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ABSTRACT

The energy balance is mainly controlled by hypothalamic regions that receive afferent
information arising from the periphery. Energy stocks sensitize hypothalamic neurons that
control food intake and energy expenditure, thus regulating body weight. Malnutrition and
obesity are related to an imbalance of energy homeostasis. Evidence shows that consumption of
high-fat diet (HFD) activates inflammatory pathways in the hypothalamus that affect the actions
of insulin in the control of energy balance. Moreover, consumption of HFD also impairs
anorexigenic actions of leptin and its hypothalamic signaling. In this study, we evaluated the
consumption and energy expenditure, as well as the molecular and genetic mechanisms involved
in insulin and leptin signaling in the hypothalamus and its control over the food and metabolic
pattern of malnourished mice fed with HFD. Furthermore, we verified the possible beneficial
effects of supplementation with the amino acid taurine (Tau) associated with HFD in molecular
and physiological profiles analyzed in this study. Thereunto, mice were fed a control (14%
protein-C) or a protein-restricted (6% protein - R) diet. After 6 weeks, both groups either received
or not HFD for 8 weeks (CH and RH). Half of the HFD groups were supplemented with 5% TAU
in their drinking water from the time of weaning until the end of experiment (CHT and RHT).
Animals subjected to protein restriction had a higher peripheral insulin sensitivity, despite the
deficiency of this hormone in hypothalamic sensitivity. The study groups showed changes in
hypothalamic expression of genes related to cellular defense, apoptosis, endoplasmic reticulum
stress and the control of food intake. There was a higher gene expression of orexigenic
neuropeptides in mice subjected to protein restriction, featuring a hyperphagia despite a normal
caloric intake. HFD mice showed hypophagia and reduced gene expression of anorexigenic
neuropeptides. However, consumption of HFD in controls and malnourished animals provided
higher caloric intake, leading to weight gain and fat stores. HFD mice also exhibited an impaired
anorexigenic effect of leptin. In addition, there was an increase in protein expression of
uncoupling protein 1 (UCP1) in brown adipose tissue (BAT) and respiratory quotient (RQ)
during the dark period in mice subjected to protein malnutrition. On the other hand, there was a
decrease in the protein expression of UCPI1 in the BAT and RQ in HFD fed mice. There was a
decrease in energy expenditure (EE) in HFD animals only during the light phase. In conclusion,

mice subjected to protein restriction showed an impairment of insulin action in the hypothalamus
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and an increase of the orexigenics neuropeptides genes expressions as well as food intake.
Moreover, consumption of HFD promoted obesity, hipercolesterolamia, glucose intolerance,
increased caloric intake and impaired of hypothalamic action of insulin and leptin. However, Tau
supplementation prevented alterations in glucose homeostasis, caloric intake and hypothalamic
action of insulin and leptin signaling in HFD mice. Moreover, the improvement in these
metabolic patterns was less effective in mice subjected to protein restriction. Finally, the
impairment of energy expenditure in obese animals and spontaneous locomotor activity were not

restored by supplementation of Tau.
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RESUMO

O balanco energético € preponderantemente controlado por regides hipotalamicas que
recebem informagdes aferentes oriundas da periferia. Os estoques de energia sensibilizam
neurdnios hipotaldmicos que controlam a ingestdo e o gasto energético, regulando assim o peso
corporal. A desnutricio e a obesidade estdo relacionadas ao desequilibrio da homeostase
energética. Evidéncias mostram que o consumo de dieta hiperlipidica (DHL) ativa vias
inflamatdrias no hipotdlamo que prejudicam acdes da insulina no controle do balango energético.
Além disso, o consumo de DHL também prejudica acdes anorexigénicas da leptina e sua
sinalizacdo hipotalamica. Neste estudo, avaliamos o consumo e o gasto energético, bem como 0s
mecanismos moleculares e genéticos envolvidos na sinaliza¢io da insulina e leptina hipotalamica
e seu controle sobre o padrao alimentar e metabdlico de camundongos submetidos a restricao
protéica e alimentados com DHL. Além disso, verificamos os possiveis efeitos benéficos da
suplementagdo com o aminodcido taurina (Tau), associado a DHL, nos perfis moleculares e
fisiolégicos analisados neste estudo. Para isso, camundongos foram alimentados com dieta
padrdo (14% de proteina -C) ou hipoprotéica (6% de proteina -R). Apds 6 semanas, 0os grupos
receberam ou ndo DHL durante 8 semanas (CH e RH). Metade dos grupos DHL foram
suplementados com 5% TAU na dgua de beber, desde o desmame até o final do experimento
(CHT e RHT). Animais submetidos a restricio protéica apresentaram maior sensibilidade
periférica a insulina, apesar da defici€ncia na sensibilidade hipotalamica deste hormodnio. Os
grupos em estudo apresentaram modificacdes na expressao de genes hipotalamicos relacionados a
defesa celular, apoptose, stress do reticulo endoplasmatico e controle da ingestdo alimentar.
Houve maior expressdao génica dos neuropeptidios orexigénicos em camundongos submetidos a
restricdo protéica, caracterizando hiperfagia, apesar de uma ingestdo caldrica normal.
Camundongos DHL apresentaram hipofagia e menor expressdao génica dos neuropeptideos
anorexigénicos. Entretanto, o consumo de DHL em animais controles e desnutrido, propiciou
maior ingestdo caldrica, culminando com aumento de peso e dos estoques de gordura.
Camundongos DHL apresentaram também comprometimento da a¢do anorexigénica da leptina.
Além disso, houve aumento da expressdo protéica da uncoupling protein I (UCP1) no tecido
adiposo marrom (TAM), assim como do quociente respiratério (QR) durante o periodo escuro em

camundongos submetidos a restri¢cdo protéica. Por outro lado, houve diminui¢do da expressao



protéica da UCP1 no TAM e do QR em camundongos DHL. Houve diminui¢do no gasto
energético (GE) de animais DHL apenas na fase clara. Em conclusdo, camundongos submetidos a
restri¢ao protéica apresentaram comprometimento da acdo da insulina no hipotdlamo, aumento da
expessdo dos neuropeptidios orexigénicos e do consumo alimentar. Além disso, o consumo de
DHL promoveu obesidade, hipercolesterolamia, intolerancia a glicose, aumento da ingestdao
caldrica e prejuizo na acdo da insulina e leptina. Entretanto, a suplementa¢do com Tau preveniu
alteracdes na homeostase glicémica, no consumo caldrico, na acdo hipotalamica da insulina e
leptina em camundongos DHL. Por outro lado, a melhora desses padrdes metabdlicos mostrou-se
menos eficaz em camundongos submetidos a restri¢cao protéica. Por fim, o comprometimento do
gasto energético e da atividade locomotora em animais obesos ndo foram restabelecidos com a

suplementac¢do de Tau.
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1. INTRODUCAO



1. INTRODUCAO
1.1 Sinalizacao hipotalamica da leptina e insulina

O balanco energético € estritamente regulado por populacdes neuronais localizadas no
nicleo arqueado (ARC) do hipotdlamo, os quais sensibilizam e integram sinais mediados por
nutrientes, citocinas € hormonios tais como a leptina e insulina (Plum et al., 2006).

O hormdnio insulina é secretado pelas células B pancreaticas e sua secrecdo € controlada
de acordo com as flutuagdes da concentragdo de nutrientes circulantes, em especial, a glicose. O
aumento na concentragao de insulina plasmaética induz ativagao de processos anabdlicos e inibe
os catabdlicos (Whiteman et al., 2002; Youngren, 2007).

A sinalizacdo intracelular da insulina ocorre quando ela se liga a subunidade alfa do
receptor de insulina (IR), promovendo autofosforilagdo nos residuos de tirosina nas subunidades
B do IR, bem como nos substratos do IR (IRs). Em sequéncia, a via da PI3K ¢ ativada resultando
na fosforilacdo da AKT (proteina homdloga ao oncogene do timoma viral) e subsequente
fosforilagdo e extrusdo nuclear da proteina FOXO1 (Forkhead box O1) (Tsai et al., 2003). A
AKT quando fosforilada permite o transporte de glicose no musculo e no tecido adiposo, através
da translocacdo de Glut-4 para a membrana celular. Esta proteina também fosforila vérias outras
proteinas, contribuindo para a sintese protéica, inativacdo da enzima glicogénio sintase quinase 3,
estimulagdo da transcricao de enzimas relacionadas com a lipogénese, e, em contrapartida inibe a
lipdlise por ativar fosfodiesterases e desta forma inibe a lipase horménio sensivel (Pauli et al.,
2009; Whiteman et al., 2002; Youngren, 2007). Simultaneamente, a fosforilacdo em tirosina dos
IRs estabelece uma comunicacdo com a isoforma longa do receptor de leptina (ObRb),
potencializando a via da proteina Janus quinase 2 e dos transdutores de sinais e ativadores de
transcricdo 3 (JAK2/STAT?3) e seus efeitos sobre a atividade transcricional induzida por leptina
(Carvalheira et al., 2001; Saad et al., 1996).

A leptina € um hormodnio peptidico de 16 kDa com 167 aminoicidos e € secretado
principalmente pelo tecido adiposo, todavia também estd presente em tecidos como a placenta,
ovérios entre outros (Mantzoros et al., 2011). O gene do receptor da leptina (ObR) possui seis
isoformas, com seu dominio extracelular comum para todos eles. A isoforma longa desse receptor
(ObRbD) € a mais comum, sendo encontrada nas células § pancredtica e no hipotdlamo (Covey et

al., 2006; Morioka et al., 2007).



Quando a leptina se liga aos receptores ObR, ela ativa a via da JAK2, levando a
fosforilacdo e dimerizacdo da STAT3, que sdo translocadas ao nucleo para atuar como regulador
da transcricdo génica (Munzberg et al., 2005). Além disso, a ativacio de JAK2 leva ao
recrutamento e fosforilagdo do IRS1/2 (substrato 1 e 2 do receptor de insulina), o qual promove a
ativacdo da enzima PI3K (fosfatidil inositol 3-quinase) que desempenha um papel relevante na
transdugdo do sinal da leptina sob o controle da atividade neuronal e regulacdo da liberacdo de
neuropeptideos (Munzberg & Myers, 2005; Munzberg et al., 2004). Além de atuar como fator de
transcricdo, a STAT3 induz a expressdo de proteinas supressoras da sinalizacdo de citocinas

(SOCS)-3, atuando como regulador negativo da via JAK/STAT (Friihbeck et al., 2006).

1.2 Controle hipotalamico do consumo alimentar

Estudos indicam que a leptina possui um papel mais relevante do que a prépria insulina
no sistema nervoso central (SNC) para controle da homeostase energética. A deficiéncia da
leptina causa obesidade severa, caracterizada por hiperfagia que persiste apesar de altos niveis de
insulina (Schwartz et al., 2000).

No ARC existem subpopulagdes de neurdnios que produzem peptideos orexigénicos, tais
como o neuropeptidio Y (NPY) e o peptideo relacionado ao gene agouti (AgRP); bem como
neurdnios produtores dos anorexigénicos, tais como o proopiomelanocortina (POMC) e o
transcrito relacionado a cocaina e a anfetamina (CART) (Munzberg & Myers, 2005; Niswender,
et al.,2004). Essas subpopulagdes sdo projetadas para os nucleos do hipotdlamo lateral (LH) e do
paraventricular (PVN). No LH duas subpopulacdes de neurbnios produzem os
neurotransmissores orexigénicos: Orexina e o antitermogénico: hormonio de concentracdo da
melanina (MCH) (Sakurai et al., 1998; Elmquist et al., 1999), enquanto que no PVN outras 2
subpopulagdes de neurdnios produzem os neurotransmissores anorexigénico hormonio liberador
da corticotrofina (CRH) e protermogénico hormonio liberador da tirotrofina (TRH) (Flier 2004;
Schwartz et al., 2000).

A sinalizacdo hipotalamica da insulina e leptina no ARC se d4 através de sua interacdo
com os receptores IR e Ob-R, respectivamente. Ambos os receptores estdo interligados a via da
PI3K, que por sua vez desencadeia uma redugdo na expressdo e liberacdo de neuropeptides
orexigénicos como o NPY e o AgRP e ativacdo dos neuropeptideos anorexigénicos POMC e

CART. Em seguida, neur6nios do ARC comunicam-se através de sinapses com neurdnio de



outros nucleos hipotalamicos (Arora e Anubhuti 2006), estimulando o gasto energético e inibindo
a ingestdo alimentar.

O NPY encontra-se presente no sistema nervoso central e periférico, possuindo alta
concentracdo no hipotdlamo (Zhang et al., 2012). Trabalhos com camundongos knockout para
receptores do NPY (Y1Y57) mostram uma reducdo no consumo alimentar associado i
diminui¢do da expressdo do NPY, sem alterar a expressio do POMC no ARC. Apesar da
diminui¢do na ingestdo alimentar, os camundongos continuam ganhando peso. Esse aumento de
peso estd associado a diminui¢do no gasto energético desses animais (Nguyen et al., 2012).

O AgRP € um neuropeptideo orexigénico que age como antagonista do horménio de
estimulacdo do melanécito a (0—MSH) nos receptores de melanocortina MC3 e MC4. Esse
neuropeptideo € co-expresso em neurondnios NPY no ARC (Cone et al., 1999) e sua expressao €
inibida na presenca de leptina (Ollmann et al., 1997). O AgRP € considerado um peptideo
orexigénico mais robusto que o NPY, uma vez que uma tnica infusdo intracerebroventricular
(icv) aumenta de maneira continua a ingestdo caldrica, quando comparado ao seu andlogo NPY
(Schwart et al., 2000).

O neuropeptideo POMC sofre clivagem e da origem ao a—MSH. Esse peptideo exerce seu
efeito ligando-se a familia de receptores de melanocortina MC3 e MC4, gerando sinal de
saciedade (Cone et al., 1996). Estudos tém demonstrado uma diferenca na expressio do POMC e
do NPY em animais resistentes e susceptiveis a dieta com alto teor de gordura (Bergen et al.,
1999).

O neuropeptideo CART estd presente nos niicleos ARC, PVN, LH e no dorsomedial
(DM) (Koylu et al., 1998; Elias et al., 2001; Kramer et al., 2007). A leptina pode elevar
significativamente a expressdo génica desse neuropeptideo. Todavia, um defeito na sinalizacdo
hipotalamica desse hormonio, diminui a expressdo génica do CART (Kristensen et al., 1998).
Muitos estudos tém demonstrado que, dependendo da linhagem genética e da condicdo
nutricional, o CART pode ser expresso diferentemente em regides especificas do cérebro
responsavel pelo balango energético (Kristensen et al., 1998; Abbot et al., 2001; Sergeyev et al.,
2001; Robson et al., 2002). Além disso, sabe-se que o CART esta virtualmente ausente no ARC,
porém abundante em outros nticleos hipotalamicos como o DM, em ratos Zucker e camundongos

ob/ob (Kristensen et al., 1998).



1.3 Obesidade e Balanco energético

A Organizag¢do Mundial da Saide (OMS) vem tratando a obesidade como uma epidemia
mundial crescente a cada dia. Essa sindrome é uma desordem nutricional muito comum em
populagdes ocidentais e ocorre devido a um cronico desbalanco entre o consumo e o gasto
energético (Rosenbaum et al., 1997). A habilidade de controlar o ganho de peso depende da
habilidade do organismo de aumentar o gasto e frear o consumo energético (Ziotopoulou et al.,
2000).

O consumo de dieta hiperlipidica (DHL), por si s6, € tdo prejudicial que pode superar
fatores genéticos promotores da obesidade e desordens metabdlicas (Gorski et al., 2006). Na
obesidade ocorrem alteragdes em diversos pontos da via de transducdo do sinal da insulina, tanto
nos tecidos periféricos quanto em neurdnios responsaveis pela manuten¢do do peso corporal,
levando a um circulo vicioso que desencadeia um maior ganho de peso contribuindo para o
desenvolvimento do Diabetes mellitus tipo 2 (DM?2) (Schwartz e Jr. Porte, 2005).

Circuitos hipotalamicos, além do seu papel sobre a ingestdo alimentar, podem modular a
sensibilidade a insulina e a leptina, no intuito de adaptar a condi¢des metabodlicas variadas de
acordo com o estado nutricional (Heijboer et al., 2005).

Animais obesos induzidos por DHL apresentam prejuizo da acdo anorexigénica da
insulina e leptina em neur6nios produtores de peptideos anorexigénicos e termogénicos (De
Souza et al., 2005; Prada et al., 2005; Moraes et al., 2009; Munzberg et al., 2004), caracterizando
assim uma forte resisténcia central desses hormoOnios. Estes animais apresentam ativacdo da
resposta inflamatdria hipotalamica, culminando com a resisténcia a insulina (De Souza et al.,
2005; Munzberg et al., 2004; Zabolotny et al., 2008).

Existem vérias evidéncias indicando o TAM como tecido regulador significativo do gasto
energético corporal e também do acimulo de gordura ndo apenas em roedores, como também em
humanos (Saito., 2014) . Além deste papel regulatério, o TAM pode ser relevante para alguns
distirbios metabdlicos (Saito., 2013). O grande nimero de mitocOndrias neste tecido possui
proteinas desacopladora da cadeia respiratdria, uncopling protein 1 (UCP1) (Néchad et al., 1987).
A atividade da UCP1 é controlada por inervagdo simpdtica neste tecido. A ativacdo simpatica via
receptores B-adrenérgicos, ird induzir lipdlise e liberacdo de dcidos graxos, que ird ativar a UCP1
e simultaneamente servir como substrato para termogénese. Além disso, ativacdo prolongada

nesse tecido induz hiperplasia e aumento nos niveis da UCP1 (Okamatsu-Ogura et al., 2011).



1.4 Desnutricao e Diabetes

Historicamente, a fome tem sido uma das maiores ameacas da humanidade, afetando
cerca de 20-40 milhdes de pessoas na China entre 1958-1961 e matando cerca de 4 milhdes de
pessoas na India em 1943. Atualmente, a fome continua sendo uma grande preocupacao
principalmente na regio do Sahel na Africa, entretanto, muito menos pessoas vivem com fome
hoje em dia do que no passado (Shekhar., 2013).

