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EPIGRAFE

“(neurons are) the mysterious butterflies of the soul, the beating of whose
wings may some day - who knows? — clarify the secrets of mental life”

Santiago Ramdn y Cajal (1852-1934)



RESUMO

O hipotalamo integra sinais sistémicos de hormonios e nutrientes em uma complexa rede
neural que controla a ingestdo alimentar e o gasto energético. A exposicdo crénica a uma
dieta hiperlipidica é capaz de deflagrar uma resposta inflamatéria no hipotalamo que
dessensibiliza os neurénios POMC aos sinais anorexigénicos e, eventualmente, pode levar a
perda neuronal por apoptose. Na primeira parte desta Tese, investigamos o papel da TRIL,
uma proteina acessoria do TLR4, na inflamacdo hipotalamica associada ao consumo de dieta
hiperlipidica e na funcdo dos neurbnios POMC. Demonstramos que a TRIL estd
predominantemente expressa em neurénios POMC e que o seu knockdown no nucleo
arqueado resulta na reducdo da inflamagcdo hipotalamica, na melhora na homeostase
glicémica e na protecdo contra a obesidade. Utilizando adenovirus associado Cre-
dependente para o knockdown da TRIL especificamente nos neurénios POMC, observamos
reducdo da massa de gordura e melhora na sinalizacdo da leptina nestes neuronios.

A sensibilidade neuronal a glicose é fundamental para ativacdo pds-prandial de neurénios
POMC e inibicdo do apetite por meio de seus sinais anorexigénicos. Na segunda parte desta
Tese, examinamos o papel do PPARS como regulador indireto da ativacdo de neurénios
POMC. Camundongos com delecdo do PPARS em neurénios POMC utilizando CRISPR-Cas9
ndo exibiram alteracdo na responsividade destes neurbnios aos estimulos de glicose e
leptina, no entanto, apresentaram melhora na homeostase sistémica da glicose.

Esta Tese avaliou dois mecanismos potencialmente envolvidos com a disfuncdo do
hipotalamo em obesidade e disturbios metabdlicos. Nossos resultados permitem concluir
gue a proteina TRIL participa da inflamacdo hipotalamica gerada em resposta ao consumo de
dieta hiperlipidica enquanto a inibicdo do PPARS em neurdnios POMC é capaz de melhorar a

homeostase sistémica da glicose sem afetar sua resposta a leptina e glicose.

Palavras-chave: obesidade, proopiomelanocortina, inflamacdo, metabolismo, leptina



ABSTRACT

The hypothalamus integrates peripheral signals to a complex neural circuit that controls
feeding and energy expenditure. The consumption of high-fat diet triggers an inflammatory
response in the hypothalamus and promotes loss of nutrient sensing and apoptosis of POMC
neurons after long-term high-fat diet feeding. Here, we investigated the role of TRIL, an
acessory protein of TLR4, in the diet-induced hypothalamic inflammation and POMC
neuronal function. We showed that TRIL is predominantly expressed in POMC neurons. After
the knockdown of TRIL in the arcuate nucleus of the hypothalamus, there was a reduction in
hypothalamic inflammation, improved systemic glucose tolerance and protection against
diet-induced obesity. The POMC-specific knowckdown of TRIL using Cre-dependent adeno-
associated virus promoted body mass reduction and enhanced leptin signaling.

Glucose sensitivity is pivotal for the post-prandial activation and apetite-suppressant effects
of POMC neurons. In the second part of this Thesis, we analyzed a putative role for PPARS as
an indirect regulator of POMC neurons. CRISPR-Cas9-mediated deletion of PPARS in POMC
neurons was not sufficient to alter glucose and leptin sensitivity, but reduced glucose
intolarance in obese mice.

In this Thesis, we evaluated two mechanisms potentially involved in hypothalamic
dysfunction in obesity and metabolic disorders. Altogether, our results show that TRIL is
involved in the development of diet-induced hypothalamic inflammation whereas POMC

PPARS is involved in the hypothalamic regulation of systemic glucose tolerance.

Keywords: obesity, proopiomelanocortin, inflammation, metabolism, leptin
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INTRODUCAO
Obesidade: principios e epidemiologia global

A obesidade é definida como um acumulo excessivo de gordura corporal e esta
associada com reducdo na expectativa vida, doencas cardiovasculares, diabetes
mellitus tipo 2, cancer e outras doencas metabdlicas (1-3). Embora ndo exista um
padrdo bem definido da relacdo temporal entre a progressdo da obesidade e o inicio
do desenvolvimento das doencas cardiometabdlicas, estas parecem estar mais
prevalentes nos individuos que apresentam deposicao de gordura ectdpica, isto €, em

orgaos e tecidos como figado, musculo esquelético e na regido visceral (4,5).

De acordo com os estudos epidemioldgicos mais recentes, a prevaléncia de
obesidade aumentou em praticamente todos os paises do mundo nos ultimos 40 anos
(6). Em numeros, estes estudos identificaram mais de 600 milhdes de individuos
adultos obesos e mais de 107 milhGes de criancas obesas (7). As tendéncias de
aumento no indice de massa corporal (IMC) populacional foram particularmente
acentuadas em alguns paises do sul da Asia, Caribe e da America Latina (6). No Brasil,
de acordo com os dados da Pesquisa Nacional em Saude do IBGE em 2019,
aproximadamente 22% dos homens e 30% das mulheres apresentam IMC acima de 30

kg/m? (8).

A considerdvel variacdo do peso corporal entre individuos de uma mesma
populacdo e a alta heritabilidade do IMC sugerem que fatores genéticos influenciam
significativamente o desenvolvimento da obesidade. De fato, Genome-wide
association studies (GWAS) ja identificaram mais de 200 /oci relacionados com niveis
elevados de IMC (9,10). Alguns autores também argumentam que o genoma do
homem contemporaneo herdou de nossos ancestrais alelos “econdmicos”, ou seja,
genes associados a maior capacidade de preservacdo de energia (11). Ainda que
muitas variantes genéticas que predispdoem o desenvolvimento da obesidade tenham
sido identificadas nos ultimos anos, a alta prevaléncia desta doenca ao redor do
mundo esta majoritariamente associada com o ambiente obesogénico que surgiu a
partir da década de 1970.

A motorizacdo e reducdo da atividade fisica aliadas ao consumo de alimentos

altamente palatdveis, ricos em calorias e pobres em nutrientes, constituem os
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principais fatores ambientais associados ao balanco energético positivo e, em ultima
instancia, a obesidade. Debate-se ha décadas quais macronutrientes, quando
consumidos em excesso, tem maior influéncia no ganho de peso. O popular
“carbohydrate-insulin model of obesity”, por exemplo, postula que o alto consumo de
carboidratos eleva a secrecdo de insulina e direciona os acidos graxos para lipogénese
no tecido adiposo branco (TAB), enquanto outros tecidos metabolicamente ativos
(musculo esquelético e cérebro, por exemplo) sdo privados da oxidacdo lipidica,
desencadeando reducdo da taxa metabdlica e favorecendo o ganho de peso (12,13).
Por outro lado, dietas contendo menos carboidratos e mais gordura parecem ndo estar
associadas com maior secrecdo de insulina, permitindo a distribuicdo e a
metabolizacdo de acidos graxos em todos os tecidos, porém sua maior densidade
energética estaria associada com menor saciedade e consumo inconsciente e excessivo
de calorias (14).

Enquanto se debate a influéncia dos macronutrientes no balanco energético
objetivando o desenho das melhores estratégias dietéticas para reducdo do peso
corporal em obesos, o papel destes como moléculas de sinalizacdo celular tem sido
bastante investigados nos ultimos anos (15,16). Iniumeros estudos experimentais e
clinicos tém demonstrado consistentemente o papel que os lipideos desempenham no
desenvolvimento da obesidade e da resisténcia a insulina, ndo apenas pelo sua alta
densidade caldrica, mas também como efetores da ativacdo de vias inflamatérias (17—
19). O receptor de reconhecimento padrdao do sistema imunoldgico inato Toll-like
receptor 4 (TLR4), por exemplo, pode reconhecer e ser ativado por acidos graxos
saturados (20,21). Mediante tal ativacdo, o TLR4 estimula a transcricdo génica de
diversas citocinas pré-inflamatoérias, cuja producdo cronica € um marco no carater
inflamatdrio da obesidade.

A natureza da inflamacgdo associada a obesidade

A identificacdo de niveis elevados de Tumor necrosis fator alpha (TNF-a) no
tecido adiposo branco de camundongos obesos deu inicio a uma nova era no estudo
da obesidade (22). A natureza estéril da inflamacao cronica e sub-clinica da obesidade
é resultado da ativacdo de diversos componentes do sistema imunoldgico e, em
particular, da ativacdo do TLR4 por acidos graxos saturados provenientes da dieta e da

liberacdo enddgena pelo TAB.
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O TLR4 utiliza a via do fator de diferenciacao mieléide 88 (MyD88) para recrutar
e ativar proteinas citoplasmaticas envolvidas na ativacdo da kinase B do inibidor do
fator de transcricdo NF-kB (IkKB) que, por sua vez, fosforila e inibe o IkB. Quando
fosforilado, o IkB permite a liberacdo no citoplasma das porc¢ées cataliticas p50 e p65
do fator nuclear kappa B (NF-kB), um dos principais fatores de transcricdo envolvidos
na regulacdo de genes inflamatdrios, como o TNFa, IL6 e IL16 (23,24). A ativacdo de
vias alternativas do TLR4 também favorece a ativacdo das proteinas quinases ativadas

por mitdogenos (MAPKs), incluindo a kinase c-jun N-terminal kinase (JNK) (25).

O aumento da producdo de citocinas pro-inflamatérias decorrente da ativacao
da via de sinalizacdo do TLR4 amplifica os niveis intracelulares da Supressor of cytokine
signaling-3 (SOCS3) e da Protein-tyrosine phosphatase 1B (PTB1B), ambas supressoras
da sinalizacdo da leptina e da insulina no hipotdlamo (26). Além disso, a ativacao da
proteina serina quinase IkK e a ativacdo de JNK também se associa com o estado de
resisténcia a insulina e leptina hipotalamica por alterarem o padrdo fisiolégico de
fosforilacdo das proteinas pertencentes as cascatas sinalizadoras destes horménios. E
importante notar que vias metabdlicas e inflamatérias convergem em muitos pontos, e
gue sinais inflamatdrios sdo antagonistas e dominantes sobre as varidveis fisioldgicas
coordenadas, dentre outros, pela insulina e pela leptina, incluindo a manutencdo do

peso, do gasto energético e do apetite.

O sistema de homeostase energética no controle do apetite

O apetite é regulado por um complexo circuito neural que, coletivamente, integra
diversas varidveis fisioldgicas representadas por nutrientes circulantes, hormonios e
informagdes ascendentes do nervo vago. Os ramos do nervo vago e suas terminagoes
sensoriais no trato gastrointestinal (TGI) detectam hormonios secretados pelas células
enteroendécrinas do intestino envolvidos na saciedade do apetite, como a
colecistocinina (CCK), peptideo YY (PYY) e o glucagon-like peptide 1 (GLP-1) e também
pela deteccdo sensorial da distensdo mecanica do TGl, o que ocorre apds o consumo
alimentar (27). Estes sinais sdo transmitidos ao tronco encefalico através de fibras
aferentes do nervo vago, que por sua vez realizam conexdes glutamatérgicas com
neuronios localizados no nucleo do trato solitario (NTS) (27,28). Uma vez ativados, os

neuronios do NTS modulam, por meio de projecdes, a atividade de neurdnios no
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nucleo parabraquial (PBN), nucleo dorsal motor do vago (DMV), hipotalamo, entre

outros (28) (Figura 1).

PBN
PVH47—\ &
- ARG S ‘\
Sinais
Exteroceptivos e : Sinais
Interoceptivos Vglut2 Gastrointestinais

(CCK, GLP1, PYY, etc)

AgRP
© GABA

Figura 1. Neurdnios do nticleo arqueado do hipotdlamo e outros ntcleos envolvidos no
controle do apetite. Neurdnios do NTS recebem sinais ascendentes provenientes dos
hormonios produzidos e secretados pelo TGl e controlam a saciedade através de projegdes
eferentes nos neurdnios do PVH e PBN. A atividade dos neurdnios do ARC pode ser modulada
por sinais exteroceptivos (visdo e odor) e interoceptivos. Neurdnios AgRP estimulam o apetite,
em parte, via inibicdo GABAérgica de neurdnios POMC e estes estimulam a saciedade com
menor laténcia em relagdo aos neurénios Vglut2. PVH, paraventricular hypothalamus; PBN,
parabrachial nucleus; AgRP, agouti-related peptide; POMC, proopiomelanocortin; Vglut2,
vesicular glutamate transporter 2; CCK; colecistokinin; GLP1, glucagon-like peptide 1; PYY,
peptide YY; 3V; 3rd ventricle, GABA, gamma-Aminobutyric acid.

Nos ultimos cinco anos, houve grande avanco na caracterizacdo anatOmica,
genética e neuroquimica dos neurdnios do NTS e do nervo vago. Neurdnios do nervo
vago com terminagdes sensoriais na mucosa do TGl sdo especializados na detecgao
quimica de hormonios secretados pelas células enteroenddcrinas e expressam Vip e
Gpr65, ao passo que aqueles cujas terminacdes sensoriais estdo localizadas na camada
muscular e nas terminacdes laminares intraganglionares s3do especializados na
deteccdo de estimulos mecanicos, como na distensdo do TGl, e expressam Oxtr e Glp1r
(29). No NTS, neurdnios que expressam CCK sdo rapidamente ativados apds o consumo
alimentar e suprimem o apetite através da ativacdo de neurdnios que expressam
calcitonin gene-related peptide (CGRP) no PBN e neurdnios que expressam

melanocortin-4 receptor (MC4R) no nucleo paraventricular do hipotalamo (PVH) (30—
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32). Neuro6nios do NTS também secretam neuromoduladores como o GLP-1, que por

sua vez promove saciedade através da ativacao de neurdnios no PVH (33).

