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RESUMO

NASCIMENTO, L.F.R. — Acidos graxos 6mega-3 induzem neurogénese predominantemente de
células que expressam POMC no hipotalamo. Tese de doutorado — Faculdade de Ciéncias

Meédicas, Universidade Estadual de Campinas, Sao Paulo, 2014.

Em modelos experimentais de obesidade induzida por dieta rica em gordura hd desenvolvimento de
resisténcia hipotalamica a leptina decorrente da ativagdo de uma resposta inflamatéria especifica no
hipotdlamo. Estudos recentes revelaram que além da indugdo da inflamagao, a dieta rica em gordura
ativa também vias de sinalizacio apoptéticas que culminam com a morte de neurdnios em regides
hipotalamicas envolvidas com o controle da fome e do gasto energético. Acredita-se que a perda de
sub-populacdes especificas de neur6nios no hipotilamo acarrete em dano dos mecanismos de
controle do balango entre consumo caldrico e gasto energético, resultando no desenvolvimento ou
perpetuacdo da obesidade. A composi¢do de dcidos graxos da dieta tem papel central na resposta
inflamatéria hipotalamica, sendo os dcidos graxos saturados de cadeia longa os mais lesivos. Por
outro lado, em outras regides do cérebro, alguns acidos graxos insaturados podem desempenhar
papel anti-inflamatério e induzir reparo funcional através da neurogé€nese. Neste trabalho, nds
avaliamos os efeitos dos dcidos graxos poliinsaturados a-linolénico (ALA C18:3-n3), e
docosaexaenoico (DHA 22:6-n3) sobre a indu¢do de neurogénese no hipotdlamo de animais com
obesidade induzida por dieta rica em gordura (HFD). Nossos resultados mostram que dcidos graxos
O0mega-3 administrados tanto na dieta ou diretamente no cérebro, sdo capazes de modular a
neurogénese no hipotdlamo de camundongos obesos, favorecendo a proliferacdo de neurdnios
anorexigénicos POMC, mas sem redug@o da ingestdo alimentar. Embora esses animais ndo comam
menos, eles se movimentam mais e exibem um discreto aumento do gasto energético. A
suplementacdo com dmega-3 em HFD reduz a inflamacdo e a apoptose no hipotdlamo, além de
melhorar o metabolismo glicémico e proteger os animais do ganho de peso. Aparentemente, 0s
neurdnios recém-formados surgem a partir da proliferacdo de células com caracteristicas de células
progenitoras, presentes na parede do terceiro ventriculo. Nesse processo, o receptor de 4cidos
graxos livres, GPR40, e o fator neurotréfico derivado do cérebro, BDNF, desempenham papel
fundamental, mas a participacdo dessas proteinas em tais eventos parece ser dependente do estado

nutricional e metabdlico do animal.

Palavras-chave: obesidade, inflamag@o, hipotdlamo, neurogénese, 6mega-3



ABSTRACT

NASCIMENTO, L.F.R. — Omega-3 fatty acids induce neurogenesis predominantly of POMC-
expressing cells in the hypothalamus. PhD Thesis - Faculty of Medical Sciences, University of

Campinas , Sdo Paulo , 2014.

In experimental models of high-fat diet (HFD)-induced obesity there is a development of
hypothalamic leptin resistance due to the activation of a specific inflammatory responsein the
hypothalamus. Recent studies have revealed that besides the induction of inflammation, a fat-rich
diet can also activate apoptotic signaling pathways that culminate in neuronal death in hypothalamic
areas responsible for the control of feeding and energy expenditure. It is believed that the loss of
specific hypothalamic neuronal subpopulations deteriorates mechanisms involved in the control of
caloric intake and energy expenditure, resulting in the development and perpetuation of obesity.
The fatty acid composition of diet, particularly the saturated fatty acid content, can modulate
immune activity in the hypothalamus, inducing an inflammatory response. However, in other
regions of the brain, some unsaturated fatty acids can acts as anti-inflammatory agents and induce
functional repair through neurogenesis. In this study we evaluated the effects of polyunsaturated
fatty acids a-linolenic (ALA C18:3-n3) and docosahexaenoic (DHA 22:6-n3) on the induction of
hypothalamic neurogenesis in HFD-induced obese animals. Our results show that omega-3 fatty
acids administered either in the diet or directly into the brain are able to modulate neurogenesis in
the hypothalamus of obese mice, leading to the proliferation of anorexigenic POMC neurons. This
effect is not accompanied by changes in food intake, but increase unstimulated physical activity
resulting in a discrete increase in energy expenditure. In addition, omega-3 supplemented HFD
reduces inflammation and apoptosis in the hypothalamus, improve glucose metabolism and protect
the mice against body mass gain. Apparently, these newly formed neurons arise from progenitor
cell proliferation present in the wall of the third ventricle. In this process, free fatty acid receptor,
GPR40, and brain-derived neurotrophic factor, BDNF, play a key role; however, the involvement of
these proteins in such events appears to be dependent on the nutritional and metabolic status of the

animal.

Keywords : Obesity, inflammation, hypotlalamus, neurogenesis, omega - 3
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INTRODUCAO

A capacidade de manter o balango energético num ambiente em constante mudanga
ou em resposta a alteracoes fisiologicas € essencial para a sobrevivéncia. Ha mais de meio
século ndés sabemos que esse balanco € mantido através de um sistema complexo
controlado pelo cérebro e que € capaz de modular a ingestdo alimentar e gasto energético
(Anand & Brobeck, 1951). Nas ultimas duas décadas, avancos significativos tém sido feitos

revelando novas subpopulacdes neuronais, mediadores quimicos e mecanismos de

transdugdo dos sinais que participam desse controle (Meister, 2007).

Em vertebrados, a principal estrutura neural envolvida no controle do balanco
energético € o hipotdlamo, uma pequena regido do sistema nervoso central, responsavel
pela recepcdo e integracdo de informagdes periféricas sobre o estado nutricional e
metabolico do individuo (Meister, 2007). Em mamiferos, mais especificamente, essas
informacdes provenientes da periferia incluem nutrientes, sinais mecanicos gerados pela
distensdo gastrica, hormonios entéricos (PYY, CCK, GLP-1, GIP e grelina) e outros
hormonios ndo entéricos. Destes, a leptina, juntamente com a insulina sdo os dois principais
sinais que cumprem um papel adipostitico, controlando em longo prazo o balanco
energético e a massa corporea (Blouet & Schwartz, 2010; Morton et al., 2006; Schwartz et

al., 2000).

A insulina € um hormodnio peptidico secretado exclusivamente pelas células B-
pancredticas, principalmente em resposta a concentracdo plasmadtica de nutrientes. Ja a

leptina € um horménio com caracteristicas estruturais de citocina produzido

predominantemente pelo tecido adiposo branco numa relacdo diretamente proporcional a
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massa deste tecido. O principal sitio de acdo da leptina e da insulina no sistema nervoso
central sdo os neur6nios localizados no nicleo arqueado do hipotdlamo (Elmquist et al.,
1998; Friedman & Halaas, 1998). Para alcancar tais neurdnios a leptina e a insulina
utilizam um sistema saturdvel de transporte mediado por receptores especificos, presentes
tanto no plexo cordide como em capilares cerebrais (Schwartz et al., 2000). Além disso,
esses hormonios, bem como outros sinais periféricos, t€m acesso facilitado ao nicleo
arqueado devido a auséncia de barreira hematoencefalica na regido da eminéncia média do

hipotdlamo médio-basal (Meister, 2007).

No ntcleo arqueado do hipotdlamo existem duas regides homoélogas, uma composta
por células produtoras de neuropeptideos orexigénicos, NPY e AgRP, e a outra composta
por células produtoras de neuropepetideos anorexigénicos, a-MSH e B-endorfina (clivados
a partir de POMC) e CART. Além de expressarem receptores para leptina (ObRb - forma
mais predominante nesta regido anatdmica), tais subgrupos de neurOnios expressam
também receptores para insulina (IR), hormonio este que desempenha um papel
fundamental na modulacdo da agdo da leptina (Carvalheira et al., 2001; Schwartz et al.,

2000).

Tanto a leptina quanto a insulina, mas principalmente ambos, agindo de forma
combinada, t€ém a capacidade de inibir neurdnios produtores de NPY/AgRP e ativar
neuronios produtores de POMC/CART (Torsoni et al., 2003; Carvalheira et al., 2001;
Schwartz et al., 2000). Neurdnios NPY/AgRPérgicos apresentam maior atividade durante o
jejum e em resposta a uma diminuicao da massa total de tecido adiposo quando, em ambos
0s casos, os niveis circulantes de leptina e insulina sdo menores. Nestas circunstancias,

conexdes axonais entre neur6nios do nucleo arqueado e neurdnios dos nucleos
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paraventricular e hipotaldmico lateral levam a inibicdo da producdo de neuropeptidios
anorexigénicos e ativadores do gasto energético (TRH e CRH) no nicleo paraventricular,
resultando na ativacdo da produgdo de neuropeptideos orexigénicos e inibidores do gasto
energético (orexina e MCH) no nicleo hipotalamico lateral. O resultado desta regulacdo € o
aumento da fome e reducdo do gasto energético. Por outro lado, em periodos pds-prandiais
e quando os estoques de energia no tecido adiposo sdo maiores hd aumento dos niveis
sanguineos de insulina e leptina, o que leva a inibi¢do dos neur6nios NPY/AgRPérgicos e
ao estimulo dos neur6nios POMC/CART¢érgicos. O resultado € a inibi¢cao de neur6nios do
nudcleo hipotaldmico lateral, produtores de orexina e MCH e estimulo de neurdnios do
ndcleo paraventricular, produtores de CRH e TRH, com subsequente saciedade
acompanhada de aumento do gasto energético (Elmquist et al., 1998; Schwartz et al., 2000)

(Figura 1).
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Figura 1: Esquema do sistema de melanocortina no hipotdlamo — Extraido e modificado

de Morton et al. (20006).

