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“ Existe somente uma idade para a gente ser feliz,somente uma época na vida
de cada pessoa em que é possivel sonhar e fazer planos e ter energia bastante
para realiza-los a despeito de todas as dificuldades e obstaculos. Uma so idade
para a gente se encontrar com a vida e viver apaixonadamente e desfrutar tudo
com toda intensidade sem medo nem culpa de sentir prazer. Fases douradas em
que a gente pode criar e recriar a vida a nossa propria imagem e semelhanga e
vestir-se com todas as cores e experimentar todos os sabores e entregar-se a
todos os amores sem preconceito nem pudor. Tempo de entusiasmo e coragem
em que todo desafio é mais um convite a luta que a gente enfrenta com toda
disposicdo de tentar algo novo, de novo e de novo, e quantas vezes for preciso.
Essa idade tdo fugaz na vida da gente chama-se presente e tem a duragdo do

instante que passa.”

-Mario Quintana
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Os neurdnios serotoninérgicos, presentes no cérebro desde o inicio do desenvolvimento,
estabelece diversos e complexos fenotipos celulares e interagdes neurais dentro da arquitetura
dindmica do cérebro. E evidente que o sistema serotoninérgico e suas propriedades plasticas
sejam cruciais para a capacidade do cérebro de se integrar adequadamente com os Orgaos
periféricos do corpo bem como, com o ambiente externo. Neste sentido, estudos
experimentais mostram que a super estimulagdo ou depressdo dos sistemas de
neurotransmissores, durante periodos criticos do desenvolvimento, resulta em alteragdes de
componentes cerebrais e que o desenvolvimento do sistema serotoninérgico podera ter
prejuizos permanentes. No entanto, ainda sdo escassos os estudos que associem essas
alteracdes do sistema serotoninergico com o desequilibrio energético e o controle de peso
corporal. Neste trabalho avaliamos os efeitos cronicos da utilizagdo de inibidor seletivo de
recaptacdo da serotonina sobre o controle do balango energético e da bioenergética
mitocondrial em tecidos central e periféricos de ratos. Em nosso estudo observamos que o
tratamento com fluoxetina (grupo Fx) promoveu uma redu¢do no ganho de peso, associado a
um menor percentual (25%) de massa gorda, mas nenhuma diferenca na ingestao de alimentos
na lactacdo e pds desmame. Nao observamos diferencas entre os grupos nas avaliagdes de
medidas basais da atividade locomotora livre e temperatura corporal. Porém, apds estimulo
térmico (-15°C) observamos que o grupo fluoxetina perdeu 30% menos calor quando
comparado ao grupo controle. Avaliando a bioenergética mitocondrial no hipotalamo,
musculo extensor longo dos dedos e tecido adiposo marrom observamos um aumento do
consumo de oxigénio, reducdo da produgdo das espécies reativas de oxigénio e nenhuma
inducdo de estresse oxidativo em todos os tecidos estudados. Adicionado a esses resultados,
no tecido adiposo marrom do grupo fluoxetina observamos um retorno da respiragao
mitocondrial aos niveis similares ao grupo controle ap6s adi¢cdo de GDP (inibidor de proteinas
desacopladoras-UCP), como também um aumento de 23% na expressdo da proteina UCP-1.
De forma geral, nossos resultados sugerem que a exposi¢ao precoce a fluoxetina reduz o
ganho de peso associado a uma modulacdo positiva da fungdo mitocondrial, o que
possivelmente reduziria o risco para o aparecimento e desenvolvimento de doengas na vida
adulta.