Além dos sinais gastrointestinais, o sistema de homeostase energética também
compreende sinais relativos ao estoque energético provenientes do TAB. Como tecido
enddécrino, o TAB produz e secreta diversas adipocinas com multiplas funcbes e a
leptina é o mediador humoral mais estudado e talvez o mais importante na regulacdo
do apetite. A leptina é produzida e secretada pelos adipdcitos e funciona como um
eficiente sinal aferente de feedback negativo na manutenc¢do da massa de TAB, isto é,
reduz o apetite quando hd aumento na massa de TAB e vice-versa (34). A sinalizacdo
da leptina é mediada pelo seu receptor (LepRb), pertencente a classe | dos receptores
de citocinas, e sinaliza via JAK2-Stat3 (34). Embora ndo exclusivamente, a leptina inibe
o apetite e aumenta o gasto energético através da modulacdo da atividade de

neuronios hipotalamicos presentes no ARC (35,36).

O hipotalamo como centralizador de sinais interoceptivos e exteroceptivos

Ao hipotdlamo sdo atribuidas muitas funcdes neuroenddcrinas envolvidas no
controle do metabolismo, da reproducdo, do crescimento, entre outros. Diversas
populacdes neuronais que residem nos varios nucleos do hipotalamo apresentam
conectividade entre si e com outras regides do cérebro contribuindo para o fino
controle de suas funcdes. O desenvolvimento e a aplicacdo de técnicas de
sequenciamento de RNA single-cell e a manipulacdo genética neurbénio-especifica tem
contribuido para avangos na caracterizacdo fenotipica e funcional dos neurénios do
hipotalamo, permitindo que se defina com precisdo como o hipotalamo participa da

regulacdo homeostatica do organismo.

O sitema melanocortina, compreendido pelos neurdnios que co-expressam agouti-
related peptide (AgRP)/neuropeptide Y (NPY)/GABA - aqui referidos apenas como
AgRP- e neurdnios que expressam Proopiomelanocortina (POMC), integra hormonios
periféricos e nutrientes para orquestrar a ingestdo alimentar e a homeostase
energética. A sinalizacdo anorexigénica dos neuronios POMC envolve a ativacdo do
MC4R no PVH através do a-melanocyte stimulating hormone (aMSH), um peptideo
derivado de multiplas clivagens proteoliticas de POMC (37). Por outro lado, neurénios

AgRP estimulam o apetite através de sua funcdo antagbnica ao MC4R e da sinalizacao
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inibitéria via NPY e GABA em neurdnios anorexigénicos que expressam MC4R no PVH e

nos neurénios POMC (38).

A regulacdo hormonal dos neurénios POMC e AgRP depende do estado energético
do organismo. Em jejum, a grelina ativa os neurdnios AgRP através do seu receptor
(GHSR) e induz hiperfagia fisioldgica (39). No estado pds-prandial, a leptina inibe os
neuronios AgRP e ativa os neurénios POMC. Nos ultimos trés anos, alguns estudos
revisitaram a sinalizacdo da leptina nestes neurbnios e revelaram resultados
controversos. Estudos iniciais com dele¢cdo pré-natal do LepRb em neurénios POMC
demonstram que a sinalizacdo da leptina nestes neurdnios seria primordial para o
controle da ingestdo alimentar e massa corporal (40). No entanto, outro estudo
revelou que a delecdo pés-natal do LepRb em neurénios POMC ndo provoca alteracoes
na ingestdo alimentar e na massa corporal, e estaria associada apenas a um
desbalanco na homeostase glicémica (41). Mais recentemente, outro estudo
demonstrou que a delecdo do LepRb em neurbnios AgRP provoca obesidade,
hiperfagia e diabetes severa, sugerindo que a leptina suprime o apetite através dos
neuronios AgRP e ndo dos neurénios POMC (42). Finalmente, um estudo demonstrou
gue os efeitos anorexigénicos da leptina sdo mediados por neurdonios GABAérgicos do
ARC e que camundongos ob/ob, que apresentam deficiéncia genética na producdo de
leptina, normalizaram a ingestdo alimentar apds o tratamento com leptina mesmo na
auséncia de neurdnios AgRP, deletados geneticamente (43). Baseado nas atuais
evidéncias, compreende-se que a sinalizacdo da leptina em neurdnios POMC estd
envolvida com o controle glicémico periférico e também com a ativacdo do sistema
simpatico e aumento do gasto energético (36). Em relacdo aos neurbnios-alvo para

supressao do apetite mediado pela leptina, o debate continua em aberto.

O desenvolvimento de técnicas de ativacdo e inibicdo artificial de neurbnios
ofereceram uma prova de conceito e acrescentaram novas informagdes a respeito das
caracteristicas biofisicas e sinapticas dos neurdnios do sistema melanocortina. A
ativacdo optogenética dos neurdnios AgRP demonstrou sua capacidade de estimular o
apetite em um periodo extremamente curto de tempo, ao passo que o efeito na
reducdo do apetite apds a ativacdo optogenética de neurénios POMC foi consumado

apenas apoés alguns minutos (44). O contraste nestes periodos de laténcia neuronal



17

revelou a existéncia de uma populacdo glutamatérgica no ARC com funcdo
anorexigénica, que rapidamente inibe o apetite quando optogeneticamente
estimulada (45). Em consondncia com o aMSH, estes neurdnios glutamatérgicos

potencializam a ativacdo dos neuronios MC4R do PVH (45).

A neurociéncia foi revolucionada também com a utilizacdo de indicadores de célcio
geneticamente codificados em neurdnios de interesse. Desta forma, o potencial de
acdo e o input sindptico podem ser avaliados e até mensurados através do
monitoramento das alteragGes de cdlcio intracelular em neurbnios especificos. A
aplicacdo desta técnica para analisar a dindmica de calcio em neur6nios POMC e AgRP
revolucionou profundamente os conceitos de neurdénios homeostaticos atribuidos a
estes. Isto porque foi demonstrado que neurbnios POMC e AgRP podem ser
rapidamente modulados por fatores exteroceptivos, como cheiro e visualizacdo de
alimentos (46). Camundongos em jejum, por exemplo, apresentaram rapida reducao
na atividade de neur6nios em AgRP apds visualizar racdo e, interessantemente, a
reducdo na atividade destes neurdnios foi ainda maior quando houve a apresentacao
de um alimento com maior densidade caldrica (47-49). Esta e outras caracteristicas
observadas nestes estudos demonstram que estes neuronios do ARC podem sofrer
regulacdo antecipatdria, na qual se processa e calcula a necessidade, a densidade
energética e a palatabilidade do alimento antes mesmo de ele ser consumido, com o
objetivo de acoplar o consumo e a demanda energética da maneira mais eficiente

possivel.
Inflamacgao hipotalamica e disfun¢dao de neurénios POMC na obesidade

Em decorréncia dos mecanismos evolutivos e de sobrevivéncia, nosso cérebro foi
programado para a busca por alimentos com maior densidade energética. No entanto,
a abundancia na oferta e consumo de alimentos processados e ultra-processados no
mundo moderno exacerbaram o problema da obesidade que, em parte, estd atrelada a
disfuncdo e ao dano estrutural de neurdnios hipotaldmicos envolvidos no controle do

apetite e do gasto energético.

Alguns trabalhos recentes tém demonstrado que o consumo de dietas

hiperlipidicas (HFD) pode dessensibilizar neurénios controladores do apetite aos sinais
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gerados por alimentos menos caléricos (50, 51). O que se observa nesses estudos é
gue animais inicialmente alimentados com HFD apresentam maior necessidade de
consumo calérico proveniente da racdo padrdo para se aliviar a valéncia negativa
associada a fome, isto €, a prévia exposicao a HFD parece alterar o limiar de saciedade
dos animais através de mecanismos homeostaticos e heddnicos. Andlises longitudinais
da atividade de neurdnios AgRP evidenciaram também que o consumo de HFD atenua
as respostas destes neurdnios aos estimulos exteroceptivos (50), discutidos no topico
anterior, e até mesmo a infusdo de nutrientes intragdstricos (51). O prejuizo na
deteccdo sensorial e interoceptiva dos alimentos pode, ainda, ser acentuado com os
danos funcionais e pela resposta andmala de neurénios POMC apds o consumo cronico

de HFD.

Estudos prévios do nosso e de outros laboratdrios identificaram maior
suscetibilidade a apoptose em neurdnios POMC em relagdo aos neurénios AgRP, o que
repercute diretamente no prejuizo das sinalizagbes anorexigénicas (52-55). Alguns
estudos indicam que o estresse mitocondrial em neuronios POMC pode estar
associado com sua disfuncdo em camundongos obesos. Yi e colaboradores
demonstraram que células da microglia ativadas no ARC em decorréncia do consumo
de HFD, produzem e secretam TNF-a, que por sua vez estimula a fusdo e o estresse
mitocondrial em neurénios POMC (56). Nesse contexto, o consumo de HFD também
provoca a perda do contato entre mitocondria e reticulo endoplasmatico via reducao
de mitofusina-2, tal alteracdo na comunicacdo entre as duas organelas reduz a
capacidade destes neurbnios em responder adequadamente as flutuacdes na
disponibilidade de nutrientes (57). Além disto, a producdo de aMSH apds a maturacao
e o processamento do neuropeptideo POMC depende da homeostase do reticulo
endoplasmastico e disturbios neste sistema podem desencadear hiperfagia e

obesidade (58).

A sensibilidade a glicose em neurbnios POMC é crucial para o correto
funcionamento do sistema melanocortina. A despolarizacdo destes neuronios mediada
por glicose envolve a inibicdo de canais de potassio ATP-dependentes e a geracdo de
espécies reativas de oxigénio (EROs) (59). Dados obtidos em camundongos obesos

demonstraram que os mecanismos supracitados sao afetados pelo aumento dos niveis
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de UCP2 (60), que por sua vez promove o desacoplamento da cascata de fosforilacao
oxidativa e a reducdo de EROs (61,62). Tomadas em conjunto, estas alteracOes
interferem na capacidade dos neurénios POMC responderem adequadamente a

presenca de glicose, o que ocorre, em ultima analise, em condi¢bes pds-prandiais.
A proteina TRIL e o receptor nuclear PPARS como potenciais alvos terapéuticos

A sinalizacdo do receptor TLR4 no sistema nervoso central requer uma proteina
acessoria denominada TLR4-interactor with Leucine-rich repeats (TRIL). Esta proteina
acessoria apresenta um dominio rico em leucina, com 13 repeticdes; um dominio
fibronectina e uma regido transmembrana uni-passo. Sua funcdo no cérebro ainda nao
foi completamente esclarecida, ao que parece atua como proteina de interseccao
entre o LPS e o TLR4, semelhantemente ao CD14. No entanto, a proteina CD14 é
altamente expressa em células da microglia, mas pouco expressa em astrécitos e
neuronios. Interessantemente, existem variacdes nos padrées de expressdo génica de
TRIL em subpopulacdes de neurbnios, com alta prevaléncia em neurdonios POMC e

baixa em AARP.

O receptor nuclear peroxisome proliferator-activated receptor 8/5 (PPARS) é a
isoforma da familia dos PPARs mais expressa no sistema nervoso central,
particularmente no hipotadlamo, e os efeitos da sua ativacdo neste tecido sdo
completamente desconhecidos. Acidos graxos saturados e insaturados sdo ligantes
naturais do PPARS em tecidos metabolicamente ativos e sua ativacdo esta relacionada
com o aumento da expressdo de genes envolvidos no metabolismo oxidativo,
sobretudo, dos acidos graxos. Interessantemente, camundongos ob/ob, cuja obesidade
e hiperfagia severa estdo atrelados a deficiéncia genética na producdo de leptina,
apresentam expressao de PPARS anormalmente elevada no hipotalamo. Além disso, os
neuronios POMC destes animais sdo menos sensiveis a glicose e este fendbmeno parece
estar associado a UCP2, cujo controle transcricional ocorre, pelo menos em parte, pelo

PPARS.
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Ainda ndo existem evidéncias mecanisticas que expliguem a maior labilidade de
neuronios POMC dentro do contexto da inflamacdo hipotaldmica induzida por HFD.
Assim, nesta Tese, avaliamos inicialmente o envolvimento da proteina TLR4-interactor
with Leucine-rich repeats (TRIL) na inflamagdo hipotalamica induzida por dieta e na
apoptose de neurdnios POMC. Em seguida, investigamos o possivel envolvimento do
PPARS como mediador da dessensibilizacdo de neurénios POMC a glicose e a leptina

em modelo animal alimentado com HFD (Figura 2).

HFD

Hipotalamo
TRILl
PPARS §
POMC LBD
= \ S

Inﬂamacao X ™~ AF-1 DRk
Apoptose Responsividade a -.?v-.
l glicose e leptina
Saciedade e

Figura 2. Hip6tese dos mecanismos celulares envolvidos na disfungao dos neurdénios POMC.
Neurbnios POMC do hipotdlamo de camundongos com obesidade induzida por HFD
apresentam resposta andmala aos sinais interoceptivos, tais altera¢gdes podem estar atreladas
a inflamacdo induzida por HFD e por mecanismos de dessensibilizacdo neuronal. AF-1,
activation function-1; DBD, DNA-binding domain; LBD; ligand-binding domain.
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ABSTRACT

Background/objectives: Obesity and high-fat diet (HFD) consumption result in
hypothalamic inflammation and metabolic dysfunction. While the TLR4 activation by
dietary fats partially mediates neuronal and glial inflammation, the role of its accessory
proteins in the diet-induced hypothalamic inflammation remains unknown. Here, the
TLR4-interactor with leucine-rich repeats (Tril) was explored as a potential candidate
for mediating the harmful effects of HFD consumption in the hypothalamus and in

proopiomelanocortin (Pomc) neurons.

Methods: The expression and modulation of Tril in the hypothalamus were
characterized in HFD-fed mice. Metabolic phenotyping, leptin signaling and
immunohistochemical analyses were performed on mice with shRNA-based

knockdown of Tril in the arcuate nucleus (ARC) and in Pomc neurons.

Results: The knockdown of Tril in the ARC resulted in reduced hypothalamic
inflammation, increased whole-body energy expenditure, increased systemic glucose
tolerance and protection against diet-induced obesity. The Pomc-specific knockdown
of Tril resulted in decreased body fat, decreased white adipose tissue inflammation

and a trend toward increased leptin signaling in Pomc neurons.

Conclusion: Tril was identified as a new component of the complex mechanisms that
promote hypothalamic dysfunction in experimental obesity and its inhibition in the

hypothalamus may represent a novel target for obesity treatment.

Key words: Obesity, Hypothalamus, Inflammation, Metabolic Dysfunction.