Criancas de maes gravidas que passaram por periodo longo de fome, tal como aconteceu
no final da II guerra mundial “Dutch Famine” (1944—-1945), eram mais susceptiveis a obesidade,
diabetes e doencas cardiovasculares. Tal programacdo metabdlica pode ser explicada pela
hipdtese do “Fenotipo Econdomico”, o qual propde que uma pobre nutricdo fetal resulta em uma
reprogramacdo fisiologica no intuito de permitir que a prole maximize a capacidade do corpo de
estocar energia quando fora do utero (Hales e Ozane, 2003).

Condicdes nutricionais adversas encontradas durante o desenvolvimento fetal e na
infancia, sdo consideradas fatores de risco para o desenvolvimento de diversas doengas durante a
vida adulta (Victora et al., 2008). Individuos neonatos com baixo peso corporal podem
desenvolver obesidade, diabetes e hipertensdo arterial na vida adulta (Barker et al., 1993).

Ratos submetidos a restri¢cao protéica apresentam um aumento na sensibilidade a insulina
no tecido muscular (Reis et al.,1997), além de outras alteracdes neuroenddcrinas, muito pouco
estudada neste modelo animal (Heilbronn e Ravussin, 2003). A restricdo protéica durante a
gestacdo e lactagdo leva a uma mé formag¢do em nucleos hipotalamicos envolvidos no controle da
ingestdo alimentar (Plagemann et al., 2000).

Durante os primeiros estagios de desenvolvimento hd uma janela de plasticidade neuronal
e durante esse periodo o organismo tem um grande potencial de adaptacdo ao ambiente
nutricional (Remmers et al., 2011; Metcalfe et al., 2001). O desenvolvimento de circuitos
hipotalamicos, que controlam o consumo e o gasto energético, ocorre durante este periodo. Sendo
assim, perturbagcdes nutricionais perinatais que possivelmente alterem os niveis de leptina podem
ter consequéncias para a formagdo e funcdo de circuitos regulatérios da ingestdo alimentar
durante a vida adulta (Bouret et al., 2004; Pinto et al., 2004).

Camundongos adultos, provenientes de maes submetidas a desnutricdo protéica durante o
perido gestacional, apresentam vdrias caracteristicas de diabetes, incluindo intolerancia a glicose,

aumento na adiposidade e alteracdes na fisiologia do ciclo circadiano relacionado a atividade



fisica e ao gasto energético (Sutton et al., 2010). No inicio desse século 171 milhdes de pessoas
foram estimadas serem diabéticas e acredita-se que no ano de 2030 esse nimero aumente para
cerca de 366 milhdes (Kahn et al., 2006). O DM2 caracteriza-se pela instalacdo de resisténcia
periférica a insulina que em estdgios iniciais é compensada pelo aumento da secrec@o de insulina
por parte das células B pancreaticas. A progressao da resisténcia a esse hormonio leva a disfungdo
e morte das células B (Kahn et al., 2006).

Apesar de existirem muitas drogas no mercado para o tratamento do diabetes, diversas
pesquisas vém sendo realizadas no intuito de trazer novas terapias para a prevencao e tratamento
de doencas relacionadas a sindrome metabdlica, tal como o diabetes. Em modelo animal de
desnutricdo protéica fetal, a suplementacdo com o aminodcido taurina (Tau) preveniu uma
reducdo tanto na proliferacdo das células  pancreaticas, como também na secrecio de insulina
(Kalbe et al., 2005). Sendo assim, a suplementacdo de aminodcidos estd ganhando aceitacdo
como uma importante terapia na prevencao e tratamento do diabetes e suas comorbidades. Mais
precisamente, a suplementacdo com Tau vem sendo amplamente estudada na prevencdo do
aparecimento de diabetes mellitus em modelos experimentais dependentes ou nio de insulina

(Manna et al., 2013).

1.5 Taurina

A taurina (TAU) é um aminoicido contendo enxofre e estd presente em altas
concentracdes em neonatos, principalmente no cérebro. A Tau € responsdvel pela manutengdo do
balango osmético intracelular (L’Amoreaux et al., 2010) e possui também um efeito
neuroprotetivo (Albrecht e Schousboe 2005). Além disso, esse aminodcido é importante para o
crescimento e desenvolvimento gestacional do feto (Desforges et al., 2013), possuindo um papel
importante no desenvolvimento fetal do cérebro, coracao, rins, pancreas, musculo esquelético e
retina (Sturman 1988; Han et al., 2000; Heller-Stilb et al., 2002).

O tratamento in vivo com Tau aumenta tolerdncia a glicose e a insulina, bem como a
captacao de calcio em ilhotas pancredticas de camundongos (Ribeiro et al., 2009). Além disso, a
suplementacdo com Tau em ratos desnutridos melhora a secrecdo de insulina induzida por

nutrientes, bem como a tolerdncia a glicose desses animais (Batista et al., 2012). A

suplementagdo com Tau em animais obesos reduz o acimulo de gordura e niveis de leptina e



colesterol (Batista et al 2013b; You et al.,2013), além de diminuir o consumo exacerbado de
calorias em animais alimentados com DHL (Camargo et al., 2013).

A concentracdo plasmatica de Tau encontra-se reduzida em animais obesos com
resisténcia a insulina. Por outro lado, a suplementagdo com esse aminodcido, reduz o ganho de
peso corporeo e de tecido adiposo induzido por DHL além de normalizar o metabolismo basal
(Tsuboyama-Kasaoka et al., 2006). A suplementacdo materna de taurina durante o periodo
gestacional e lactacional, melhora o metabolismo da glicose em ratos adultos provenientes de
maes desnutrida (Tang et al., 2013). Além disso, a administracdo de Tau previne a ocorréncia no
desenvolvimento de nefropatias relacionada ao diabetes (Lin et al., 2009).

Quando administrada intracerebroventricular, assim como a insulina, esse aminoacido
reduz a expressdao do NPY hipotalamico, além de potencializar o efeito anorexigénico da insulina
(Solon et al., 2012). Além disso, animais suplementados com Tau apresentaram melhora na
sensibilidade hipotimica da insulina (Camargo et al., 2013). Sendo assim, a Tau pode interagir
diretamente na via da sinalizac¢do hipotalamica da insulina e leptina, como ja descrito em tecidos
periféricos (Carneiro et al, 2009).

A Tau regula a homeostase glicémica/energética, atuando nos tecidos periféricos e
regulando expressdo de peptideos hipotalamicos. No entanto, os mecanismos pelos quais esse

aminodcido atua ainda sdo pouco conhecidos.



2. OBJETIVOS



2. OBJETIVOS

Neste estudo tivemos como objetivo avaliar o efeito da suplementacdo de Taurina em
modelo experimental de desnutricdo protéica associado a dieta hiperlipidica na regulacdo da
ingestdo alimentar, sensibilidade hipotalamica aos hormonios insulina e leptina, expressdo dos

neuropeptidios controladores da fome e saciedade e no metabolismo energético em geral.
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3. ARTIGO 1

Parte dos resultados obtidos durante a realizacao deste trabalho estdo apresentados a seguir sob a
forma de artigo cientifico publicado na revista Advances in Experimental Medicine and Biology.

2013;776:93-103.
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3.1 Abstract

Feeding behavior is a major determinant of body composition, adiposity and glucose
homeostasis. Both obesity and malnutrition are risk factors for the metabolic syndrome and are
associated with altered food intake. Here we assessed the effects of taurine (TAU)
supplementation upon adiposity, food intake and central insulin signaling in malnourished mice
fed on a high-fat diet (HFD). Weaned male C57BL/6 mice were fed a control (14% protein-C) or
a protein-restricted (6% protein-R) diet. After 6 weeks, both groups received or not HFD for 8
weeks (CH and RH). Half of the HFD groups were supplemented with 5% TAU (CHT and
RHT). Both HFD groups were overweight and showed increased perigonadal and retroperitoneal
fat pads. TAU supplementation attenuated obesity in CHT but not in RHT mice. HFD induced
hypercholesterolemia and glucose intolerance, although only CH group presented fasting
hyperglycemia. Tau supplementation also improved glucose homeostasis only in CHT mice.
Western blot analysis showed a reduction of 55% in CH hypothalamic content of phosphorylated
IRS-1 (pIRS-1) at basal condition compared with C. TAU treatment increased 35% Akt
phosphorylation (pAkt) levels in CHT without modification in RHT hypothalamus. However,
TAU supplementation did not alter hypothalamic pIRS-1 amount. CH and RH mice presented
increased calorie intake that was normalized in CHT but not in RHT. In conclusion, mice fed on a
HFD developed obesity, hypercholesterolemia, glucose intolerance and increased calorie intake.
TAU promoted increased hypothalamic insulin action only in CH mice which was linked to
prevention of overfeeding, obesity and glucose intolerance. Protein-restriction promoted

metabolic damages that were not prevented by TAU supplementation.

Abbreviations: 7au, taurine; ARC, arcuate nucleus; 72DM, type 2 diabetes mellitus; CNS,

central nervous system; /CV, intracerebroventricular; TNF, tumor necrosis factor.
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3.2 INTRODUCTION

The  hypothalamic  arcuate  nucleus (ARC) control feeding behavior and
sympathetic/parasympathetic tones modulating body metabolism (Plum et al., 2006; Schwartz et
al., 2000).

Insulin crosses the blood-brain barrier and binds to its receptor (IR) located in the ARC. IR
activated phosphorylates itself and its substrates (IRS) and leads to phosphatidylinositol-3 kinase
(PI3K) activation and increase Akt phosphorylation (pAkt) (Tsai et al., 2003). Central activation
of this pathway inhibits the synthesis of orexigenic neuropeptides, such as the neuropeptide Y
(NPY) and the agouti peptide (AgRP); and stimulates the secretion of anorexigenic
neuropeptides, proopiomelanocortin  (POMC) and the cocaine-and-amphetamine-regulated
transcript (CART) (Morton et al., 2006; Badman and Flier, 2005). Therefore, the hypothalamic
activation of insulin signaling regulates food intake in order to maintain an adequate body weight.
Obesity is a factor linked to peripheral and central insulin resistance leading to type 2 diabetes
(T2DM) (Kahn et al., 2006). Impaired central action of insulin in the obesity results in a vicious
circle which provides an increase in weight gain (Schwartz and Jr. Porte, 2005).
Protein-malnutrition during gestation is a frequent cause of low birth weight, and is associated
with increased susceptibility for developing chronic diseases (Barker et al., 1993). Previous
reports showed no alteration in IRS1/2 and Akt protein content in the cerebral cortex from caloric
restricted rats (Mollinedo et al., 2010). Disrupted insulin signaling in the central nervous system
(CNS) reflects on food intake and may link malnutrition in early life and development of T2DM

in adulthood (Orozco-Solis et al., 2010).
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Taurine (TAU), is a sulfur containing amino acid present in high concentration in newborn mice
brain. This amino acid is responsible for the maintenance of intracellular osmotic balance
(L’ Amoreaux et al., 2010). TAU treatment during mice development causes increase of size and
number of pancreatic islets without altering exocrine function (EIl Idrissi et al., 2009). Central
administration of TAU exerts an anorexigenic effect, decreasing the expression of orexigenic
neuropeptides and reducing food intake (Solon et al., 2012). As occurs in peripheral tissues
(Carneiro et al., 2009), TAU also potentiates insulin action in hypothalamus (Solon et al., 2012).

In this way, little is known about TAU effects upon malnutrition and obesity in hypothalamic
insulin action and food intake regulation. Here we show that TAU supplementation improved
body glucose control and enhanced central insulin sensitivity, resulting in decreased caloric

intake that reduces body fat deposition in the obesity.

3.3 METHODS
3.3.1 Animals and diets

All experiments were approved by the ethics committee at UNICAMP. The studies were carried
out on weaned 30-day old male C57B1/6J mice obtained from the breeding colony at UNICAMP
and maintained at 22 + 1°C, on a 12h light-dark cycle, with free access to food and water intake.
The mice were fed a control (14% protein-C) or a protein-restricted (6% protein - R) diet. After 6
weeks, both groups received or not HFD for 8 weeks (CH and RH). Half of the HFD groups were
supplemented with 5% TAU in their drinking water since the weaning time until the end of

experiment (CHT and RHT groups).
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3.3.2 General nutritional parameters

Body weight (BW) was measured at the end of experimental period. In the last week of HFD
treatment both mice groups were placed in metabolic cages and had their food intake monitored,
as previously reported (Morrison & Campbell, 1960). At the end of the experimental period (14
weeks), fasted mice were decapitated, had their blood collected and plasma was stored at -20°C.
Commercial kits were used according to the manufacturer’s instructions for quantification of total
plasma cholesterol (Roche/Hitachi; Indianopolis, USA). Plasma glucose was measured using a

glucose analyzer (Accu-Chek Advantage, Roche Diagnostic, Switzerland).

3.3.3 Food intake

Food intake was monitored during the last week of treatment (8" week) using metabolic cages as

previously reported (Morrison & Campbell, 1960).

3.3.4 Intraperitoneal glucose tolerance tests (ipGTT)

For ipGTT, blood glucose levels (time 0) were measured in overnight fasted mice using a glucose
analyzer (Accu-Chek Advantage, Roche Diagnostic, Switzerland). A glucose load of 2 g/Kg body
weight was then administered by ip injection and additional blood samples were collected at 15,

30, 60 and 120 min.

3.3.5 Western Blot

For protein expression experiments, after 12h of fasting the hypothalamus from all mice groups
were removed and immediately homogenized in buffer containing: 100 mmol/L Tris pH 7.5, 10
mmol/L. sodium pyrophosphate, 100 mmol/L sodium fluoride, 10 mmol/L. EDTA, 10 mmol/L

sodium vanadate, 2 mmol/LL PMSF and 1% Triton X-100. The extracts were then centrifuged at
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12,000 rpm at 4°C for 40 min to remove insoluble material. The protein concentration was
assayed using the Bradford dye method (Bradford, 1976), using BSA as a standard curve and
Bradford reagent (Bio-Agency Lab., Sdo Paulo, SP, BRA). For SDS gel electrophoresis and
Western blot analysis, the samples were treated with a Laemmli sample buffer containing
dithiothreitol. After heating to 95°C for 5 min, the proteins were separated by electrophoresis (70
pg protein/lane, 10% gels). Following electrophoresis, proteins were transferred to nitrocellulose
membranes. The nitrocellulose filters were treated overnight with a blocking buffer (5% non-fat
dried milk, 10 mmol/L Tris, 150 mmol/L NaCl, and 0.02% Tween 20) and were subsequently
incubated with a polyclonal antibody against p-Akt (1:1000, cat. sc-7985R, Santa Cruz
Biotechnology), Akt (1:1000, cat. sc-8313, Santa Cruz Biotechnology), pIRS1 (1:1000, cat
abcam-4888), IRS-1 (1:100, cat abcam-653-200). Detection was performed after 2 h incubation
with a horseradish peroxidase-conjugated secondary antibody (1:10,000, Invitrogen, Sdo 5 Paulo,
SP, BRA). The band intensities were quantified by optical densitometry using the free software,
Image Tool (http://ddsdx.uthscsa.edu/dig/itdesc.html). Densitometry values obtained from
phosphorylated proteins (p-Akt and p-IRS-1) were normalized by total protein expression (Akt

and IRS-1), as previously described (Batista et al., 2012; Ribeiro et al., 2012).

3.3.6 Statistical analysis

Results are presented as means + SEM for the number of determinations (n) indicated. The
statistical analyses were carried out using a one-way analysis of variance (ANOVA) followed by
the Newman-Keuls post test (P < 0.05) and performed using GraphPad Prism version 5.00 for

Windows (GraphPad Software, San Diego, CA, USA).
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3.4 RESULTS

3.4.1 Mice features

The low protein diet promoted lower body weight (BW) in R mice compared to C (P < 0.05;
Figla). HFD increased BW as well as perigonadal and retroperitoneal fat pads (P < 0.05; Fig. 1a-
c). TAU supplementation prevented obesity and adiposity in CHT but not in RHT group. HFD
treatment also increased fasting plasma glucose and cholesterol which were reduced in CHT but
not in RHT group (Tab.1).

Both CH and RH groups were glucose intolerant as indicated by a higher area under glycemic
curve (AUC) during the ipGTT (Fig. 2c). Blood glucose levels peaked at 30 min for all
experimental groups but its decay was impaired in CH and RH mice. TAU supplementation
improved glucose tolerance in CHT but not in RHT group as indicated by the AUC (Fig. 2¢).
Both groups treated with HFD increased energy intake and TAU supplementation decreased the

caloric intake only in CHT group (Fig. 3).

3.4.2 Insulin-signaling proteins in hypothalamus

Malnourished mice showed a 38% lower pIRS-1 hypothalamic amount compared to C mice (P <
0.05; Fig 4a). HFD reduced basal hypothalamic pIRS-1 in CH and CHT mice compared to C (P
< 0.05). In RH mice, despite a decrease of 17% in pIRS-1 protein content in the hypothalamus,
no statistical significant difference was observed when compared to R mice (Fig. 4a). Akt
phosphorylation did not differ in both types of mice groups fed on a HFD compared with their
respective controls (Fig 4b). However, TAU supplementation increased 35% pAkt hypothalamic

content in CHT mice compared to CH (P < 0.05: Fig 4b).
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3.5 DISCUSSION

Fetus that underwent a protein restriction in utero, showed poor islet vascularization as well as
increased apoptosis (Snoeck et al., 1900; Boujendar et al., 2002). Rats submitted to protein
restriction during gestation become diabetic at 17 months of age (Petry et al., 2001). In addition
these rodents showed neuroendocrine and sympathetic action alterations, changing growth
hormone (GH)-insulin-like growth factor I (IGF-I) axis (Heilbronn and Ravussin, 2003). Our
results indicate an increase of adiposity and glucose intolerance in malnourished mice submitted
to HFD. These evidences demonstrate that fetal and early life stages are critical periods where
nutrient deprivation may provoke long-lasting effects favoring diseases in adult life.

Previous reports showed that TAU plasma concentrations are reduced in different types of
experimental obese rodents. TAU supplementation prevented body weight gain and adiposity
induced by HFD (Tsuboyama-Kasaoka et al., 2006). Here, we also show that TAU
supplementation prevented body fat accumulation, hypercholesterolemia and hyperglycemia
caused by HFD in normal-protein mice (Tab. 1 and Fig 1). Nardelli et al. (2011) also show
reduction in body adiposity and plasma lipid concentration in obese rats supplemented with TAU,
decreasing hepatic lipid storage that may low liver lipid synthesis and secretion as well as
transport to the tissues.