Interferéncias nesse sistema fino de controle do metabolismo podem resultar em
desequilibrio energético com comprometimento da satde do individuo. As causas para o
desequilibrio compreendem a interagdo entre fatores genéticos, metabdlicos, hormonais e
ambientais ainda ndo totalmente esclarecidos, mas que podem favorecer um balango
energético positivo. Nesse contexto, as mudancas no padrio de vida, com reducdo de
atividades fisicas e superalimentacdo facilitada por um aumento na produgdo,

industrializacdo e distribui¢do de alimentos hipercaldricos, principalmente daqueles ricos
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em gordura, exercem impacto importante no controle hipotalamico do metabolismo e
favorecem o desenvolvimento da obesidade (Velloso & Schwartz, 2011; Elmquist et al.,

1998; Friedman & Halaas, 1998).

A obesidade é uma doenca cronica caracterizada pelo acimulo excessivo de gordura
corporal e é um importante fator de risco para doencas ndo transmissiveis, como diabetes
mellitus tipo 2, problemas cardiovasculares, aterosclerose, doencas hepaticas e alguns tipos
de cancer, com forte impacto na qualidade de vida e nas taxas de mortalidade da populacao

(Swinburn et al., 2011).

Nas ultimas décadas houve um aumento considerdvel da obesidade em diversas
regides do planeta, e esta vem se revelando um dos mais importantes fendmenos clinico-
epidemioldgicos da atualidade. Mais de 300 milhdes de pessoas no mundo sdo consideradas
obesas, com indice de massa corpdrea (IMC) maior ou igual a 30. Nos Estados Unidos
quase um ter¢o dos adultos s@o obesos, e em muitos paises europeus tem sido observada
uma tendéncia similar, apesar de ndo atingir os mesmos niveis dos americanos (Swinburnet
al., 2011). Além disso, a obesidade hoje ndo se resume mais a um problema apenas nos
paises ricos, ela afeta cada vez mais parcelas dos estratos populacionais menos favorecidos
economicamente. No Brasil, o sobrepeso/obesidade cresceu entre as décadas de 70 e 2000,
e as andlises comparativas entre os inquéritos antropométricos nacionais ENDEF
(Fundacao Instituto Brasileiro de Geografia e Estatistica - Censo Demografico de 1970),
PNSN (Fundacao Instituto Brasileiro de Geografia e Estatistica - Censo demografico 2000)
regionais PPV (Pesquisa sobre Padrdes de Vida), permitiram identificar a amplitude e
gravidade do problema. Os trés estudos revelam uma tendéncia ao aumento do sobrepeso

com indice de massa corpérea (IMC) > 25 nos adultos, sendo que esta tendéncia chega a ser
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maior que o dobro daquela observada em 1975, com excecdo das mulheres na regido

sudeste (Monteiro ef al., 2007).

A preocupacdo com o aumento da prevaléncia mundial da obesidade e das
comorbidades associadas a ela t€ém impulsionado a busca por alternativas as mudangas
comportamentais, dietas e exercicios para promover a perda de peso, entre elas, o
desenvolvimento de farmacos. Alguns medicamentos que induzem a perda de massa
corpérea foram desenvolvidos para reduzir o apetite, aumentar a saciedade ou diminuir a
absor¢cdo de nutrientes. No entanto, nenhum desses farmacos alcangou resultados
satisfatorios na perda de massa e, em muitos casos, os individuos voltaram a ganhar massa
depois de um tempo de tratamento. Além disso, alguns desses medicamentos foram
retirados do mercado por medida de seguranca devido aos riscos de eventos adversos que
oferecem (Kim et al., 2014). Mesmo a cirurgia bariétrica, intervencdo com maior sucesso
na induc¢do da perda de massa corpdrea, tem se mostrado incapaz de manter estavel o peso

dos individuos (Dayyeh et al., 2011).

As dificuldades de tratamento da obesidade podem ser explicadas em grande parte
por perdas funcionais hipotalamicas observados tanto em pacientes obesos (McNay et al.,
2012; Sande-Lee et al., 2011) quanto em animais com obesidade induzida pelo consumo de
uma dieta rica em gordura saturada, num padrdo de alimentacdo semelhante ao ocidental
(McNay et al., 2012; Moraes et al., 2009; Milanski et al., 2009; White et al., 2009; De
Souza et al., 2005). De acordo com um estudo realizado pelo nosso grupo, animais
experimentais tratados com dieta contendo aproximadamente 40% de gordura saturada por
16 semanas apresentaram um aumento da expressdo de citocinas inflamatdrias no

hipotdlamo, entre elas: TNF-a, IL-15 e IL-6 (De Souza et al., 2005). Na presenca de niveis
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elevados destas citocinas, proteinas com atividade serinaquinase catalisam a fosforilacao
em serina de importantes mediadores da via de sinalizacdo da insulina e da leptina, o que
leva a uma resisténcia molecular a acdo desses hormoénios no hipotdlamo (White et al.,

2009; De Souza et al., 2005).

A resisténcia a acdo da insulina e da leptinadepende, pelo menos em parte, da
ativacdo de receptores do tipo Toll-like. Nosso grupo observou que dcidos graxos saturados
presentes na dieta ativam a sinalizag¢do celular através de TLR4 no hipotdlamo, resultando
no aumento da expressdo de citocinas pro-inflamatdrias e induzindo a resisténcia local a
insulina e leptina (Milanski et al., 2009). A perpetuacdo da resposta inflamatdria resulta
ainda em ativacao de vias apoptéticas que levam a perda de neurdnios do nicleo arqueado,
principalmente os anorexigénicos POMC (Moraes et al., 2009). A perda definitiva desses
neurdnios deve acentuar ainda mais a reducdo dos sinais de saciedade que acompanham a
resisténcia a acdo da insulina e da leptina no hipotidlamo e deve contribuir de forma
considerdvel para o desenvolvimento e manutencdo da obesidade. Uma pergunta que

emerge desses estudos € se o processo de morte de neurdnios no hipotdlamo, desencadeado

pela inflamacdo induzida por dieta rica em gordura, seria de alguma forma reversivel.

Durante anos a ciéncia ficou presa ao dogma de que o cérebro adulto seria uma
estrutura estatica e a neurogénese, definida como um processo de geracdo de neurdnios
funcionais a partir de outros precursores ocorreria somente no embrido e durante a fase
perinatal em mamiferos. A primeira evidéncia anatomica da formacdo de novos neurdnios
no sistema nervoso central de mamiferos adultos foi descrita no giro denteado do
hipocampo por Altman & Das (1965). No entanto, a relevancia funcional desses achados

ndo estava clara naquele momento e levou décadas para despertar grande interesse. Mesmo
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com os achados de Paton & Nottebohm (1984) em aves cantoras adultas, mostrando que,
nesses animais, os neurdnios recém-formados eram responsivos a estimulos sonoros, a ideia
de integracdo funcional desses neur6nios nido foi amplamente aceita (Lee & Blackshaw,

2012; Ming & Song, 2011).

Avancos metodoldgicos na microscopia eletrdnica mostraram que os neurdnios
hipocampais formados em mamiferos adultos poderiam sobreviver por um longo periodo e
fazer conexdes sindpticas, sugerindo que a neurogénese seria capaz de modificar circuitos
neurais (Kapllan & Bell, 1984). Progressos na imunohistoquimica combinados com H’-
timidina demonstraram que a neurogénese era um fendmeno robusto (Cameron et al.,
1993). A deteccao de marcadores neuronais por imunohistoquimica e a introducdo de
bromodeoxiuridina (BrdU), um andlogo sintético de timidina capaz de marcar a replicacao
de DNA (Kuhn et al., 1996) impulsionou os estudos de neurogénese em mamiferos adultos,

incluindo em humanos (Erikson et al., 1998).

Em condi¢des normais, a neurogénese em adultos é espacialmente restrita a duas
regides especificas do cérebro: a zona subgranular (SGZ) do giro denteado do hipocampo,
onde novas células granulares sd@o formadas; e a zona subventricular (SVZ) dos ventriculos
laterais, onde novos neurdnios sdo formados, migram para o bulbo olfatério e se tornam
interneurdnios (Gage, 2000). E um processo dinimico, finamente controlado e sujeito a

varios estimulos fisiol6gicos, patoldgicos e farmacoldgicos.

Em outras regides do SNC, acredita-se que a neurogénese seja muito limitada sob
condicdes fisiologicas, mas que possa ser induzida especialmente apds algum dano (Pierce
& Xu, 2010; Gould, 2007), embora em niveis absolutos menores do que o observado nas

SGZ e SVZ in vivo. No entanto, uma quantidade muito pequena de neurdnios gerados em
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regides cldssicas, como no hipocampo, tem se mostrado critica na regulacdo da formacgao
de memoria (Han et al., 2009). Por isso, mesmo que os niveis de neurogénese sejam baixos,

nao significa que eles ndo sejam fisiologicamente importantes.