ABBREVIATIONS:

AAV, adeno-associated virus

AgRP, agouti-related protein

ARC, arcuate nucleus

DIO, diet-induced obesity

HFD, high fat diet

iBAT, interscapular brown adipose tissue
ipGTT, intraperitoneal glucose tolerance test
ipITT, intraperitoneal insulin tolerance test
MSH, melanocyte-stimulating hormone
Myd88, myeloid differentiation primary response gene 88
POMC, proopiomelanocortin-expressing
TLR4, toll-like receptor 4

Tril, TLR4-interactor with leucine-rich repeats

UCP1, uncoupling protein 1
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INTRODUCTION

The hypothalamus is a key brain region involved in the regulation of food intake and
systemic homeostasis. In diet-induced obesity (DIO), a chronic and low-grade
proinflammatory response in the arcuate nucleus (ARC) of the hypothalamus impairs
the neuronal control of energy balance (1, 2). Thus, to understand how such
inflammation develops in the hypothalamus is pivotal in determining obesity

treatment.

Saturated fatty acids from hypercaloric diets can serve as ligands for the toll-like
receptor-4 (TLR4) (3) and genetic mouse models lacking either TLR4 (4) or its
downstream accessory protein myeloid differentiation primary response gene 88
(MyD88) (5) are protected from DIO and hypothalamic inflammation. Despite progress
towards characterization of TLR4 signaling, the role of other critical components of

TLR4 signaling in the hypothalamus remain poorly understood.

The TLR4-interactor with leucine-rich repeats (Tril) is a single transmembrane spanning
89 kDa protein that contains 13 leucine-rich repeats and is highly expressed in the
brain (6). It plays an important role mediating TLR4 signal transduction, and whole-
body Tril knockout results in defective inflammatory cytokine production in response
to LPS and E. coli, particularly in the central nervous system (CNS) (7). A previous study
has shown an enrichment of Tril in proopiomelanocortin-expressing (POMC) neurons
(8), a leptin-responsive and appetite-suppressant group of hypothalamic neurons
largely affected by obesity (9-12). Here, we hypothesized that Tril might be involved in
diet-induced hypothalamic inflammation and in the regulation of POMC neurons. We
show that knockdown of hypothalamic Tril protects mice from diet-induced body mass

gain and systemic glucose intolerance.

MATERIAL AND METHODS

Animal models. Six-week old, male, Swiss and C57BL/6J mice were obtained from the
University of Campinas experimental animal breeding facility. AgRP-IRES-Cre mice
(#012899, Agrptmil(cre)Lowl/J, Jackson Laboratories) were crossed with the Cre-
inducible tdTomato reporter mouse (#007909,B6;12956-Gt(ROSA)26Sortm9(CAG-
tdTomato)Hze/J, Jackson Laboratories), and POMC-Cre (#005965, Jackson
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Laboratories) were used in Cre-dependent rAAV experiments or crossed with Cre-
inducible GFP-reporter mice (#004178, The Jackson Laboratory) to determine the
colocalization of Tril with fluorescently labeled AgRP and POMC neurons, respectively.
Mice were housed individually at 22°C (+1°C) using a 12 h light/12 h dark cycle. All mice
had ad libitum access to chow (3.7 kcal g*) or a HFD (60% kcal from fat, 5.1 kcal g)
and water (macronutrient composition of diets is presented in Supplementary Table
1). For refeeding experiments, mice were deprived of the respective diets for 12 hours
during the dark cycle and thereafter the hypothalamus was harvested 1, 3, 6, 12 and
24h after refeeding; these experiments were performed after a five-day washout
period to eliminate the novelty and the initial overfeeding associated with HFD
introduction. All experiments were approved by the Ethics Committee at the University

of Campinas (#4069-1 and #4985-1).

Respirometry. To determine Oz consumption, CO; production and energy expenditure,
mice were acclimatized for 48 h in an open circuit calorimeter system, the LE 405 Gas
Analyzer (Panlab — Harvard Apparatus, Holliston, MA, USA). Thereafter, data were
recorded for 24 h. Results are presented as the average of light and dark cycles.
Analysis of covariance (ANCOVA) was used for the comparison of energy expenditure

and body mass in mice.

Glucose and insulin tolerance tests. Following 6 h of fasting, mice received
intraperitoneal (ip) injections with solutions containing glucose (2.0 g/kg body weight)
or insulin (1.5 IU/kg body weight) and then blood samples were collected for ip-
glucose tolerance test (ipGTT) or ip-insulin tolerance test (ipITT), respectively. Glucose
concentrations were measured in tail blood using a portable glucose meter (Optium
Xceed, Abbott) at 0, 15, 30, 60 and 120 minutes after glucose administration or 0, 5,

10, 15, 20, 25 and 30 minutes after insulin administration.

Assessment of body composition. To determine total body fat and lean mass, time-
domain nuclear magnetic resonance (TD-NMR) was applied using the LF50 body
composition mice analyzer (Bruker, Germany). Measurements were performed on the

last day of the experiment.
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Thermal images. The estimated iBAT temperatures were determined using an infrared
(IR) camera (FLIR T450sc, FLIR systems, Inc. Wilsonville, USA) and analyzed with FLIR-

Tools software.

Tissue collection and histology. C57BL/6J, AgRP tdTomato and POMC-GFP mice were
deeply anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and
submitted to transcardiac perfusion with 0.9% saline followed by 4%
paraformaldehyde (PFA). Brains were removed, postfixed 24 h in 4% PFA solution and
then transferred to a solution containing 20% sucrose in 0.1 M PBS (pH 7.4) for 12 h.
Perfused brains were frozen at -30°C and sectioned on a cryostat at a thickness of 30
um. For immunohistochemistry, free-floating sections were washed three times for 10
minutes with 0.1 M PBS. Next, sections were blocked in 5% donkey serum and 0.2%
Triton X-100 in 0.1 M PBS for 1 h at room temperature, followed by incubation in goat
anti-TRIL primary antibody (sc-24489, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
rabbit anti-IBA1 (Wako Chemicals, #019-19741), rabbit anti-cleaved caspase-3 (Cell
Signaling, #9661S), rabbit anti-POMC (Phoenix Pharmaceuticals, #H-029-30), sheep
anti-aMSH (Chemicon, #AB5087) and rabbit anti-AgRP (Phoenix Pharmaceuticals, #H-
003-53) for 24 h. The sections were then washed three times in 0.1 M PBS and
incubated for 2 h at room temperature in donkey anti-goat AlexaFluor>*® (1:500,
Invitrogen, #A-11056), donkey anti-goat FITC (1:500, Santa Cruz, sc-2025), donkey anti-
rabbit FITC (1:500, Abcam, ab6798), donkey anti-rabbit 1gG AlexaFluor>** (1:500,
Jackson Immuno Research, #711-585-152) and donkey anti-sheep AlexaFluor*® (1:500,
Jackson Immuno Research, #713-545-003) conjugated secondary antibodies.
Thereafter, the sections were mounted onto slides, and the nuclei were labeled with
TOPRO (Life Technologies, T3605). The sections were analyzed with a LEICA TCS SP5 I

confocal laser-scanning microscope (Leica Microsystems, Wetzlar, Germany).

Multiplex fluorescent in situ hybridization (FISH). Brains from C57BL/6) mice were
quickly harvested and frozen in OCT at -20°C and stored at -80°C. The slides containing
a 15-um-thick brain sections were processed for multiplex FISH using the RNAscope
system (ACDBio) and probes for the following mRNA: Tril (C-1), Pomc (C-2) and AgRP
(C-3). The pretreatment was performed by sequential incubations of slides in 4% PFA,

50% EtOH, 70% EtOH and 100% EtOH at room temperature. Probe hybridization was
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achieved by incubation of 30 ul mRNA target probes for 2h at 40°C using a HyBez oven.
The signal was then amplified by subsequent incubation of Amp-1, Amp-2 and Amp-3
for 30, 30 and 15 minutes, respectively, at 40°C using a HyBez oven. Each incubation
step was followed by RNAscope washing buffer washes. The slides were coverslipped
and mounted using DAPI Fluoromount-G (SouthernBiotech). Slides were visualized

with an inverted Zeiss LSM 780 laser scanning confocal microscope using a x20 lens.

pSTAT3 staining. Mice were submitted to 12 h of fasting and then received ip
injections with mouse leptin (5 mg/kg body weight, Calbiochem, Billerica, MA, USA).
After 1 h, mice were submitted to transcardiac perfusion with 0.9% saline followed by
4% PFA. After sectioning on a microtome, the brain sections were rinsed in 0.02 M
KPBS (pH 7.4), followed by pretreatment in a water solution containing 1% hydrogen
peroxide and 1% sodium hydroxide for 20 minutes. After extensive washings in 0.02 M
KPBS, the sections were incubated in 0.3% glycine for 10 minutes and then 0.03%
lauryl sulfate for 10 minutes. Thereafter, the sections were blocked in 3% normal
donkey serum for 1 h, followed by incubation in rabbit anti-pSTAT3™"7% (1:1000, Cell
Signaling, #91315) for 48 h. For the immunofluorescence reactions, sections were
rinsed in KPBS and incubated for 120 minutes in Fab fragment donkey anti-rabbit
AlexaFluor*® (1:500, Jackson Immuno Research, #711-547-003). Thereafter, sections
were washed three times in 5% formalin for 10 minutes and then washed three times
in 0.02 M KPBS for 5 minutes. Sections were then incubated with POMC antibody
(1:1000. Phoenix Pharmaceuticals, #H-029-30) overnight at room temperature. After
washing in 0.1 M PBS, the sections were incubated for 30 minutes with the secondary
antibody AlexaFluor>* (1:500, Jackson Immuno Research, #711-585-152) diluted in
0.02 M KPBS. After three washes in 0.02 M KPBS for 10 minutes, the sections were
mounted onto gelatin-coated slides and coverslipped with Fluoromount G (Electron
Microscopic Sciences, Hatfield, PA, USA). The percentage of pSTAT3-positive POMC
neurons was determined in blind counting by three distinct researchers using
hemisections of the middle ARC from four animals for statistical comparison. The
sections were processed simultaneously under identical conditions and analyzed with

the same microscope set-up.
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Liver histological analysis. Fragments of left lobe were collected and fixed in 10%
buffered formalin, embedded in paraffin and stained with hematoxylin and eosin
(H&E, Merck, USA), and analyzed and photographed using a light microscope (Axio
Observer D1, Zeiss, USA).

Lentiviral clones. Three different shRNA clones targeting Tril (Sigma-Aldrich, St Louis,
MO, USA) and scramble lentiviral particles were used for the overall knockdown
experiments (13). For arcuate nucleus (Arc) bilateral lentiviral delivery, 8-12 week old
male C57BL/6J mice were anesthetized with ketamine (100 mg/kg body weight) and
xylazine (10 mg/kg body weight) intraperitoneally, and the stereotaxic surgery was
carried out using a stereotaxic frame (Stoelting Apparatus, Wood Dale, IL, USA) set at

AP -1.7 mm, ML 0.3 mm and DV -5.6 mm coordinates from Bregma.

Cre-dependent recombinant adeno-associated viral (rAAV) vectors. With regard to the
POMC-specific knockdown of Tril, referred to here as POMC rAAV™™RL 3 TRIL-based
miRNA construct was constructed by modifying the Cre-dependent AAV-FLEX-EGFP-
mir30 (Scn9a) (Addgene plasmid # 79672) (14, 15). Briefly, the plasmid was modified
by replacing the self-complementary sequences of Tril shRNA, using EcoRI and Xhol. All
miR sequences were preserved. The sequence used was the following, where
complementary sequences are underlined:

5’'CGAGGCAGTAGGCACCAGTATCTTACTGTGTTATTTACA

TCTGTGGCTTCACTAAATAACACAGTAAGATACTGGCGCTCACTGTCAACAGCAATATACCTT-

3’. The rAAV particles were produced in the LNBio (Brazilian Biosciences National
Laboratory) facility and titrated using an Addgene protocol by qPCR (16). Briefly,
purified AAV particles were treated with DNAse by incubation for 30 min at 37°C. A
standard curve was generated using the AAV-FLEX-EGFP-mir30 (TRIL) plasmid serial
diluted. SYBR Green quantitative PCR (qPCR) was performed using the primers: fwd ITR
primer 5'-GGAACCCCTAGTGATGGAGTT-3’ and rev ITR primer 5'-
CGGCCTCAGTGAGCGA-3'. The Cre-dependent bilateral injections of the rAAV vectors in
the Arc were performed in POMC-Cre mice at the following stereotaxic coordinates: AP
-1.7 mm, ML 0.3 mm and DV -5.6 mm from Bregma. All AAVs were allowed 2 weeks

for expression before experiments were initiated.
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Gene expression analysis. Total RNA was extracted from the hypothalamus, inguinal
and epididymal white adipose tissue, brown adipose tissue and liver using TRIzol
reagent (Invitrogen). cDNA synthesis was performed using 2 ug of total RNA. The PCR
containing 25 ng of reverse-transcribed RNA was performed using the ABI Prism 7500
sequence detection system (Applied Biosystems). For RT-PCR calculation, the delta CT
was used, and the relative gene expression was normalized to that of GAPDH in all
samples. In the figures 1E, 1F and 1G the mRNA expression of Tril in mice fed on HFD
was also normalized for the respective control group of mice fed on chow. The primers
used were Tril  (MmO01330899 sl1), Ucpl (MmO01244861 m1l), PGCla
(MmO01188700_m1), Zic1 (Mm00656094_m1), LHX8 (Mm00802919_m1l), Tfam
(MmO00447485_m1), PPARy (MmO01184322 m1), Scdl (MmO00772290 m1), Srebfl
(Mm01138344_m1), Cd36 (Mm01135198 m1, Tnfa (MmO00443258_m1), F4/80
(MmO00802529_m1), /l1-86 (MmO00434228_m1), Nirp3 (Mm00840904_m1), Hsp90
(Mm00441926_m1), Hspa5 (Mm00517691_m1), Caspase-3 (Mm01195085 m1), Pomc
(MmO00435874_m1), AgRP (MmO00475829 gl1), Mch (MmO01242886 gl1), Tmem26
(MmO01173641_m1), Th (Mm00447557 m1), Ccl2 (Mm99999056 m1) and Tbxl1
(MmO00448949_m1).