Palavras-chaves: Fluoxetina. Respiracio celular. Estresse oxidativo, Lactacdo. Serotonina.
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The serotonergic neurons present in the brain since the beginning of development, establishes
several complex interactions within the dynamic architecture of the brain. The serotoninergic
system and its plastic properties are crucial to the ability to integrate central and peripheral
organs with the external stimulus. In this sense experimental studies have shown that the over
stimulation or depression of neurotransmitter systems during critical period of development,
results in changes in brain’s components and may induce permanent damage in serotonergic
system. However there are still few studies that link these changes to energy imbalance and
body weight control. In this study we evaluate the effects of chronic use of selective serotonin
reuptake inhibitor in the control of energy balance and mitochondrial bioenergetics in central
and peripheral rat tissues. In our study we observed that treatment with fluoxetine (Fx group)
induces reduction in weight gain, coupled with a lower percentage (25%) of body fat, but no
difference was observed on food intake during lactation and post-weaning. No differences
were observed on free locomotor activity and thermogenesis without stimulus. However, after
thermal stimulation (-15 °C) was observed that the fluoxetine group lost 30% less energy than
Control group. Evaluating the mitochondrial bioenergetics in the hypothalamus, extensor
digitorum longus muscle and brown adipose tissue was observed an increase in oxygen
consumption, reduction in reactive oxygen species production and no induction of oxidative
stress in all tissues. Added to these results in brown adipose tissue from fluoxetine group we
observe a return to control levels in mitochondrial oxygen consumption after addition of GDP
(inhibitor of UCP) and also we verified that fluoxetine treatment increases protein expression
of UCP-1 by 23%. Overall our results suggest that early exposure to fluoxetine reduces
weight gain associated with up regulation of mitochondrial bioenergetics, which might reduce

the risk for the onset and development of diseases later in life.

Keywords: Fluoxetine. Cellular respiration. Oxidative stress, Lactation. Serotonin.
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1 APRESENTACAO

O conceito de que estimulos ambientais transmitidos a um organismo em
desenvolvimento tém a capacidade de afetar seus perfis de desenvolvimento de curto e longo
prazo ¢ intuitivamente atraente e, mais importante, apoiada por um crescente corpo de
evidéncias experimentais e observacionais que pde em questdo se alteragdes no sistema
serotoninérgico estariam envolvidos com doencas metabolicas na vida adulta. As doencas
metabolicas agrupam as patologias que mais matam no mundo. Dentre elas esta a obesidade,
considerada um importante fator de risco para uma série de doengas cronicas, como diabetes
tipo II e eventos cardiovasculares adversos.

O desenvolvimento do sistema nervoso durante os periodos pré- e pos-natal parece ser
particularmente vulneravel ao excesso ou deficiéncia de mediadores quimicos. A serotonina
por surgir muito precocemente durante o desenvolvimento e por atuar na morfogénese de
estagios iniciais da vida, assume papel determinante na regulagdo de numerosas funcdes
fisioldgicas, dentre elas a regulagdo da ingestdo e dispéndio de energia. Estudos mostram que
a utilizacdo de inibidores seletivos de recaptagdo de serotonina, pode promover alteragdes
morfolégicas, funcionais e neuroquimicas em componentes cerebrais e que o
desenvolvimento do sistema serotoninérgico podera ter prejuizos permanentes. A fluoxetina ¢
um farmaco amplamente comercializado para o tratamento de disturbios neurolédgicos, tais
como a depressdo e ansiedade e age na fenda sindptica dos neurdnios inibindo de forma
seletiva a proteina de recaptagdo da serotonina e desta forma, aumentando a concentra¢do na
fenda sindptica desse neurotransmissor. Apesar de alguns achados, pouco se sabe sobre as
consequéncias do uso cronico dos inibidores seletivos de recaptagdo de serotonina, durante o
desenvolvimento, associando ao metabolismo energético do individuo.

As multiplas fungdes da serotonina durante toda a vida do cérebro (desenvolvimento e
envelhecimento) sdo bastante intrigantes. Alguns autores relacionam as concentragdes de
serotonina no sistema nervoso ao estresse oxidativo celular, e mostram resultados bastante
divergentes a depender do periodo de manipulagdo e do tecido avaliado. O estresse oxidativo
tém sido correlacionado a grande ntimero de doencas, indicando que as espécies reativas de
oxigénio participam diretamente dos mecanismos fisiopatolégicos que determinam a
continuidade e as complicagdes presentes nestes processos. O encéfalo se torna um 6rgao

muito sensivel ao estresse oxidativo, devido aos baixos niveis de antioxidantes, altos niveis de
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acidos graxos polinsaturados e da grande necessidade de oxigénio nas reacdes
neurobioquimicas.

Diante do exposto, propomos neste trabalho que o bloqueio da proteina de recaptacao
da serotonina, em periodos precoces do desenvolvimento, promove adaptacdes neuroquimicas
no sistema nervoso que induzem alteragdes no balanco oxidativo mesmo apos
descontinuidade do tratamento. Neste sentido levantamos as seguintes hipdteses: A redugao
no ganho de peso corporal promovida pela inibi¢do da recaptacdo da serotonina durante o
periodo perinatal ¢ definida por aumento do dispéndio energético associado ao aumento da
funcdo respiratéria mitocondrial e; A exposi¢do cronica ao inibidor seletivo de recaptacao de
serotonina, promove reducdo nas concentragdes de espécies reativas de oxigénio no
hipotalamo, tecido adiposo marrom e no musculo extensor longo dos dedos.