Enquanto os estudos de neurogénese fora das regides SGZ e SVZ em adultos
representam uma pequena fracdo dos dados publicados, a neurogénese no hipotidlamo vem
ganhando interesse substancial devido ao papel critico que essa regido desempenha nao
apenas na manutencdo da homeostase energética, mas também no controle de diversas
outras fungdes comportamentais e fisioldgicas como temperatura corpérea, sede, fadiga,
agressividade, sono, ritmos bioldgicos e comportamento sexual. Por isso, a formacdo de
novos neurdnios € sua integracdo em circuitos neurais nessa regiao pode resultar em efeitos

fisiolégicos e comportamentais importantes.

Pelo menos uma parte do processo que garante a ciclagem de células do hipotdlamo
€ dependente de leptina e do fatorneurotréfico ciliar (CNTF), podendo induzir a formacao
de células que expressam neurotransmissores envolvidos no controleda homeostase
energética (Kokoeva & Flier, 2005). No entanto, alguns trabalhos t€ém demonstrado que a
quantidade de neur6nios hipotaldmicos recém-formados pode ser alterada pelo consumo de
dietas ricas em gordura saturada (McNay et al., 2012; Li et al., 2012). De fato, as células-
tronco do hipotdlamo médio-basal de animais adultos parecem ser danificadas pelos sinais
inflamatérios causados pela gordura presente na dieta (Li et al., 2012). Como resultado,
além de uma maior perda neuronal no nicleo arqueado, especialmente de neurénios POMC
(McNayet al., 2012; Moraes et al., 2009), observa-se uma reducdo da capacidade de

proliferacdo do tecido (McNay et al., 2012).
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Os beneficios da incorporacido de dcidos graxos poliinsaturados (PUFAs) na dieta
sdo conhecidos hd muito tempo (Knoops et al., 2004). Alguns resultados foram
demonstrados em nivel epidemioldégico, tais como o efeito protetor sobre o sistema
cardiovascular conferido pela dieta mediterranea ou pelo consumo de 6leo de peixe por
esquimos (Estruch et al., 2013; Knoops et al., 2004; Bjerregaard et al., 1997); bem como
em nivel celular e molecular, na regulacdo da funcdo dos linfécitos ou na ativagdo da

sintese de mediadores antiinflamatérios (Fowler ef al., 1993; Fischer et al., 1984).

Recentemente, nosso grupo mostrou que a substitui¢do da gordura saturada da dieta
por PUFAS reduz a inflamac@o hipotaldmica associada a obesidade, e resulta em melhora a
da resposta leptina com reducdo da massa corpérea (Cintra et al., 2012). Outros trabalhos
tém mostrado a capacidade dos PUFAS, em especial do 6mega-3, de induzir reparo tecidual
e funcional no hipocampo de ratos adultos (Dyall et al., 2010; Wuet al., 2004). A
suplementacdo com 4cidos graxos Omega-3 foi capaz de restaurar os niveis do fator
neurotréfico derivado do cérebro (BDNF), de sinapsina e da proteina ligante ao elemento
de resposta do AMPc (CREB) no cérebro de animais com lesdo cerebral induzida. Estes
efeitos conferiram protecdo contra reduc¢do da plasticidade neural e contra prejuizos de

aprendizagem (Wu et al., 2004).

Apesar dos efeitos dos PUFA sobre a plasticidade neural serem bem descritos
(Yamashita, 2012; Ma et al., 2010; Kawakita et al., 2006), o mecanismo de sinalizac¢do pelo
qual eles atuam ainda € desconhecido. Alguns achados mostraram que a ligacdo de PUFAs
ao receptor acoplado a proteina G 40 (GPR40) induz ativagcdo da fosfolipase C (PLC) e a
producdo de inositol trifosfato (IP3) (Ma et al., 2010). Em seguida, foi mostrado que no

cérebro de primatas o GPR40 é abundantemente expresso e esses achados levaram Boneva
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e Yamashita (2011) a proporem uma via pela qual os PUFAs poderiam induzir
neurogénese. No modelo proposto pelos autores, a ligacdo do IP3 ao seu receptor
promoveria o influxo de Ca®* para o citosol. O influxo aumentado de Ca®* seria capaz de
induzir atividade da proteina kinase C (PKC), responsdvel pela fosforilacdo de CREB. No
nucleo, a pCREB promoveria a transcricdo do fator neurotréfico derivado do cérebro
(BDNF), responsavel pela manutencao de neurdnios jé existentes e pela formacgdo de novos
neurdnios e novas sinapses (Yamashita, 2012; Noble et al., 2011). Ensaios in vitro
mostraram que o 6mega-3 foi capaz de induzir diferenciagdo de células-tronco neurais de
ratos através da sua ligacdo ao GPR40 (Ma et al., 2010). No entanto, a participacdo dessa

via na indu¢@o da neurogénese in vivo ainda nao foi investigada.

Os é4cidos graxos Omega-3, a-linolénico (ALA 18:3-n3), eicosapentaendico (EPA
20:5-n3) e docosahexandico (DHA 22:6-n3) (Tabela 1) sdo gorduras essenciais e s podem

ser incorporados através da ingestdo de alimentos que contenham tais nutrientes.

As principais fontes alimentares do 4cido a-linolénico sdo nozes e os 6leos vegetais,
em especial os de canola, de soja e de linhaca (Kris-Etherton et al., 2011). Embora o 4cido
a-linolénico possa ser convertido em EPA ou DHA, a magnitude dessa conversdo é
modesta e um pouco controversa. Os peixes sdo a principal fonte de EPA e DHA, no
entanto, as quantidades dessas gorduras variam entre as espécies e de acordo com varidveis
ambientais, como o tipo de alimento consumido pelos peixes. Paises, como Canadd, Suécia,
Reino Unido, Austrdlia e Japao, bem como a Organizacao Mundial de Saide e o Tratado do
Atlantico Norte, estabeleceram recomendagdes dietéticas de Omega-3 baseadas nas
necessidades populacionais. As recomendacdes variam entre 0,3 a 0,5 g/d de EPA + DHA e

de 0,8 a 1,1 g/d de acido-linolénico. Estas recomendacdes seriam facilmente atingidas se
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fosse possivel o consumo de duas refeicdes de peixe por semana, com €nfase em peixes
gordos (ex. salmdo, arenque e cavala) e através da utilizagdo de 6leos vegetais liquidos que

contenham acido a-linolénico (Kris-Etherton ez al., 2003).

Tabela 1: Nomenclatura e estrutura dos dcidos graxos dmega-3

Acido a-linolénico ®
(ALA — 18:3-n3) ? 6 ]
' HO™1™ s N2 N5 18

Acido ®
3 1
eicosapentandico oi/\/_\/_\/_\/_\/_\/

(EPA —20:5-n3)

Acid

cido 0 )
docosahexandico 3 1
(DHA — 22:6-n3) H 1 4 7 10 13 16 19

No presente trabalho, mostramos que dcidos graxos poli-insaturados dmega-3, a-
linolénico (ALA — 18:3 n3) e docosahexandico (DHA — 22:6 n3), administrados na dieta ou
diretamente no cérebro, sdo capazes de modular a neurogénese no hipotilamo de
camundongos obesos, favorecendo a proliferacdo de células que expressam POMC. Esse
efeito, somado ao efeito antiinflamatério e a melhora do perfil metabdlico, incluindo perda
ou manutencdo da massa corpdrea, apontam o Omega-3 como nutriente com papel

potencialmente importante no tratamento e prevencdo da obesidade induzida por dieta.
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OBJETIVOS

e Avaliar a capacidade dos 4cidos graxos 6mega-3 de induc¢do de neurogénese no

hipotdlamo de animais com obesidade induzida por dieta.

e Investigar a identidade dos neurdnios recém formados e avaliar os efeitos

metabolicos decorrentes dos tratamentos com dmega-3.

e Propor e investigar vias que participam da indu¢do de neurogénese através da acdo

dos 4cidos graxos 6mega-3.
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Abstract

The apoptotic loss of hypothalamic neurons involved in the control of feeding and
energy expenditure is believed to play an important role in the development and
perpetuation of obesity. Recent studies have shown that similar to the
subventricular zone of the lateral ventricles and the subgranular zone of the
dentate gyrus, the hypothalamus presents constitutive and stimulated
neurogenesis, suggesting that obesity-associated hypothalamic dysfunction may be
repaired. Here, we explored the hypothesis that w-3 polyunsaturated fatty acids
(PUFAs) induce hypothalamic neurogenesis. Both in the diet and injected directly
into the hypothalamus, PUFAs were capable of increasing hypothalamic
neurogenesis to levels similar or superior to the effect of BDNF. These effects were
accompanied by reduced body mass gain and increased spontaneous locomotor
activity. Most of the neurogenic activity induced by PUFAs resulted in increased
numbers of POMC but not of NPY neurons. Thus, we provide the first evidence for

hypothalamic neurogenesis induced by diet components.
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Introduction

The consumption of dietary fats is regarded as one of the most important
epidemiological factors leading to the increased prevalence of obesity in the world
(1; 2). Due to their energetic value, dietary fats have a direct impact on overall
caloric consumption, which can, per se, favor increases in body mass. However,
studies performed over the last ten years have unveiled additional mechanisms
linking dietary fats to obesity. In rodents, long chain saturated fatty acids induce
hypothalamic inflammation through the activation of TLR4 signaling and
endoplasmic reticulum stress (3; 4). In the short-term, the hypothalamic neurons
involved in the control of energy homeostasis are affected at the functional level
and develop resistance to the adipostatic signals delivered by leptin and insulin (5;
6). However, over time, neurons may become permanently damaged and undergo

apoptosis (7; 8).