In addition, TAU improved glucose tolerance in obese normal-protein mice (Fig.2). This effect
may be due to a possible interaction of TAU with the IR (Maturo and Kulakowski, 1988;
Carneiro et al., 2009). Also, TAU treatment normalizes islet-cells proliferation and insulin
secretion in fetal protein-restricted rodents (Kalbe et al., 2005). Restoration of insulin secretory
capacity was observed in rats submitted to protein restriction started at weaning and treated with

TAU (Batista et al., 2012).
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Recently, Solon et al. (2012) showed that TAU dose-dependently had an anorexigenic effect
upon hypothalamus. Intracerebroventricular (icv) of TAU reduce NPY expression without
modifying the amount of POMC, decreasing food intake in rats. This TAU effect was
accompanied by enhanced hypothalamic content of pAkt. In addition, TAU increase insulin
hypothalamic sensitivity via Akt/FOXO1, JAK2, STAT3 and mTOR activation (Solon et al.,
2012), suggesting a direct interaction of the amino acid with this pathway in CNS as already
described in peripheral tissues (Carneiro et al., 2009). Our study is in accordance with the
observations above since TAU supplementation also decreased food intake and increased
hypothalamic pAkt in control mice fed on a HFD.

Few studies reported CNS insulin action in malnutrition. Mollinedo et al. (2010) described no
significant difference in the IRS-1/2 and Akt protein content in the cerebral cortex of rats
submitted to caloric restriction. On the other hand, microarray analysis in the hypothalamus of
rats born to protein-restricted dams revealed increased expression of several genes involved in
insulin signaling such as IRS-1, PI3K and Akt (Orozco-Solis et al., 2010). However, in our study
we observed lower pIRS-1 without modification on pAkt hypothalamic content in protein
restricted mice (Fig. 4).

It is known that rats fed on a HFD presented high levels of tumor necrosis factor (TNF)-a,
interleukin-1p (IL-1B) and interleukin-6 (IL-6) in the hypothalamus (De Souza et al., 2005).
Hypothalamic TNF-a impairs the anorexigenic action induced by insulin and leptin, via serine
phosphorylation of IRS-1, inactivating and inhibiting subsequent events of hypothalamic insulin
signaling (Romanatto et al., 2007; Amaral et al., 2006; De Souza et al., 2005). Moreover, others
proteins as SOCS3 and PTP-1B are activated and promote degradation or dephosphorylation of
the IRS (Pirola et al., 2004; Zabolotny et al., 2008; Bence et al., 2006). In accordance with these

studies, our model of obesity induced by HFD also showed a decreased hypothalamic content of
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pIRS-1 indicating central insulin action impairment. TAU supplementation enhanced pAkt and
decreased food intake only in CHT mice (Fig. 3 and 4), showing that malnutrition leads to

hypothalamic dysfunction that was not prevented by TAU.

3.6 CONCLUSION

In conclusion our results show that mice fed a HFD developed obesity, hypercholesterolemia,
glucose intolerance and calorie intake disturbances both in control and malnourished mice. TAU
promoted increased hypothalamic insulin action which prevented overfeeding and obesity.
Protein-restriction promoted metabolic disturbs that were not restored by TAU supplementation

showing enhanced risk to develop metabolic syndrome.
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Table 1. Plasma cholesterol and blood glucose of fasted C, CH, CHT, R, RH and RHT mice.

C CH CHT R RH RHT

Glucose (mg/dL) 68.75+6.51 98.50+11,18"  80.43+3.84"*  78.67+6.73 86.67+5.47%  93.86+5.14%

Cholesterol 108.2+11.64 146.7+6.5" 117.2+11.24%  98.27+10.61  142.449.19% 130.9+8.28%
(mg/dL)

Values are means + SEM. * P < 0.05 compared to C, # compared to CH, & compared to R. N=6-12
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FIGURE LEGENDS

Figure 1. (A) Body weight; (B) retroperitoneal and (C) perigonadal fat pads in C, CH, CHT, R,
RH and RHT mice. Values are means £ SEM. * P < 0.05 compared to C, # compared to CH, &

compared to R. N=6-12.

Figure 2. Glucose tolerance test (GTT). (A) groups C, CH and CHT; (B) groups R, RH and
RHT; (C) Area under curve. Bars represent means + SEM of the area under curve. * p<0,05

compared to C, # compared to CH, & compared to R. N=6.

Figure 3. Food intake (Kcal/dia) of C, CH, CHT, R, RH and RHT mice. Values are mean +

SEM. * P <0.05 compared to C, # compared to CH and & compared to R groups. N=7.

Figure 4. Protein Expression. (A) Ratio of pIRS-1 by IRS-1 total content [pIRS-1/IRS-1]; (B)
Ratio of pAKT by AKT total content [pAKT/AKT]. Data represents proteins expression in the
hypothalamus of animais C, CH, CHT, R, RH and RHT. Bars represent means +SEM. * P < (0.05

compared to C . N=4-8.
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4. ARTIGO 2

Parte dos resultados obtidos durante a realizag¢do deste trabalho estido apresentados a seguir sob a

forma de artigo cientifico, submetido para revista Neuroendocrinology.
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4.1 ABSTRACT

Malnutrition programs the neuroendocrine axis by impairing food intake control, leading to
obesity. Taurine (Tau) is neuroprotective and improves hypothalamic anorexigenic action. Here,
we evaluated the hypothalamic gene expression profile and food intake control in protein-
malnourished mice that received a high-fat diet (HFD) and Tau supplementation. Male mice were
fed a control (14% protein - C) or a protein-restricted diet (6% protein — R). Thereafter, mice
received or not HFD for 8 weeks (CH and RH). Half the HFD groups were supplemented with
5% Tau since weaning (CHT and RHT). The study groups showed changes in hypothalamic
expression of genes related to cellular defense, apoptosis, endoplasmic reticulum (ER) stress and
the control of food intake. R mice exhibited hyperphagia as well as higher hypothalamic gene
expression of orexigenic neuropeptides, which was reduced in HFD mice. Furthermore, HFD also
showed hypophagia and reduced hypothalamic gene expression of anorexigenic neuropeptides.
Tau increased hypothalamic gene expression of Pomc (proopiomelanocortin) and CART
(cocaine- and amphetamine-regulated transcript) only in RHT. There was an impairment in
hypothalamic leptin signaling in CH and RH, which was prevented with Tau supplementantion in
CHT and RHT. However, the total caloric intake during the experimental period was normalized
only in the CHT mice. Higher orexigenic neuropeptides in the hypothalamus of R mice enhanced
food intake. HFD induced reduction in orexigenic neuropeptides, despite leptin resistance.
Obesity cause hypothalamic leptin-resistance, which was reversed with Tau supplementation,

despite of not improve in food intake of RHT.
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4.2 INTRODUCTION

Nutrients, cytokines and hormones, such as leptin and insulin, regulate neuronal populations
within the arcuate nucleus (ARC) of the hypothalamus [1] . The ARC contains neurons that
produce the orexigenic peptides neuropeptide Y (NPY) and agouti-related peptide (AgRP) and
anorexigenic neurons that synthesize proopiomelanocortin (Pomc) and the cocaine- and
amphetamine-regulated transcript (CART) [2, 3]. These neurons, together with the lateral (LH)
and paraventricular (PVN) nucleus of the hypothalamus, control feeding behavior and whole-
body energy expenditure [4-8].

The adipocytokine leptin crosses the blood-brain barrier and acts on the hypothalamus by
increasing the synthesis of anorexigenic neuropeptides and suppressing the orexigenic
neuropeptides, which results in the inhibition of food intake [9], [10].

Obesity is a worldwide epidemic that contributes to the development of insulin resistance and
type 2 diabetes (T2D) [11]. Disruption in the actions of the central nervous system (CNS) may
contribute to obesity onset [12]. In rodents submitted to high-fat diet (HFD), the hypothalamic
anorexigenic effect of insulin and leptin is diminished [13-16]. A HFD was shown to increase
inflammatory markers in the hypothalamus that impair food intake control, contributing to
adiposity [13, 14, 17].

In addition, malnutrition during early life programs the neuroendocrine axis to favor the optimal
growth of key organs at the expense of others and nutrient storage [18]. Maternal nutrient
restriction alters hypothalamic neuropeptide mRNA levels in the offspring favoring orexigenic
pathways [19]. However, little is known about the possible adaptations in hypothalamic leptin
signaling in rodents that undergo protein-restriction after weaning.

Taurine (Tau) is a semi-essential amino acid present in high concentrations in the brain and is

responsible for the maintenance of intracellular osmotic balance [20]. Tau suppresses the
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activation of the ER stress response in the CNS [21, 22]. In the hypothalamus, Tau decreases
NPY expression and enhances the anorexigenic effects of insulin [23]. In the periphery, Tau also
improves insulin secretion [24, 25], increases insulin receptor phosphorylation [26] and prevents
adiposity [27, 28] . Here, using a microarray analysis, we verified that several genes involved in
the hypothalamic control of food intake are altered in malnourished mice. The association of
malnutrition and HFD also changes the profile of hypothalamic mRNA expression. These
alterations contribute to impairments in food intake control in malnutrition and obesity, and
malnourished-mice that underwent HFD were associated with lower hypothalamic leptin action.
Tau supplementation prevented the disruption of leptin signaling induced by HFD and modulated

the expression of several hypothalamic genes.

4.3 MATERIALS AND METHODS

4.3.1 Animals and diets

All experiments were approved by the ethics committee at UNICAMP (protocol number: 2826-
1). Weaned 30-day old male C57Bl/6] mice were obtained from the breeding colony at
UNICAMP and maintained at 22 + 1°C on a 12h light-dark cycle with free access to food and
water. The mice were randomly assigned to the following groups: mice fed a control (14%
protein - C group) or a protein-restricted diet (6% protein — R group). After 6 weeks, both groups
either received or not HFD for 8 weeks (CH and RH groups). Half of the HFD groups were
supplemented with 5% TAU in their drinking water from the time of weaning until the end of
experiment (CHT and RHT groups).

Diets were prepared according to AIN-93 guidelines [29] and as previously described [28].
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4.3.2 Biometric and nutritional parameters

During the 8 weeks of HFD treatment, all the mice in each group were placed in a metabolic cage
and had their food intake and body weight (BW) measured [28]. At the end of the experimental
period (14 weeks), final BW and nasoanal length were measured to obtain the Lee Index [from
the ratio of BW (g)"*/nasoanal length (cm) x 1000], which was used as a predictor of obesity in
rodents [30]. Fasted mice were euthanized in a CO; chamber followed by decapitation. The
retroperitoneal and perigonadal fat pads and brain were removed and weighed. The blood was
collected in heparinized tubes (1:1000) and centrifuged at 2,655 g for 15 min, and the plasma was
stored at -20°C. Commercial kits were used according to the manufacturer’s instructions for the
quantification of triglycerides (TG), cholesterol (CHOL) (Roche/Hitachi; Indianapolis, USA) and
plasma total proteins (Laborlab, Guarulhos, SP, BRA). Plasma glucose was measured using a
glucose analyzer (Accu-Chek Advantage, Roche Diagnostic, Switzerland), and insulin was
measured by radioimmunoassay using human

insulin radiolabelled with '*I as tracer, rat insulin as standard (Crystal Chem Inc., Downers
Grove, IL, USA) and rat insulin antibody (donated by Dr Leclerg-Meyer, Free University of
Brussels, Brussels, Belgium). The charcoal-dextran method was used to separate free insulin

from antibody-bound ['*I]insulin [31].

4.3.3 Microarray analysis

Global hypothalamic gene expression was measured using the microarray GeneChip® Mouse
Genome 430 2.0 Array from Affymetrix® Company (Santa Clara, CA, USA), which contains
45,000 probe sets that analyze the expression level of over 39,000 transcripts and variants from
over 34,000 well-characterized mouse genes. Total RNA was extracted using Trizol®

(Invitrogen, Sao Paulo, SP, BRA). A total of 200 ng of RNA was used for cDNA synthesis,
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which was processed with the 3 IVT Express Kit Assay. The hybridization, washing and
revelation steps with streptavidin-PE were performed using the Hybridization, Wash and Stain kit
according to the manufacturer’s instructions. The arrays were analyzed using an Affymetrix®
GeneChip® Scanner 3000 (Affymetrix, Santa Clara, CA, USA) at the DNA microarray facility
(LMA) - Brazilian Synchrotron Light Laboratory — Campinas — SP. Scanned images were
analyzed in the R environment using the Affy and RankProd packages from Bioconductor using
the algorithm MAS 5. We normalized the arrays and then calculated the signal intensity and the
detection (presence or absence of expression). For statistical analysis, we used the Rank Product
test, which is biologically motivated and designed to test and detect differentially expressed
genes in replicated microarray experiments. This is a simple non-parametric statistical method
based on ranks of fold changes. We used a p-value < 0.04 and a percentage of false positives
(pfp) < 0.1 in order to consider a given transcript as differentially expressed. The number of
probe sets in each comparison is shown in table 3. Pathway enrichment analysis was conducted

using the MetaCoreTM platform (http://www.genego.com/metacore.php, GeneGo, St. Joseph,

MI, USA) [32-35].

4.3.4 Real Time quantitative RT-PCR

The microarray analysis of the hypothalamic neuropeptides was confirmed by real time
quantitative RT-PCR. The hypothalamic mRNA extraction was performed using Trizol®
according to the manufacturer's instructions (Invitrogen, Sdo Paulo, SP, BRA). A sample of 2 ug
of each RNA was used for each reverse transcription reaction (RT) with random primers using
DTT (100 mM), a ANTP mix (10 mM) and the enzyme SuperScript II (200U; Invitrogen, Sao
Paulo, SP, BRA). The samples were then incubated for 50 min at 42°C to obtain the cDNAs. The

PCR reactions were completed with a final volume of 20 ul and contained 4 pul cDNA (0.1
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pg/ul), 10 pmol/l of NPY (Forward S5TACTCCGCTCTGCGACACTA3', Reverse
STCTTCAAGCCTTGTTCTGGG3'), or AgRP (Forward
5'GAGTTCCCAGGTCTAAGTCTGAATG3', Reverse 5’ ATCTAGCACCTCCGCCAAAGS3'), or
Pomc (Forward 5'GGCTTGCAAACTCGACCTC3’, Reverse
STGACCCATGACGTACTTCCG3') or CART (Forward S’ACCTTTGCTGGGTGCCCGTG3',
Reverse 5' TGCAACGCTTCGATCAGCTCC3'") primers and SYBR Green PCR Master Mix
(Applied Biosystems, Sao Paulo, SP, BRA). The transcripts were detected using the 7000 real
time PCR system (Applied Biosystems, Sao Paulo, SP, BRA), and the threshold cycle values
were used to calculate the number of cycles required to first detect a statistically significant
increase in fluorescence intensity due to the binding of SYBR Green to a molecule of double-
stranded DNA. The values were normalized by the values of control gene: rlplO (ribosomal
protein large PO, or 36B4) (Forward 5’GAGGAATCAGATGAGGATATGGGA3Z', Reverse
S'AAGCAGGCTGACTTGGTTGC3') and were shown as relative expression over the control

group level (2-AACT).

4.3.5 Evaluation of leptin action on food intake control

After acclimatization in the metabolic cages, mice of all groups were fasted for 6h (1:00 pm to
7:00 pm). At the end of this period, an intraperitoneal (ip) injection of saline (0.9% NaCl) was
administered once daily. The same protocol was repeated for two consecutive days. Food intake
was measured 12h after saline infusion each day and the diet consumption was calculated using
the average of the two consecutive days. On the fourth and fifth days, the same mice were fasted
again for 6 h (1:00 pm to 7 pm) and, at the end of this period, the mice received an ip injection of
leptin (500 ng/g BW; recombinant mouse leptin from ©Merck - Calbiochem cat. #429705,

Darmstadt, Germany) once daily according to Marroqui et al. (2010) with minor modifications.
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Again, food intake was measured 12h after leptin infusion each day and the diet consumption was

calculated using the average of the two consecutive days.

4.3.6 Western Blot

The hypothalamic leptin action was evaluated in all mice of all groups. Conscious mice received
an ip injection of leptin (500 ng/g BW) or saline (0.9% NaCl). After 45 min, the mice were
euthanized by decapitation, and the hypothalamus was removed and immediately homogenized in
antiprotease buffer containing 100 mM Tris pH 7.5, 10 mM sodium pyrophosphate, 100 mM
sodium fluoride, 10 mM EDTA, 10 mM sodium vanadate, 2 mM PMSF and 1% Triton X-100.
The extracts were then centrifuged at 15,294 g at 4°C for 40 min to remove insoluble material.
The protein concentration was determined by the Bradford dye method [36], using BSA as a
standard curve. For PAGE and western blot analysis, the samples were treated with a Laemmli
sample buffer containing dithiothreitol. After heating to 95°C for 5 min, the proteins were
separated by electrophoresis (70 pg protein/lane, 10% gels). Following electrophoresis, the
proteins were transferred to nitrocellulose membranes. The membranes were treated with a
blocking buffer (5% non-fat dried milk, 10 mM Tris, 150 mM NaCl, and 0.02% Tween 20) and
were subsequently incubated overnight with a polyclonal antibody against the phospho signal
transducer and activator of transcription 3 (pSTAT3; 1:1000, cat. #9131S) or total STAT3
(1:1000, cat. # 4904S). Both primary antibodies were from Cell Signaling Technology®
(Danvers, MA, USA). Detection was performed after a 2h incubation period using a horseradish
peroxidase-conjugated secondary antibody (1:10000, Invitrogen, Sdo Paulo, SP, BRA). The band
intensities were quantified by optical densitometry using the free software Image J Tool
(http://ddsdx.uthscsa.edu/dig/itdesc.html). The densitometry values obtained from pSTAT3 were

normalized by STAT3 protein expression. After assaying the target proteins, Western blotting
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was repeated using a rabbit polyclonal antibody to the glyceraldehyde 3-phosphate
dehydrogenase protein (GAPDH; 1:1,000; cat. n® sc-25778, Santa Cruz Biotechnologies, CA,

USA) as an internal control.

4.3.7 Statistical analysis

The results are presented as means = SEM for the number of samples (n) indicated. The statistical
analyses were carried out using a Student’s ¢ test (to compare results from saline and leptin-
stimulated conditions, Fig. 3) or one-way analysis of variance (ANOVA) followed by Duncan’s
post-test with the Statistica 5.0 software (Stantsoft, Tulsa, OK, USA), and the level of
significance was set at P < 0.05. Prior to ANOVA analysis, a Gaussian distribution of the
samples was assumed based on the Kolmogorov-Smirnov normality test using Graph-Pad Prism

version 5.00 for Windows (GraphPad Software, San Diego, CA, USA).

