the hypertro-
phied mesenteric tissue in CD. To evaluste autophagy-related
prokeins in intedtinal mucosae and mesenteric fat of patents
with CD and controls, patients with fleocecal CD (CD Group)
and with non-inflammatory disesse (FC Group) selecied fior
surgery were studied. Expression of LC3- I was determined by
immumnoblotting of prokin extacs. In addition, beclin-1, LC3
and Atg16-L1 RNA levels were measured using RT-PCR. The
expressionof LC 31T wassignificantdy ower in e mesenteric
tissue and higher in intestinal mucosse of CD when compared
10 controls. However, mRNA expression of autophagy-related
prokeins was similar when comparing the mesenteric fat
groups. These findings suggest a defect in autophagy activa-
tion in the mesentenic fattisaue of CD individuals, which could
be involved in the maintenance of the inflammasory process.
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Introduction

Autophagy seems © be essential for intestinal mucosal
immunity and recent studies show that mutations in
autophagy-related genes are sssociaied with CD (Cummings
et al. 2007; Parkes et al. 2007). Association of CD with the
gene locus, ATGI6L1, las been reported and patients who
have more mutant alleles develop a more severe course of
disease, compared to those patients with infammatory CD
phenotype only (Weersma et al. 2009).

Although phenotypic variation is seen in surgical speci-
mens from CD patients, macroscopic aspects are notonous,
especially with regard to the thickening of the mesenteric fat
next to the affected intestinal area (Golder 2009; Zulian et
al. 2012). Mesenteric fat hypertrophy and wrapping of the
bowel are characteristic of CD (Bertina et al. 2010). Few
reports discuss the role of the mesenteric fat tissue in CD,
however, no studies have evaluated autophagy in this tissue.
Therefore, in order to compare the autophagy activity
(called ‘macrosutophagy’) in fat and intestinal tissue be-
tween CD patients and controks, we employed immumnoblot-
ting to determine LC3 prokein expression and RT-PCR ©
determine the relative RNA quantification of beclin-1,
LC3IL and Agl6L1 in mesenteric fat tissue groups,

Methods

Mucosal biopsies were tiken from ten patients with ileocecal
CD. The presence of disease activity was assessed by colono-
scopy before surgery and all patients had a Crohn's disease
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