Western blotting. Hypothalamic specimens were homogenized in solubilization buffer
(1% Triton X-100, 100 mM Tris (pH 7.4), 100 mM sodium 22 pyrophosphate, 100 mM 4
sodium fluoride, 10 mM EDTA, 10 mM sodium vanadate, 2 mM 23 PMSF and 0.1
mg/mL 5 aprotinin). A total of 100 pg of protein per sample were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
nitrocellulose membranes and blocked in 3% BSA solution in TBST for 2 h. After a
washing step, the membranes were blotted with goat-anti TRIL antibody (sc-24489,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), and a-tubulin (Sigma-Aldrich, T5168)
was used as loading control. Specific bands were labeled by chemiluminescence and
were quantified by optical densitometry after exposure to Image Quant LAS4000 (GE

Healthcare, Life Sciences).

Statistical analysis. Results are presented as mean + standard error of the mean (SEM).
Statistical comparisons between different times of refeeding and controls were

performed using analysis of variance (ANOVA), followed by Tukey’s post hoc test.



30

Student’s t tests were applied for comparisons between scramble and KD™'" in
experiments with lentiviral clones or POMC Cre™mNonTarget and POMC Cre™ ™It in

experiments with Cre-dependent rAAV.
RESULTS

Hypothalamic Tril expression is increased in diet-induced obesity. Tril mRNA expression
was detected in 44% of POMC neurons and only 25% of AgRP neurons (Fig. 1A); the
major Tril overlap with POMC neurons was further confirmed in hypothalamic slices
from POMC-GFP mice (Suppl. Fig. 1A) in comparison with AgRP-tdTomato mice (Suppl.
Fig. 1B). Tril was also detected in some Ibal-expressing cells (Suppl. Fig. 1C). In outbred
obesity-prone Swiss mice (Fig. 1C), the hypothalamic (Fig. 1D) but not hippocampal
(Fig. 1E) expression of Tril underwent increase one and two weeks after the
introduction of a HFD. This was accompanied, in the first week, by the increased
expression of hypothalamic TIr4 (Fig. 1F). In isogenic C57BL/6J mice, the hypothalamic
expression of Tril was increased after refeeding in mice fed a HFD (Fig. 1G) but not in

mice fed a standard chow (Fig. 1H).

Inhibition of hypothalamic Tril protects from diet-induced obesity. Three distinct
lentiviral clones containing a shRNA to knockdown Tril were tested in the ARC and a
scramble was used as a negative, non-silencing control (Fig. 2A, 2B and Suppl. Fig. 2);
the lentivirus clone #3 (sequence depicted in Fig. 2A and Tril protein inhibition in
Figure 2B; ) generated a significant Tril knockdown. The protocol (using lentivirus #3)
was designed to evaluate whether the knockdown of hypothalamic Tril could prevent
the effect of a HFD on metabolic parameters, since the introduction of a HFD occurred
after the injection of the lentivirus particles (Fig. 2C). The inhibition of hypothalamic
Tril resulted in the reduction of transcript expression of hypothalamic /18, Nirp3 and
Hspa5 (Fig. 2D); no changes were detected in baseline expression of transcripts
encoding for Pomc, Agrp and Mch (Fig. 2E). The inhibition of hypothalamic Tril resulted
in reduced body mass gain (Fig. 2F) and no change in caloric intake (Fig. 2G and 2H); in
addition, inhibition of hypothalamic Tril resulted in reduced absolute (Fig. 2I) and

relative (Fig. 2J) epididymal white adipose tissue mass.

Inhibition of hypothalamic Tril improves systemic glucose tolerance. In mice under

hypothalamic inhibition of Tril and fed a HFD (as depicted in the experimental protocol
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in Fig. 2C), there was a trend in the increase in whole body energy expenditure (Fig.
3A-3C). This was accompanied by reduced absolute (Fig. 3D) and relative (Fig. 3E) mass
of the interscapular brown adipose tissue (iBAT) but no changes in the temperature
(Fig. 3F—3H) of iBAT and expression of iBAT transcripts encoding proteins involved in
thermogenesis (Fig. 3l). Moreover, the inhibition of hypothalamic Tril improved
systemic glucose tolerance (Fig. 3) and 3K), promoted a trend to increase systemic
insulin sensitivity (Fig. 3L) and reduced liver steatosis (Fig. 3M), which was
accompanied by reduced hepatic expression of transcripts encoding for Scd1 and CD36

(Fig. 3N).

POMC-specific knockdown of Tril reduces body adiposity and increases hypothalamic
responsiveness to leptin. A Cre-dependent AAV was designed to selectively knockdown
Tril in POMC neurons of the ARC (Fig. 4A and 4B). Since the introduction of a HFD
occurred after the injection of rAAV, this protocol was designed to evaluate whether
the knockdown of Tril in POMC neurons could prevent the effect of a HFD on
metabolic parameters (Fig. 4C). This approach resulted in a trend to overcome HFD-
induced body mass gain (Fig. 4D and 4E) and a significant reduction of fat (Fig. 4F) but
not lean mass (Fig. 4G). In addition, there were trends to reduce absolute (Fig. 4H) and
relative (Fig. 4l) epididymal fat mass and significant reductions of epididymal adipose
tissue expression of the inflammatory transcripts Illb and Tnfa (Fig. 4J). The
knockdown of Tril in POMC neurons resulted in a trend to reduce cumulative food
intake throughout the experimental period (Fig. 5A) and a significant reduction of food
intake acutely after a period of prolonged fasting (Fig. 5B). This was accompanied by
increased leptin-induced activation of STAT3 in POMC neurons (Fig. 5C and 5E) but not
in the retrochiasmatic hypothalamus (Fig. 5D). Inhibiting Tril in POMC neurons
promoted no modification in the density of EMSH (Fig. 5F, upper panels and Fig. 5G)
and AgRP (Fig. 5F, lower panels and Fig. 5H) projections to the paraventricular

hypothalamus.

POMC-specific knockdown of Tril increases the thermogenic gene expression in brown
adipose tissue. No changes in whole body energy expenditure were observed after
POMC-specific knockdown of Tril either in mice fed a chow (Fig. 6A—6C) or in mice fed

a HFD (Fig. 6D—6F). There was a trend to reduce absolute brown adipose tissue (Fig.
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6G) but not relative mass (Fig. 6H). Brown adipose tissue temperature was not
modified (Fig. 61-6J), but the expression of the thermogenic genes Lhx8 and Zicl were
increased in mice under the inhibition of Tril in POMC neurons (Fig. 6L). In addition, the
inhibition of Tril in POMC neurons led to lower fasting blood glucose (Fig. 6M) but no

change in whole body glucose tolerance (Fig. 6N).

Inhibition of Tril in POMC neurons cannot revert the diet-induced obesity phenotype but
increases the expression of thermogenic genes in brown adipose tissue. In all preceding
experiments, the inhibition of Tril either in the ARC or specifically in POMC neurons
occurred two weeks before the introduction of a HFD; thus, the approaches aimed at
preventing the harmful effects of the diet. In order to test the hypothesis that
inhibition of Tril in POMC neurons could revert the metabolically adverse effects of
long-term consumption of a HFD, mice were fed a HFD for 14 weeks and then injected
with rAAV shTril. After 2 weeks of recovery, mice were maintained for another 8 weeks
on the HFD and metabolic parameters were evaluated (Suppl. Fig. 3A). As depicted in
Suppl. Fig. 3B and 3C, the inhibition of Tril in POMC neurons could neither revert
obesity nor change caloric intake in this group of mice. In addition, there were no
changes in epididymal fat mass (Suppl. Fig. 3D and 3E), brown adipose tissue mass
(Suppl. Fig. 3F and 3G) and brown adipose tissue temperature (Suppl. Fig. 3H-3J).
Nevertheless, in mice submitted to the inhibition of Tril in POMC neurons, there was a
trend to increase brown adipose tissue expression of Ucp1 and a significant increase in

the expression of Tmem?26 (Suppl. Fig. 3K).

Inhibition of Tril in POMC neurons of obese mice did not change the number of POMC
neurons in the arcuate nucleus. In experimental obesity, there is increased apoptosis of
neurons in the ARC, and this predominantly affects the number of POMC neurons (9,
17, 18). In obese mice submitted to the protocol of inhibition of Tril in POMC neurons
(Fig. 7A), there were neither changes in the number of POMC neurons (Fig. 8A and 8B)

nor in the cellular expression of cleaved caspase-3 (Fig. 8C and 8D).
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DISCUSSION

The stability of body mass depends on the functional and structural fitness of ARC
neurons, as demonstrated by a number of different experimental approaches (19-22).
Many advancements have been made towards the molecular programs involved in the
obesity-associated hypothalamic inflammation and how the neuronal control of energy

balance is affected during the course of HFD feeding (3, 18, 23, 24).

In DIO, POMC neurons are affected at the functional and structural levels by distinct
but integrated mechanisms (2, 3, 5, 18, 25-27). The core mechanism behind DIO-
associated POMC abnormalities is inflammation (28-32), and its drivers include the
activation of RNA stress granules (33, 34), endoplasmic reticulum stress (2, 3, 26), PKCt
(27) and TLR4 (3, 35). The long-term persistence of hypothalamic inflammation, as it
occurs when mice are fed a HFD for longer than 8 weeks, leads to a progressive and
potentially irreversible deterioration of the melanocortin system (9, 17, 30, 36-38).
Interestingly, despite the fact that POMC and AgRP neurons share anatomical space,
and thus, are potentially exposed to similar harmful factors, POMC undergoes more
dramatic changes in response to DIO (9, 17, 18), raising the possibility that POMC-

specific factors could be involved in this increased sensitivity to the diet.

Using a POMC-specific transcriptomics (8), we identified Tril, a TLR4-associated
membrane protein previously shown to mediate the inflammatory response to LPS in
the brain (6). Our analysis of in situ mMRNA expression revealed that Tril is present in
44% of POMC-expressing neurons and 25% of AgRP-expressing neurons in the ARC. We
also employed POMC and AgRP reporter mice to anatomically define the expression of
Tril in the hypothalamus and confirmed that Tril is mostly expressed in POMC neurons
(8). In addition, as it could be expected for a TLR4-associated protein, Tril was detected
in microglia (39). It has been recently shown that dietary excess facilitates the
infiltration of bone-marrow-derived myeloid cells into the ARC and the activation of
resident microglia, leading to an inflammatory responsiveness and neuronal and
metabolic dysfunction (40, 41). Using two distinct mouse strains, we showed that
hypothalamic Tril is regulated by the consumption of a HFD, as other inflammatory
proteins involved in the development of hypothalamic abnormalities in DIO (2, 3, 18,

40, 42).
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In order to explore the potential involvement of hypothalamic Tril in the development
of HFD-associated obese and metabolic phenotypes, we used two distinct approaches.
First, we employed a lentivirus encoding a shRNA to selectively knockdown Tril in a
non-cell-specific fashion in the arcuate nucleus (13). Second, we employed Cre-
dependent adeno-associated viral vector to specifically inhibit Tril in POMC-expressing
neurons (43). When either inhibition was performed in mice fed chow, there were
virtually no changes in the phenotype. Conversely, when either inhibition was
performed in mice fed a HFD, there were considerable beneficial changes in the obese
and metabolic phenotypes. The different outcomes obtained in mice fed the distinct
diets support the potential involvement of Tril in the diet-induced inflammatory

response.

The action of Tril is similar to CD14 (serving as an accessory molecule that facilitates
the binding of LPS to TLR4), mediating at least part of the inflammatory response
triggered in this context (7). Studies have previously shown that Tril is expressed in glial
cells (6, 7). However, as first shown by Henry and coworkers using RNA sequencing of
hypothalamic neurons (8) and now, confirmed in this study, Tril is also expressed in
POMC neurons. One important aspect of TLR4-associated protein expression in the
hypothalamus is that, whether CD14 is expressed in glial cells, it is not expressed in
POMC neurons (44); thus, in this particular cell population, Tril may be essential for the

activation of TLR4.

The arcuate nucleus non-restricted and POMC-restricted Tril inhibitions generated
similar but not completely overlapping phenotypes. Identity was found for reduction
of body adiposity, increased whole body energy expenditure and reduction of BAT
mass. In addition, there was a significant reduction of body mass gain in arcuate
nucleus non-restricted Tril inhibition and trend for reduction in POMC-restricted Tril
inhibition. As Tril is also expressed in glial cells (6, 7, 44), some of the effects obtained
in the non-cell-specific inhibition might be related to the diet-induced activation of this
protein in cells other than POMC cells. In other studies, inhibition of distinct
components of the diet-induced responsive inflammatory machinery specifically in
POMC neurons, such as Myd88, IKK/NFkB, HIF and TGF-BR (5, 33, 45, 46), resulted in

beneficial changes in the metabolic phenotype placing POMC as a direct target for the
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harmful effects of a HFD. Although recent data have shown that leptin signaling in
POMC neurons is dispensable for body weight control, the deletion of leptin receptor
(LepR) in POMC neurons leads to defective sympathetic innervation of adipose tissue
and glucose homeostasis (47). Here, we showed that inhibition of Tril resulted in a
trend to increase STAT3 phosphorylation, suggesting that preserved leptin signaling in
POMC neurons could have a role in the improved fasting glucose and increased

expression of thermogenic genes in iBAT of obese mice.

In the final part of the study, we asked if the POMC-specific inhibition of Tril was
capable of reverting the effects of long-term DIO. For that, mice were fed a HFD for 14
weeks before the inhibition of Tril in POMC neurons-was undertaken. As previously
shown, the metabolic outcomes of feeding mice a HFD for shorter than 8 weeks can be
reverted by returning mice to chow; however, longer periods on a HFD lead to
irreversible metabolic outcomes (38). In concert with human obesity, studies show
that the longer patients remain obese, the more severe the clinical outcomes and the
more resilient the obese phenotype is, irrespective of the therapeutic approach
employed (48, 49). Here, the inhibition of Tril in POMC neurons in long-term obese
mice resulted in no change in body mass, adiposity and food intake. There was only a
trend to increase Ucpl and a significant increase in Tmem26 in BAT, suggesting that,
despite the lack of effect on the obese phenotype, the inhibition of Tril in long-term
obese mice may retain its thermogenic-inducing effect (50). In addition, the inhibition
of Tril in POMC neurons in long-term obese mice was sufficient neither to change the

number of arcuate nucleus POMC neurons nor the expression of cleaved-caspase 3.