5. RESULTS

5.1 Mice features

At the end of the experimental period, R mice showed a lower body weight and nasoanal length
(BW) compared with C mice (P < 0.05; Tab. 1). The HFD treatment increased BW and body
length in the CH and RH groups (P < 0.05). Tau supplementation reduced BW in the CHT group
when compared with the CH mice (P < 0.05). HFD efficiently induced obesity, as the CH and RH
groups showed a higher Lee index and retroperitoneal and perigonadal fat pads in comparison
with the C and R groups, respectively (P < 0.05; Tab. 1). Tau supplementation decreased fat
deposition only in the CHT mice (P < 0.05), but the treatment efficiently normalized the Lee
index in both the RHT and CHT groups (Tab. 1). The R mice exhibited an enhanced ratio

between brain weight and BW when compared with the C mice (P < 0.05). All HFD-fed groups,
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regardless of Tau supplementation, showed a decrease in the brain/BW ratio in comparison with
their respective controls (P < 0.05; Tab. 1).

All HFD mice showed higher fasting glycaemia when compared with their respective controls (P
< 0.05; Tab. 2). Only in CHT group Tau treatment normalized glycaemia (Tab. 2). Whereas, at
fed conditions no alterations in plasma glucose levels were observed between the groups (Tab. 2).
In addition, only the CH mice developed hyperinsulinemia in both fasted and fed states when
compared with the C mice (P < 0.05; Tab. 2). Tau supplementation normalized plasma insulin in
the CHT mice (Tab. 2). The plasma lipid profile was also modulated by the nutritional
interventions. The TG levels were unaltered during fasting but were higher in the RH and RHT
fed mice when compared with R (P < 0.05; Tab. 2). The HFD treatment increased plasma CHOL
in the normal protein and malnourished mice in both nutritional states (P < 0.05; Tab. 2). Tau
supplementation promoted CHOL reduction only in the fasted CHT mice when compared with
the CH mice (P < 0.05; Tab.2). In addition, the low-protein diet treatment efficiently induced
malnutrition in R mice, as the total plasma proteins were lowered compared with the C group (P

< 0.05; Tab. 2). The HFD treatment recovered plasma proteins in all groups (Tab. 2).

5.2 Food intake

Figure 1 shows the weekly ratio between food consumption and BW. Malnourished mice showed
enhanced food intake, as judged by the higher area under the curve (AUC) when compared with
the C group (P < 0.05; Fig. 1C). All the HFD-mice had a lower food intake than the C mice (P <
0.05; Fig. 1C).

During the last week of treatment, the R mice were persistently hyperphagic (P < 0.05; Fig. 1D),
but their calorie intake was matched to that of the C mice (Fig. 1E). In addition, although the RH

and CH groups showed a lower amount of food intake when compared with their respective

39



controls (P < 0.05; Fig. 1D), the calorie intake was higher due to the hypercaloric nature of the
diet (P < 0.05; Fig. 1E). Tau supplementation modified the total food intake only in the CHT
mice (P < 0.05; Fig. 1D) and decreased the total calorie intake when compared with the CH mice
(Fig. 1E). However, the RHT mice persistently showed a hypercaloric intake at the end of the
experiment (Fig. 1E). Protein intake in the malnourished mice remained low despite an increase
in food intake (Fig. 1F and 1D). The low food intake in the HFD mice also favors a lower protein
intake; however, the CHT mice show an increase in protein intake when compared with the CH

mice (Fig. 1F).

5.3 Hypothalamic gene expression profile

The altered food consumption observed in the malnourished mice and the hypercaloric intake
observed in the RH and RHT groups suggests a deleterious action of the low-protein diet upon
the hypothalamic control of food intake. Hence, we performed a microarray analysis of the
hypothalamus in order to gain insight into the possible mechanisms responsible for these
alterations.

The low-protein diet significantly changed the expression of 787 probe sets, 54% of which were
up-regulated and 46% were down-regulated in the R mice. Furthermore, in the CH hypothalamus
the expression of 769 probe sets was modified, 56% of which were up-regulated and 44% down-
regulated in comparison with the C group. The malnourished mice fed a HFD showed a down-
regulation of 55% of probe sets and an up-regulation of 45% of the probe sets when compared
with R mice. Finally, Tau supplementation altered the expression of 429 probe sets, with an up-
regulation of 32% and down-regulation of 68% in the CHT mice when compared with the CH
group. Moreover, in the RHT mice, there was an alteration of 540 probe sets, where 26% were

up-regulated and 74% down-regulated when compared with the RH group (Tab. 3).
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Microarray analysis showed that hypothalamic neuropeptides involved in the control of food
intake are regulated by diet and/or Tau treatment (Tab. 4). In the R group, NPY and AgRP gene
expression was higher when compared with the C group (P < 0.0004 and P < 0.04; Tab. 4). Both
the CH and RH mice showed a significant decrease in these orexigenic neuropeptides when
compared with the C mice (P < 0.0002 and P < 0.0001) and R mice (P < 0.0001), respectively
(Tab. 4). Tau supplementation decreased the NPY mRNA content in the RHT group when
compared with the RH mice (P < 0.0001; Tab. 4), whereas it did not modify AgRP mRNA
expression between the other groups. In addition, in the R mice there was a decrease in CART
prepropeptide (CARTpt) expression when compared with the C mice (P < 0.0001) without an
alteration in Pomc mRNA. Malnourished mice fed the HFD diet showed a higher expression of
Pomc and CARTpt genes in comparison with the R group (P < 0.0001; Tab. 4). In the CH mice,
only the expression of CARTpt was increased (P < 0.0007). A close inspection of the microarray
data revealed an upregulation of POMC in CH group when compared with C with a P-value of
0.0024, but a pfp higher than 0.1. Tau supplementation increased the gene expression of these
anorexigenic neuropeptides only in the RHT group (Tab. 4).

In addition to genes related to food intake, we also verified that malnutrition, HFD and/or Tau
treatment modified the expression of several genes involved in different metabolic pathways in
the hypothalamus (Tab. 5, 6 and 7).

The genes involved in the tricarboxylic acid cycle (TCA), glycolysis/gluconeogenesis and
oxidative phosphorylation are shown in table 5. Microarray analysis showed that 5 genes that
play a role in glycolysis/gluconeogenesis were down-regulated in the R group when compared
with the C group (Tab. 5). In the hypothalamus of the CH group, 5 genes were up-regulated and 3
down-regulated. In the RH group, however, 1 gene increased, and the mRNA content for 4 genes

was reduced (Tab. 5). Tau treatment restored some alterations induced by HFD. Aldoc and Tpil
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in the CHT group and Mdh1 and Ldhb in the RHT group showed an inverse profile from that
observed in the CH and RH groups (Tab. 5). For oxidative phosphorylation, 17 genes were down-
regulated by malnutrition (Tab. 5). The HFD-treatment reduced the expression of 8 genes and
increased the expression of 12 mRNAs in the hypothalamus of CH mice. In RH, 11 genes were
down-regulated and 10 genes were up-regulated (Tab. 5). Tau prevented the HFD-induced
alterations in genes involved in oxidative phosphorylation, as 9 genes showed an inverted pattern
of expression compared with the CH group (Tab. 5). Supplementation in the RHT group only
reversed the expression of 3 genes (Tab. 5).

Genes involved in the unfolded protein response, apoptosis and ER stress pathway were also
modified between the groups and are shown in table 6. Among the 28 genes involved in these
processes that were modified by diet and/or Tau treatment, in the hypothalamus of R mice, 12
were down-regulated and 7 were up-regulated when compared with the C mice (Tab. 6). Eleven
genes in the CH and 7 genes in the RH mice were expressed higher than in their respective
controls (Tab. 6). Tau treatment reversed the HFD-induced gene expression alteration in 6
mRNAs in the CH and 7 mRNAs in the RH mice that are involved in cellular defense and
apoptosis (Tab. 6).

The insulin and leptin-signaling and inflammatory pathways were also altered in hypothalamus
by diet and/or Tau supplementation and are shown in table 7. In the R group, 18 genes involved
in these pathways were up-regulated in comparison with the C group (Tab. 7). HFD consumption
lowered the content of 12 and 14 hypothalamic genes in the CH and in the RH group,
respectively (Tab. 7). In the CHT and RHT mice, the expression of 6 and 2 genes, respectively,

was reversed by Tau supplementation (Tab. 7).
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Other genes involved in oxidative stress, inflammatory response, protein synthesis and
degradation, lipid biosynthesis, neuropeptide signaling pathways and transcriptional regulation

were also altered by diet or supplementation and are shown in the supplementary data.

5.4 Gene expression of neuropeptides involved in feeding behavior

Figure 2 shows the gene expressions of the orexigenic and anorexigenic neuropeptides that were
detected at significant levels in microarray analyses and were modified by diet and/or Tau
supplementation. The hypothalamus from the R mice showed an increase in the gene expression
of NPY and AgRP by 37% and 60% when compared with the C group (P < 0.05; Fig. 2A and
2B). Conversely, in the CH mice, decreases in NPY and AgRP by 46% and 42%, respectively,
were observed compared with the C mice (P < 0.05; Fig. 2A and 2B). In the RH group, there was
a 31% decrease in the mRNA content of NPY and AgRP compared with the R mice (P < 0.05;
Fig. 2A and 2B). Tau did not alter the HFD-induced alterations in the expression of orexigenic
neuropeptides (Fig. 2A and 2B).

The mRNA content of Pomc and CART did not differ between the R and C mice (Fig. 2C and
2D). HFD treatment increased the expression of Pomc and CART in the CH mice (P < 0.05; Fig.
2C and 2D). In the RH mice, no modification in anorexigenic neuropeptides was observed in the
hypothalamus. Tau supplementation did not modify these parameters in the CHT group (Fig. 2C
and 2D); however, Pomc and CART mRNA was significantly increased in the RHT group (P <

0.05; Fig. 2C and 2D).

5.5 Leptin-induced anorexigenic response and hypothalamic signaling
Finally, the hypothalamic control of food consumption was evaluated using leptin in all groups

(Fig. 3). Leptin administration significantly reduced the 12h food intake in the R and C mice (P <
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0.03 and P < 0.004; Fig. 3A). This response was abolished in normal protein and malnourished
HFD-treated mice. The anorexigenic response to leptin was restored in both Tau-supplemented
groups (P < 0.04 in CHT and P < 0.03 in RHT; Fig. 3A). In the same mice, the effect of leptin on
the hypothalamus was confirmed by the ratio of phosphorylated STAT3 (pSTAT3) to STAT3
total protein after an acute ip leptin administration (Fig. 3B). Leptin induced a 79% and 56%
increase in the pSTAT3/STAT3 protein expression in the C and R groups, respectively, (P <
0.008 and P < 0.04; Fig. 3B). No modification in pSTAT3/STAT3 content was observed for the
RH and CH mice after leptin administration. Tau supplementation increased pSTAT3/STAT3
hypothalamic protein content in the CHT and RHT mice by 69% and 81%, respectively (P < 0.02
and P < 0.002; Fig. 3B). No alteration in hypothalamic STAT3 protein expression was observed

between the groups (Fig. 3C).

6. DISCUSSION

Malnourished mice showed lower BW, body-length, and total protein levels and a higher brain to
BW ratio (Tab. 1 and 2), which are characteristics of malnutrition induced by a low-protein diet
[25, 28, 37]. The HFD treatment effectively induced obesity in normal and restricted-protein
mice by increasing BW, fat stores, and the plasma levels of CHOL and TG. In accordance with a
previous report [28], we also verified that Tau supplementation only prevented fat deposition in
normal-protein HFD mice (Tab. 1).

Protein-malnutrition during early life may lead to obesity and glucose intolerance in adulthood
[38]. Recently, our laboratory demonstrated that protein-malnourished mice that are fed a HFD
developed obesity, hyperleptinemia, glucose intolerance and insulin resistance. These features
were associated with increased calorie intake [28]. Here, using the same rodent model, we aimed

to extend these findings through a comprehensive evaluation of food intake, gene expression
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profile and central leptin signaling in the hypothalamus. In addition, we investigated whether Tau
supplementation modulated these processes, as central administration of this amino acid exerts
anorexigenic effects [23].

Mice that were fed a low-protein isocaloric diet showed increased food consumption, yet calorie
intake was matched to normal-protein mice (Fig. 1E). This effect was associated with an increase
in the expression of NPY and AgRP (Fig. 2 and Tab. 4). In fact, a low-protein diet was reported
to result in reduced activation of satiety centers, leading to increased food intake [39]. In
offspring of dams submitted to a protein-restricted diet, during gestation and lactation,
hyperphagia associated with an increased expression of NPY and AgRP in the hypothalamus was
described [40, 41]. In peripheral tissues, offspring of dams fed a low-protein diet during gestation
showed increased insulin sensitivity at 3 months of age [42]; however, at 17 months, insulin
resistance and diabetes were established [43]. In addition, rats that underwent protein-
malnutrition during lactation showed a lower hypothalamic STAT3 protein expression [44] and
reduced leptin-induced anorexigenic effects [45]. In contrast to this study, the adaptive gene
expression of hypothalamic neuropeptides during protein-malnutrition observed in our study was
not due to impairment of hypothalamic leptin action, as leptin administration efficiently
suppressed food consumption and increased pSTAT3/STAT3 protein expression in the R mice
(Fig. 3A and 3B). However, we previously demonstrated that R mice showed a lower pIRS
(phosphorylated insulin receptor substrate)-1 protein content in the hypothalamus [26], which
may contribute to central insulin resistance and increased orexigenic neuropeptide expression.

In a previous work [28] and in this study, hypophagia was observed during the experimental
period in both the RH and CH mice, whereas increased caloric intake was verified in the last
week of HFD treatment. It is known that HFD modifies hypothalamic neuropeptide expression

during the treatment period. Increased NPY mRNA content in the ARC was observed during the
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first 2 weeks in diet-induced obesity rats, whereas at 12 weeks, these rats showed a decrease in
NPY gene expression [46]. Here, we also observed a reduction in the expression of NPY and
AgRP in the hypothalamus of RH and CH mice by microarray and PCR analysis (Fig. 2A and
2B). Levin and Dunn-Meynell (2002) suggested that an increase in orexigenic neuropeptide may
contribute to obesity onset; however, the adaptive reduction of this neuropeptide with the
prolongation of high energy intake may act to combat weight gain. Here, we observed increased
mRNA content of CART and POMC in hypothalamus of normal protein obese mice, whereas
this response was blunted in protein-restricted mice fed a HFD (Fig. 2C and 2D). A similar
neuropeptides expression profile was previously observed in normal protein rodents fed a HFD
[47, 48] . Thus, the protein restriction background may lead to differential adaptive responses to
the HFD.

Hyperleptinemia was also reported in normal and protein restricted-HFD mice, which was
decreased when supplemented with TAU only in CHT, using the same experimental rodent
model [28]. Here, we observed that the impairment in hypothalamic leptin signaling may be
partially involved in caloric food intake and hypothalamic gene expression alterations in the RH
and CH mice, as neither these mice groups showed an increase in pSTAT3/STAT3 protein
expression (Fig. 3B) or inhibition of food intake (Fig. 3A) after leptin administration.
Hypothalamic leptin resistance occurs in HFD rodents [13], [16, 49]. An HFD was shown to
increase the expression of inflammatory markers in the hypothalamus [14]. This pathway was
involved in the desensitization of the leptin action in the hypothalamus [50, 51]. In addition, it is
important to mention that in the hypothalamus of RH and CH mice, a decrease in pIRS-1/IRS-1
protein expression was shown to occur [26], which probably contributed to alteration in

hypothalamic gene expression and feed behavior in these groups.
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In a previous study, the sulphated amino acid Tau demonstrated anorexigenic effects by
decreasing NPY gene expression and enhancing insulin action [23]. Here, despite Tau
supplementation did not prevent alterations in orexigenic neuropeptides genes that were induced
by HFD (Tab. 4 and Fig. 2) in the hypothalamus of RHT mice, Tau increased Pomc and AgRP
mRNA (Fig. 2C and Fig. 2D). Also, Tau only reduced caloric consumption in the CHT group
(Fig. 1E), whereas Tau efficiently preserves leptin hypothalamic action in both RHT and CHT
mice, as both groups exhibited inhibition of food intake (Fig. 3A) and increased pSTAT3/STAT3
(Fig. 3B) protein expression after leptin injection. Solon et al. (2012) reported that Tau
intracerebroventricular administration increased JAK2/STAT3 pathway activation. This amino
acid also shows anti-inflammatory properties by decreasing cytokine levels in the brain and
peripheral tissues [52-54]. In addition, hypothalamic pAkt/Akt protein content was higher in the
CHT mice [26]. This evidence suggests that the preservation of leptin signaling in the
hypothalamus partially controls food intake in RHT, as Tau did not improve hypothalamic pAkt
expression during basal conditions in this group [26], which did not promote fully normalization
of the hypothalamic control of food intake in the RHT group.

The microarray analyses also demonstrated that the diet and/or Tau supplementation also alters
the expression of mRNA related to TAC, glycolysis/gluconeogenesis and oxidative
phosphorylation (Tab. 5); unfolded protein response, apoptosis and ER stress pathway (Tab. 6);
and leptin and insulin signaling and inflammatory pathways (Tab. 7).

Our results showed that in the R hypothalamus, there is a reduction in several genes involved in
glycolysis/gluconeogenesis, TAC and oxidative phosphorylation. Previously, modifications in
TCA and mitochondrial oxidative phosphorylation genes were reported by microarray analysis in
islets isolated from fetal protein-restricted rats [55]. In Zucker-fatty rats, the enhanced protein

expression of several mitochondrial subunits of the respiratory chain in the hypothalamus leads to
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a neural glucose hypersensitivity, which impairs the redox signaling, promoting oxidative stress
and more hypothalamic damage [56]. In accordance with our results (Tab. 6), the HFD groups
also had an increase in the expression of genes related to the unfolded protein response and ER
stress. This pathway is involved in leptin desensitization in the hypothalamus, which may
enhance NPY and AgRP mRNA levels, promoting hyperphagia [57].