Neuronal plasticity contributes to the cyclic renewal of hypothalamic neurons and is
known to play an important role in the physiological regulation of whole-body
energy homeostasis (9). A part of the renewal process that warrants the
continuous turnover of hypothalamic cells depends on leptin and
ciliaryneurotrophic factor (CNTF), which induce the neurogenesis of the cells that
express neurotransmitters involved in the control of feeding and thermogenesis, as
well as proteins involved in the response to leptin (10; 11). However, recent
studies have shown that the turnover of hypothalamic neurons is disrupted by the

consumption of dietary fats (12; 13). In fact, the adult neural stem cells of the
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mediobasal hypothalamus are damaged by the inflammatory signals induced by
dietary fats, placing diet-induced hypothalamic inflammation in an upstream

position related to hypothalamic neurogenesis defects in obesity (13).

The beneficial outcomes of the dietary consumption of polyunsaturated fatty acids
(PUFAs) have been known for many years (14). These outcomes have been shown
at the epidemiological level, such as the cardiovascular protective effect of the
Mediterranean diet and the consumption of fish oil by the Eskimos (14-16), and at
the cellular and molecular level, including the regulation of lymphocyte function
and the activation of anti-inflammatory meditator synthesis(17; 18). In a recent
study, we showed that the dietary substitution of saturated fat by PUFAs reduce
obesity-associated  hypothalamic  inflammation, resulting in increased
responsiveness to leptin and body mass reduction (19). Here, we asked whether
PUFAs induce hypothalamic neurogenesis. Our results show that when
administered either via diet or injection directly into the hypothalamus, w-3 PUFAs

preferentially increase the hypothalamic neurogenesis of the POMC neurons.

Materials and Methods

Experimental Animals and Protocols. All experimental procedures were performed
in accordance with the guidelines of the Brazilian College for Animal
Experimentation and were approved by the Ethics Committee at the University of
Campinas. Five-week-old male Swiss albinus mice were maintained in individual

cages at 21 £ 2 °C, with a 12/12 h dark-light cycle and diet and water ad /ibitum.
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The mice were submitted to five different experimental protocols. In protocol #1,
the mice were fed a high-fat diet (HFD) for 8 weeks and then randomly divided
into four groups fed either a HFD or a HFD with partial (10% or 20%) or total
(30%) substitution of the predominantly saturated fat content with flaxseed oil
containing approximately 45% C18:3 (w-3) for another 8 weeks. In protocol #2,
the mice were fed a HFD for 8 weeks and then randomly divided into four different
groups that were fed for another 8 weeks on either a HFD, a HFD with a partial
substitution of the fat content corresponding to replacing 20% of the
predominantly saturated fat content with flaxseed oil containing approximately
45% C18:3 (w-3), chow (NFD) or NFD with 2.3% (w/w) supplementation with
flaxseed oil containing approximately 45% C18:3.During the final 10 days, the
mice were treated with a solution containing 50 mg/kg of BrDU (#B5002, Sigma-
Aldrich, Inc.) intraperitoneally (ip) twice a day. In protocol #3, the mice were fed a
HFD for 8 weeks and then randomly divided into three different groups treated for
ten days with a daily intracerebroventricular (icv) injection of either saline (2.0 pl),
BDNF (#B3795, Sigma-Aldrich, Inc.) (10 ng in 2.0 ul), or DHA (#D2534, Sigma-
Aldrich, Inc.) (10 ng in 2.0 pl); additionally, the mice were treated with a solution
containing 50 mg/kg of BrDU ip twice a day and were then transferred to NFD for
another twenty days. In protocol #4, the mice were fed on a HFD for 8 weeks and
thereafter randomly divided into three different groups that were treated ip for ten
days with saline (100 pl), DHA (1.0 mg/kg in 100 pl) or a higher concentration of

DHA (5.0 mg/kg in 100 pl). In protocol #5, the mice were fed a HFD for 8 weeks
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and then randomly divided into the following four groups: in two groups, the mice
were transferred to a NFD with 2.3% (w/w) supplementation with flaxseed oil
containing approximately 45% C18:3 and treated with either an anti-BDNF
antibody (#sc546, Santa Cruz Biotechnology, CA, USA) [0.8 pg (in 100 pl, twice a
week, ip] or a similar volume of a pre-immune serum (#R9133, Sigma-Aldrich,
Inc.), and in the remaining two groups, the mice were transferred to a HFD with a
partial substitution of the fat content with 20% flaxseed oil containing
approximately 45% C18:3 and treated with either an anti-BDNF antibody [0.8 pg

(in 100 pl, twice a week, ip] or a similar volume of a pre-immune serum.

Intracerebroventricular instrumentation. Several mice were stereotaxically
instrumented using a Stoelting stereotaxic apparatus to implant a cannula. The
stereotaxic coordinates were as follows: anteroposterior, 0.34 mm; lateral, 1.0
mm; and depth, 2.2 mm to the lateral ventricle. The cannula efficiency was tested
one week after cannulation by the evaluation of the drinking response elicited by
the icv injection of 10® M angiotensin II (#A9525, Sigma-Aldrich, Inc.). The mice

that scored positive in the angiotensin test were used in the studies.

Analysis of the fatty acid composition. The methyl esters of fatty acids were
prepared as previously described (20) using a CGC Capillary Gas Chromatograph
Agilent 6850 Series GC System equipped with a capillary column Agilent DB-23
(50% cyanopropyl- methylpolysiloxane) that was 60 m long with a 0.25 mm
internal diameter and a 0.25 mm film. The analyses were performed at 110 °C (5

min) to 215 °C (24 min), with the detector temperature at 280 °C and the injector
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temperature at 250 °C. Helium was used as a carrier gas. The split ratio was 1:50,
and the injected volume was 1.0 pl. The qualitative composition was determined
by comparison of the retention times of the peaks of the individual fatty acid

standards.

Glucose tolerance test (GTT). After 6 h of fasting, the blood glucose was
measured, and then a glucose solution (2.0 g/kg) was administered ip. The blood

glucose was measured after 30, 60, 90 and 120 min.

Insulin tolerance test (ITT). After 6 h of fasting, the blood glucose was measured,
after which an insulin solution (1 U/Kg) was administered ip. The blood glucose

was measured after 5, 10, 15, 20 and 25 min.

Blood glucose and insulin. The blood glucose was measured using a glucometer
from Abbott (Opptimum, Abbott Diabetes Care Inc., Alameda, CA, USA). The
insulin level was determined using ELISA kits (#EZRMI-13K, Millipore, Billerica, MA,

USA).

Leptin Tolerance Test. After 12 h of fasting, 10° M of leptin (#429705,
Calbiochem, Darmstadt, Germany) was administered intraperitoneally at 6 PM, and

the spontaneous food intake was measured for 12 and 24 hours.

Determination of energy expenditure and spontaneous activity. The energy
expenditure was calculated using oxygen consumption/carbon dioxide production
and the respiratory quotient (RQ), which were measured over a 24 h period in

fasting mice using a computer-controlled open circuit calorimeter system, the
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LE405 Gas Analyzer (Panlab-Harvard Apparatus, Holliston, MA, USA). The air flow
within each chamber was monitored by an Air Supply and Switching sensor
(Panlab-Harvard Apparatus). The gas sensors were calibrated prior to the onset of
the experiments with primary gas standards containing known concentrations of O,
and CO, (Air Liquid, Sao Paulo, Brazil). The data were obtained for 6 min for each
chamber, and the mean for each 6 min of measurement was used for data
analysis. The outdoor air reference values were sampled after every four
measurements. The VO, and VCO, were calculated by Metabolism 2.2v software
based on the Withers equation, and the RQ was calculated using VCO,/VO,. The
spontaneous activity was registered by a sensor platform Physiocage (Panlab-
Harvard Apparatus, Holliston, MA, USA) during the energy expenditure acquisition

data.

Immunoblotting. The hypothalamus was homogenized using a tissue homogenizer
(Polytron-Aggregate, Kinematica, Littau/Luzern, Switzerland) at maximum speed in
an anti-protease cocktail (10 mmol/L imidazole, pH 8.0, 4 mmol/L EDTA, 1 mmol/L
aprotinin, 2.5 mg/L leupeptin, 30 mg/L trypsin inhibitor, 200 pmol/L DTT and 200
pumol/L phenylmethylsulfonyl fluoride). An aliquot of homogenate was collected,
and the total protein content was determined by the dye-binding protein assay kit
(Bio-Rad Laboratories, Hercules, CA, USA). Samples containing 75 pg of protein
from each experimental group were incubated for 5 minutes at 95°C with 4x
concentrated Laemmli sample buffer (1.0 mmol + sodium phosphate/L, pH 7.8,

0.1% bromophenol blue, 50% glycerol, 10% SDS, 2% mercaptoethanol) and then
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separated on 10% or 12% polyacrylamide gels for approximately 2 h. The
electrotransfer of the proteins to the nitrocellulose membranes (Bio-Rad) was
performed using a Trans Blot SD Semi-Dry Transfer Cell (Bio-Rad) for 20 min at 25
V (constant) in buffer containing methanol and SDS. After confirming the efficiency
of the transfer by staining with Ponceau S, the membranes were blocked with 5%
skimmed milk in TTBS (10 mmol Tris/L, 150 mmolINaCl/L, 0.5% Tween 20)
overnight at 4°C. Doublecortin (#4604, Cell Signaling, Boston, MA, USA), Bax, Bcl-
2, BDNF, GPR40 and B-actin (#sc493, #sc492, #sc546, #sc32905, #sc130656,
Santa Cruz Biotechnology, CA, USA) were detected in the membranes after
overnight incubation at 4°C with the respective primary antibodies diluted 1:500 in
TTBS containing 3% dry albumin. The membranes were then incubated with a
secondary specific IgG antibody (diluted 1:5000 in TTBS 40 containing 1% dry
skimmed milk) for 2 h at room temperature. Enhanced chemiluminescence
(SuperSignal West Pico, Pierce) after incubation with a horseradish peroxidase-
conjugated secondary antibody was used for detection by autoradiography. The
band intensities were quantified by optical densitometry (UN-Scan-it Gel 6.1,

Orem, Utah, USA).