In conclusion, Tril is predominantly expressed in hypothalamic POMC neuron and
emerges as a new component of the complex mechanisms that promote hypothalamic
dysfunction in experimental obesity. Pharmacological approaches aimed at inhibiting

Tril in the hypothalamus could provide advance in the treatment of obesity.
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Figure 1. The impact of a high-fat diet on the expression of Tril. The hypothalamic Tril
mMRNA was analyzed in POMC and AgRP neurons using fluorescent in situ hybridization
(A) and the overlap with POMC and AgRP neurons was quantified (B). In C-F, Swiss
mice were fed chow or a high-fat diet (HFD) for 1 to 8 weeks; body mass is shown in C;
transcript expressions of Tril (D, hypothalamus; E, hippocampus) and Tir4 (F,
hypothalamus) in mice fed a HFD are plotted as normalized for the respective
expressions in mice fed chow. C57BL/6J mice fed a HFD (G) or chow (H) were
submitted to an overnight fast and hypothalami were extracted after 1, 6, 12 or 24 h of
refeeding for determination of Tril mMRNA expression. In A, images are representative
of three independent samples. In C—F, n=4-5; *p<0.05 and **p<0.01 vs. respective

control (chow). In G and H, n=5; *p<0.05 vs. 1 h.
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Figure 2. The inhibition of hypothalamic Tril affects body mass and adiposity.
C57BL/6J mice were submitted to an injection into the arcuate nucleus of a lentivirus
carrying a scramble or one out of three different shRNA sequences for targeting Tril
(KD™'#1, KD™#2 or KD™4#3) (A and B); immunoblot of hypothalamic extracts was
employed to determine Tril expression in each experimental group (B); the sequence of
the selected inhibitory sequence, KD™'#3, is depicted in A. The protocol employed in
the experiments is depicted in C. The hypothalamic transcript expression of
inflammatory and apoptotic genes (D) and neurotransmitter genes (E) was determined
at the end of the experimental period. Body mass (F) and food intake (G and H) were
determined during the experimental period. Total (I) and relative (J) epididymal fat
mass were determined at the end of the experimental period. In B, n=4; in D-J, n=5-7.
In all experiments *p<0.05 vs. scramble. epWAT, epididymal white adipose tissue; HFD,

high-fat diet; KD, knockdown.
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Figure 3. The inhibition of hypothalamic Tril affects energy expenditure and systemic
metabolic parameters. C57BL/6J mice were submitted to an injection into the arcuate
nucleus of a lentivirus carrying a scramble or a shRNA sequence (sequence KD™R''#3)
employing the same experimental protocol as depicted in Fig. 2C. At the end of the
experimental period, mice were submitted to determination of O, consumption (A),
CO; production (B), energy expenditure (C), determination of interscapular brown
adipose tissue total (D) and relative (E) mass, determination of interscapular

temperature (F-H), determination of interscapular brown adipose transcript expression
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of thermogenic genes (I), determination of whole-body glucose tolerance by means of
an intraperitoneal glucose tolerance test (J), area under the curve of blood glucose
levels (K) and determination of whole body insulin sensitivity by means of an insulin
tolerance test (L, constant of blood glucose decay during the insulin tolerance test). The
liver was extracted for histological examination (M) and also for determination of
transcript expression of genes involved in lipogenesis or lipid uptake (N). In A—C, n=4
and in D-N, n=5-7; *p<0.05 vs. scramble. In M, images are representative of four
independent experiments. EE, energy expenditure; iBAT, interscapular brown adipose
tissue; ipGTT, intraperitoneal glucose tolerance test; Kitt, constant of blood glucose

decay during the insulin tolerance test.
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Figure 4. POMC-specific knockdown of Tril reduces body fat. POMC-Cre mice were
submitted to an intracerebroventricular injection with Cre-dependent AAV-FLEX-EGFP-
mir30(TRIL) carrying either a non-target sequence (rAAVmiNonTarget) or a Tril
targeting sequence (rAAVmMITRIL) (A). GFP fluorescence exclusively in the ARC after
bilateral infusions of AAV-FLEX-EGFP-mir30(TRIL) into the hypothalamus of Pomc-Cre
mice (B). The protocol employed in the experiments is depicted in C. Body mass (D and
E) was determined throughout the experimental period. Relative fat (F) and lean (G)
mass as well as the absolute (H) and relative (l) epididymal fat mass were determined
at the end of the experimental period. The expressions of inflammatory genes were
determined in the epididymal adipose tissue at the end of the experimental period (J).

In D-J, n=6-14; *p<0.05 vs. miNonTarget.
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Figure 5. Inhibition of Tril in POMC neurons improves leptin sensitivity. POMC-Cre

mice were submitted to an intracerebroventricular injection with Cre-dependent AAV-

FLEX-EGFP-mir30 carrying either a non-target sequence (rAAVmiNonTarget) or a Tril

targeting sequence (rAAVmITRIL) and then submitted to the same protocol as in Fig.

4C. The cumulative consumption of diet was determined throughout the experimental

period (A). At the end of the experimental period, mice were submitted to a
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determination of spontaneous food intake after a period of 24 h fasting (B). Leptin-
induced phosphorylation of STAT3 was determined by calculating the proportion of
phospho-STAT3 per POMC-positive cells in the arcuate nucleus (D) and retrochiasmatic
hypothalamus (E) employing immunofluorescence staining; an illustrative image
obtained from the mediobasal hypothalamus is depicted in C. No difference was
observed in the number of POMC neurons in the ARC (F and G). Immunofluorescence
staining was employed to determine the density of a-MSH (H, upper panels and ) and
AgRP (H, lower panels and 1) fiber projections to the paraventricular hypothalamus. In

A, n=11-13; in B-H, n=4-5; *p<0.05 vs. miNonTarget.
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Figure 6. Inhibition of Tril in POMC neurons increases energy expenditure. In A-C,
POMC-Cre mice were submitted to an intracerebroventricular injection with Cre-
dependent AAV-FLEX-EGFP-mir30 carrying either a non-target sequence
(rAAVmiNonTarget) or a Tril targeting sequence (rAAVmMITRIL) and allowed 2 weeks for
recovery, followed by another 2 weeks fed on chow; at the end of the experimental
period, mice were submitted to determination of O, consumption (A), CO. production
(B) and energy expenditure (C). In D-N, POMC-Cre mice were submitted to an
intracerebroventricular injection with Cre-dependent AAV-FLEX-EGFP-mir30 carrying
either a non-target sequence (rAAVmiNonTarget) or a Tril targeting sequence
(rAAVmMITRIL) and then submitted to the same protocol as in Fig. 4C. At the end of the

experimental period, mice were submitted to determination of O, consumption (D),
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CO; production (E), energy expenditure (F), determination of interscapular brown
adipose tissue total (G) and relative (H) mass, determination of interscapular
temperature (I-K) and determination of interscapular brown adipose transcript
expression of thermogenic genes (L). In addition, blood glucose levels were
determined in fasting mice (M) and whole-body glucose tolerance was determined by
means of an intraperitoneal glucose tolerance test (N). In A—F, n=3-4; in G-N, n=12-14.

In all, *p<0.05 vs. miNonTarget.
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SUPPLEMENTARY FIGURES

AgRPthomaloE

Supplementary Figure 1. Neuronal distribution of Tril in the ARC. The hypothalamic

expression of Tril was determined using immunofluorescence staining in sections
obtained from chow fed POMC-GFP (A), AgRPtdTomato (B) and C57BL/6J (C) mice; in A
and B, POMC and AgRP neurons were detected as expressing the respective
endogenous fluorescent peptides, whereas in C, Ibal-expressing cells were detected
using a specific antibody. In A—C, Tril was detected using a specific antibody; the

arrows indicate cells co-expressing target peptides.
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Supplementary Figure 2. Inhibition of Tril in POMC neurons in mice submitted to long-
term feeding on a high-fat diet fails to revert the obese phenotype. POMC-Cre mice
were fed for 14 weeks on a high-fat diet and then submitted to an
intracerebroventricular injection with Cre-dependent AAV-FLEX-EGFP-mir30 carrying
either a non-target sequence (rAAVmiNonTarget) or a Tril targeting sequence
(rAAVmMITRIL); after 2 weeks of recovery, mice were fed a high-fat diet for another 8
weeks (experimental protocol depicted in A). Body mass (B) and food intake (C) were
recorded throughout the experimental period. Relative fat (F) and lean (G) mass as
well as the absolute (H) and relative () epididymal fat mass were determined at the
end of the experimental period. Absolute (D) and relative (E) epididymal fat mass as

well as absolute (F) and relative (G) interscapular brown adipose tissue mass were
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determined at the end of the experimental period. The interscapular temperature (H—
J) and the determination of interscapular brown adipose transcript expression of
thermogenic genes were determined at the end of the experimental period. In all

experiments, n=4-5; *p<0.05 vs. miNonTarget.
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Supplementary Figure 3. POMC-specific inhibition of Tril in mice submitted to long-
term feeding on a high-fat diet do not prevent loss of POMC neurons. POMC-Cre mice
were fed a high-fat diet for 14 weeks and then submitted to an intracerebroventricular
injection with Cre-dependent AAV-FLEX-EGFP-mir30 carrying either a non-target
sequence (rAAVmiNonTarget) or a Tril targeting sequence (rAAVmITRIL); after 2 weeks
of recovery, mice were fed a high-fat diet for another 8 weeks (according to the
protocol depicted in Fig. 7A). Immunofluorescence staining was employed to
determine the number of cells expressing POMC (A and B) and cleaved caspase-3 (C

and D). In all experiments, n=3. In C, arrows depict cells expressing cleaved caspase-3.
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ABSTRACT

PPARS is a fatty acid sensor, ligand-binding nuclear receptor that regulates the
expression of many genes involved in lipid and glucose metabolism. In order to
understand how chronic overnutrition and obesity affect POMC-expressing neurons
and promote metabolic dysfunction, we determined the metabolic outcomes of
modulating hypothalamic PPARS. To assess the role of PPARS in a monogenic model of
obesity, we pharmacologically activated central PPARS in ob/ob mice. Chronic
intracerebroventricular administration of PPARS& agonist, GW501615, was not
sufficient to modify the anti-obesity effects of leptin in ob/ob mice. Next, we designed
an AAV carrying a sgRNA targeting PPARS (gPPARS) and an AAV carrying a Cre-
dependent mCherry as control to inject in the hypothalamic arcuate nucleus of POMC-
Cre::LSL-Cas9 mice. In a cohort of mice fed on high-fat diet (HFD) for twelve weeks, we
observed an initial reduction in caloric intake in POMC-specific PPARS deleted group.
This was accompanied by a significant decrease in fat mass and improved glucose
tolerance. Deletion of PPARS was not sufficient to modify POMC-specific leptin and
glucose responsiveness. In addition, deletion of PPARS was not sufficient to change
systemic energy homeostasis. Thus, hypothalamic PPARS is involved in the regulation
of systemic glucose tolerance and body composition. We conclude that PPARS
expression in POMC neurons emerges as a new player in the complex hypothalamic

system that regulates systemic energy homeostasis.

Key words: obesity, leptin, glucose, hypothalamus
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INTRODUCTION

Peroxisome proliferator-activated receptor (PPAR) B/6 (herein referred as PPARS)
belongs to the nuclear receptor PPAR family that are ligand-activated transcription
factors involved in the regulation of metabolism, immune response and growth (1,2).
In contrast with the extensively studied PPARa and PPARy isoforms, the functions of
PPARS remain largely unknown (2). However, clinical data showing that certain PPARS
gene polymorphisms are associated with increased risk for cardiovascular and
metabolic diseases (3,4); and the beneficial effects of the synthetic PPARS agonist
(GW501516) reducing liver fat content, blood triglycerides and LDL, and mitigating

insulin resistance (5), strongly support its important role in whole body metabolism.

PPARS is the predominant PPAR isoform in the brain (6,7) and its expression is
particularly high in the hypothalamic nuclei involved in the regulation of feeding and
energy homeostasis (8). In leptin-deficient ob/ob mice, the hypothalamic expression of
PPARS is increased (9); whereas mice with neuronal deletion of PPARS display increase

fat mass, hyperleptinemia and abnormal responses to fast and feeding (7).

Single-cell RNA sequencing data revealed that POMC neurons are among the cell types
expressing PPARS in the arcuate nucleus of the hypothalamus

(https://singlecell.broadinstitute.org/single cell/study/SCP97/a-molecular-census-of-

arcuate-hypothalamus-and-median-eminence-cell-types#study-visualize). POMC

neurons play a pivotal role in whole body energy homeostasis by providing
anorexigenic signals in response to systemic hormonal and nutrient cues that indicate
the energy stores of the body (10). In diet-induced obesity, the activity of POMC
neurons is impaired resulting in the abnormal regulation of caloric intake and energy
expenditure (11,12). Here, we hypothesized that PPARS expression in POMC neurons is
involved on its disfuction in experimental obesity. We show that POMC-specific
deletion of PPARS reduces fat mass and improves the glucose homeostasis in obese

mice.
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METHODS

Experimental animals. All experimental procedures were approved by the Institutional
Animal Care and Use Committee at the Rockefeller University. Mice were housed in a
12 h light/dark cycle at 22°-24°C with ad libitum access to water and food, in exception
when specified in the text. WT male C57BL/6J mice (000664, Jackson Laboratory),
ob/ob female (B6.Cg-Lepob/J; 000632, Jackson Laboratory; or bred in-house) POMC-
Cre (Tg(Pomcl-cre)16Lowl/J; 005965, Jackson Laboratory) and Rosa26-Cas9 knock-in
(Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh/J; 024858, Jackson Laboratory) were
employed in this study. For diet-induced obesity studies, mice were fed on a 60% HFD
(D12492, Research Diets). Following stereotaxic injections for AAV expression, mice
were individually housed, and body weight and food intake were measured twice a

week and body composition was measured using NMR imaging (EchoMRI).

Metabolic measurements. Metabolic phenotyping of mice was performed using an
automated home cage phenotyping system (TSE-Systems). Mice were acclimated for
48 h in the metabolic cages prior to the measurements of metabolic parameters. A
climate-controlled chamber was used and set at 22°C for four days and at 6°C for 36 h
to analyze cold-induced thermogenesis. The locomotor activity was recorded as beam

breaks and the distance/velocity detected by automated lasers into the cages.