Tau shows antioxidant properties and regulates mitochondrial function. Tau normalized the
expression of genes involved in TCA, glycolysis, cellular defense, cellular growth and
proliferation in fetal pancreatic islets from protein-restricted dams [55]. In PC12 cells, Tau
decreased the ER stress activation induced by peroxide [21]. Tau also reduced superoxide
production in the mitochondria of cardiomyocytes by enhancing electron transport chain activity
[58]. Malnourished mice supplemented with Tau showed better redox balance and insulin
signaling in the liver and a reduction in ER stress markers such as p-PERK and BIP [28, 59, 60].
In accordance with all these studies, here, Tau supplementation decreased the fold change in
genes related to the unfolded protein response, apoptosis and the ER stress pathway in the
hypothalamus of the RHT and CHT mice (Tab. 5 and 6), which may contribute to better leptin
signaling in these groups.

In summary, malnourished mice showed a higher food intake in order to compensate for the lack
of protein in their diet. This adaptive process is accompanied by a hypothalamic increase in NPY
and AgRP expression. However, the consumption of HFD for 8 weeks reduced orexigenic and
increased the expression of anorexigenic neuropeptides genes in the hypothalamus of RH and CH
mice, despite the leptin resistance that was established. Tau supplementation prevented the
impairment in hypothalamic leptin signaling in the RHT and CHT mice. However, the total

caloric intake during the experimental period was normalized only in the CHT mice.
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Table 1: Final body weight (BW), nasoanal length, Lee index, retroperitoneal (RP) and
perigonadal (PG) fat pads, and brain weight in C, CH, CHT, R, RH, RHT mice.

C CH CHT R RH RHT
BW (0 2671+ 3800+  33.00& 2076+ 2984 2996+
g 0.53 1.22° 153 1.33° 0.92* 1.14*
Nasoanal 9.67 = 9095 + 8.69 + 931 + 9.78 +
lenght (cm) 08013 g o 0.12" 0.10" 0.11* 0.11%#3
Loinqe, 31450 33420%  32070%  3134%  32620% 31610
2.79 347" 1.53% 1.22 3.30"# 2.33
RP fat pad 141 + 111+ 113 + 1.03 +
by 052003 Do 0e3x004 % ol
PG fat pad 412 + 314 + 250 + 2.49 +
Gopwy 143006 I Dia 119x009 0% s
Brain (% 113+ 126 + 2.02 + 142 + 141 +
Bw) 0003 o 0.04" 0.11° 0.04* 0.05*

Data are means + SEM (n = 4-15). * different from C; & different from CH; * different from R; $

different from RH. One-way ANOVA followed by Duncan’s post-test (P < 0.05).
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Table 2: Biochemical nutritional parameters analyzed in fasted and fed C, CH, CHT, R, RH and

RHT mice.
C CH CHT R RH RHT
Glucose o od 7543 95 + 6* 80 + 4% T4 +5 89 + 5% 89 + 4#
(mg/dL)
Fed 139+10 15712 151 %9 135+6 144 +4 144 + 4
Insulin 0.44 + 1.30 + 0.61 + 031 +
(ngmly Foed (g 020" 0.13¢ oos  039%0.09 040%0.15
131 + 2.87 + 1.87 + 0.97 +
Fed 0ae 049" 098¢ 00y 1512021 1702030
TG pusted  92+6  105+4 10945  96+7  102+£5 10945
(mg/dL)
Fed 113+12 154+26 183+27  86+19 171 +14% 233 +34*#
CHOL = o ced 93410 158+14" 125410 Ol+6 14248 1537
(mg/dL)
Fed 113+9 198+18° 236+12° 113+12 206+11%* 235%11"*
Total
\ 512+ 539 + 4.48 + 5.13 + 5.06 +
proteins  Fasted 012 019 5.20+£0.19 0.09* 0.18* 015
(/dL)

Data are means +SEM (n=4-10). * different from C; & different from CH; * different from R; *
different from RH. One-way ANOVA followed by Duncan’s post-test (P < 0.05).
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Table 3: General data from the Affymetrix microarray analyses performed using the GeneChip®
Mouse Genome 430 2.0.

Comparison between Probe sets Probe sets witha N probe sets N probe sets
groups analysed pfp < 0.1 up-regulated down-regulated

RxC 2474 787 425 362

CHxC 2362 769 427 342

CHT x CH 2137 429 139 290

RHxR 2411 739 334 405

RHT x RH 2302 540 140 400

N=5 chips per group. Pfp <0.1.
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Table 4: Genes involved in the control of food intake expressed by fold change between two
groups.

Gene
ID and gene name. symbol Fold change
.. . . Taurine
Malnutrition High fat diet
RxC CHC/RHyr  CHTXCH/
RHTxRH
Orexigenic Neuropeptides
1419127 at
Neuropeptide Y NPY 1.17 -1.22/-1.41 nsd/-1.42
1421690 _s_at
Agouti Related Protein AgRP 1.41 -1.65/-1.89 nsd / nsd
Anorexigenic
Neuropeptides
1455858 x_at Pome nsd nsd/ 2.30 nsd / 1.29
pro-opiomelanocortin-alpha
1422825 at
CART prepropetide Cartpt -1.16 1.18/1.30 nsd/ 1.10

Fold change above zero represent gene up-regulation, and the fold change below zero represent gene

down-regulation between two groups.
Not significantly different= nsd.
N=5 chips from different mice.
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Table 5: Hypothalamic genes involved

in

tricarboxylic

acid cycle

(TCA),

glycolysis/gluconeogenesis and oxidative phosphorylation expressed by fold change between two

groups.

ID and gene name Gene symbol

Fold change

Tricarboxylic acid cycle
(TCA)

1433984 a_at

malate dehydrogenase 2. NAD
(mitochondrial)
1432016_a_at

isocitrate dehydrogenase 3
(NAD+) alpha

1450667 _a_at

citrate synthase Cs

Mdh2

Idh3a

Glycolisys and
gluconeogenesis

1451461 _a_at
aldolase C. fructose-
bisphosphate

1433984_a_at

malate dehydrogenase 2. NAD
(mitochondrial)

1434799 x_at

aldolase A. fructose-
bisphosphate

1454925_x_at

malate dehydrogenase 1. NAD
(soluble)

1434814_x_at

glucose phosphate isomerase 1
1426554_a_at
phosphoglycerate mutase 1
1417864 _at

phosphoglycerate kinase 1
1435659 _a_at
triosephosphate isomerase 1
1419022_a_at

enolase 1. alpha non-neuron ///
predicted gene 5506 ///
enolase 1. alpha non-neuron
pseudogene

1416183 _a_at

Aldoc

Mdh2

Aldoa

Mdhl1
Gpil
Pgaml
Pgkl
Tpil

Enol /// Gm5506
/Il Gm5855

Ldhb
62

Malnutrition

RxC

-1.07

nsd

nsd

-1.02

-1.07

-1.05

-1.03

-1.06

1.08

nsd

nsd

nsd

nsd

High fat
diet
CHxC/
RHxR
-1.04/1.02
1.11 /nsd

nsd / nsd

1.00/-1.00

-1.04/1.02

nsd /nsd

1.00/-1.06

-1.05/ nsd
nsd/-1.07
1.06 / nsd

-1.08 / nsd

1.13 /nsd

1.04/-1.06

Taurine
CHTxCH/
RHTxRH

nsd / nsd

nsd/ 1.09

1.06 /nsd

-1.06 / -

1.03

nsd /nsd

1.06 / nsd

1.04/1.08

nsd /nsd

nsd /nsd

nsd /nsd

1.08 / nsd

nsd /nsd

nsd/ 1.07



lactate dehydrogenase B
1417434 _at

glycerol phosphate
dehydrogenase 2.
Mitochondrial

Oxidative phosphorylation
1426088 _at

predicted gene 4076

1430713 _s_at

NADH dehydrogenase
(ubiquinone) 1 alpha
subcomplex. 13

1416970 _a_at

cytochrome ¢ oxidase. subunit
VIla 2

1433513_x_at

NADH dehydrogenase
(ubiquinone) 1 alpha
subcomplex. 12

1456580 _s_at

ATP synthase. H+
transporting. mitochondrial F1
complex. delta subunit
1456588_x_at

cytochrome c oxidase. subunit
Vb

1423907_a_at

NADH dehydrogenase
(ubiquinone) Fe-S protein 8
1423111 _at

ATP synthase. H+
transporting. mitochondrial F1
complex. alpha subunit 1
1428464 _at

NADH dehydrogenase
(ubiquinone) 1 alpha
subcomplex. 3

1416829_at

ATP synthase. H+
transporting mitochondrial F1
complex. beta subunit
1434491_a_at

cytochrome ¢ oxidase. subunit
Vic

1422484 _at

cytochrome c. somatic

Gpd2 nsd
Gm4076 -1.10
Ndufal3 -1.14
Cox7a2 -1.07
Ndufal2 -1.06

Atp5d -1.11
Cox5b -1.07
Ndufs8 -1.13
Atp5Sal 1.08
Ndufa3 -1.05

Atp5Sb 1.05

Cox6c -1.09
Cycs -1.09
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nsd /nsd

1.08/1.23

nsd/ 1.07

-1.04/1.02

nsd / nsd

nsd / nsd

nsd/-1.02

1.07/1.16

1.09/-1.06

-1.02 / nsd

nsd/-1.03

-1.10/-1.06

nsd/ 1.07

nsd /1.28

-1.117/-

1.14

nsd / nsd

1.04/1.02

nsd / nsd

nsd/ 1.05

nsd/ 102

-1.08 / -
1.13

nsd / nsd

1.06/1.05

1.06 / nsd

nsd / nsd

nsd / nsd



1415933 _a_at

cytochrome c oxidase. subunit
Va

1448112_at

cytochrome ¢ oxidase. subunit
Vllc /// similar to cytochrome
c oxidase. subunit VIIc ///
similar to cytochrome c
oxidase. subunit VIIc
1416366_at

NADH dehydrogenase
(ubiquinone) 1. subcomplex
unknown. 2

1422525_at

ATP synthase. H+
transporting. mitochondrial
F1FO complex. subunit e
1429708 _at

NADH dehydrogenase
(ubiquinone) 1 alpha
subcomplex 11

1452133_at
ubiquinol-cytochrome ¢
reductase hinge protein

1416337_at
ubiquinol-cytochrome c
reductase binding protein
1423676_at

ATP synthase. H+
transporting. mitochondrial FO
complex. subunit d
1448203 _at

ATP synthase. H+
transporting. mitochondrial FO
complex. subunit g /// ATP
synthase. H+ transporting.
mitochondrial FO complex.
subunit G2. pseudogene ///
predicted gene 10221
1438159_x_at

NADH dehydrogenase
(ubiquinone) flavoprotein 2
1424085_at

NADH dehydrogenase
(ubiquinone) 1 alpha

Cox5a

CoxTc /l/
LOC100047065
1/
LOC100048613

Ndufc2

Atp5Sk

Ndufall

Ugqcrh

Uqcrb

Atpsh

Atp5l1//] AtpS12

/Il Gm10221

Ndufv2

Ndufa4

64

-1.03

-1.07

1.04

-1.05

-1.10

1.03

1.09

-1.02

-1.04

1.08

nsd

-1.05/-1.03

nsd / nsd

nsd/-1.06

nsd/ 1.03

-1.17 / nsd

1.07/1.07

nsd / nsd

1.01/1.05

-1.03 / nsd

1.12 / nsd

1.07/1.03

1.04 / nsd

nsd / nsd

nsd / nsd

nsd / nsd

nsd/ 1.12

-1.00 / nsd

nsd / nsd

1.05/1.01

1.06/1.05

nsd / nsd

-1.00 / nsd



subcomplex. 4

1448934 _at

NADH dehydrogenase
(ubiquinone) 1 alpha
subcomplex 10

1428075_at

predicted pseudogene 3244 ///
NADH dehydrogenase
(ubiquinone) 1 beta
subcomplex 4

1424628_a_at

NADH dehydrogenase
(ubiquinone) flavoprotein 3
1450968 _at
ubiquinol-cytochrome c
reductase. Rieske iron-sulfur
polypeptide 1

1448284 a_at

NADH dehydrogenase
(ubiquinone) 1. subcomplex
unknown. 1

1428631 _a_at

ubiquinol cytochrome c
reductase core protein 2
1448198_a_at

NADH dehydrogenase
(ubiquinone) 1 beta
subcomplex 8

1417102_a_at

similar to NADH
dehydrogenase (ubiquinone) 1
beta subcomplex. 5 /// NADH
dehydrogenase (ubiquinone) 1
beta subcomplex. 5
1435395_s_at

ATP synthase. H+
transporting. mitochondrial FO
complex. subunit F2
1422976_x_at

NADH dehydrogenase
(ubiquinone) 1 alpha
subcomplex. 7 (B14.5a)
1433562 _s_at

ATP synthase. H+
transporting. mitochondrial FO
complex. subunit B1

1417368 _s_at

NdufalO

Gm3244 ///

Ndufb4

Ndufv3

Uqcrfsl

Ndufcl

Uqcre2

Ndufb8

LOC100046199

/// Ndufb5

Atp5j2

Ndufa7

Atp5fl

Ndufa2

65

nsd

nsd

nsd

nsd

nsd

nsd

nsd

nsd

nsd

nsd

nsd

nsd

1.08 / nsd

-1.04/-1.06

1.06/1.07

1.11 /nsd

1.05/nsd

1.06 / nsd

-1.04/-1.05

nsd / nsd

nsd / nsd

nsd / nsd

nsd/-1.03

nsd /-1.07

nsd / nsd

nsd / nsd

nsd / nsd

nsd / nsd

-1.02 /nsd

nsd / nsd

nsd / nsd

1.07 / nsd

-1.02 / nsd

1.13 /nsd

nsd / nsd

nsd / nsd



NADH dehydrogenase

(ubiquinone) 1 alpha

subcomplex. 2

1428782 a_at

ubiquinol-cytochrome ¢ Ugcrcl nsd nsd / nsd nsd/1.11
reductase core protein 1

1433603 _at

NADH dehydrogenase Ndufs6 nsd nsd / nsd nsd / 1.09
(ubiquinone) Fe-S protein 6

1452184 _at

NADH dehydrogenase Ndufb9 LS 1087105 1.06/1.05
(ubiquinone) 1 beta

subcomplex. 9

Fold change above zero represent gene upregulation, and the fold change below zero represent gene
downregulation between two groups.

Not significantly different= nsd.

N=5 chips from different mice.
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Table 6: Hypothalamic genes involved in unfolded protein response, apoptosis and ER stress
pathway expressed by fold change between two groups.

ID and gene name Gene symbol Fold change
Protein folding
response to unfol(‘ied High fat .
protein / Apoptosis ER .- . Taurine
Malnutrition diet
stress pathway / RxC CHxC / CHTxCH/
protein folding ER RHTxRH
RHxR
cytoplasm
1425993 _a_at
heat shock 1.09/
105kDa/110kDa protein Hsphl 122 nsd 116 /nsd
1
1420622_a_at 1.09/ -
heat shock protein 8 Hspa8 114 1.05 -1.04/1.00
1429106_at
RIKEN cDNA 4921509J17Rik -1.27 nsd / nsd nsd / nsd
4921509J17 gene
1416064_a_at 1.10/
heat shock protein 5 Hspas -1.06 nsd LS 71.03
1416365_at
heat shock protein 90 1.13/
alpha (cytosolic). class B Hsp90abl 1.03 1.10 -1.35/-1.18
member 1
1438040 _a_at 123/
heat shock protein 90. Hsp90bl 1.16 I.lsd -1.35/-1.19
beta (Grp94). member 1
1435194 _at
heat shock protein 4 Hspa4 -1.16 nsd / nsd nsd/ 1.24
1416755_at
Dnal (Hsp40) homolog. Dnajbl -1.27 nsd / nsd nsd / nsd
subfamily B. member 1
1450668_s_at nsd /
heat shock protein 1 Hspel -1.08 nsd / nsd
) 1.08
(chaperonin 10)
1452318_a_at 1.96/
heat shock protein 1B Hspalb -2:46 nsd nsd/-2.84
1437497 a_at
heat shock protein 90. 1.09/
alpha (cytosolic). class A Hsp90aal -1.02 1.14 -1.25/7-1.21
member 1
1427442 a_at 107/
amyloid beta (A4) App -1.00 1 07 -1.02/-1.08
precursor protein '
1456170_x_at Calr 1,10 nsd/nsd  nsd/nsd

Calreticulin



1437223 _s_at

X-box binding protein 1
1416288 _at

Dnal (Hsp40) homolog.
subfamily A. member 1
1426351_at

heat shock protein 1
(chaperonin)
1417005_at

kinesin light chain 1
1435735 _x_at
histocompatibility 47
1454664 _a_at
eukaryotic translation
initiation factor 5
1426205_at

similar to protein
phosphatase 1 /// protein
phosphatase 1. catalytic
subunit. beta isoform
1437195_x_at
mitogen-activated
protein kinase 10
1422484 _at
cytochrome c. somatic
1426401_at

protein phosphatase 3.
catalytic subunit. alpha
isoform

1415859_at

eukaryotic translation
initiation factor 3.
subunit C
1452662_a_at
eukaryotic translation
initiation factor 2.
subunit 1 alpha
1423798 a_at
eukaryotic translation
initiation factor 1
1450149 _a_at

protein phosphatase 1.

catalytic subunit. gamma

isoform

1420088 _at

nuclear factor of kappa
light polypeptide gene

Xbpl

Dnajal

Hspdl1

Klcl

H47

Eif5

LOC100044953
//l Ppplcb

Mapk10

Cycs

Ppp3ca

Eif3c

Eif2s1

Eifl

Ppplcc

Nfkbia
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Nsd

Nsd

Nsd

Nsd

Nsd

1.18

1.11

-1.07

-1.09

1.06

1.26

-1.20

Nsd

Nsd

Nsd

1.10/
1.06

1.11/
nsd
1.11/

nsd

nsd/ -
1.11
nsd/ -
1.18

nsd /
1.08

nsd/ -
1.07

nsd / nsd

nsd /
1.07

1.06/
nsd

nsd / nsd

nsd / nsd

-1.057/ -
1.15

nsd / nsd

nsd / nsd

-1.09 / nsd

nsd / nsd

nsd / nsd

nsd/ 1.05

nsd / nsd

nsd/-1.26

nsd/-1.03

nsd / nsd

nsd / nsd

nsd / nsd

-1.33/-1.30

nsd / nsd

nsd/ 1.05

-1.05/1.05

nsd/-1.16



enhancer in B-cells
inhibitor. Alpha
1416858_a_at nsd/ -

FK506 binding protein 3 Fkbp3 nsd 1.05 nsd / nsd

Fold change above zero represent gene up-regulation, and the fold change below zero represent gene
down-regulation between two groups.