Para comprovar nossas hipodteses tivemos como:

» Objetivo Geral- Avaliar, em ratos, os efeitos da inibicdo cronica de recaptagcdo da
serotonina durante a lactacdo sobre os mecanismos de controle do balango energético
e bioenergética mitocondrial.

» Objetivos Especificos- Avaliar in vivo, aos 40 dias de vida, o peso corporal, consumo
alimentar de 24 horas pds natal, niveis de atividade voluntaria durante 24 horas;
temperatura corporal basal e apds estimulo térmico; Avaliar post mortem, aos 60 dias
de vida, a quantidade de tecido branco retroperitoneal e tecido adiposo marrom
interescapular; o consumo de oxigénio mitocondrial, a capacidade da abertura do poro
de transicdo de membrana mitocondrial, a producdo de espécies reativas de oxigénio, a
peroxidagdo lipidica, a atividade de enzimas antioxidantes do hipotalamo, tecido
adiposo marrom e no musculo extensor longo dos dedos e a expressdo proteica de

UCP-1 no tecido adiposo marrom.

Esta tese deu origem a trés artigos cientificos que foram submetidos a publicagdo. O
primeiro  intitulado  “FLUOXETINE TREATMENT OF RAT NEONATES
SIGNIFICANTLY REDUCES OXIDATIVE STRESS IN THE HIPPOCAMPUS AND IN
BEHAVIORAL INDICATORS OF ANXIETY LATER IN POSTNATAL LIFE” foi
submetido e aceito na revista Canadian Journal Physiology and Pharmacology (Qualis B1
em Nutricdo). Este artigo teve como objetivo investigar os efeitos do tratamento com
fluoxetina em relagdo a comportamentos alimentar e de ansiedade, juntamente com a analise
do balanco oxidativo. O segundo artigo intitulado “EFFECT OF FLUOXETINE
TREATMENT ON MITOCHONDRIAL BIOENERGETIC IN CENTRAL AND
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PERIFERIC RAT TISSUES” foi submetido a revista Applied Physiology, Nutrition and
Metabolism (Qualis A2 em Nutri¢do). Nosso segundo artigo original teve como objetivo
investigar os efeitos da exposi¢cdo cronica ao inibidor seletivo de recaptagdo da serotonina
durante a lactacdo sobre a bioenergética mitocondrial em tecidos central e periférico
envolvidos com o balango energético de ratos. O terceiro artigo intitulado “NEONATAL
MANIPULATION OF THE SEROTONIN ALTERS ENERGY BALANCE:
PARTICIPATION OF MITOCHONDRIA AND UCP IN BROWN FAT TISSUE”, foi
submetido a revista Biochimica et Biophysica Acta- Bioenergetics (Qualis A1 em Nutricdo).
Este artigo teve como objetivo investigar os mecanismos responsaveis pela redu¢do de ganho

de peso em ratos tratados com fluoxetina durante o periodo lactacional.
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2 REVISAO DA LITERATURA

2.1 Serotonina na regulacdo central e periférica do balango energético

A serotonina ou 5-hidroxitriptamina ou 5-HT, foi descoberta desde o ano de 1930
quando Erspamer comecou a estudar a distribuicdo de um tipo celular, chamada células
enterocromafins, que se coravam com um reagente para indois. As maiores concentragdes
foram observadas na mucosa gastrointestinal e em seguida nas plaquetas e no Sistema
Nervoso Central (SNC) (Erspamer, 1986). A esta substancia, eles chamaram de enteraminas.
Pager e colaboradores foram os primeiros a isolar e caracterizar quimicamente essa substancia
que atuava de forma vasoconstrictora e era liberada pelas plaquetas no sangue no processo de
coagulagdo. Eles a denominaram entdo de serotonina ou simplesmente 5-HT (Rapport et al.,
1948). Contudo s6 em 1976, Pager demonstrou ser, a serotonina, a mesma substancia
encontrada por Erspamer em 1930.