RNA extraction and Real Time PCR. The samples were homogenized in TRIzol
reagent (Invitrogen, Sao Paulo, Brazil). The total RNA content was then isolated
according to the manufacturer’s instructions, quantified and analyzed by
spectrophotometry (NanoDrop 8000, Thermo Scientific, Wilmington, DE, USA). The

integrity of the RNA was assessed by running a denaturing agarose gel. The cDNA
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synthesis was performed in 3.0 pg of total RNA according the manufacturer’s
instructions (High Capacity cDNA Reverse Transcription Kit, Life Technologies, Van
Allen Way Carlsbad, CA, USA). The mRNA levels of BDNF and GPR40 were
measured in the hypothalamus by Real Time PCR (ABI Prism 7500 detection
system — Applied Biosystems, Grand Island, NY, USA). The intron-skipping primers
were obtained from Applied Biosystems (Mn01334043_m1 and Mm00809442_s1,
respectively). GAPDH (#4352339E, Applied Biosystems) was used as the
endogenous control. Each PCR contained 40 ng of reverse-transcribed RNA, 25 pL
of each specific primer, Tagman Universal master mix #4369016, and RNAse free

water to a 10 pL of final volume.

Histology and cell counting. The mice were perfused with 4% paraformaldehyde.
The brains were immersed in 30% sucrose (w/v), embedded in OCT compound
(Sakura Finetek, Torance, CA) and cut into 12-um coronal sections using a
cryostat. The sections were washed in PBS buffer and incubated with 2.0 N HCI for
10 min at 37 °C followed by 0.1 M of sodium borate for 10 min at room
temperature. Thereafter, the sections were incubated with a 5% goat serum
(#G9023, Sigma-Aldrich, Inc.) blocking solution in TPBS (0.2% of Triton X-100) for
30 min at 37 °C followed by an overnight incubation with 1:100 primary antibodies
against BrDU, NPY, POMC (#sc32323, #sc28943, #sc20148 Santa Cruz
Biotechnology, CA, USA), NeuN (#MAB377C3, Millipore, Temecula, CA, USA), and
Nestin (#ab93666, AbCam, Cambridge, UK) diluted in the same blocking solution.

Then, the sections were incubated with secondary antibodies conjugated to FITC
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or rhodamine (#sc2777; #sc2092, Santa Cruz Biotechnology, CA, USA) and
covered and mounted with Vectashield Mounting Medium with DAPI (#H-1200
Vector Laboratories, Inc., Burlingame, CA, USA). The images were acquired using
a confocal laser microscope (LSM510, Zeiss, New York, NY), and 3 consecutive
sections for every 3 animals were used for quantification. Positive stains were
counted by a blinded observer and automatically using Imagel
(http://rsbweb.nih.gov/ij/) and produced equivalent results. Moreover, Image] was
used to calculate the colocalization of the double stain using the JACoP plugin and

the numbers determined by Manders' coefficient.

Statistical analysis. The results are presented as the means £ SE. After evaluating
the distribution of all the data, the results were analyzed by t-test or by One-way
ANOVA followed by Tukey test or Two-way ANOVA followed by the Holm-Sidak
method to determine the significance of the individual differences. The level of
significance was set at p<0.05, and the data were analyzed using the Sigma Stat

3.1 (Systat Software, Inc, Point Richmond, CA, USA).

Results

Dietary w-3 PUFA reduces body mass and improves metabolic parameters. Swiss
mice were fed a HFD for eight weeks and then randomly divided into four groups
that were fed for another eight weeks on the same HFD or on HFD with partial
(10% or 20%) or total substitution (30%) of the predominantly saturated fat

content by flaxseed oil containing approximately 45% C18:3 (w-3). The lipid
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composition of the flaxseed oil was determined by gas chromatography (Fig. 1 and
Table 1). The experimental protocol is depicted in Figure 2A. The w-3 substitution
resulted in reduced body mass gain (Fig. 2B), increased caloric intake (Fig. 2C),
improved responsiveness to leptin (Fig. 2D), increased spontaneous activity (Fig.
2E), reduced levels of fasting blood glucose (Fig. 2F), reduced area under the
curve during a GTT (Fig. 2G and 2H) and increased responsiveness to insulin

during an ITT (Fig. 2I-2K).

Dietary w-3 PUFA increases hypothalamic cell proliferation. In the preceding
experiment, the substitution of dietary fat by 20% flaxseed oil presented the most
consistent results regarding the improvement of metabolic parameters; therefore,
we next evaluated the Swiss mice fed a HFD initially for eight weeks and then
randomly divided the mice into four groups that were fed either chow (NFD), NFD
supplemented with 2,3% flaxseed oil, HFD or HFD supplemented with 20%
flaxseed oil for another eight weeks (Fig. 3A). The supplementation of flaxseed oil
on the HFD resulted in the increased expression of hypothalamic doublecortin (Fig.
3B), reduced expression of hypothalamic BAX (Fig. 3C) and reduced BAX/Bcl2 ratio
(Fig. 3D and 3E). Moreover, the flaxseed oil supplementation resulted in increased
numbers of cells undergoing proliferation in mice fed on both the NFD and HFD

(Fig. 3F-3G).

DHA icv increases hypothalamic neurogenesis. Obese Swiss mice were treated icv
with either DHA or BDNF for ten days, and neurogenesis was determined (Fig. 4A).

Both BDNF and DHA induced neurogenesis in the hypothalamus (Fig. 4B-4C).
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Interestingly, DHA exerted an apparently more potent neurogenic effect than
BDNF, although this difference was not significant (Fig. 4B-4C). Another interesting
feature of the treatment with DHA was the presence of BrDU-positive cells
originating from the lateral wall of the third ventricle (Fig 4D); this effect was
virtually absent in the mice treated with BDNF. The origin of DHA-stimulated new
cells from the lateral wall of the third ventricle was strongly evident when staining

for nestin (Fig. 5).

DHA icv increases neurogenesis of POMC but not NPY neurons. Using the same
experimental approach as described in Figure 4, we evaluated the co-expression of
BrDU with POMC or NPY neurons. As depicted in Figures 6A-6D, DHA induced a
significant increase in POMC neurogenesis but not in NPY neurogenesis. This effect
was accompanied by the increased spontaneous activity of the mice (Fig. 6E and

6F).

DHA induces the increased expression of GPR40 in the hypothalamus. GPR40 is a
well-known receptor for PUFAs that has been implicated in adult neurogenesis in
brain regions other than the hypothalamus. We tested whether the increased
dietary content of w-3 PUFA resulted in the increased expression of GPR40. To this
end, we evaluated the hypothalami of mice fed according to the same protocol as
shown in Figure 3A. As depicted in Figures 7A and 7B, the increased dietary
content of fat, irrespective of type, induced the expression of both BDNF and
GPR40. No difference in the expressions was observed of either protein when

comparing mice fed on the HFD with mice fed on the HFD supplemented by 20%

41



with flaxseed oil. To evaluate whether the effect of the dietary fats was partially
due to w-3 PUFA, we treated obese mice with DHA injected intraperitoneally for 10
days. As depicted in Figures 7C and 7D, systemic DHA did not induce an increased
expression of BDNF but increased the hypothalamic expression of GPR40. The
effect of DHA was accompanied by an increase in spontaneous activity (Fig. 7E

and 7F).

The inhibition of BDNF does not modify the effect of dietary w-3 PUFA to increase
hypothalamic neurogenesis. To evaluate the role of BDNF as a candidate mediator
of the effects of w-3 PUFA to increase hypothalamic neurogenesis, obese mice
were fed for eight weeks on a NFD or HFD with 20% flaxseed oil and treated (for 8
weeks) with pre-immune serum or with anti-BDNF antiserum (Fig. 8A). As depicted
in Figure 8B, the use of the anti-BDNF antiserum resulted in a maximum reduction
of 40% of hypothalamic BDNF expression. However, the inhibition of BDNF
resulted in no change in hypothalamic neurogenesis (Fig. 8C and 8D) as well as no

modification of spontaneous activity (Fig. 8E and 8F).

Discussion

One of the most important problems during the treatment of obesity is the high
rate of recurrence that follows an initial period of body mass reduction (21-23).
Even patients who undergo bariatric surgery experience body mass regain after
some time (24). During the development of obesity, a continuous and progressive

resetting of the hypothalamic adipostat is thought to exist, which is partially due to
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the development of hypothalamic resistance to leptin and insulin (25; 26). At first,
adipostatic hormone resistance was regarded as a molecular phenomenon;
however, recent studies have shown that hypothalamic neurons may undergo
apoptosis during diet-induced obesity (7; 8), which provides a cellular basis for the

loss of the coordinated control of caloric intake and energy expenditure.