Not significantly different= nsd.

N=5 chips from different mice.
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Table 7: Hypothalamic genes involved in the leptin and insulin signaling, and leptin signaling via
PI3K-dependent pathway/inflammation JAK-STAT pathway expressed by fold change between

two groups.

ID and gene name

Gene symbol

Fold change

Signal transduction
leptina/insulin signaling

1443798 _at
phosphatidylinositol 3-kinase
catalytic delta polypeptide
1420611 _at

protein kinase. cCAMP
dependent. catalytic. Beta
1452032_at

protein kinase. cCAMP
dependent regulatory. type L.
alpha

1422484_at

cytochrome c. somatic
1447720_x_at

protein kinase. cCAMP
dependent. catalytic. Alpha
1419127_at

neuropeptide Y

1437689 _x_at

clusterin /// similar to
clusterin

1434325_x_at

protein kinase. cCAMP
dependent regulatory. type I
beta

1435638_at

glycogen synthase kinase 3
alpha

1417065_at

early growth response 1
1437001 _at

glycogen synthase kinase 3
beta

1455858_x_at
pro-opiomelanocortin-alpha
1423100_at

FBJ osteosarcoma oncogene
1421867_at

nuclear receptor subfamily 3.
group C. member 1

Malnutrition

RxC

Pik3cd 1.00

Prkacb 1.08

Prkarla 1.07

Cycs -1.09

Prkaca 1.03

Npy 1.17

Clu /17

LOC100046120 -1.03

Prkarlb -1.03

Gsk3a nsd

Egrl nsd

Gsk3b nsd

Pomc nsd

Fos nsd

Nr3cl nsd
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High fat
diet
CHxC/
RHxR

-1.16/-1.06

1.07 / nsd

1.04 / nsd

nsd/ 1.07

nsd / nsd

-1.21/-1.41

-1.05/-1.04

-1.02 / nsd

-1.27 / nsd

-1.18/-1.18

nsd / nsd

nsd / 2.30

nsd /-1.47

nsd/1.27

Taurine
CHTxCH/
RHTxRH

-1.00/ -
1.03

-1.15 /-
1.10

nsd / nsd

nsd / nsd

nsd / nsd

nsd/-1.42

nsd / nsd

nsd / nsd

nsd / nsd

nsd/-1.29

-1.29 /-
1.22

nsd/ 1.30

nsd / nsd

nsd /-1.35



1449117 _at

Jun proto-oncogene related
gene d

1420088 _at

nuclear factor of kappa light
polypeptide gene enhancer in
B-cells inhibitor. alpha
1415949_at
carboxypeptidase E /// similar
to carboxypeptidase E
1426205_at

similar to protein phosphatase
1 /// protein phosphatase 1.
catalytic subunit. beta
isoform

1428386 _at

acyl-CoA synthetase long-
chain family member 3
1436822_x_at

ribosomal protein L17
pseudogene /// predicted gene
10268 /// predicted gene
10362 /// predicted gene 4329
/11 60S ribosomal protein L.17
pseudogene /// hexokinase 1
/] similar to RPL17 protein
/] ribosomal protein .17 ///
ribosomal protein L17.
pseudogene 3

1415964 _at
stearoyl-Coenzyme A
desaturase 1

1434377_x_at

predicted gene 13654 ///
ribosomal protein S6
1416090_at

similar to pyruvate
dehydrogenase (lipoamide)
beta /// pyruvate
dehydrogenase (lipoamide)
beta

1450667 _a_at

citrate synthase

1450149 a_at

protein phosphatase 1.
catalytic subunit. gamma
isoform

Jund

Nfkbia

Cpe /11
LOC100046434

LOC100044953
/Il Ppplcb

Acsl3

Gm10223 ///
Gm10268 ///
Gm10362 ///
Gm4329 ///
Gm6133 /// Hk1
1
LOC100048040
/Il Rp117 /11
Rpl17-ps3

Scdl

Gm13654 ///
Rps6

LOC100044400
/Il Pdhb

Cs

Ppplcc
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nsd

nsd

1.05

1.11

1.32

1.05

nsd

nsd

nsd

nsd

nsd

nsd/-1.11

nsd / nsd

1.00/-1.02

nsd /-1.07

nsd/-1.26

-1.00/-1.03

-1.09 / nsd

1.04/1.02

nsd / nsd

nsd / nsd

nsd / nsd

nsd/-1.16

nsd/-1.16

-1.05 /-
1.05

nsd/-1.03

nsd /nsd

nsd / nsd

1.12/1.06

-1.06 / -
1.06

1.12 /nsd

1.06 / nsd

-1.05/1.05



1437246_x_at

predicted gene 11263 ///
predicted gene 13654 /// 40S
ribosomal protein S6
(Phosphoprotein NP33) ///
ribosomal protein S6
pseudogene /// similar to 40S
ribosomal protein S6 ///
ribosomal protein S6
1428305_at

proprotein convertase
subtilisin/kexin type 2
1428386_at

acyl-CoA synthetase long-
chain family member 3
1416636_at

similar to RAS-homolog
enriched in brain /// Ras
homolog enriched in brain
1455693 _x_at

predicted gene 11263 ///
predicted gene 13654 ///
ribosomal protein S6
pseudogene /// similar to 40S
ribosomal protein S6 ///
ribosomal protein S6
Development leptin
signaling via PI3K-
dependent pathway /
inflammation JAK-STAT
pathway

1443798 _at
phosphatidylinositol 3-kinase
catalytic delta polypeptide
1447720_x_at

protein kinase. cCAMP
dependent. catalytic. Alpha
1420611 _at

protein kinase. cCAMP
dependent. catalytic. Beta
1452032_at

protein kinase. cCAMP
dependent regulatory. type I.
alpha

1434325_x_at

protein kinase. cCAMP
dependent regulatory. type I

Gm11263 ///
Gm13654 ///
Gm14138///
Gm16409 ///

LOC639593 ///

Rps6

Pcsk2

Acsl3

LOC100047161

/Il Rheb

Gm11263 ///
Gm13654 ///
Gm16409 ///

LOC236932 /I

Rps6

Pik3cd

Prkaca

Prkacb

Prkarla

Prkarlb

72

nsd

nsd

1.32

-1.06

1.03

1.00

1.03

1.08

1.07

-1.03

-1.17/-1.26

nsd/-1.14

nsd/-1.26

nsd / nsd

nsd / nsd

-1.16/-1.06

nsd / nsd

1.07 / nsd

1.05/nsd

-1.02 / nsd

nsd / nsd

nsd / nsd

nsd / nsd

nsd / nsd

nsd / nsd

-1.00/ -
1.03

nsd / nsd

-1.15 /-
1.10

nsd / nsd

nsd / nsd



beta

1435638 _at

glycogen synthase kinase 3
alpha

1437001_at

glycogen synthase kinase 3
beta

1420088 _at

nuclear factor of kappa light
polypeptide gene enhancer in
B-cells inhibitor. Alpha
1415949_at
carboxypeptidase E /// similar
to carboxypeptidase E
1455168_a_at

guanine nucleotide binding
protein (G protein). beta
polypeptide 2 like 1
1456595_x_at

growth hormone
1429287_a_at

Prolactin

1423396_at
angiotensinogen (serpin
peptidase inhibitor. clade A.
member 8)

Gsk3a

Gsk3b

Nfkbia

Cpe /1l
LOC100046434

Gnb2l1

Gh

Prl

Agt

nsd

Nsd

nsd

1.05

1.08

1.05

nsd

nsd

-1.27 / nsd

nsd / nsd

nsd / nsd

1.00/-1.02

nsd / nsd

-459.55/ -
155.12

nsd /-261.44

nsd / nsd

nsd / nsd

-1.29/ -
1.22

nsd/-1.16

-1.05/-
1.05

nsd / nsd

nsd / nsd

nsd / nsd

-1.17 / nsd

Fold change above zero represent gene up-regulation, and the fold change below zero represent gene
down-regulation between two groups.

Not significantly different= nsd
N=5 chips from different mice
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Figure Legends

Figure 1: Food consumption in mice that underwent protein-restriction with or without HFD and
Tau supplementation. The food intake of (A) the C, CH, CHT and (B) the R, RH, RHT mice
recorded for eight weeks. Total food intake is expressed by the area under curve (C). Food (D),
calorie (E) and protein intake (F) recorded during the last week of the experimental period. Data
are means + SEM (n = 4-8). * different from C; € different from CH; * different from R; $

different from RH. One-way ANOVA followed by Duncan’s post-test (P < 0.05).

Figure 2: Orexigenic and anorexigenic neuropeptides gene expression in the hypothalamus from
mice that underwent protein-restriction with or without HFD and Tau supplementation.
Hypothalamic mRNA extracts were processed for Real time RT-PCR measurement of (A) NPY,
(B) AgRP, (C) Pomc and (D) CART gene expression in the C, CH, CHT, R, RH and RHT
groups. Data are means + SEM (n=5-8). * different from C; * different from R. One-way

ANOVA followed by Duncan’s post-test (P < 0.05).

Figure 3: Food intake profile and hypothalamic STAT3 activation in response to leptin in mice
that underwent protein-restriction with or without HFD and Tau supplementation. (A) Mean +
SEM (n=4-6) of caloric intake after saline or leptin administration. After a 6h period of fasting,
mice of all groups received an ip injection of saline (0.9% NaCl), and food intake was measured
after 12h. On another day, the same mice received an ip injection of leptin (500 ng/g BW). (B)
pSTAT3/STATS3 protein expression in the hypothalamus of the C, CH, CHT, R, RH and RHT
mice. Mice of both experimental groups received an ip injection of 0.9% saline (-) or leptin (500
ng/g BW) (+). After 45 min, the hypothalamus was collected and used for immunoblotting

experiments. (C) STAT3 and GAPDH (internal control) hypothalamic protein content. Bars
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represent the mean + SEM of the values, determined by optical densitometry (n = 4—6 rats). *

leptin is different from saline-treated mice (Student’s 7 test; P < 0.05).
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Figure 2
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9. ARTIGO 3

Parte dos resultados obtidos durante a realizagc@o deste trabalho estdao apresentados a seguir. Esses

resultados fazem parte da elaboracdo do terceiro artigo cientifico.
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9.1 INTRODUCAO

O balanco energético pode ser avaliado utilizando-se diversas ferramentas, tal como a
andlise da atividade locomotora, anélise da expressao da UCP1 no tecido adiposo marrom (TAM)
e a taxa metabdlica basal, através de calorimetria indireta. Estudos t€m demonstrado diferencas
(So et al., 2011; Kirchner et al., 2012) e até mesmo semelhancas na atividade lomocotora de
animais obesos (Brownlow et al., 1996), dependendo muito do ciclo circadiano e da linhagem
genética.

A taxa metabolica basal de um individuo pode ser mensurada medindo a producio de CO»
e o consumo de O;. Neste caso, assumindo que todo o Oz consumido € usado para oxidar os
combustiveis energéticos e que todo o CO; produzido € recuperado (Jensen et al., 2001). Estudos
de calorimetria indireta € comumente utilizado em animais para avaliar o balanco energético,
avaliando a quantidade de oxigénio consumida (Vo2) e a producdo de diéxido de carbono (Vcoz)
(Longo et al., 2009; So et al., 2011). A razdo do Vcoz pelo Vo2 € conhecida como quociente
respiratorio (QR) e pode ser usada para estimar a oxidacio de gorduras e carboidratos, que por
sua vez, é utilizada para calcular o gasto energético (GE) (Lusk, 1928; Weir, 1949). Quando a
oxidagdo dos carboidratos aumenta, o QR se aproxima de 1.0 e quando a oxidacdo dos lipidios
aumenta, ele se aproxima de 0.7 (Flatt, 1991). As variacdes do GE na etiologia da obesidade
permanecem controversas. Além disso, o QR como indicador de oxidacdao dos combustiveis
energético, tem sido correlacionado com posterior ganho de peso (Seidell et al.,, 1992),
independente do registro de 24h do GE (Zurlo et al., 1990).

O tecido adiposo marrom possui um importante papel no balangco energético devido a sua
capacidade termogénica. O TAM também pode estar envolvido na etiologia do diabetes mellitus
e de dislipidemia, de forma independente e/ou secundaria a obesidade. Sendo assim, o TAM pode
ser um alvo interessante para combater ndo sO a obesidade, mas também algumas doencas
relacionadas (Saito., 2013). A UCPI atua desacoplando a fosforilando oxidativa na sintese de
ATP, dissipando assim a energia na forma de calor. A termogénese no TAM ¢ regulada via
inervacgdo simpdtica distribuida abundantemente neste tecido. A atividade simpdtica ird induzir a
lipolise e liberacdo de acidos graxos, que por sua vez ird ativar a UCP1 e serdo oxidados na

mitocOndria para servir como uma fonte de energia para termogénese. (Saito et al., 2013)
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Diante disto, avaliamos a atividade locomotora espontinea, a taxa metabdlica basal
(respirometria) e a expressdo protéica da UCP1 no TAM. Para realizagdo dos experimentos e

obtencdo dos dados a seguir, foram empregados as seguintes metodologia:

9.2 MATERIAIS E METODOS

9.2.1 Avaliaciao da taxa metabdlica basal (Respirometria)

Ap6s 24 horas de aclimatacdo dos camundongos ao sistema, os animais foram pesados e
ap6s repouso absoluto foi analisado o consumo de oxigénio e producdo de CO> em gaiolas
metabolicas totalmente seladas utilizando o sistema Oxylet system (Pan Lab/Harvad instruments,
Barcelona, Espanha). Os animais permaneceram no registro durante as proximas 24 horas. A
partir desses dados foram calculados o quociente respiratério (QR) e o gasto energético (GE) dos
animais utilizando-se o software Metabolism® (Pan Lab/Harvad instruments, Barcelona,

Espanha) acoplado ao sistema.

9.2.2 Atividade Locomotora

ApOs 24 horas de aclimatacdo dos camundongos em gaiolas de atividade locomotora
(Multitake Cage LEOO1 PH), foi realizado o registro da atividade locomotora durante as préximas
24 horas. Para isso, foi utilizado o software Compulse®e Actitrack (Pan Lab/Harvad instruments,

Barcelona, Espanha) acoplado ao sistema.

9.2.3 Western Blot

Para verificar a expressiao da proteina UCP1 no tecido adiposo marrom, os camundongos
foram sacrificados com 12 horas de jejum. Em seguida, o tecido foi imediatamente
homogeneizado em solugdo contendo coquetel anti-protease, contendo: 100 mM de Tris pH 7,5;
10 mM de pirofosfato de sédio; 100 mM de fluoreto de sédio, 10 mM de EDTA; 10 mM de
Ortovanadato de s6dio; 2 mM de PMSF; e 1% de Triton-X 100. Em seguida as amostras foram
centrifugadas a 12000 rpm por 30 min. A quantificacdo protéica foi realizada por Biureto. Apds
1sso, as amostras foram incubadas a 100°C por 5 min em 25% do volume de Tampado de Laemmli
5x (Azul de bromofenol 0.1%, fosfato de sédio 1M, glicerol 50%, SDS 10%) contendo DTT.
Para corrida eletroforética foi utilizado gel bifdsico: gel de empilhamento (EDTA 4 mM, SDS
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2%, Trisma base 750 mM, pH 6.7) e gel de resolucdo (EDTA 4 mM, SDS 2%, Trisma base 50
mM, pH 8.9). A corrida foi efetuada a 90V por aproximadamente 180min com Tampao de
Corrida (Trisma base 200 mM, glicina 1,52 M, EDTA 7,18mM e SDS 0.4%), diluido 1:4. As
amostras foram transferidas para uma membrana de Nitrocelulose (BioRad). A transferéncia foi
realizada durante 120 min a 120V em gelo, banhada com Tampao de Transferéncia (Trisma base
25mM, glicina 192mM). Apés transferéncia, as membranas foram bloqueadas com 5% de leite
desnatado em solucdo de TBS por 5h a 4°C. Logo apds, as membranas foram incubadas overnight
com anticorpo policlonal contra a UCP1 (diluicdo 1:1000, sc-6529, Santa Cruz Biotechnology®,
Dallas, Taxas, USA). Em seguida, as membranas foram incubadas por 2h com o anticorpo
secundério conjugado com peroxidase (diluicao 1:10000 em TBS com 2% de leite desnatado).
Passado este periodo, as membranas foram lavadas com TBS, incubadas por 5 min com reagentes
de quimioluminescéncia (Pierce Biotechnology, USA), e reveladas utilizando o aparelho
ImageQuant LAS 4000. As intensidades das bandas foram quantificadas por densitometria 6ptica
usando o software Image Tool J (http://ddsdx.uthscsa.edu/dig/itdesc.html). Os valores obtidos a

partir da densitometria UCP1 foram normalizados pela expressao da proteina GAPDH.

9.2.4 Analise estatistica dos resultados

Os resultados foram expressos em média * erro padrao e foram analisados pela andlise de
variancia ANOVA de uma via seguida do post test Newman-Keuls. Também foi usado o teste ¢
de Student para comparacgao entre dois grupos quando indicado. O nivel de significncia adotado

foi de P < 0.05.