Os neurodnios serotoninérgicos sdo encontrados numa ampla variedade de organismos.
Nos mamiferos, estdo entre os primeiros neurdnios que sdo diferenciados durante o
desenvolvimento, ¢ compreendem uma complexa rede neuronal distribuidos no cérebro
(Mazer et al., 1997; Lesch e Waider, 2012). Véarios dados experimentais indicam que a 5-HT
pode atuar como uma via de sinalizagdo encefilica do feto durante periodos criticos de
desenvolvimento. Reconhece-se que a 5-HT ¢ sintetizada no inicio do periodo embriondrio e
0s seus receptores sdo expressos precocemente. O encéfalo do feto recebe além da 5-HT
endogena aquela proveniente da placenta da mae, enfatizando ainda mais a importancia da 5-
HT no desenvolvimento embrionario precoce do cérebro. A contribuicdo dessas interagdes
materno-placentario-fetal parece ser critica para a formagdo de circuitos cerebrais e para as
suas fungdes a longo prazo (Sullivan ef al., 2011). Estudos utilizando modelos genéticos em
ratos revelam que os niveis excessivos de 5-HT no encéfalo alteram o correto
desenvolvimento do cortex somatosensorial (Cases et al., 1996; Persico et al., 2001; Dayer,
2014). Por outro lado, a deplecdo de 5-HT no cérebro leva a defeitos comportamentais e
funcionais no SNC (Hendricks et al., 2003; Savelieva et al., 2008; Alenina et al., 2009). Estes
dados sugerem que as alteracdes dos niveis de 5-HT durante o desenvolvimento do SNC
produzem alteragdes permanentes em circuitos serotonérgicos afetando as corretas atividades

cerebrais.
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Apenas 2% da 5-HT ¢ produzida no SNC, nos nticleos da rafe, localizados no tronco
encefalico (Nasyrova et al., 2009). Nos seres humanos, assim como na maioria das outras
espécies de mamiferos, a 5-HT pode ser sintetizada a partir do aminodcido essencial
triptofano. A primeira etapa de sua sintese pode ocorrer por acdo de duas enzimas distintas, a
triptofanohidroxilase (TPH) 1 e 2 (Cote et al., 2007). A TPHI est4 localizada na glandula
pineal e células enterocromafins do intestino sendo responsavel por sintetizar a maior parte da
serotonina encontrada no organismo. A TPH2, que ¢ restrita aos neurdnios dos nucleos da rafe
e do sistema nervoso entérico, ¢ responsavel pela sintese do restante da serotonina (Erspamer,
1954; Hoyer et al., 2002). Na primeira etapa, o aminoacido essencial ¢ hidroxilado pela
enzima TPH tendo como produto o S5-hidroxitriptofano (5-HTT). Na sequéncia, o 5-
hidroxitriptofano ¢ descarboxilado pela triptofano descarboxilase, formando a 5-HT (Clark et
al., 1954).

No cérebro de mamiferos os neurdnios serotoninérgicos exercem os seus efeitos
através de 20 subtipos de receptores que sdo agrupados em sete classes distintas (5-HT; a 5-
HT7) com base nas propriedades farmacolodgicas, nas sequéncias de aminoacidos, organiza¢ao
de genes e nas vias acopladas de segundo mensageiro (Hoyer et al., 1994; Gellynck et al.,
2013; Volpicelli et al., 2014). Os tipos e subtipos de receptores da 5-HT estdo acoplados a
diferentes mecanismos de sinalizacdo transmembrana e diversos sdo os fatores que
determinam a intensidade e duracdo da sinalizagdo desses receptores, sendo a quantidade de
5-HT liberada na fenda sinaptica o principal deles (Cerrito e Raiteri, 1979).

A acdo da 5-HT pode ser finalizada por sua recaptura da fenda sinaptica ao botdo pré-
sinaptico, através de proteinas transportadoras localizadas na membrana de neurdnios pré-
sindpticos. Essas proteinas transportadoras sdo alvo de alguns farmacos utilizados para
aumentar a concentragdo de 5-HT para o processo de neurotransmissdo (Wong e Bymaster,
1995). Uma vez no espaco intracelular a 5-HT pode ser metabolizada a partir da agdo da
monoamina oxidase (MAO), uma flavoenzima localizada na membrana das mitocondrias
(Sandler et al., 1981). Existem dois tipos de MAO, a MAO-A e B. A primeira ¢ responsavel
pela metabolizagdo da 5-HT encefalica. A MAO-B age primordialmente sobre a 5-HT
periférica (plaquetas, células enterocromafins). A 5-HT sofre acdo da MAO formando o
aldeido S5-hidroxindolacetaldeido que por sua vez pode ser convertido em 4acido 5-
hidroxiindolacético (5-HIAA) pela enzima aldeido desidrogenase ou por uma via alternativa
que consiste na sua redugao pela acdo da enzima aldeido redutase do acetaldeido a alcool, o 5-
hidroxitriptofol. No entanto, esta via ¢ normalmente insignificante. O 5-HIAA do cérebro e