Apparently, hypothalamic neurons involved in the control of body mass are
differentially affected by obesity. In at least three studies, preferential reductions
of POMC compared to NPY/AgRP neurons occurred in the hypothalamus of mice
with hypothalamic inflammation triggered by increased fat intake or induced by
genetic approaches (7; 8; 13). Thus, the relative numbers of POMC neurons in the
medium-basal hypothalamus appear to play an important role in the control of
body adiposity. Accordingly, a recent study provided a major advance in the field
using a reversible rodent model of obesity in which POMC expression was blocked
in neurons of the hypothalamus. POMC reactivation during early obesity caused a
complete reversal of the phenotype; however, late reactivation was insufficient to

promote the normalization of the body weight (27).

If the high rate of recurrence associated with obesity is partially a result of the loss
of certain hypothalamic neuronal populations, a definitive therapeutic solution for
obesity may only be achieved by the restoration of the correct neural circuitries. In
this context, stimulating the neurogenesis of hypothalamic neurons emerges as a
potential mechanism to be explored for the development of more efficient

approaches to treat obesity.
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BDNF was the first factor shown to promote neurogenesis of hypothalamic neurons
(28); however, hypothalamic neurogenesis associated with changes in whole body
energy homeostasis was first demonstrated in response to CNTF (10). The study
was designed to investigate the mechanisms behind the clinical and experimental
evidence for sustained body mass reduction following the transient use of CNTF or
its analog, Axokine(29; 30). CNTF promotes the neurogenesis of leptin-responsive
neurons in the hypothalamus, and the sustained action of CNTF, which can last for
weeks after the interruption of its use, was proposed to be due to the rewiring of
the hypothalamic circuitries involved in whole body energy homeostasis (10). In
addition to BDNF and CNTF, other biological factors and drugs induce adult
hypothalamic neurogenesis, such as estrogens (31), IGF-1 (32), ethanol (33),

nicotine (34) and fluoxetine (35).

In addition to neurogenesis induced by different types of stimuli, the hypothalamus
also presents constitutive neurogenesis (36) similar to the subventricular zone of
the lateral ventricles and the subgranular zone of the dentate gyrus (37; 38),
which places this region among the few anatomical sites capable of continuously
producing new neurons during adult life (38). Two recent studies have shown that
tanycytes of the median eminence are the source of at least some of the newborn
hypothalamic cells, and, interestingly, these cells are responsive to dietary factors

(39; 40).

An important aspect of diet-induced hypothalamic neurogenesis involves the

simultaneous induction of the apoptosis of neurons and neurogenesis in animals
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fed a HFD (7; 12; 13); however, in opposition to an apparently beneficial
compensation for apoptotic loss, the neurogenesis induced by a HFD results in
increased production of NPY/AgRP neurons (12); therefore, widening the
imbalance between orexigenic and anorexigenic neuronal populations. A recent
study has probed this issue by showing that the defect in neurogenesis associated
with the consumption of a HFD is due to the activation of inflammation, specifically

through IKK (13).

In the present study, we evaluated whether -3-PUFAs are capable of inducing
hypothalamic neurogenesis. Recent studies have unveiled new anti-inflammatory
mechanisms linked to the beneficial effects of PUFAs in metabolic conditions (41;
42). Defective neurogenesis generated by a HFD is due to the activation of
hypothalamic inflammation (13); therefore, we reasoned that the anti-
inflammatory properties of PUFAs correct the defect. In fact, in a recent study we
showed that PUFAs in the diet and injected directly in the hypothalamus reduce

HFD-induced inflammation, resulting in body mass reduction (19).

In the first part of the study, we show that when present in the diet and acting
directly in the hypothalamus, -3-PUFAs increase neurogenesis in the
hypothalamus. This effect is accompanied by the reduction of apoptosis markers,
increased responsiveness to leptin and reduced body mass gain as previously
reported (19). A moderate increase in caloric intake and a remarkable increase in

spontaneous activity occurred, which may explain the body mass reduction.
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When injected directly into the hypothalamus, DHA is capable of inducing
neurogenesis at a magnitude higher than the level induced by BDNF, which is an
important outcome considering the fact that, in parallel with CNTF, BDNF is one of
the most potent inducers of neurogenesis in the brain, and, particularly in the
hypothalamus (43; 44). Interestingly, DHA produced a neurogenic response in the
hypothalamus that affected the numbers and also the distribution and subtypes of
cells differently than BDNF. In contrast to previous reports concerning the
neurogenesis induced by HFD, which induces the generation of newborn cells
particularly from the tanycytes of the medium eminence (39), DHA but not BDNF
induced the generation of new cells from the wall of the third ventricle.
Additionally, unlike BDNF and, to our knowledge, all previously reported factors
capable of inducing neurogenesis in the hypothalamus (10; 12; 13; 31-35), DHA

induced the preferential neurogenesis of POMC neurons.

Due to the well-known role of BDNF as an endogenous inducer of neurogenesis
and because dietary PUFAs were capable of increasing BDNF, we hypothesized
that BDNF is the mediator of the neurogenic activity of PUFAs. To test this
hypothesis, we immunoneutralized hypothalamic BDNF. Although we obtained an
up to 30% reduction of BDNF, this effect was insufficient to change the outcome

of dietary PUFAs to promote neurogenesis.

In conclusion, dietary PUFAs are capable of inducing hypothalamic neurogenesis.
Importantly, the effect appears to be directed towards the POMC neuronal

population, providing a dietary approach to potentially correct the imbalance in
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hypothalamic neuronal subpopulations, which is a hallmark of experimental

obesity.
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Table and figures

Table 1. Fatty acid composition of the flaxseed oil as analyzed by gas chromatography.

Fatty acid %

C 14:0 0.05
C 16:0 6.34
C 16:1 0.10
C17:0 0.07
C 18:0 6.66
C 18:1 (w-9) 24.05
C 18:2 (w-6) 15.36
C 18:3 (w-3) 46.64
C 20:0 0.21
C 20:1 0.11
C 22:0 0.21
C 24:0 0.13
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Figure 1. The lipid composition of flaxseed oil. A sample of flaxseed oil used
to prepare the diets was analyzed by gas chromatography. The details of the
composition are presented in Table 1. The figure depicts a representative spectrum

obtained from three distinct determinations.
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Figure 2. The metabolic outcomes of increased consumption of dietary PUFAs. Swiss mice were submitted
to one of the dietary approaches as depicted in A. Body mass variation (B) and mean daily food intake (C) were
determined throughout the study. At the end of the experimental period, the mice were submitted to a leptin
tolerance test (D); the evaluation of spontaneous activity (E); the measurement of fasting blood glucose levels (F);
the glucose tolerance test (G, mean values; H, area under the curve); the measurement of fasting blood insulin
levels (I); and the insulin tolerance test (J, mean values for blood glucose; K, constant for glucose decay). In all
experiments, N = 6; *p<0.05 vs. HFD; §p<0.05 vs. conditions as depicted in the panels. GTT, glucose tolerance
test; HFD, high-fat diet; ITT, insulin tolerance test; KITT, constant for glucose decay during the insulin tolerance

test.
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Figure 3. Dietary PUFAs induce hypothalamic cell proliferation. The Swiss mice were submitted to one of the
dietary approaches as depicted in A. At the end of the experimental period, hypothalamic samples were utilized to
determine the protein expressions of doublecortin (B), Bax (C) and Bcl-2 (D) by immunoblotting. The quantitative
results obtained in C and D were employed to determine the Bax/Bcl-2 ratio (E). Panels F and G depict
representative images obtained from the immunofluorescence evaluation of Neu-N and BrDUcolocalization studies in
the hypothalamus. Panel H depicts the quantitative evaluation of Neu-N and BrDU double-positive cells in the
hypothalamus. In all experiments, n = 6. *<p.05 vs. respective control on non-substituted diet; §p<0.05 vs.

conditions as depicted in the panels.BrDU, bromodeoxyuridine; DCX, doublecortin; HFD, high-fat diet; NFD, chow.
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Figure 4. Intracerebroventricular docosahexaenoic acid induces hypothalamic neurogenesis. The Swiss
mice were submitted to one of the dietary approaches depicted in A. Panel B depicts representative images obtained
from the immunofluorescence evaluation of Neu-N and BrDU colocalization studies in the hypothalamus. Panel C
depicts the quantitative evaluation of Neu-N and BrDU double-positive cells in the hypothalamus. Panel D depicts a
detailed view of Neu-N and BrDU double-positive cells in the wall of the third ventricle of the hypothalamus. In all
experiments, n = 6. *p<0.05 vs. saline. BDNF, brain-derived neurotrophic factor; BrDU, bromodeoxyuridine; DHA,

docosahexaenoic; HFD, high-fat diet; NFD, chow.
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Figure 5. Intracerebroventricular docosahexaenoic acid notably induces neurogenesis in the wall of
the third ventricle. The Swiss mice were submitted to one of the dietary approaches as depicted in Figure 4A.
Panel A depicts representative images obtained from the immunofluorescence evaluation of nestin and BrDU
colocalization studies in the hypothalamus. Panel B depicts a detailed view of nestin and BrDU double-positive cells in
the wall of the third ventricle of the hypothalamus. In all experiments, n = 6. BDNF, brain-derived neurotrophic