PPARS deletion in Pomc neurons. A Cre-dependent AAV viral vector was constructed
based on AAV-U6-LepRgRNA-EF1a-DIO-mCherry-WPRE-pA plasmid (13) (kindly
provided by Dong Kong, Tufts University). The sgRNAPPARS was designed using the

CRISPR online tools (https://portals.broadinstitute.org/gpp/public/analysis-

tools/sgrna-design and http://chopchop.cbu.uib.no/). The tcgagtatgagaagtgcgat

sequence targeting the exon 5 of pparé gene, which encodes the DNA-binding domain,

was complemented with a PAM sequence “cgg”,

Viruses and stereotaxic surgery. The AAV8-U6-sgRNAPPARS-EF1a-DIO-mCherry-WPRE-
pA was generated and titrated (1.6 x 10'* GC/ml) by the Vector Biolabs services and an
AAV5-EF1a-DIO-mCherry (1.8 x 103 GC/ml) from UNC Vector Core was used as control.
For AAV delivery into the ARC (AP: -1.7 mm, DV: -5.8 mm and ML: +0.3 mm), mice

were anesthetized with isoflurane, using 3% for induction and 1.5-2% for anesthesia
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maintenance. Thereafter, mice were placed in a stereotaxic frame (Kopft Instruments)
and an eye ointment was applied to avoid eye drying. The hair was shaved and an
incision above the head was made. A bilateral small hole was drilled and 300 nl of virus
was injected in each side using a Hamilton syringe (26s/2”/2). For postoperative care,
mice received an intraperitoneal injection of meloxicam (2 mg/kg) and were monitored
daily for two weeks until full recovery. All stereotaxic injection sites were verified by
mCherry immunohistochemistry and the ‘missed’ animals were excluded from data

analyses.

PPARS agonist and leptin treatment. ob/ob mice were anesthetized with isoflurane
and a cannula was implanted into the lateral ventricle (AP: -0.5 mm, DV: -2.5 mm and
ML: +1.3 mm). A mini-osmotic pump (model 2001, Alzet) was implanted
subcutaneously via a catheter connected to the cannula for i.c.v. infusion, filled with
GW501516 (Cayman Chemical). Another mini-osmotic pump (model 2001, Alzet) was

also implanted subcutaneously, filled with recombinant leptin (R&D Systems).

Glucose tolerance test. Following 6h fasting, mice received intraperitoneal (ip) injection
with solutions containing glucose (2.0 g/kg body weight) and then blood samples were
collected for ip-glucose tolerance test (ipGTT). Glucose concentrations were measured
in the tail blood using a portable glucose meter (Optium Xceed, Abbott) at 0, 15, 30, 60

and 120 minutes after glucose administration.

Perfusion and immunohistochemistry. Mice were submitted to lethal anesthesia with
isoflurane and transcardially perfused with 0.1M PBS (pH7.4) followed by 4x PFA at
4°C. The brains were postfixed for 24 h in 4x PFA and then transferred to a solution
containing 30% sucrose in 0.1 M PBS (pH 7.4). Perfused brains were frozen at -25°C
and sectioned on a cryostat at a thickness of 30 um. For immunohistochemistry, free-
floating sections were washed three times for 10 minutes with 0.1 M PBS. Next,
sections were blocked in 3% BSA and 2% normal goat serum in 0.2% PBST (Triton X-
100) for 1 h at room temperature, followed by incubation in PPARS antibody (Thermo
Fisher Scientific, PA1823A), c-FOS antibody (Synaptic Systems 226 004) and mCherry
antibody (Abcam, ab205402). For pSTAT3 staining, mice were submitted to 12 h fasting
and then injected i.p. with recombinant leptin (3 mg/kg body weight). After 1 h, mice

were submitted to lethal anesthesia and the brain harvested and sectioned as
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mentioned previously. Brain sections were rinsed in 0.02 M KPBS (pH 7.4), followed by
pretreatment in a water solution containing 1% hydrogen peroxide and 1% sodium
hydroxide for 20 minutes. After extensive washings in 0.02 M KPBS, the sections were
incubated in 0.3% glycine for 10 minutes and then 0.03% lauryl sulfate for 10 minutes.
Thereafter, the sections were blocked in 3% normal goat serum for 1 h, followed by
incubation in rabbit anti-pSTAT3 (1:1000, Cell Signaling, #9145S) for 48 h. For the
immunofluorescence reactions, sections were rinsed in KPBS and incubated for 2 h in
goat anti-rabbit AlexaFluor®’ (1:500, Life Technologies #A21245), goat anti-ginea pig
AlexaFluor®3 (1:500, Life Technologies #A21105) and goat anti-chicken AlexaFluor>®*
(1:500, Life Technologies #A11042). Images were obtained using an Inverted LSM 780
laser scanning confocal microscope (20x objective, Zeiss). For cFOS and pSTAT3

counting, the Cell Counter plugin from Imagel (NIH) was used.

Adipo-Clear. Inguinal white adipose tissue (WAT) specimens were collected after
isoflurane anesthesia and intracardiac perfusion with 0.1M PBS. The samples were
post-fixed in 4% PFA at 4°C for 24 h and washed in 20%, 40%, 60% and 80% methanol
in BIN buffer (H20, 0.1% Triton X-100 and 0.3M glycine, pH 7), and 100% methanol for
1 h each and delipidated with 100% dichloromethane (Sigma-Aldrich) after an
overnight incubation. After, samples were washed in 100% methanol; 80%, 60%, 40%
and 20% methanol in BIN buffer for 1 h each and transferred to PTwH buffer (PBS,
0.1% Triton X-100, 0.05% Tween 20 and 2mg/ml heparin) for 1 h twice. The samples
were incubated in primary antibody (TH; 1:400; AB152; Millipore) diluted in PTwH
buffer for 4 days and washed in PTwH for 5 min, 10 min, 15 min, 30 min, 1 h, 2 h, 4 h
and overnight. Then, the samples were incubated in secondary antibody
(AlexaFluor®%’) in PTwH buffer for 4 days and washed in PTwH for 5 min, 10 min, 15
min, 30 min, 1 h, 2 h, 4 h and overnight. The samples were finally dehydrated in 25%,
50%, 75% methanol/H,0 and 100% methanol for 1 h each. For the clearing step, the
samples were embedded overnight in dibenzyl ether (DBE, Sigma-Aldrich) and the
whole-tissue imaged on a light-sheet microscope (Ultramicroscope Il, LaVision Biotec)

with 1.3x objective. For the 3D reconstruction the Imaris x64 software was used.
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RESULTS

Pharmacological activation of hypothalamic PPARS does not impact body mass. Leptin-
deficient ob/ob mice are massively obese and display remarkable POMC dysfunction
(14). To evaluate if the central PPARS activation can abolish the appetite-suppressant
effect of leptin, we co-administered a PPARS agonist, GW 501516, and recombinant
leptin (Fig. 1A). During the seven-day experimental period following the osmotic pump
implantation, there were body weight and food intake reductions in the leptin group;
however, the central PPARS activation was not sufficient to promote changes in
baseline and leptin-induced caloric intake and body mass (Fig. 1B-1C). The infusion of
leptin at 150 ng/h results in blood leptin levels of approximately 5 ng/ml, which is
similar to levels found in lean wild-type mice, and promotes consistent metabolic
effects (15), such as increased thermogenesis and normalization of blood glucose
levels (16,17). In our model, we observed similar reduction of fasting glucose levels
both in the leptin-treated group and in the leptin plus GW501516 group. However,
there were no changes in systemic glucose levels when GW501516 was administered

alone (Fig. 1D)

POMC-specific knockdown of PPARS reduces body adiposity and attenuates glucose
intolerance. The consumption of fat-rich diets affects hypothalamic POMC neurons at
the functional and structural levels (12,18,19). To evaluate the role of PPARS in POMC
neurons, we crossed the POMC-Cre mice with the LSL-Cas9 mice, inducing the
expression of Cas9 endonuclease specifically in POMC neurons. Thereafter, we
constructed an AAV carrying a single-guide RNA targeting the mouse Ppard locus
(gPPARS) and a Cre-dependent mCherry reporter, indicating transduced POMC
neurons (Fig. 2A). After confirming the deletion of PPARS expression in the transduced
POMC neurons and validating the CRISPR-Cas9 approach (Fig. 2B), mice were fed for 12
weeks on HFD. Despite no change in the body mass (Fig. 2C), POMC-specific deletion of
PPARS reusulte in reduced fat mass (Fig. 2D) and increased lean mass (Fig. 2E). Food
intake was significantly reduced during the early stages of HFD feeding (Fig. 2F);
however, at the end of 12 weeks on HFD, the dark/light cycle feeding (Fig. 2G) and

refeeding after 24 hours of fasting (Fig. 2H) were the same in both groups. In addition,
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mice under POMC-specific PPARS deletion were more tolerant to glucose, as

determined by the GTT (Fig. 21-2J).

POMC-specific knockdown of PPARS does not change energy expenditure. Next, we
aimed at investigating the metabolic effects of PPARS deletion in POMC neurons. For
that, mice were evaluated at 22°C (Fig. 3) and at 6°C (Fig. 4). In neither scenario, there
were differences in oxygen consumption (Fig. 3A and Fig. 4A), carbon dioxide
production (Fig. 3C and Fig. 4C), energy expenditure (Fig. 3E and Fig. 4E) and locomotor
activity (Fig. 3G and Fig. 4G). Furthermore, the knockdown of PPARS in POMC neurons
was not sufficient to modify the sympathetic innervation of WAT, as determined using
a whole-mount tissue clearing (Adipo-Clear) immunolabeling tyrosine hydroxylase to

mark sympathetic nervous system neurons in the adipose tissue (Fig. 5A-5B).

POMC-specific knockdown of PPARS does not change arcuate nucleus POMC neuron
response to glucose and leptin. Glucose uptake and intracellular ROS generation are
crucial for POMC neuronal firing (20) and diet-induced obese mice present decreased
levels of ROS in POMC neurons (9). In addition, obese mice have increased levels of
UCP2, which mediates the mitochondrial proton leak, limiting ROS generation in POMC
neurons (9). The UCP2 is, at least in part, transcriptionally regulated by PPARS (21). To
test if the PPARS deletion would alter the glucose responsiveness in POMC neurons,
we analyzed c-Fos expression in response to an intraperitoneal injection of glucose
(Fig. 6A). As depicted in Fig. 6B-6C, the number of c-Fos-positive POMC neurons were
similar between the groups. Furthermore, to analyze POMC responsiveness to leptin,
we acutely stimulated mice with recombinant leptin (Fig. 6D) and determined pSTAT3
expression in POMC neurons. As shown in Fig. 6E-6F, deletion of PPARS was not

sufficient to modify POMC responsiveness to leptin.

DISCUSSION

The aim of this study was to determine the potential involvement of hypothalamic,
and particularly POMC-specific PPARS in whole body energy homeostasis. The
rationale behind the study relied on the fact that PPARS is the most common PPAR

isoform in the brain and particularly in the hypothalamus (6,22); and that neuronal
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deletion of PPARS increases circulating leptin and susceptibility to diet-induced obesity

(7).

In the first part of the study, we employed a pharmacological approach to activate
PPARS using a synthetic agonist continuously injected in the central nervous system
(CNS). The agonist, GW501516, is a small molecule developed using combinatorial
chemistry with high affinity for PPARS (Ki=1.1 nM) (22). In other experimental studies,
systemic GW501516 was shown to exert a number of metabolic effects, such as
increasing reverse cholesterol transport (23), reducing body adiposity (24) and
increasing fatty acid oxidation (25). However, the central effects of GW501516-
mediated PPARS activation are poorly understood. Here, we used an osmotic pump
attached to an i.c.v. catheter to activate central PPARS for seven days in leptin-
deficient ob/ob mice. Despite the appropriate response to recombinant leptin
administration, there were no changes in body mass, food intake and fasting glucose
levels when mice were treated with GW501516. In the arcuate nucleus, POMC and
AgRP neurons, which exert opposing functions in the control of body mass, sit side-by-
side in a very small anatomical territory. As both cell types express PPARS

(https://singlecell.broadinstitute.org/single cell/study/SCP97/a-molecular-census-of-

arcuate-hypothalamus-and-median-eminence-cell-types#study-visualize), the lack of

effect resulting from the central infusion of GW501516 could be attributed to a

combined action of the PPARS agonist in both cell types, resulting in neutrality.

Next, in order to determine the POMC-specific actions of PPARS we employed the
CRISPR-Cas9 system to delete PPARS specifically in POMC neurons. POMC neurons
were selected for the intervention because they respond both to hormonal and
nutrient signals to promote systemic adaptations to fuel availability (10,26). Studies
have shown that in experimental obesity, there is a defective function of POMC
neurons, that occurs early after the introduction of a HFD, and leads to abnormal
regulation of feeding and body mass (18). Moreover, POMC neurons play an important
role in the regulation of systemic glucose tolerance, placing this neuronal cell-type in a
pivotal position in the regulation of whole-body metabolism (27). The POMC-specific
deletion of PPARS promoted a reduction of fat mass and increased lean mass, which

resulted in no significant change in total body mass. This was accompanied by a



65

reduction of caloric intake in the initial period of HFD feeding. Experimental studies
have shown that upon introduction of a HFD, rodents present a transient increase in
caloric intake, which progressively returns to levels similar to control, implying that
caloric intake-dependent energy imbalance is highest at the beginning of dietary
intervention (18). In this context, the changes in body adiposity occurring in POMC-
specific PPARS deletion could be attributed to a time-limited reduction in caloric
intake. This was further supported by the fact that mice presented no change in energy
expenditure under either room-temperature or cold-exposure conditions. Moreover,
the POMC-specific PPARS deletion did not change the sympathetic innervation of
white adipose tissue, suggesting that neither lipolysis nor browning was playing an

important role as mediators of reduced adipose tissue mass in this model.
CONCLUSIONS

POMC-specific PPARS is involved in the regulation of body composition and systemic
glucose tolerance. The POMC-specific deletion of PPARS results in a favorable change
in body mass composition, increasing lean and reducing fat mass. In addition, mice
under POMC-specific deletion of PPARS were more tolerant to glucose. Thus, POMC-

PPARS emerges as a new player in the regulation of whole body metabolism.