dos locais periféricos de armazenamento e metabolismo da 5-HT ¢é excretado na urina
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juntamente com pequenas quantidades de sulfato de 5-hidroxitriptofol ou conjugados de
glicuronideos (Sandler ez al., 1981).

Dentre as fungdes da 5-HT esta a regulacdo do balango energético (Heisler et al.,
2006; Vickers et al., 2008). A manutencdo do balanco energético requer diversos ajustes
fisiologicos e comportamentais visando a obten¢do de energia, sua metabolizagdo e seu
armazenamento (Williams et al, 2012; Jeong et al, 2014). Diversos sinais do estado
nutricional e do nivel de energia do organismo sdo integrados no SNC para produgdo de
respostas adequadas para manuten¢do da homeostase energética (Guyenet e Schwartz, 2012).
Em humanos, o estado das reservas energéticas ¢ sinalizado ao cérebro pelos sinais da
adiposidade e saciedade. Estes sinais modificam tanto as vias anabdlicas como as catabolicas,
alterando o comportamento de ingestdo alimentar e o tamanho da refeicdo de acordo com o
requerimento energético sinalizado (Grill, 2010; Abizaid e Horvath, 2012; Keen-Rhinehart et
al., 2013).

A energia que nosso corpo dissipa (gasto de energia) € representada pela soma de calor
interno produzido e do trabalho externo. O calor interno produzido, por sua vez, ¢ a soma da
taxa metabodlica basal e o efeito térmico dos alimentos e o trabalho externo, podendo ser
estimado pelo nivel de atividade fisica (Wynne et al., 2005). Uma populagdo de neuronios,
localizado no nucleo arqueado, que expressa o neuropeptideo proopiomelanocortina (POMC)
parece ter um papel especialmente importante na mediacdo de sinais do balanco energetico
por vias serotoninérgicas. O nucleo arqueado esta localizado numa regido altamente
vascularizada do hipotdlamo, imediatamente adjacente a eminéncia mediana, permitindo o
acesso a varios fatores circulantes (Cone ef al., 2001; Rodriguez et al., 2010). O hipotalamo ¢
constituido por varios nucleos, que corresponde a conjuntos de corpos de neurdnios dispersos
em uma rede de substancia branca (conjunto de axonios). Esta regido do SNC compreende um
centro integrador dos sinais de saciedade ou de fome provenientes do trato gastrointestinal, do
pancreas, do figado e ou do tecido adiposo (Morton ef al., 2006). Desta forma, os neurdnios
POMC, dentro do nucleo arqueado, desempenham um papel importante na integracdo de
estimulos periféricos (Williams e Elmquist, 2011). A 5-HT ¢ capaz de ativar esse conjunto
celular, através de receptores serotoninérgicos especificos, o 5-HT;g € »c, aumentando a
expressdo do neuropeptideo POMC nos neurdnios (Simansky, 1996; Halford and Blundell,
1996; Heisler et al., 2002; Berglund et al., 2013).

As populagdes de neurdnios hipotaldmicos que sintetizam POMC emitem projecdes
para neurdnios pré-ganglionares, localizados na coluna mediolateral da medula espinal, e

estes se comunicam com o musculo esquelético por meio de fibras pos-ganglionares
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simpaticas (Broberger, 2005). Ha evidéncias de quando esta via ¢ estimulada ocorrem
mudancas no metabolismo energético do musculo esquelético resultando em maior
disponibilidade de 4cidos graxos para serem oxidados através da f— oxidagdo mitocondrial
(Cha et al., 2005; Cha et al., 2006). Mais recentemente, estudos mostram que o hipotalamo
influencia no metabolismo dos triglicerideos (TG) através de sua inervacdo para o figado,
tedido adiposo marrom (TAM) e tecido adiposo branco (TAB), principalmente por vias
simpaticas do sistema nervoso autébnomo (Brito et al, 2007; Bruinstroop et al., 2012;
Geerling et al., 2014).