factor; BrDU, bromodeoxyuridine; DHA, docosahexaenoic; Nest, nestin.
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Figure 6. Intracerebroventricular docosahexaenoic acid induces preferential neurogenesis of the POMC
neurons. The Swiss mice were submitted to one of the dietary approaches as depicted in Figure 4A. Panel A depicts
representative images obtained from the immunofluorescence evaluation of POMC and BrDU colocalization studies in
the arcuate nucleus of hypothalamus. Panel B depicts the quantitative evaluation of POMC and BrDU double-positive
cells in the hypothalamus. Panel C depicts representative images obtained from the immunofluorescence evaluation
of the NPY and BrDUcolocalization studies in the hypothalamus. Panel D depicts the quantitative evaluation of NPY
and BrDU double-positive cells in the hypothalamus. Panels E and F depict the measurements of spontaneous
activity of mice. In E, the actual recordings of activity per hour are shown, and in F, the total activity during the 24 h
recordings is depicted. In all experiments, n = 6. *p<0.05 vs. saline.BDNF, brain-derived neurotrophic factor; BrDU,

bromodeoxyuridine; DHA, docosahexaenoic; NPY, neuropeptide Y; POMC, proopiomelanocortin.
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Figure 7. Dietary PUFAs increase hypothalamic BDNF and GPR40. The Swiss mice were submitted to one of
the dietary approaches as depicted in Figure 3A, except that no BrDU was administered. At the end of the
experimental period, hypothalamus samples were obtained and used in immunoblotting experiments to determine
the expression of BDNF (A) and GPR40 (B). In another set of experiments, the obese Swiss mice (fed for 8 w on
high-fat diet) were treated for 10 days with intraperitoneal injections of DHA according to the doses depicted in the
figure. At the end of the experimental period, the hypothalamus was obtained to measure the transcript expression
of BDNF (C) and GPR40 (D). In addition, the spontaneous activities of the mice were recorded (E and F). In E, the
actual recordings of activity per hour are shown, and in F, the total activity during the 24 h recordings is depicted. In
all experiments n = 6. In A and B, *p<0.05 vs. NFD.In D and F, *p<0.05 vs. saline.BDNF, brain-derived neurotrophic

factor; DHA, docosahexaenoic.
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Figure 8. The inhibition of BDNF does not modify hypothalamic neurogenesis induced by dietary
PUFAs. The Swiss mice were submitted to one of the dietary approaches as depicted in A. At the end of the
experimental period, the samples of the hypothalamus were obtained and used in immunoblot experiments to
determine the expression of BDNF (B). Panel C depicts representative images obtained from the immunofluorescence
evaluation of Neu-N and BrDU colocalization studies in the hypothalamus. Panel D depicts the quantitative evaluation
of Neu-N and BrDU double-positive cells in the hypothalamus. Panels E and F depict the measurements of
spontaneous activity of mice. In E, the actual recordings of activity per hour are shown, and in F, the total activity
during the 24 h recordings is depicted. In all experiments, n = 6. *p<0.05 vs. respective control without PUFAs

substitution. BDNF, brain-derived neurotrophic factor; BrDU, bromodeoxyuridine; NFD, chow.
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APENDICE

MATERIAL E METODOS
Animais experimentais e protocolos

Camundongos Swiss albinus com 5 semanas de vida foram mantidos em caixas
individuais a 21 + 2 °C, com ciclo de claro-escuro 12/12h e receberam dgua e alimento ad
libitum. Em todos os experimentos, os animais foram previamente alimentados com uma
dieta rica em gordura saturada (HFD, contendo 31% - g/g - de banha de porco) por oito
semanas. Em seguida, os camundongos foram divididos e submetidos a novas dietas por

mais oito semanas compondo 0s seguintes grupos:
Protocolo # 1

1. mantidos em HFD;

2. transferidos para uma dieta (HFD 10%®3) onde a banha de porco foi
parcialmente (10% g/g) substituida por o6leo de linhaca contendo
aproximadamente 46% de 4cido linolénico;

3. transferidos para uma dieta (HFD 20%®3) onde a banha de porco foi
parcialmente (20% g/g) substituida por 6leo de linhaca;

4. transferidos para uma dieta (HFD 30%®3) onde a banha de porco foi

completamente substituida pelo 6leo de linhaca.

Procolo # 2
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1. transferidos para uma dieta normolipidica (NFD), sem gordura saturada,
contendo 4% de 6leo de soja;
2. transferidos para uma dieta normolipidica (NFD®3), onde o 6leo de soja foi
parcialmente (2,3% gl/g) substituido por d6leo de linhaca contendo
aproximadamente 46% de acido linolénico;
3. mantidos em HFD;
4. transferidos para a dieta HFD (20%®3).
Durante as duas udltimas semanas de suplementacdo, os animais receberam uma
solucdo (50 mg/Kg) de BrdU (#B5002, Sigma-Aldrich, Inc.) administrada via

intraperitoneal 2 vezes ao dia.
Protocolo # 3

Os animais foram submetidos a cirurgia para implantacio de uma canula no
ventriculo lateral direito com o auxilio de um estereotdxico Stoelting. As
coordenadas foram: anteroposterior, 0.34 mm; lateral, 1.0 mm; e profundidade,
2.2mm. A eficiéncia da canula, foi testada uma semana apds a cirurgia através da
resposta de sede dos animais, avaliada pela ingestdo hidrica, apds injecdo
intracerebroventricular de 10° M de angiotensina I (#A9525, Sigma-Aldrich, Inc.)
diluida em 2 pL de solugdo salina. Em seguida, os animais foram divididos em trés
grupos:

1. tratados com injecdo ICV de 10 ng em 2 uLL de DHA (#D2534, Sigma-

Aldrich, Inc.) por 10 dias;

2. tratados com inje¢do ICV de 10 ng em 2 uL de BDNF (#B3795, Sigma-

Aldrich, Inc.) por 10 dias;
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3. tratados com 2 pL de salina por 10 dias.

Ao mesmo tempo, os animais receberam uma solucdo (50 mg/Kg) de BrdU
(#B5002, Sigma-Aldrich, Inc.) administrada via intraperitoneal 2 vezes ao dia. O
BDNF foi usado como controle positivo, uma vez que seu efeito sobre a
neurogénese hipotalamica ji havia sido previamente descrito por Pencea et al.
(2001). N6s adotamos um protocolo similar ao usado pelos autores e, apds o
tratamento, os animais foram alimentados com ra¢cdo e mantidos nessa condi¢do por

mais 20 dias.

Protocolo # 4

Os animais foram divididos em trés grupos e tratados via intraperitoneal por dez
dias com salina (100 uL), DHA (1,0 mg/kg em 100 pL), ou DHA (5,0 mg/Kg em
100 pL). Durante o tratamento, os animais foram mantidos em HFD e, em seguida,

foram alimentados com racdo por mais 30 dias.

Protocolo # 5

1. Transferidos para NFDw3 e tratados com 100 pL de solucdo contendo
soro ndo imunizado (#R9133, Sigma-Aldrich, Inc.) ou 100 uL de solucao
contendo 0,8 ug de anticorpo anti-BDNF (#sc546, Santa Cruz
Biotechnology, CA, USA) administradas via intraperitoneal duas vezes na

Sémana por oito semanas;

2. transferidos para HFD®3 e tratados com 100 pL de solugdo contendo soro
nao imunizado (# R9133, Sigma-Aldrich, Inc.) ou 100 puL de solugdo

contendo 0,8 upg de anticorpo anti-BDNF (#sc546, Santa Cruz
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Biotechnology, CA, USA) administradas via intraperitoneal duas vezes na

semana por oito semanas.

Durante as duas udltimas semanas de suplementacdo, os animais receberam uma
solucdo (50 mg/Kg) de BrdU (#B5002, Sigma-Aldrich, Inc.) administrada via

intraperitoneal 2 vezes ao dia.

Andlise da composicdo de dcidos graxos

Foi empregado o método AOCS (2009). Os ésteres de metal dos dcidos graxos
foram preparados de acordo com Hartman & Lago (1973) usando um cromatégrafo de gés
capilar CGC Agilent 6850 Series GC System equipado com uma coluna capilar Agilent
DB-23 (50% cyanopropil- metilpolisiloxano), com 60 m de comprimento, 0,25 mm de
diametro interno e 0,25 mm de espessura. As andlises foram feitas entre 110 °C (5min) e
215 °C (24 min), com o detector de temperatura a 280 °C e a temperatura de inje¢do a 250
°C. Gas hélo foi usado como carreador. A propor¢do de divisdo foi de 1:50 e o volume
injetado 1,0 uL. A composi¢cao qualitative foi determinada por compracdo dos tempos de

retencao dos picos dos respectivos padroes de dcidos graxos.

Glicemia plasmdtica e medidas hormonais

Teste de tolerancia a glicose (GTT) — Apds 6 horas de jejum, a glicose plasmética
foi medida e uma solucdo de glicose (2.0 g/kg) foi administrada via intraperitoneal. A

glicose foi novamente medida apds 30, 60, 90 e 120 min
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Teste de tolerancia a insulin (ITT) — Apds 6 horas de jeju, a glucose plasmaética foi
medida em seguida uma solucdo de insulina 1U/Kg) foi administrada via intraperitoneal. A

glicose foi novamente medida apés 5, 10, 15, 20 e 25 min.

Para medir a glicose foi usado glicosimetro Abbott (Opptimum, Abbott Diabetes
Care Inc., Alameda, CA, USA). Os niveis de Insulina and de leptina foram determinados
através de kits para ELISA (#EZRMI-13K and #EZML-82K, Millipore, Billerica, MA,

USA).

Teste de tolerdncia a leptina

Ap6s 12 horas de jejum, foi administrado via intraperitoneal uma solugdo 10°M de
leptina (#429705, Calbiochem, Darmstadt, Germany) as 18h e a injestdo alimentar

espontanea foi medida apds 12 e 24 horas.