10. RESULTADOS E DISCUSSAO

10.1 Taxa metabdlica basal

Para andlise da taxa metabdlica basal, foi realizado experimento de calorimetria indireta,
também conhecida como respirometria. Os animais permaneceram durante 24 horas em caixas
devidamente seladas para andlise da producdo de COz e o consumo de Oz. De acordo com esses

dados podemos calcular o QR e GE.
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Os resultados indicam uma diminui¢do do QR em camundongos submetidos a DHL em
ambos os grupos, tanto no periodo claro quanto no periodo escuro. Além disso, houve um
aumento no QR durante o periodo escuro apenas nos grupos C e R, indicando uma perda da
flexibilidade metabdlica nos grupos alimentados com DHL. Ainda, camundongos do grupo R,
durante o periodo escuro, apresentam um aumento no QR quando comparado ao grupo C no
mesmo periodo (periodo claro: C=0,91+0,01; CH=0,79+0,02; CHT=0,75+0,004; R=0,94+0,04;
RH=0,83+0,02; RHT=0,82+0,01/ periodo escuro: C= 1,00+0,02; CH=0,82+0,01;
CHT=0,78+0,03; R=1,04+0,01; RH=0,86+0,01 e RHT=0,86+0,02 p<0,05) (Figura 1).
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Figura 1. Acompanhamento do QR durante 24 horas de registro dos grupos C, CH e CHT (A); R, RH e RHT (B).
Média do QR durante o periodo claro e escuro dos grupos C, CH e CHT (C); R, RH e RHT (D); comparag@o entre os
grupos C e R (E). As barras representam a média + erro padrao da média. p<0,05 * diferenca entre os grupos C ou R

no periodo claro, # diferenca entre os grupos C ou R no periodo escuro, & diferenga entre o periodo escuro e claro do
mesmo grupo. N=4

Assim como o QR, hd uma diminuicdo do GE no grupo CH e CHT durante o periodo
claro. No entanto, no periodo escuro houve uma diminui¢do apenas no grupo CHT, quando
comparado ao C. Diferentemente do QR, houve aumento do GE nos grupos C, CH e CHT no
periodo escuro quando comparado ao periodo ao claro (periodo claro: C=172,445,67;
CH=149,943,52; CHT=14645,06 / periodo escuro: C=187,4+3,49; CH=174,2+4,46;
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CHT=162,245,39 Kcal/dia/Kg"*"> p<0,05). Em animais submetidos a desnutricdo protéica, houve
um aumento no GE apenas nos grupos RH e RHT entre o periodo claro e escuro (periodo claro:
RH= 169,948,57; RHT=154,3+6,71 / periodo escuro: RH=193+8,57; RHT=183,4+6,41
Kcal/dia/Kg" %7 p<0,05) (Figura 2).
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Figura 2. Acompanhamento do GE durante 24 horas de registro dos grupos C, CH e CHT (A); R, RH e RHT (B).
Meédia do GE durante o periodo claro e escuro dos grupos C, CH e CHT (C); R, RH e RHT (D); comparagdo entre os
grupos C e R (E). As barras representam a média + erro padrdo da média. * p<0,05 diferenca entre o grupo C no

periodo claro, # diferenca entre o grupo R no periodo escuro, & diferenga entre o periodo escuro e claro do mesmo
grupo. N=4

Além da caracterizacdo de calorimetria indireta, foi realizado também andlise da
expressdao da proteina mitocondrial UCP1 no TAM. A fun¢do primordial do TAM é fornecer
energia na forma de calor e o papel da UCPI nesse tecido € de desacoplar a cadeia respiratdria na
mitocondria.

Dados referentes a expressdo da UCP1 no TAM mostra um aumento de 47 e 54% na
expressao dessa proteina nos grupos CH e CHT, respectivamente (C=1,00+0,07; CH=1,47+0,44;
CHT=1,5440,14 %do C, p<0,05) e de 75 e 66% nos grupos RH e RHT, respectivamente
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(R=1,00+0,04; RH=1,75+0,18; RHT=1,66+0,11 %do R, p<0,05). Além disso, houve um aumento
de 39% na expressdo da UCP1 em camundongos do grupo R em relacio ao grupo C

(C=1,00£0,07; R=1,39+0,12 %do C, p<0,05) (figura 3).
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Figura 3. Porcentagem da expressio protéica de UCP1 em tecido adiposo marrom de animais C, CH e CHT (A); R,
RH e RHT (B); comparagio entre C e R (C). As barras representam a média + erro padrdo da média. * P < 0.05 em
relacdo ao C, # em relacdo ao R. N=6.

Apés a caracterizacdo da taxa metabOlica basal, resolvemos avaliar a atividade
locomotora espontanea. Para isso, os camundongos foram transferidos para gaiolas especiais com
sensores de movimentacao horizontal e vertical. Tendo em vista que os camundongos possuem
habitos noturnos, foi observado uma maior movimentacdo, em todos os grupos experimentais,
durante o periodo escuro. Animais do grupo R tiveram uma diminuicio na atividade locomotora
durante o periodo escuro quando com parado ao C (C=3479+267; R=2602+219). Além disso,
houve uma diminuicdo na atividade locomotora dos camundongos alimentados com DHL apenas
durante o periodo escuro (CH=2546%122; CHT=2657+120; RH=2016+£268; RHT=1981+95
unidade arbitraria p<0,05) (figura 4).
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Figura 4. Acompanhamento da atividade locomotora durante 24 horas de registro dos grupo C, CH e CHT (A); R,
RH e RHT (B). Média da atividade locomotora durante o periodo claro e escuro dos grupos C, CH e CHT (C); R, RH
e RHT (D); comparag@o entre os grupos C e R (E). As barras representam a média + erro padrdo da média. & p<0,05
diferenca entre o periodo escuro e claro do mesmo grupo, # entre o grupo R no periodo claro, $ entre o grupo RH no
periodo escuro. N=4
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11. Consideracoes Finais

Dados publicados recentemente pelo nosso grupo de pesquisa demostram um menor
ganho de peso em camundongos alimentados com dieta com baixo teor de proteina (Batista et
al.,2013a,b; Camargo et al., 2013; Capelli et al., 2013; Vetorrazzi et al.,2014). A suplementacio
com TAU diminuiu o peso corporal e das gorduras retroperitoneal e perigonadal de camundongos
controles e desnutridos alimentados com DHL (Batista et al., 2013b, Capelli et al., 2013),
corroborando assim com os resultados referentes a figura 1 do primeiro artigo e tabela 2 do
segundo artigo. Além disso, resultados referentes a tolerancia a glicose e aos parametros
bioquimicos do presente trabalho estdo de acordo com estudos anteriores (Batista et al., 2013b,
Capelli et al.,, 2013). Utilizando o mesmo modelo experimental, Batista 2013, mostrou
hiperleptinemia em camundongos alimentados com DHL, que por sua vez foi menor quando
suplementado com Tau (Batista et al., 2013b).

Muitos aspectos anatomicos, fisioldgicos e metabdlicos sdo programados em um ambiente
nutricional intrauterino ou mesmo durante o periodo pds-natal, sendo determinante para uma
possivel instalagdo da sindrome metabdlica na vida adulta (Gluckman et a., 2004). Ja €
estabelecida, desde 1980, uma associagdo entre o crescimento fetal ou infantil com doengas
cardiovasculares e DM2 na vida adulta (Barker et al., 2003). A obesidade em roedores pode ser
programada por uma exposi¢do precoce de dieta com baixo teor de proteina (Bellinger et
al.,2003).

A obesidade causa resisténcia a insulina tanto nos tecidos periféricos quanto em neurdnios
responsaveis pela manutencdo do peso corporal, levando a um circulo vicioso que propicia maior
ganho de peso contribuindo para o desenvolvimento do DM2 (Schwartz e Jr. Porte, 2005).

Nossa proposta para o primeiro artigo foi estudar a sensibilidade hipotalamica da insulina
em nosso modelo experimental. Apds a caracterizacio do modelo experimental, analisamos a
expressdao protéica hipotalamica IRS1. Os dados referentes ao primeiro artigo indicam uma
menor expressdo protéica hipotaldmica do pIRS-1 em camundongos submetidos a restricdo
protéica e obesos por dieta hiperlipidica, entretanto, a suplementagao com Tau nao foi eficaz em
estabelecer qualquer alteracdo. Por outro lado, ndo houve diferenca significativa na expressao
protéica da pAKT, apesar de uma tendéncia a diminuicdo no grupo CH. Todavia, a

suplementagao com TAU em camundongos CHT apresentou um aumento quando comparado ao
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grupo CH, indicando uma melhora na sensibilidade hipotalamica da insulina (Fig 3 artigo 1, Fig
1E artigo 2).

Sabe-se que administragdo icv de insulina em animais magros produz uma reducdo de
50% no consumo alimentar (Romanatto et al., 2007; Torsoni et al., 2003). Porém, essa redugao é
bem menor em animais obesos induzidos por DHL (De Souza et al., 2005; Prada et al., 2005;
Moraes et al., 2009), demonstrando um quadro de resisténcia central a insulina. Sendo assim, os
dados referentes a sensibilidade hipotalamica deste horménio poderia explicar um aumento no
consumo calérico em animais obesos, sendo restabelecido apenas em animais do grupo CHT (Fig
3 artigo 1, Fig 1E artigo 2)

Virios estudos indicam que o hormonio leptina possui um papel mais importante no SNC
para controle da homeostase energética do que a propria insulina. A deficiéncia da leptina causa
obesidade severa, caracterizada por hiperfagia que persiste apesar de altos niveis de insulina.
Além disso, a obesidade nao € induzida exclusivamente por deficiéncia a insulina, apesar deste
hormonio possuir um papel importante na instalagdo desta sindrome. O ganho de peso e acimulo
de gordura ndo ocorre quando ha uma deficiéncia na sinalizacdo da insulina, mesmo se houver
grande aporte no consumo alimentar (Schwartz et al., 2000). Uma vez secretada pelo tecido
adiposo, a leptina precisa atravessar a barreira hematoencefdlica para atuar no hipotdlamo.
Defeitos no transporte da leptina para o SNC € uma das principais caracteristicas na obesidade.
Achados na literatura apontam baixos niveis de leptina no fluido cerebroespinhal de individuos
obesos comparado a individuos magros (Campfield et al., 1995, Schwartz et al., 1996).

Portanto, apds a caracterizacdo da sensibilidade insulinica hipotaldmica, resolvemos
estudar a via de sinalizacdo da leptina também no hipotdlamo. Além disso, foi realizada uma
melhor andlise do consumo alimentar e uma caracterizacdio da expressdo génica global
hipotalamica nestes modelos animais, dando €nfase a expressdo dos neuropeptidios controladores
do consumo e gasto energético.

Quando consideramos as 8 semanas de tratamento com DHL, observamos hiperfagia em
camundongos submetidos a restri¢do protéica, a qual permanece durante a Ultima semana de
tratamento, e hipofagia em camundongos obesos (Fig. 1 A-D, artigo 2). Porém, ao analisarmos o
consumo durante a ultima semana de tratamento, periodo em que a obesidade e intolerancia a
glicose e a insulina ja encontram-se instaladas, verificamos um aumento no consumo alimentar

em camundongos do grupo CHT quando comparado ao CH (Fig 1D, artigo 2). Além disso, o
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consumo didrio caldrico foi maior em camundongos obesos, porém a suplementacdo com taurina
diminuiu o consumo caldrico apenas no grupo CHT quando comparado ao CH (Fig 3 artigo 1,
Fig 1E artigo 2). Apesar de apresentar hiperfagia durante todo o periodo analisado, animais
submetidos a restri¢do protéica possui uma menor ingesta de proteina (Fig 1F, artigo 2).

Nossos resultados sustentam dados da literatura, que mostram um potente efeito
anorexigénico da Tau quando administrada diretamente no SNC, atuando em neur6nios
hipotalamicos. Este aminodcido potencializa os efeitos anorexigénicos da insulina no hipotdlamo
(Solon et al., 2012), bem como em vias de sinaliza¢cdo desse hormdnio em tecidos periféricos
como o figado e o musculo (Carneiro et al., 2009; Ribeiro et al., 2012).

Ratos obesos possuem um defeito na sinalizacdo hipotalamica da insulina, gerando uma
resisténcia da resposta hipofdgica deste hormonio (Carvalheira et al., 2003). A diminui¢do no
consumo alimentar dos camundongos alimentados com DHL estd associada a menor expressao
do NPY e dos neuropeptideos anorexigénicos em geral (Tab.4 e Fig.2A, artigo 2). Apds
caracterizacdo do consumo alimentar, prosseguimos nosso estudo avaliando a responsividade dos
diferentes grupos experimentais ao tratamento com leptina. Para tanto, avaliamos o consumo
alimentar na presenca desse hormonio e em seguida, verificamos a sinalizacdo hipotalamica
através da fosforilacdo da STATS3.

Observamos que apds a administracdo ip. de leptina, houve uma diminui¢do no consumo
calérico de camundongos controle e submetido a restricdo protéica, comprovando o efeito
anorexigénico desse hormonio (fig 3A, artigo 2). O tratamento com DHL aboliu o efeito
anorexigénico da leptina em camundongos obesos (fig 3A, artigo 2). Todavia, a suplementacao
com Tau foi eficaz em restabelecer a resposta anorexigénica da leptina em ambos 0s grupos,
demostrando mais uma vez o potente efeito anorexigénico deste aminodcido (fig 3A, artigo 2).

Corroborando com os resultados acima citados, nossos resultados demonstram que o
tratamento com DHL compromete a sinalizacao hipotalamica da leptina (Fig 3B, artigo 2), o que
poderia explicar o maior consumo caldrico nesses grupos. Além disso, o restabelecimento da
resposta anorexigénica da leptina em animais suplementados com TAU pode ser explicado por
uma maior expressdao protéica da STAT3 em ambos os grupos (Fig 3B, artigo 2). Devemos
ressaltar ainda que, para os experimentos referentes a sinalizagdo com leptina, o consumo

alimentar foi analisado apds 12 horas, porém a avaliacdo do consumo caldrico ao longo de
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periodos mais longos também mostra reduc@o no consumo calérico em animais do grupo CHT
(Fig 3 artigo 1, Fig 1E artigo 2).

Estudos na literatura tem demonstrado uma reducdo de aproximadamente 75% na
atividade da ligagdo da STAT3 no DNA em resposta a administracdo icv de leptina em
camundogos obesos por dieta. Isso sugere que um déficit na sinaliza¢do hipotalamica da STAT3
€ responsdvel pela resisténcia central desse hormonio (El-Haschimi et al., 2000).

Vale ainda ressaltar a participagdo da proteina TUB na sinalizagdo hipotalamica da
insulina e leptina. A expressao hipotalamica desta proteina no PVN, VMH e ARC comprova sua
participacdo na regulagdo do peso corporal e no comportamento alimentar (Kleyn et al., 1996).
Além disso, trabalho na literatura mostra que uma inibicdo da proteina TUB e concomitante
estimulagdo icv de insulina e leptina, diminui a expressdo génica do POMC e ndo altera a
expressao génica do NPY e do AgRP. Entretanto, o tratamento icv desses hormonios foi eficaz
em aumentar os niveis proteico no hipotdlamo de pAKT, pFoxol (insulina) e pJAK2 2 pSTAT3
(leptina), apesar da inibi¢do da proteina TUB. Sendo assim, o efeito da insulina e leptina no
controle do consumo alimentar também pode ser independente da expressdo dessas proteinas
(Prada et al., 2013).

Além do seu efeito anorexigénico no SNC, a TAU possui também um potente papel
antiinflamatoério. Ela reage com o dcido hipocloroso, formando taurocloraminas, que por sua vez
reduz a producdo de 6xido nitrico, TNF-q, IL-6, interleukin 8 (IL-8) e a atividade do factor
nuclear kappa B (NFkB) (Park et al., 1993; Park et al., 1995; Park et al., 1998; Barua et al., 2001;
Kim e Kim, 2005). Esses efeitos antiinflamatorios poderiam contribuir para preservacdo da
fosforilagdao hipotalamica da STAT3, visto que animais obesos apresentam inflamagdo em dreas
hipotalamicas.

Para caracterizar os genes hipotalamicos envolvidos no comportamento alimentar, bem
como outros genes que possam alterar a sinalizacdo intracelular da insulina e da leptina, foi
realizado andlise da expressdao gé€nica no hipotdlamo através de chip de microarray. Esta andlise
nos permite avaliar a diferenca de expressdo génica entre dois grupos experimentais, através da
média da intensidade de expressdo detectada pelo chip de microarray. Sendo assim, isto nos
permite escolher possiveis genes candidatos que estejam controlando o balanco energético.

Resultados referentes a expressao génica por microarray podem ser vistos nas tabelas do

artigo 2, onde a expressao desses neuropeptidios sdo comparadas entre 2 grupos experimentais e
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estdo na forma de FC (fold change). Assim, o FC ira representar o nimero de vezes que um gene
estd mais ou menos expresso em relacdo ao segundo grupo comparado. Para confirmar a
expressdo génica dos neuropeptideos NPY, AgRP, POMC e CART, foi realizado real time RT-
PCR desses neuropeptideos.

Apesar de haver diminui¢io do CARTpt no grupo R em relacdo ao C e de um aumento
desse pré-propeptideo no grupo RH em relacdo ao R, quando analisado por microarray (Tab 4,
artigo 2), houve apenas tendéncias, ndo significativas, quando analisado por real time RT-PCR
(Fig 2, artigo 2). Essas tendéncias ndo significativas, provavelmente se devem ao fato de no
microarray ter sido avaliado o pré-propeptideo CART (CARTpt) e na andlise de real time RT-
PCR o préprio neuropeptideo CART.

Assim como em nossos resultados referentes a animais submetidos a desnutri¢do protéica,
filhotes de ratos submetidos a desnutri¢do gestacional, por interrup¢cdo na lactagdo, apresentam
aumento na expressao protéica hipotalamica do NPY e diminuicdo do CART, quando na vida
adulta (Younes- Rapozo et al., 2012). Além disso, entre as dreas analisadas no hipotdlamo (PVN,
ARC e LH), houve um aumento na densidade de neur6nios NPY e uma diminui¢cdao dos neur6nios
CART apenas no PVN. A densidade dos neurdnios POMC e AgRP permaneceu inalterada
(Younes- Rapozo et al., 2012).

Estudos t€ém demonstrado que a expressio dos neuropeptideos hipotalamicos ¢é
dependente do tempo de exposicdo a DHL (Ziotopoulou et al., 2000; Lin et al., 2000) e do teor de
gordura na dieta (Yu et al., 2008; Giraudo et al., 1994).