A dependéncia que os mecanismos de controle do balango energético tém do sistema
nervoso central, demonstra as vulnerabilidades do organismo durante o periodo critico do
desenvolvimento as informacdes ambientais e sua capacidade de adaptacdo a estimulos

diversos (Bellinger et al., 2004).

2.2 Mitocondria, UCPs, Estresse Oxidativo e Serotonina

A mitocondria ¢ uma organela celular importante, sendo responséavel por muitos processos
fundamentais para a obtencao de energia para a célula, como a B-oxidagdo de 4cidos graxos, o
Ciclo de Krebs e a Cadeia respiratoria (Brand e Nicholls, 2011). Todas as células contam com
um fornecimento externo de energia oriunda dos alimentos, como carboidratos e lipidios.
Esses combustiveis sdo transportados para as células e passam por uma série de reagdes
metabolicas. Na maioria dos casos, intermediarios metabdlicos das vias citosolicas sao
transportados para as mitocondrias onde ocorre a fosforilagdo oxidativa. A energia que ¢
liberada nesta via ¢ armazenada na forma de Adenosina Trifosfato (ATP), um intermediario
rico em energia que ¢ utilizado como a moeda energética em um grande repertorio de reagdes
(Hepple, 2014).

Nem toda a energia ¢ armazenada como ATP, por exemplo no tecido adiposo
marrom, a energia que ¢ derivada de combustiveis metabdlicos ¢ dissipada em um processo
que ¢ facilitado por um escape de prétons, liberando assim o calor. A regulag@o do escape de
protons neste tecido ¢ mediada pelas proteinas desacopladoras mitocondriais 1 (UCP1) que
estdo localizadas na membrana mitocondrial interna dos adipdcitos marrons (Krauss et al.,
2005). Desta forma, as proteinas desacopladoras mitocondriais (UCPs) desempenham um
papel proeminente na regulacdo da termogénese e balancgo energético (Adams, 2000; Silva et

al., 2005). A UCP1 ¢ um membro da familia do gene das UCPs, que contém dois homologos
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estreitamente relacionadas, a UCP2 e UCP3 (55% e 56% de homologia respectivamente)
(Hughes e Criscuolo, 2008). A UCP-1 ¢ o unico gene conhecido por ser expresso
exclusivamente no TAM sendo responsavel por até 5% do total de proteina mitocondrial neste
tecido (Brand et al., 1999). A UCP-2 ¢ expressa em vdrios tecidos (sistema nervoso central,
pancreas, coracdo, figado, entre outros) e a UCP-3 ¢é principalmente expressa no musculo
esquelético e no tecido adiposo marrom de humanos e roedores (Clapham et al., 2000; Toda e
Diano, 2014). O sistema serotoninérgico parece ter relacdo direta com a expressdo de genes
mitocondriais responsaveis pela producdo das proteinas desacopladoras mitocondriais
(UCPs). Em um estudo de Nonogaki et al. (2002) camundongos com mutacdo nos receptores
SHT,¢ apresentaram reduc¢ao no consumo de oxigénio e aumento nos niveis de RNAm UCP-2
no figado, tecido adiposo branco e musculo esquelético e redu¢do na expressdo do receptor
[3-adrenérgico. Esses resultados sugerem que alteracdo no receptor de 5-HT induz aumento
na adiposidade por modulacgdo de varios genes (Nonogaki et al., 2002).

Alguns estudos evidenciam que as UCPs podem atuar modulando a producdo de espécies
reativas de oxigénio (EROS) na mitocondria (Brand et al., 2002). A mitocondria ¢ uma das
principais fontes geradoras de EROS. Define-se como EROS toda espécie de oxigénio que
possui um ou mais elétrons desemparelhados. O elétron livre, que caracteriza a espécie
reativa, pode estar centrado em um atomo de hidrogénio, oxigénio, nitrogénio, carbono,
enxofre ou atomos de metais de transi¢do. Pelo fato da molécula de oxigénio ser um bi-radical
(possuir dois elétrons livres nos orbitais p antiligantes), o oxigénio reage preferencialmente
com moléculas de configuracdo eletronica semelhante. Como a maioria das biomoléculas nao
sdo bi-radicais, possuindo grande numero de ligagdes covalentes, o oxigénio fica impedido
(por restricdo de “spin”) de reagir com as mesmas, evitando assim que alvos celulares
importantes sejam lesados (Sies e Mehlhorn, 1986; Halliwell e Aruoma, 1991).