66

FIGURES
A.
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Figure 1. Central PPARS activation does not alter body weight and food intake of

Fasting Glucose (mg/dL)
*
*

ob/ob mice. (A) Schematic of experimental strategy. ob/ob mice were implanted with
osmotic pumps dispensing GW501516 (PPARS agonist) or DMSO (vehicle) directly into
the lateral ventricle and subcutaneous leptin or saline. (B) Body weight of ob/ob mice
before and after osmotic pumps implantation. (C) Daily food intake of ob/ob mice on
chow diet. (D) After 7 days of treatment the glycemia was measured after an overnight
fasting. N=4, *p<0.05 vs respective control (GW + Lep vs GW + Saline and DMSO + Lep

vs DMSO + Saline). All error bars are + SEM.
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Figure 2. POMC-specific deletion of PPARS leads to discrete alterations on body
composition and improves glucose homeostasis. (A) AAV-pU6-gRNAPPARS-EF1a-DIO-
mCherry or AAV-DIO-mCherry was bilaterally injected into the ARC of POMC-cre::LSL-
Cas9 mice. (B) Co-immunostaining of mCherry and PPARS. (C) Body weight. (D) Fat
mass and (E) Lean mass. (F) Food intake of mice fed on HFD was measured twice a
week. (G) 12 h feeding during the dark and light cycle. (H) Refeeding after 24 h of
fasting. (D) Blood glucose levels after 6 h-fasting and (J) area under curve from blood

glucose levels. N= 5-8, *p<0.05. ipGTT, intraperitoneal glucose tolerance test.
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3. POMC-specific deletion of PPARS does not alter metabolic parameters at 22°C.
POMC-Cre::LSL-Cas9 mice submitted to an AAV injection into the ARC for PPARS
deletion in POMC neurons and the respective control group were fed on HFD for 8
weeks. At the end of the experimental period mice were allocated into metabolic
cages for metabolic phenotyping. (A) Real-time oxygen consumption and (B)
quantification of oxygen consumption. (C) Real-time carbon dioxide production and (D)
quantification of carbon dioxide production. (E) Real-time energy expenditure and (F)
quantification of energy expenditure. (G) Real-time locomotor activity and (H)

guantification of locomotor activity. N=7-8.



69

A. - B.
§ > ) T ) mAAV-mCherry
. (A A . . Loc oo . °  mAAV-gPPARS
i |
i-
2 ! | .
§ ‘ i. :
| | .
6°C
C. D.
Moy bt
N - I = ]
i y _ - * . Lo
I 3 { ; s
! j i
I f | -
! | ! .
i i
E. . F.
e ™ —_— = C = ]
| ‘r:..'.:'.v:. -rf"-fa:_v .,-: . . " . .
| B Y - 1
g ! H "
4 | !
6°C
G. H.
Sty S 0 =3 |
) { 1 » .
i | , 1 oo ]
I Wi | | 17 . i Sl
i ) I “; 1 ‘:‘ Y M % . 1 ¥
1 R P : - . .:
,.:1 -"‘," I~'|,:_‘f ‘
6°C

Figure 4. POMC-specific deletion of PPARS does not alter metabolic parameters at
6°C. POMC-Cre::LSL-Cas9 mice received an AAV injection into the ARC for PPARS
deletion in POMC neurons and the respective control group were fed on HFD for 8
weeks. At the end of the experimental period mice were allocated into metabolic
cages for metabolic phenotyping at 22°C and after 4 days, submitted to a cold-
challenge experiment at 6°C for 36 h. (A) Real-time oxygen consumption and (B)
guantification of oxygen consumption. (C) Real-time carbon dioxide production and (D)
quantification of carbon dioxide production. (E) Real-time energy expenditure and (F)
quantification of energy. (G) Real-time locomotor activity and (H) quantification of

locomotor activity. N=7-8.
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AAV-gPPARS

Figure 5. POMC-specific deletion of PPARS does not alter the sympathetic
innervation of adipose tissue. TH immunolabeling in the epididymal fat depot from (A)

control mice or (B) PPARS-deleted POMC neurons after 12 weeks on HFD. N=3. TH,

tyrosine hydroxylase.
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Figure 6. PPARS does not alter acute responses of POMC neurons to glucose and
leptin. (A) Schematic of experimental strategy to assess glucose responsiveness.
Representative confocal images of double labeling for (B) cFOS and POMC in the ARC
of the hypothalamus of mice fed on HFD for 8 weeks and (C) the quantification of
cFOS-positive POMC neurons in percentage. (D) Schematic of experimental strategy to
assess leptin-associated signal in POMC neurons. (E) Representative confocal images of
pSTAT3 expression in POMC neurons and (F) the quantification of pSTAT3-positive

POMC neurons in percentage. N=3-4.
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CONCLUSAO GERAL

Esta Tese caracterizou, de forma inédita, duas proteinas envolvidas na regulacdo de
neuronios POMC no hipotalamo. Demonstramos que a proteina TRIL regula a resposta
a estimulos inflamatérios e sua inibicdo em neurénios POMC reduz adiposidade e
melhora a sensibilidade hipotalamica a leptina. Demonstramos também que o
receptor nuclear PPARS em neurénios POMC participa da regulacdo da tolerancia
sistémica a glicose e da composicdo corporal. Assim, esta Tese promoveu avango na
caracterizacdo mecanistica da regulacdo hipotalamica da homeostase energética e na

fisiopatologia da obesidade induzida pelo consumo de dieta hiperlipidica.
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ANEXOS

Anexo 1. Autorizacao para transferéncia de OGM proveniente do
Laboratério de Neuroanatomia do ICB/USP para o Laboratério de
Sinalizagao Celular da FCM/UNICAMP

'O C RC LABORATORIO DE SINALIZAGAO CELULAR
Centro de Pesquisa em Obsidade e Cormobidade

O
é"’é Rua: Carl von Lenneaus s/n°

0 Obesity and CEP 13083-864

v
(‘\' %d Tel-(19)3521-0026
. Comorbidities : -
X Lavelloso.unicamp@gmail.com
UNICAMP B Recurch Corer

Cidade Universitaria “Zeferino Vaz", 10 de Agosto de 2018.

Prof. Dr. Enrique Mario Boccardo Pﬁulivo
Presidente da CIBio
ICB/USP

Assunto: Transferéncia de OGM

Eu, Licio Augusto Velloso na qualidade de Pesquisador principal do projeto “Avaliaco da proteina TRIL
na inflamag&do e apoptose de neurénios POMC - CIBio/FCM003/2018", aprovado junto a CIBio
da Faculdade de Ciéncias Médicas da UNICAMP, de CQB namero  072/98, solicito a liberagdo dos
animais geneticamente modificados (OGM) listados abaixo para sua utilizagdo em nossas instalagées em
regime de conteng&o de acordo com as instrugdes da CTNBio.

I-Tg POMC1-cre16Low/J

Il-Agrp™ (creiow;

20 animais de cada linhagem (I e II), sexo masculino, com 05 semanas de idade provenientes do Biotério do
Laboratério de Neuroanatomia

Este documento indica a ciéncia e autorizag&do de ambas as CIBios para retirada dos OGMs citados que
seréo transferidos do ICB/USP, CQB0046/98 para a responsabilidade da CIBio da Faculdade de Ciéncias
Médicas da UNICAMP, CQB 072/98, destinataria.

Assumo que o transporte sera realizado de acordo com Instrugdo normativa CTNBio numero 4 de
19/12/1996 — item 6 e item 13, e o sistema de contencdo sera cumprido dentro da Instrugdo normativa
CTNBio.

Tenho consciéncia de que os animais sé sairdo do Biotério do Instituto de Ciéncias Biomédicas - USP em
caixa;de polipropilenos, identificados corretamente e transporte adequado e mediante a entrega deste
docufwento devidamente assinado por ambas as ClIBios envolvidas na transferéncia e pelo pesquisador
princip:

L ﬂ///&

r“LIclo A(idﬂsto"(lelloso

Clentes.

7
Prof. Df. Ar{ﬂﬁl Vercesi
Presidente 'da CIBio/F
CQB 0072/98

Prof. Drﬁ%ﬁmﬁo ardo Pirulivo

Preside a CIBio/ICB-USO
CQB 0046/98
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Anexo 2. Certificado de aprovagao do projeto pela Comissdo de Etica no
Uso de Animais (UNICAMP) - |

aY & :
uNICAMP jpe——
CEUA/UNICAMP

CERTIFICADO

Certificamos que a proposta intitulada Avaliagdo da proteina TRIL no hipotdlamo de

camundongos Swiss com obesidade induzida por dieta e seu efeito na inflamacio e apoptose
de neurénios POMC, registrada com o n° 4069-1(A), sob a 'res‘ponsab'ilidade de Prof. Dr. Licio™

Augusto Velloso / Alexandre Moura Assis, que envolve a produggo, mam@ter)c;ao ou utilizagéo de
animais pertencentes ao filo Chordata, subfilo Vemabraté (exceto o homem) bara fins de pesdu_i's,;'{
cientifica (ou ensino), encontra-se de acordo com os preceitos da LEI N° 11.794, DE 8 DE OUTUBiiO
DE 2008, que estabelece procedimentos para o uso cientifico de animais, do DECRETO N° 6:899, DE
15 DE JULHO DE 2009, e com as normas editadas pelo Conselho Nacional de Confrole da
Experimentagdo Animal (CONCEA), tendo sido aprovada pela Comissdo de Etica no Uso de
Animais da Universidade Estadual de Campinas - CEUA/UNICAMP, em reuni&o de 1°. de agosto

de 2016.

Finalidade: ( ) Ensino ( X) Pesquisa Cientifica
Vigéncia do projeto: 05/09/2016-01/10/2019

Vigéncia da autorizagdo para manipulagdo | 05/09/2016-01/10/2019

animal:

Espécie / linhagem/ racga: Camundongo isogénico / C57BL/6

No. de animais: 728

Peso / Idade: 04 semanas / 20g

Sexo: machos

Origem: CEMIB/UNICAMP

A aprovagdo pela CEUA/UNICAMP nzo dispensa autorizag&o prévia junto ao IBAMA, SISBIO ou
CiBio.

Campinas, 1°. de agosto de 2016.

4] "\
\
(L //bu UUQL*/(/L-* ASWD)
-
Profa. Dra. Liana Maria Cardoso Verinaud Fatima Alonso/
Presidente Secretéaria Executiva

IMPORTANTE: Pedimos atengdo ao prazo para envio do relatério final de atividades referente a este protocolo: até 30 dias apés o encerramento de sua
vigéncia. O formulario encontra-se disponivel na pagina da C , &rea do A ndo de relatério
no prazo estabelecido impedira que novos protocolos sejam submetidos.
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Anexo 3. Certificado de aprovagao do projeto pela Comissdo de Etica no

Uso de Animais da UNICAMP - i

l

v -

Y

- -0y

uNICAMP a
CEUA/UNICAMP

CERTIFICADO

Certificamos que a proposta intitulada Avaliacdo da proteina TRIL na inflamacdo hipotalamica em
camundongos com_obesidade induzida por dieta, registrada com o n° 4985-1/2018, sob a
responsabilidade de Prof. Dr. Licio Augusto Velloso e Alexandre Moura Assis, que envolve a produgéo,

manutencéo ou utilizagao de animais pertencentes ao filo Chordata, subfilo Vertebrata (exceto o homem)
para fins de pesquisa cientifica (ou ensino), encontra-se de acordo com os preceitos da LEI N° 11.794, DE 8
DE OUTUBRO DE 2008, que estabelece procedimentos para o uso cientifico de animais, do DECRETO N°
6.899, DE 15 DE JULHO DE 2009, e com as normas editadas pelo Conselho Nacional de Controle da
Experimentacdo Animal (CONCEA), tendo sido aprovada pela Comissao de Etica no Uso de Animais
da Universidade Estadual de Campinas - CEUA/UNICAMP, em 26 de outubro de 2018.

Finalidade: ( ) Ensino (X) Pesquisa Cientifica

Vigéncia do projeto: 10/09/2018-01/03/2020

Vigéncia da autorizagao para manipulagdo | 26/10/2018-01/03/2020

animal:

Espécie / linhagem/ raga: Camundongo transgénico / Tg POMC1-cre16Low/J

No. de animais: 20

Idade/Peso: 04 semanas / 20g

Sexo: machos

Espécie / linhagem/ raga: Camundongo transgénico / Agrptm1(cre)Lowl/J

No. de animais: 20

Idade/Peso: 04 semanas / 20g

Sexo: machos

Origem: Biotério do Laboratério de Neuroanatomia, Localizagao Instituto de
Ciéncias Biomédicas Il - USP

Biotério onde serdo mantidos os animais: Biotério do Laboratério de Sinalizagdo Celular, NMCE,
FCM/UNICAMP

A aprovagéo pela CEUA/UNICAMP néo dispensa autorizagéo prévia junto ao IBAMA, SISBIO ou CIBio e é
restrita a protocolos desenvolvidos em biotérios e laboratérios da Universidade Estadual de Campinas.

Campinas, 26 de outubro de 2018.

sl il

Prof. Dr. WL ner Jos F varo Fatima AIonsT)/
Presidente Secretaria Executiva

IMPORTANTE: Pedimos atengdo ao prazo para envio do relatério final de atividades referente a este protocolo: até 30 dias apés o encerramento de sua vigéncia. O
formulério encontra-se disponivel na pagina da CE! AMP, drea do A ndo de relatério no prazo estabelecido
impedira que novos protocolos sejam submetidos.
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da American Phisiology Society (APS),

concedendo permissdao aos autores para reprodugdo integral de seus
artigos em suas teses e dissertagées sem requisitar permissao.
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Anexo 5. Artigo de revisao publicado como parte das atividades
desenvolvidas na UNICAMP e na Rockefeller University durante o
doutorado.
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receplor (LepR)- and Prg-expreising neumns n the NTS
Although the Ppg deletion in both populations did mot aler
Trely wesd ghit araed Food intake, Chesteg o al_ (24} Foursd that the
chemogenatic activation of LepR- and Pig-spresd g meu-
roms peiscl sl ihee Dol frotmlee

Tin contrast by thee tresd WTH nesirerrs desieribed o B ot

ey iy, rymosine aloiylee (Thi- amd epinephrine

Dhowadnded Fias & -

mnmwwm“ and NTST, regpectively)

ulart propertis wene feently Identifed
mm1mmmmmymuumm-m
ebrives spesti-related pepide (AgR P sewml activation taomsgls
dHirect morepl nephrlne (NE} se raling the NTS", in Gm, oe-
frres the o=l genic ¥ (NPT} and is chemnge
et act varionstinml s Becng (25, 26

AgRP-evpressing feurons 1n the hymthsls s poterthy
e feeding Whe n sirmilated and are key oozl the
regulation of energy balance (27, 28} For many years, AgRP
IS Were dlﬂ:l.lﬂ\!]].' congidens] 1o Mncion & Il:lm-
term homessdaric meumnd. However, meaqirements of
AZRP peumn dymamic i awake, behaving mice demon-
strated thal semory cues, such & sight and smell of food,
can mapidly inhibit e newmns (29, 30). Caged Bod pre-
sentation indiucest mapid and ransient AgRP pewnon inhibi-
ton i fasted mice, bl iTthe food & aibesquen]y omswmed
e Irshibition is mestained, polnting o a key mie for Sgnab
from the GT tract in rthe rapid contiol of AgRP newmoa
Comsaent wirh this, i was shown Ut intragasde infeon
ol calofe-contal ming AUl promole perddent AgRP in-
hisition {31, 321 Maremver, intragatde Infuson of water of
comgiimlon of 3 calofiefres gal retulted 10 only & small
reduction in AP seuron acivity 31, 32, Consktent with
the kmwrwn role of TGLE mechanareceptons seming G dis-
tention, chemogenstie activation of Ovir™ -expressng net-
mois in FGLFe, aml @pir™ with a leter magningle ako
inhibited AgEP newrons (9] Ao cmadent with this, the
Outr ™ IGLE iz specilically expretsed in the intetine and a
calore-fres wolimett: load 1o the intesine, but not in the
stoimach, mestained AgRP o e {nhikigon{9).