Camundongos alimentados com DHL por 2 dias apresentam uma diminui¢do nos niveis
de RNAm do NPY e AgRP, voltando aos niveis basais apds 1 semana de dieta. Além disso, ndo
ha diferenca na expressdo do POMC na 1% semana de DHL, porém apds a segunda semana houve
um aumento na expressao desse neuropeptideo (Ziotopoulou et al., 2000). Estudos em ratos
obesos induzidos por dieta apresentam aumento nos niveis de RNAm do NPY no ARC apoés 2
semanas de dieta, porém apds 12 semanas hd uma diminuicao no nivel desse neuropeptideo. Os
autores sugerem que essa elevacio do NPY no ARC desses animais seja um fator de
predisposicao para obesidade, em contrapartida, a diminui¢do da expressdo desse neuropeptideo a
longo prazo € de fundamental importancia para combater o ganho de peso corporal, uma vez que
eles ja tornaram-se obesos (Levin e Dunn-Meynell 2002). Outros estudos mostram que nao ha

diferenca nos niveis de NPY, AgRP, POMC e CART no hipotilamo de camundongos
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alimentados com DHL durante 2 semanas, apesar de apresentarem resisténcia hepdtica a insulina
(Heijboer et al., 2005). A diminuicio dos neuropeptideos orexigénicos NPY e AgRP estd
associada aos primeiros dias de DHL, onde hd um aumento transiente no consumo alimentar.
Essa mudanca na expressdo desses peptideos parece atuar de forma compensatéria na hiperfagia,
evitando o grande aporte energético (Ziotopoulou et al., 2000). Outros trabalhos mostram uma
diminuicdo do NPY no ARC na 8* e 19* semana de DHL, porém os niveis do POMC s6 sao
menores na 19* semana, ficando inalterado na 8* semana de tratamento (Lin et al., 2000).

Além do grau de teor de gordura na dieta, hd também uma diferenca na expressdo dos
neuropeptideos hipotalamicos de acordo com a sensibilidade de cada animal a DHL (Huang et
al., 2003; Yu et al., 2008). Estudos tém demonstrado que animais resistentes a obesidade por
DHL mantém reduzidos os niveis de NPY e aumentados os niveis de POMC apés 14 e 19
semanas de DHL (Bergen et al., 1999; Huang et al., 2004). Esses resultados indicam uma
resposta compensatéria do hipotdlamo associado a resisténcia a obesidade por dieta nesses
animais. A expressdo do neuropeptideo CART em animais obesos pode ser encontrada em
diversos nucleos hipotalamicos. H4 uma diminui¢do na expressdo do RNAm do CART no ARC e
PVN, e um aumento no LH e DM de animais obesos por DHL quando comparado aos animais
resistentes a esta dieta (Yu, et al., 2008). Uma administra¢do local de CART dentro do DM e LH
estimula o comportamento alimentar (Abbot et al., 2001). Portanto, um aumento desse
neuropeptideo nessas dreas possui um efeito orexigénico em animais obesos por DHL, estando
relacionado como consequéncia da obesidade induzida por dieta (Yu et al., 2008).

Assim como a infusdo icv de insulina, a administracdo de taurina também diminuiu o
consumo alimentar e a expressdo hipotalimica de RNAm do NPY sem alterar os niveis do
POMC. Além disso, a taurina, quando administrada juntamente com a insulina, é capaz de
potencializar o efeito anorexigénico desse hormonio (Solon et al., 2012).

Nossos resultados mostraram uma redu¢do em vdarios genes envolvidos na
glicdlise/gliconeogénese, ciclo de Krebs e fosforilacdo oxidativa no hipotdlamo de camundongos
submetidos a restricao protéica (Tab 5, artigo 2). Trabalhos anteriores demonstram alteracdes em
genes relacionados ao ciclo de Krebs e de fosforilagdo oxidativa mitocondrial por andlise de
microarray em ilhotas isolados de ratos com restri¢do de proteina fetal (Reusens et al., 2008). Em
ratos Zucker obesos, a melhora na expressao protéica de varias subunidades mitocondriais da

cadeia respiratdria no hipotdlamo leva a uma hipersensibilidade de glicose neural, o que prejudica
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a sinalizacdo redox e promove stress oxidativo e danos hipotalamicos (Colombani et al., 2009).
De acordo com os nossos resultados (Tab 6, aritgo 2), os grupos DHL também tiveram um
aumento na expressdo de genes relacionados com a resposta a proteina que auxiliam o
enovelamento de outras proteinas e ao stress de reticulo. Esta via estd envolvida na
dessensibilizacdo de leptina no hipotdlamo, o que pode aumentar os niveis de mRNA de NPY e
AgRP, promovendo hiperfagia (Ozcan et al., 2009).

A Tau apresenta propriedades antioxidantes que regula a fungdo mitocondrial. A
suplementagdo com Tau normalizou a expressdo de genes envolvidos no cilco de krebs, glicdlise,
defesa celular, crescimento celular e proliferacdo em ilhotas pancredticas fetais proveniente da
prole materna submetida a restricdo protéica gestacional (Reusens et al., 2008). Em células PC12,
a Tau diminuiu a ativagdo do estress de reticulo induzida por peréxido (Pan et al., 2010). A Tau
também reduziu a producdo de superéxido na mitocOndria de cardiomidcitos, aumentando a
atividade de transporte de elétrons da cadeia (Jong et al., 2012). Camundongos desnutridos
suplementados com Tau mostraram melhora no equilibrio redox, na sinaliza¢do da insulina no
figado e uma reducdo dos marcadores de stress de reticulo, como p-PERK e BIP (Batista et al.,
2013a, Batista et al., 2013b, Capelli et al., 2013). Em acordo com os estudos mencionados,
nossos resultados mostram que a suplementacio de Tau diminui a expressdo dos genes
relacionados a resposta a proteina que auxiliam o enovelamento de outras proteinas, a apoptose e
a via de estress de reticulo no hipotdlamo de camundongos CHT e RHT (Tab 5 e 6, artigo 2), o
que pode contribuir para melhora na inalizag¢do da leptina nestes grupos.

ApOs a caracterizagdo da tolerancia periférica a glicose, da sensibilidade hipotalamica da
insulina, da sinalizacdo hipotalamica da leptina, da andlise do consumo alimentar e dos niveis de
expressdo dos neuropeptideos hipotaldmicos controladores do consumo e gasto energético,
resolvemos estender nossas andlises para avaliar a taxa metabdlica basal e o gasto energético em
nosso modelo de estudo. Para isso, realizamos experimento de calorimetria indireta, andlise da
atividade locomotora espontanea e também avaliamos o nivel de expressao protéica da UCP-1 no
TAM. Os resultados referentes a estes experimentos fazem parte do terceiro artigo cientifico, que
encontra-se na fase de finalizacdo dos experimentos.

Resultados referentes a calorimetria indireta indicam uma diminuicio do QR em
camundongos submetidos a DHL em ambos os grupos, tanto no periodo claro quanto no periodo

escuro (Fig 1 C e D). Além disso, houve aumento no QR durante o periodo escuro apenas nos
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grupos controle e submetidos a desnutricdo protéica, indicando perda da flexibilidade metabdlica
nos grupos alimentados com DHL (Fig 1 C e D). Ainda, camundongos do grupo R, durante o
periodo escuro, apresentam um aumento no QR quando comparado ao grupo controle no mesmo
periodo (Fig 1 E).

Nossos dados mostram que animais do grupo controle apresentam um QR préximo de 1.0,
indicando uma maior oxida¢do de carboidratos. Esses animais apresentam variacdes no QR
durante o periodo claro e escuro, sendo maior neste dltimo periodo. Por outro lado, camundongos
alimentados com DHL possuem QR préximo de 0.7, indicando preferéncia em oxidar mais
lipideos. Além disso, esses animais perderam o padrao oscilatério do QR entre o periodo claro e
escuro, estando associado a perda da flexibilidade metabdlica em oxidar substratos energéticos.

Estudos na literatura corroboram com nossos resultados, uma vez que o QR de animais
nao obesos fica proximo de 1.0 e apresentam perfil de variacdo durante o periodo claro e escuro,
sendo mais elevada durante a noite (Kirchner et al., 2012; Longo et al., 2009). Além disso, o QR
de animais obesos por DHL fica proximo de 0.7, além de ndo apresentar variagdes entre o
periodo claro e escuro, caracterizando dessa forma a perda da sua flexibilidade metabdlica
(Kirchner et al., 2012; So et al., 2011; Longo et al., 2009).

Dados na literatura mostram um aumento no GE apenas durante as 2 primeiras semanas
em animais alimentados com DHL, permanecendo inalterado apds 8 semanas de dieta (So et al.,
2011). Outros trabalhos mostram que ratos submetidos a DHL ndo apresentam diferengas no
gasto energético de repouso durante 2 ou 5 semanas de dieta (Fam et al., 2007). Por outro lado,
Kirchner et al (2012) observaram um aumento no GE de camundongos submetidos a DHL por 14
semanas, porém quando esses animais foram alimentados com DHL apenas durante o periodo
claro, ndao houve diferenca no GE (Kirchner et al., 2012). Nossos dados indicam uma diminui¢ao
do GE nos grupos CH e CHT apenas durante o periodo claro, favorecendo aumento no ganho de
peso nesses animais (Fig 2C). Todavia, durante o periodo escuro, camundongos DHL possuem
um aumento do GE, indicando uma forma compensatéria de gastar o excesso de energia
adquirida pelo consumo de DHL (Fig 2C).

ApOs os experimentos de calorimetria indireta, resolvemos prosseguir com a avaliacdo do
gasto energético através da andlise molecular da expressdo protéica mitocondrial da UCP1 no
TAM. O TAM tem como funcio principal fornecer energia na forma de calor e o papel da UCP1

nesse tecido € de desacoplar a cadeia respiratdria na mitocondria para producdo de calor.
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O excesso de comida ou de ingestdo caldrica em animais que consomem DHL
proporciona uma maior atividade da UCP1 e tal resposta fisioldgica € referida como termogénese
induzida por dieta, sendo um tipo de mecanismo utilizado para dissipar o excesso de energia
adquirida como calor (Okamatsu-Ogura et al., 2011). Assim como nos nossos resultados (Fig 3 A
e B), ratos obesos por DHL apresentam também um aumento na UCP1 no TAM, mostrando uma
resposta termogénica adaptativa induzida por DHL (So et al., 2011). Além disso, camundongos
machos submetidos a DHL possuem uma maior capacidade oxidativa do TAM e aumento da
expressdo da UCPI1, consequentemente uma maior protecdo contra a obesidade e resisténcia a
insulina em relagdo as fémeas (Nadal-Casellas et al., 2013).

Por dltimo, avaliamos a atividade locomotora espontanea no modelo em estudo. Para isso,
os camundongos foram transferidos para gaiolas especiais com sensores de movimentacao
horizontal e vertical.

Alguns estudos mostram que animais submetidos a DHL apresentam uma diminui¢do na
atividade locomotora e aumento do GE (Kirchner et al., 2012; Longo et al., 2010). Corroborando
com nossos resultados (Fig 4 C e D), outros trabalhos mostram que a menor atividade locomotora
em animais obesos € observada apenas durante o periodo noturno, sendo igual durante o dia (So
et al., 2011). Trabalhos com ratos apontam um aumento na atividade locomotora apds 2 semanas
de tratamento com DHL, diminuindo apenas apds 5 semanas de dieta (Fam et al., 2007). Sabe-se
que a infusdo icv de taurina € capaz de reduzir a atividade locomotora espontanea quando
analisada apenas por periodo de 90 minutos, ndo diferindo quando avaliada por 30 minutos
(Solon et al., 2012), entretanto em nosso estudo ndo foi observado nenhuma alteracdo na
atividade locomotora espontanea quando analisado durante o periodo claro ou escuro.

Em resumo, camundongos submetidos a desnutricdo protéica apresentam um aumento do
NPY e AgRP, sugerindo uma adaptacdo neuroenddcrina desses neuropeptideos hipotalamicos,
culminando com maior consumo alimentar, no intuito de tentar suprir o aporte de proteina na
dieta. Apesar disso, a hiperfagia apresentada nesses animais ndo € suficiente para restabelecer o
nivel protéico adequado. Nossos resultados corroboram com achados na literatura referentes aos
animais alimentados com DHL a longo prazo, uma vez que em 8 semanas de DHL, camundongos
obesos apresentam diminui¢do no nivel de expressdo génica dos neuropeptideos hipotalamicos
orexigénicos € um aumento nos anorexigénicos. Além disso, nossos resultados dao suporte a

teoria de que uma vez obeso, esses animais apresentam uma resisténcia hipotalamica a insulina e

96



a leptina e possuem tendéncia em frear o consumo alimentar e consequentemente o peso corporal,
no intuito de prevenir possivel piora no quadro de obesidade. Animais suplementados com
taurina tiveram uma diminui¢do dos neuropeptideos orexigénicos e aumento dos anorexigénicos,
fazendo com que haja uma diminui¢do no excesso do consumo calérico em animais DHL, além
de restabelecer a sinalizacdo hipotlamica a leptina. Além disso, nossos resultados também
mostram um comprometimento do gasto energético em animais obesos através da andlise de

calorimetria indireta e da atividade locomotora espontanea.
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12.1 SUMARIO E CONCLUSOES

Com base nos resultados apresentados no presente estudo, podemos concluir que:

v A desnutri¢do protéica aumentou a expressdo dos neuropeptideos orexigénicos e diminuiu
a do anorexigénico CART, sugerindo adapta¢do neuroenddcrina em aumentar o consumo
alimentar, no intuito de tentar suprir a caréncia de proteina na dieta;

v’ Apés a instalagio da obesidade, houve diminui¢io na expressio génica dos
neuropeptideos hipotaldmicos orexigénicos € um aumento dos anorexigénicos, sugerindo
um mecanismo de frear o consumo alimentar € uma possivel piora no quadro de
obesidade;

v A suplementagiio com Tau em animais obesos reestabeleceu alguns padrdes metabdlicos
como peso corporal, indice de Lee e a adiposidade. Os niveis plasmaticos de insulina,
glicose e colesterol, além do excesso no consumo de calorias foram restabelecidos apenas
em animais controles DHL;

v Animais suplementados com Tau tiveram diminui¢do dos neuropeptideos orexigénicos e
aumento dos anorexigénicos, propiciando diminui¢do no excesso do consumo caldérico em
animais controle DHL;

v A interveng¢do com Tau propiciou melhora na sensibilidade hipotalimica a insulina em
animais controle submetidos a DHL, além de uma melhora na sinalizagc@o hipotalamica da
leptina em animais DHL em ambos os grupos;

v" Camundongos submetidos a desnutricdo protéica possuem preferéncia em oxidar
carboidratos e os alimentados com DHL uma preferéncia em oxidar lipideos como
principal fonte energética;

v' Houve uma perda da flexibilidade metabdlica entre o periodo claro e escuro em
camundongos obesos alimentados com DHL;

v Camundongos obesos apresentam diminui¢do do gasto energético durante o dia,
propiciando maior estoque de energia como gordura, ficando inalterados no periodo
noturno;

v A desnutri¢do protéica, bem como a obesidade desencadearam aumento da termogénese

no TAM;
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Diantes das conclusdes podemos afirmar que a suplementacdo com Tau melhora alguns
padrdes metabdlicos prejudicados por DHL, principalmente em relacdo a sensibilidade a insulina
e sinalizagdo da leptina no hipotdlamo. Entretanto, animais submetidos a desnutricdo protéica
possuem uma maior dificuldade de adapta¢do quando os mesmos recebem DHL na vida adulta,

aumentando a suscetibilidade desses animais as morbidades associadas a esse tipo de dieta.
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Chapter 10
Effects of Taurine Supplementation Upon Food
Intake and Central Insulin Signaling

in Malnourished Mice Fed on a High-Fat Diet

Rafael L. Camargo, Thiago M, Batista. Rosane A. Ribeiro, Licio A. Velloso,
Antiénio U. Boschero. and Everardo M. Carneiro

Abstract Feeding behavior is a major determinant of body composition, adiposity,
and glucose homeostasis. Both obesity and malnutrition are risk factors for the meta-
bolic syndrome and are associated with altered food intake. Here we assessed the
effects of taurine (TAL) supplementation upon adiposity, food intake, and central
insulin signaling in malnourished mice fed on a high-fat diet (HFD). Weaned male
C57BL/6 mice were fed a control (14% protein-C) or a protein-restricted (6% pro-
tein-R ) diet. After & weeks, both groups received or not HFD for 8 weeks (CH and
RH). Half of the HFD groups were supplemented with 5% TAU (CHT and RHT).
Both HFD groups were overweight and showed increased perigonadal and retroperi-
toneal fat pads. TAU supplementation attenuated obesity in CHT but not in RHT
mice. HFD induced hypercholesterolemia and glucose intolerance, although only
CH group presented fasting hyperglveemia. TAU supplementation also improved
glucose homeostasis only in CHT mice. Western blot analysis showed a reduction of
55% in CH hypothalamic content of phosphorylated IRS-1 (pIRS-1) at basal condi-
tion compared with C. TAU treatment increased 35% Akt phosphorylation levels in
CHT without modification in RHT hypothalamus. However, TAU supplementation
did not alter hypothalamic pIRS-1 amount. CH and RH mice presented increased
calorie intake that was normalized in CHT but not in RHT. In conclusion, mice fed
on an HFD developed obesity, hypercholesterolemia, glucose intolerance, and
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Abstract

Feeding behavior is a major determinant of body composition, adiposity, and glucose homeostasis. Both obesity and malnutrition are risk factors for
the metabolic syndrome and are associated with altered food intake. Here we assessed the effects of taurine (TAU) supplementation upon adiposity,
food intake, and central insulin signaling in malnourished mice fed on a high-fat diet (HFD). Weaned male C57BL/6 mice were fed a contral (14%
protein-C) or a protein-restricted (6% protein-R) diet. After 6 weeks, both groups received or not HFD for § weeks (CH and RH). Half of the HFD groups
were supplemented with 5% TAL (CHT and RHT). Both HFD groups were overweight and showed increased periganadal and retropentoneal fat pads.
TAU supplementation attenuated obesity in CHT but nat in RHT mice. HFD induced hyperchaolesterolemia and glucese intalerance, although anly CH
group presented fasting hyperglycemia. TAU supplementation also improved glucose homeostasis only in CHT mice. Westem blot analysis showed a
reduction of 55% in CH hypothalamic content of phosphorylated IRS-1 (pIRS-1) at basal condition compared with C. TAU treatment increased 35%
Akt phosphorylation levels in CHT without modification in RHT hypothalamus. However, TAU supplementation did nat alter hypothalamic plRS-1
amount. CH and RH mice presented increased calorie intake that was nermalized in CHT but not in RHT. In conclusion, mice fed on an HFD
developed obesity, hypercholesterolemia, glucose intolerance, and increased calorie intake. TAU promoted increased hypothalamic insulin action
only in CH mice which was linked to prevention of overfeeding, obesity, and glucose intolerance. Protein-restriction promoted metabolic damages that
were not prevented by TAU supplementation.
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