Determinacdo de gasto energetic e atividade espontinea

O gasto energetic foi calculado através do consumo de oxigénio/producdo de CO; e
quociente respiratério (QR). As medidas foram feitas durante 24 horas sem acesso a
alimento, usando um sistema de calorimetria-aberta acoplado a um computador LE405 Gas
Analyzer (Panlab-Harvard Apparatus, Holliston, MA, USA). O fluxo de ar para cada
camera foi monitorado por um sensor Air Supply and Switching (Panlab-Harvard
Apparatus). Os sensors de gases foram calibrados previamente usando cilindros com
valores conhecidos de O, e CO, (Air Liquid, Sao Paulo, Brazil). Os dados foram coletados

por 6 minutos para camara ¢ a média para cada 6 minutos de medidas foi usada para
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andlise. O ar da sala foi usado como referéncia sempre ap6os coleta dos dados nas camaras.
Amostras do ar passaram sequencialmente através dos sensores de O, e de CO, para
determina¢do do conteido de O, e CO; nas camaras. Os dados foram usados para calculo
do consumo de oxigéncio (VO;) e da producdo de diéxido de carbono (VCQO?2), usados para
estimar o gasto energético. O VO, e o VCO,; foram calculados pelo software Metabolism
2.2v baseados na equacao de Withers e o QR foi calculado usando a razdo VCO,/VO,. A
atividade espontanea dos animais foi acompanhada durante as medidas de gasto energético
e os registros feitos através da plataforma Physiocage (Panlab-Harvard Apparatus,

Holliston, MA, USA), sensivel aos movimentos dos animais.

Imunoblotting

A porcdo do cérebro referente ao hipotdlamo foi homogeneizada um coquetel anti-
protease (10 mmol/L imidazol, pH 8.0, 4 mmol/L EDTA, 1 mmol/L, aprotinina, 2.5 mg/L
leupeptina, 30 mg/L inibidor de tripsina, 200 umol/L DTT e 200 pmol/L de fluoreto de
fenilmetilsulfonil PMSF) usando um homogeneizador Polytron-Aggregate (Kinematica,
Littau/Luzern, Switzerland). Uma aliquota do tecido homogeneizado foi coletada e o total
de proteina determinado através de kit de reacdo colorimétrica pra dosagem de proteina
(Bio-Rad Laboratories, Hercules, CA, USA). As amostras contendo 75 ug de protein foram
incubadas por cinco minutos a 95°C com tampdo Laemmli concentrado em 4 vezes
(Immol + fosfato de sédio/L, pH 7.8, 0.1% azul de bromofenol, 50% glicerol, 10% SDS,
2% mercaptoetanol) e entdo separadas em géis de poliacrilamida de 10% ou 12% por
aproximadadmente 2 horas. A transferéncia elétrica das proteinas dos géis para membranas
de nitrocelulose (Bio-Rad) foi feita em um transferidor Trans Blot SD Semi-Dry Transfer

Cell (Bio-Rad) por 20 minutos a 25V (constante) em tampao contendo metanol e SDS.
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Ap6s checar a eficiéncia de transferéncia com o marcador proteico Ponceau S, as
membranas foram bloqueadas com 5% de leite desnatado em tampao TBS-T (10 mmol

Tris/L, 150 mmol NaCl/L, 0.5% Tween 20) ‘overnight’ a 4°C.

As proteinas TNF-q, IL-1f3, IL10, Bax, Bcl-2, BDNF, GPR40, B-actina (#sc1351,
#sc1250, #scl1783, #scd93, #scd492, #sc546, #s¢32905, #sc130656, Santa Cruz
Biotechnology, CA, USA); e Dcx (#4604, Cell Signaling, Boston, MA, USA) foram
detectadas nas membranas. Inicialmente, as membranas foram incubadas ‘overnight’ a 4 °C
com os respectivos anticorpos primarios diluidos em tampao TBS-T 1:500, contendo 3% de
albumina. Em seguida, as membranas foram incubadas com anticorpo secunddrio IgG
especifico conjugado com peroxidase na dilui¢do de 1:5000 em tampao TBS-T com 1% de
leite desnatado por 2 horas a temperatura ambiente. Apds incubagdo, foi usado substrato
para peroxidase (SuperSignal West Pico, Pierce) capaz de promover reacdo de
quimioluminescéncia ao se ligar ao anticorpo secundério presente nas membranas. Essa
reacdo foi usada para deteccdo das proteinas em auto-radiografia e a intensidade das bandas
de proteina foi quantificada por densitometria Otica (UN-Scan-it Gel 6.1, Orem, Utah,

USA).

Extra¢do de RNA e PCR em tempo real

Amostras do hipotdlamo dos animais foram homogeneizadas em Trizol®
(Invitrogen, S@o Paulo, Brasil) usando um homogeneizador (15s) (Polytron-Agregate,
Kinematica, Littau/Luzern, Switzerland). O contetddo total de RNA foi isolado de acordo
com instru¢des do fabricante, quantificado e analisado por espectrofotometria (NanoDrop
8000, Thermo Scientific, Wilmington, DE, USA). A integridade do RNA foi avaliada

77



através de corrida em gel de agarose e para sintese de cDNA foi usado 3 ug de RNA total e
o kit High Capacity cDNA Reverse Transcription (Life Technologies, Van Allen Way

Carlsbad, CA, USA).

A concentragdo de RNAm foi medida no hipotdlamo através de PCR em tempo real
usando o sistema de deteccio ABI Prism 7500 (Applied Biosystems, Grand Island, NY,
USA). Neste sistema ¢é utilizado um par de primers e uma sonda marcada com um
fluoréforo. para normalizar a expressdo do gene de interesse nas diferentes amostras. Antes

dos experimentos, fizemos a validacdo do sistema e verificamos que a eficiéncia de

amplificacdo dos primers foi proxima a 100%. Os primers dos genes alvo utilizados foram

obtidos da Applied Biosystems (Mm00445771 _m1, Mm00475829 g1, Mm00435874 ml,

Mn00489086_ml1, MmO01963590_s1, MmO01293920_s1, MmO01242886_ g1,

Mn01964031 s1; e Mn01334043 m1, Mm00809442 s1, para os seguintes genes: NPY,

AgRP, POMC, CART, TRH, CRH, MCH, ORX, e BDNF, GPR40, respectivamente). O
gene GAPDH (#4352339E, Applied Biosystems) foi escolhido como controle endégeno da

reacao.

Histologia e quantificacdo celular

Os camundongos foram perfundidos com salina e solucao de paraformaldeido 4%,
pH 7,4. Os cérebros foram retirados e permaneceram em paraformaldeido por 24 horas. Em
seguida, foram transferidos para solu¢do contendo 30% (g/mL) de sacarose, onde
permaneceram por 48 horas. Depois disso, os cérebros foram reduzidos a regido do
hipotdlamo, imersos no composto OCT (Sakura Finetek, Torance, CA) colocados em
formas plasticas para congelamento em n-hexano. Os blocos foram cortados em criostato,
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produzindo cortes de 12 um em sec¢do coronal e colocados em laminas para microscopia.
Os cortes foram lavados em tampdao PBS e incubados em solu¢cdo 2N de HCIl por 10
minutos a 37 °C, seguida de incuba¢do em solu¢do 0,1 M de borato de sédio por mais 10

minutos a temperatura ambiente.

Depois disso, os cortes foram incubados com solucdo de bloqueio contendo 5% de
soro de cabra (#(G9023, Sigma-Aldrich, Inc.) diluido em tampdo TBS-T (0,2% of Triton x-
100) por 30 min a 37 °C seguido de incubacdo ‘overnight’ com os anticorpos primarios
contra BrdU, NPY e POMC (#sc32323, #sc28943, #sc20148 Santa Cruz Biotechnology,
CA, USA) NeuN (#MAB377C3, Millipore, Temecula, CA, USA), e Nestina (#ab93666,
AbCam, Cambridge, UK), diluidos na mesma solu¢do de bloqueio (1:100). No dia seguinte,
os cortes foram incubados com anticorpos secundérios conjugados com FITC ou rhodamina
(#sc2777; #sc2092, Santa Cruz Biotechnology, CA, USA). Em seguida os cortes foram
lavados, cobertos e montados com meio de montagem Vectashield Mounting Medium com

DAPI (#H-1200 Vector Laboratories, Inc., Burlingame, CA, USA).

As imagens foram obtidas usando um Microscépio Confocal a laser (LSM510,
Zeiss, New York, NY) e 3 cortes consecutivos na regido do hipotilamo medio-basal foram
usados para quantificacdo em 3 animais diferentes por grupo. A contagem de células
marcadas foi feita por um observador cego e automaticamente usando o programa ImageJ

(http://rsbweb.nih.gov/ij/) que produziu resultados equivalentes. Além disso, o Image] foi

usado para calcular a colocalizagdo de marcacdo dupla usando o plugin JACoP e os

numeros dados pelo coeficiente de Manders.
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Andlise estatistica

Os Resultados foram apresentados como média = SE. Ap6s checar a distribuicao de
todos os dados, os dados foram analisados por teste-t de Student ou por ANOVA de uma
varidvel, seguida pelo teste de Tukey ou pela ANOVA de duas varidveis seguida do método
de Holm-Sidak para determinar a significancia das diferencas individuais. O nivel de
significancia adotado foi p <0,05 e os dados foram analisados usando o programa estatistico

Sigma Stat 3.1 (Systat Software, Inc, Point Richmond, CA, USA).
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