Gt mie rotiots Jamdicape & yel anather factor affecting
the muBrain axiz (33) Snules with germ-free mdents
harve that shown elevated levels of PYY and emberoglses-
gon {54) and the metabolites genemtsd by enzymatc
[rrocs i g of trutrismts, sich a3 the short-chain By aclds
produced by the microbiota, can stimulate GLPI melease
from L cells sugoeating thet the gut bacteta particlpate
In emdocrine phislology (350 In addition to controlling
metaholites, the miroliots & ako alile o produce slgnal-
g molecules with putative Futetons on feeding control
The Escherkhia coll, for inatance, produce: a caseinadyte
peptidase B protein hodnal ogee (CIpB), an aMSH-Hke pep-
Hils, Whaes piﬂ.‘ltll levsly are amocisted with incressed
POMC ne sl acthvation (36).

MOVEL INTRA- AMD EXTRAHYPOTHALAMIC
CIRCUIT NODES IN FEEDING CONTROL

The el i Fexling heha viot seen alter sctivaling AgRP
memnes B guenched by semsory cwes, mising the posibiiy
that sustained hunger 15 metiated by another long-lesting

de The AgRP neurons als releme NPY and
GABA, and the contrivution of each of thee neuramaadils-
LS o susinined hunger signal was moebtly mseioed AgRP
mETE Were opEgenetically activated in animalk in whidh
GABA ar NPY sig sallrg was ablted by a cellapec e Krock-
out for ISmin and Baod intake wes subssguenly mesaed
{571 Mice lacking NPY presented a tmekocked fesding asl
ks deive e food-seeldng upon stimulation, egablihing

i Fhy mllfkl-kﬂmlﬂ ﬂilm-ﬁ-r,:.mm
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HNPFY & the newromodidsins retpordible [of the sustsinead
haenger and motivated behavion prodiuced by AgRP neun-
nal activation (37L In sbdition, the amivation of AgRP neu-
rors ndistes e rplenal nsulin ealkiatnce and this sfed 15
ko NPY dependen | 3.

AR P- and POMC-2% presing neurons project to the PV
Tessibl 120 fier § pnerintnd smel dhisce msect Toad intle, fegectively.
Opagenstic sctivation of AgRPierminab lathe PV mpidly
almnsbaie food Intake through the inhilitory and Fa-acting
rammminers GARA aml NPY (39) Convessly, the dow-ac-
e agorint, ab S il esved from POMC) decrastes
foad intake bt only after hodim (40). Thas, I was Rirther
Tyt e tred 1hont the re 15 another wik nown Fes-acting sari-
ey isekran i the AR A group of glusmatengie neurons
ARCY T g ety 1den tifbed & the source of excita-
tory Laput anto PYH neurons, amd they wers shown o @p-
idly induce sariery d41). Morsover, there is plasicity of
glutamsterge L sl o PVHY® g this {5 polen-
tinted by aMSIL ChR2-smadated cirewil mapping CRAND
demonsitated that ARCYEYT peprans receive light-
evaked Inhibivary mmﬁ: currents (IPSC2) Fram
ARCMET ppurnns. Thaes, ARC T 00 ey ot are inhibxited
by GARAsrgic prdections fmm ARC™™ pewrans under
Fasting ot (41).

The PVH™"" i5 an imporant dow retream eTector sie br
ARC neumors and a criflesl node for sstlety aisraling
However, PVEMS® does ot sccount for all saviety-relaet
slgraling of PUH mewrans, o demanstrated by the compar-
s between 1he ¢ lemogenetic adtivation of sligle-minded-
Ferpresal g newmos in PVH (FVH™Y), which k expressed
by most PVH neunons, and the che mogenstic sctivation of
PVH™® neurons on Tood intalke. Tt was recently shown Uhat
the chemogenste sdivation of like pepids i-
encpread g metiodes L PVEL ® pacutel y suprpness foad
irstalkes amd theis sil emcing induesd body weight gain and by
per 2 (42} Meverthel=a, the s nificant over lap between

and PVH™™® peurors ruls oif e passibiliny
that the putstive PVH™"-posivive (PEHY R popive fei-
s are this satien-indic ng population. The iovedigsion
ol & prodysophin-epresing newmn in PVH [PVHFOY,

e
T o
v EROG

J-‘I o

g {-;:
R

LEFTN

APz ol Medal = e i 1152

Tiirwndimaded from j.-mh...hy.uqr.qunu_v.j,—hl o Vel Univ 1301321

FMOC | AgRE | GAR
el

which doss ot overtag with PVEP™, lad to the ldemifies-

tion of this puative PYH™ -positive appetite-siuppresing

population, as their slencing ake triggered obesiny and hy-

{3}, Anterograde viral tracing demonstrated that

Loy the central el of Uhe tera]

parabrachisl fuclew (CLPEN) aml prelocus cosruleus (pLCL

bt PVHF™Y make g hitarm atengdc Sy jres o0 fekms in

thee L bait et Uhee SLPEM. Finally, the authors Fownd that

PVHP ™ peirons recelve GARAerglc nput from ARCY™
ek, 25 demanstrated by Bgh-evoked TPSCs (45).

In comtrast to the swm-ten and gut-derved signak ta
the brain, leptin secrtion by sdipose theaie scts = loms-
term afferent sgmal o modilsie food orske sl baody
el ght by contralling the scthvity ol ARC, sl oth er, feumis
{44}, Previous repons have inicated that leptin meceplo-
expressing (LegR) ARC™™ neurons are important for feed-
g and body weizht regulation However, Lefi deletion in
ARCTOME s dult mioe dioes ol alTect body weightand food
intake {45). Ratlser, leplin dgnaling in ARC™*E & peguined
For thes tegulation of gheoss homemtai inde pendent of s
effect on enengy hulancs (45} A mecem work demontmed
that CRISPR-medisted deledon of LepR in ARCY®T indwe o
severe ahesity, dishetes, sl ot intake, sigmesting tat lep-
tin SppTeie St by Larmeting ARCH™ amnd mol

metdois (46). This work has now been challengsd
by a recent frbing shovwlng that the astishedry afacts of
leptin are medised by GARA-peeithre meumnd i the ARC
and s chrnnde setivation Indwces mashre olwsiny (47) The
aetherts sl obaetved that leptin adminiamtion in ARCY®
-ablsded ol mice 15 sufficent o oormalize the baody
weight. Intemstingly, the chric chemogenstic activation
al ARCY™ petimons increstes [eading initally &md induoes
significant weight gain howsver the Food Intake and bady
weight relicm o batsline afler 7 and GDdsys, respectively
{431 Taken mgether, the alorementioned Sudies highlizht
the compesity of hypothalamic circwits involred in the
eneryy lomensiagis.

Whe e incrested leptin levels Inhdbil the Enod Intake, &
[all in leptin levels dignhivie ARC meurons ard stimuls e
appsetite. This hormonsl programming to corderve Fusl

Figess 2. Nowsd ARC and PVH measors. PROC
| D el PREO R i TN By shoetanem HAD

Sl e, [P OOMRCST wWER AQRF relsord, (FPdbE
| POMC rewrors  hrowgh GAEAN QLT  peOfEaTons
Palan Savdies Sogdedd & daing . PraaEad
ek om as the peisany oFer o of Kol Sy reling in
D ARC. Thes ARC Fracnors D el 50 s Ranges PH
PHESOR 30 ool Tedirg. GLPE, NMCAR, and PDYM
e e s im diferern Psors i PVH ared Tl
[latta g K] diferas ofa et Oi-
iy i PENL AQRP, oot ralited papldi; ARC, aftu-
e Paddass GABA, QamTES-IRinobUl s Sdd GPTR,
Gl o b P k-1 £ iierinew, VTR, il el OFTEY-
£ pelapr, PEN, Do aiee. Pial muC ke POYEL penchs.
Famipini PRIOC, pine it oy, POBIC, Fs-opnihons-
g PVH, pesvenwicudey maddsss 3V, Shd
i

- i 4 DT P T Y

10 om 5, 2031
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sores Was recently extended by a recent wirk demonstating
st Rrend-resitr beted mice diagplay increased denom omoentta-
Hon of rH ) and the activation of 1B remep-
it (GHE]} in ARCY™ inchuoes metabolic tespormes oo sent
with energy comervation, such as seduction 1n energy ex-
persc ferea ral | rcresmedd Food Lntale: {42).

Anather povel GARAsrgle neunmal populition regulst-
ireg [oo<d intake waz recemly ldenfified in the ARC.
Frephomndcioaptlneipretd r fel v | ARCT0) are diarinet
Fomn ARCY™ gndl ARC™ME snd sre ghicoseewitad (SO}
ARCFHOC srrgacy locally o the ARC sl firmher stieam ant
of 18 Irmserv etk identiled an inhilvitory oommes] Wy oo
ARCT™E e pons, The optogenstic activation of
e frone: feeding it doss ool trigper acute efTects
o gucse homestais of lsulin semsitvity. Tntereingly,
the Proc geie was one of the mos enrched trasseripts in
the hypothalams in mice Fad an scul high-Tan diet {HTFD),
inlicatiieg teat PN OC-expresing newmns may havea midein
the owerconsemption of mice fad a HFD (Fig 2} (500 A
fevenl feporl demorstrated Uit ARCHST faimm peceive
irmpiit [ & separate pojulatiin of pocice pi nrexpoesl g
newnons i O aiterior bed ouclel of the sria termimalis
@EBNET) {51 Mareover, the atiation of modios i n-epress-
fsg mewns in aRNET increased body weight amd food
intake, a putative role of thse e uns in
homemrsds by controling ARCYT pepmds activiey {5
PO C-expnesal g felrons ane @l ditr Buted in other estra-
hypothalamie aress, swh s lateral sepom {15} and central
anmygedala §eA). The lamer & recopnited =5 an impoant
integrarive bran region aul it recslves sucitlony gt
e inpus fom PENSS pemomd, and it 18 ale sotivated
by OCE PHOC-eRjrening neirans in Ced 0aA™% wens
recenlly demified & & novel mu!uiw {52). Commtnption
of HFD acutely sctivared CeaA™" peumons, aml mice with
priot chemogenstic inhibition of CeA™P" newmons rediosd
their HFD oo o fire expomire. The oplogensic
activation af C termimalks in the ventral BMNST, PEM,
il NTH iidisced a rewani ke behad or {52,

The development of Hsueclkardng technlqes jeg.
IDISC-esed methnds) oimbdnad with Fos stining im the
While braln have provided Furler im the feld by
allowng the comparisri of e ] activation 1o difenent
contexts and the ldentification of unspprechmed brain
regions involved in controlling energy homeosmis. In this
regard & study kbemtifed two maleculady and anatomdcally
distine newnmal populsfions in the dorsal mphe muck s
DEN): 2 vesicular GARA tarsporter {TRNY™T) and 2 wesic-
ulsr glidmale tansporter Dype 3 (DRNYSUT E5) I was
shown that faging incresed FPo-poatve sciivation of

populaton. Optogensis sotivation of DRNYEAT
mopulation increses] ol imtake sl inhibivion decressed
Bad intake. The DRN™ S gera sethysted by melfead s sl
ey inhibited Food intake when scrivated whe nes phetain-
hibdtion of DRNYSYT jnerassead Food intake. Cheomde che
mogenetic inhibition of DENYAT pewrons in leptin-
deficdent olviab mice lad to a signifcant reducrion i ody
weight (5. Fumher investimton of DEN " neurons 1o
cantorlling, energy homeodasis sko ident fexd 2 key reguls-
oy mle in thermogensss, & thelr activalion Suppresde
enefgy expenditine throwgh redidion of imerescmilars
Trown adipne e GRAT) temperatume (541 Tdng iBAT
£330 ALP-Enic i Whastesh « dhoi 0 HE2

‘ajpomila &l Vel Univ (1301321

retrograde Wiral trachss, the suthoms fownsd the DENYT
meurons send descending projections o mphe millidus
{FPa), whichin num innervates BAT {54

CONCLUDING REMARKS

Interos aplive e rocets inlemal-aats nformation
to contnnl appetie. sl of the experimental
oo chest 16 tetiron e oo b e been uelil Lo ool ne il
meclanisne and cirowls, the extent o which amificial acti-
valiony inhihidon of neumns ecapitulste . their Smdaion
wiwler phivsiologcal clirormatances is 01 wnclear. The intle-
gration of sensory coes amnd calore value of Food & 2 perm-
el Lask Tot fetrt s and ooy these e lvwsys are distcbed
Ty e Factors, such @8 the oomsmim ptian of
HFD, i% an oogoing debats (55-57). There is ako 8 ool
CHS fetwork Ual controds BAT termogensds s white
adlipnse Usve [WAT) metshalivm by controlling auannnic
outllow. Similarly, peripheral insulin ssnsigviny amnd gicoss
metaholsm are sho patemly, b nol excludvely, grvermad
by CMA Finally, there is an emergent need 1o comprehend
e Chee i hesced pibieers: ol il Dol sl alird wee resd i i
elTects, interm ingl ing hedonicand homesistic feeding {551
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