Uma via de formacao de espécies reativas de oxigénio consiste na redu¢do monoeletronica
do oxigénio a agua, na qual a entrada sequencial de elétrons na molécula de oxigénio
promove a formagao do radical superoxido (O;’) e que pela acdo das enzimas antioxidantes ou
reacdes com metais forma o peroxido de hidrogénio (H,O») e o radical hidroxila (OH) (Sies,
1991). O radical hidroxila ¢, entre as ROS conhecidas, uma das mais reativas, pois necessita
somente de mais um elétron para se estabilizar. Estas ROS para se estabilizarem devem doar
ou receber elétrons de uma ou mais moléculas, levando a oxida¢do de fosfolipidios de
membranas celulares e subcelulares, ou de proteinas e ou mesmo do DNA (Halliwell e

Aruoma, 1991). Portanto, a toxicidade do oxigénio, decorre da formagao de EROS que podem
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interagir com diversas biomoléculas, com o objetivo de se estabilizarem lesando diferentes
estruturas celulares (Greenwald, 1990).

Estudos evidenciaram que a patogénese de diversas doencas neurodegenerativas,
incluindo a doenga de Parkinson, doenca de Alzheimer, ataxia de Friedreich, esclerose
multipla e esclerose lateral amiotréfica, pode envolver a geracdo de EROS e/ou espécies
reativas de nitrogénio associada a disfun¢do mitocondrial (Gutteridge, 1993). Sob condigdes
fisiologicas normais as EROS exercem papel importante atuando nos mecanismos de reagdes
inflamatorias ou também como segundos mensageiros intracelulares mantendo diversas
funcdes celulares (Rosen et al., 1995; Blake et al., 1994). Assim, o equilibrio entre a
formagdo e a remoc¢do das EROS no organismo deve ser altamente regulado, de forma que as
reacdes e processos metabdlicos dependentes das mesmas possam ocorrer adequadamente
para a manutencao dos processos fisiologicos celulares (Blake et al., 1994).

O desequilibrio entre a formacao e a remo¢ao das EROS no organismo, decorrente da
diminui¢do dos antioxidantes endogenos ou do aumento da geracdo de espécies oxidantes,
gera um estado pré-oxidante que favorece a ocorréncia de lesdes oxidativas em
macromoléculas e estruturas celulares, inclusive podendo resultar na morte celular
(Gutteridge, 1993). Este tipo de lesdo oxidativa ¢ definida como estresse oxidativo, uma
condi¢do na qual ocorre um desequilibrio entre as concentracdes de espécies pro-oxidantes
em detrimentos das concentra¢des antioxidantes (Sies e Mehlhorn, 1986).

Neste contexto, os dois principais meios de defesa antioxidantes no organismo podem ser
divididos em dois grupos, enzimaticos e ndo enzimaticos. Os sistemas enzimaticos envolvem
vérias enzimas, tais como as enzimas do ciclo das glutationas, particularmente a glutationa
peroxidase e glutationa S-transferase. Outros sistemas enzimaticos de defesa antioxidantes
operando em conjunto com as enzimas citadas anteriormente incluem a superéxido dismutase
(SOD), dependente de Cu*" e Zn*" como cofatores, onde cataliza a dismutagdo do radical
superoxido em peroxido de hidrogénio (H,0,) e oxigénio, bem como a catalase, que converte
peroxido de hidrogénio em agua e oxigénio molecular (Meister e Anderson, 1983).

Na literatura ja existem relatos da relacdo entre concentracdes de serotonina e estresse
oxidativo, no entanto, esses mostram resultados bastante divergentes. Os modelos
experimentais que alteram as concentragdes de serotonina, utilizando Inibidores Seletivos de
Recaptacao (ISRS), mostraram que a acdo deste farmaco foi capaz de reduzir os niveis de
EROS, agindo pois, como agente antioxidante (Khanzode et al., 2003; Zafir et al., 2009;
Ahmad et al., 2010; Moretti et al., 2012). Em outro estudo, os autores mostram que ratos

adultos expostos a fluoxetina apresentam uma produgdo elevada de EROS e que o sistema de
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defesa antioxidante no figado estd afetado. Os autores sugerem que isso possivelmente ocorra
porque o figado ¢ o local de metabolizagdo da fluoxetina, o que aumentaria os niveis de
metabolitos ativos da 5-HT e lesdo tecidual (Inkielewicz-Stepniak, 2011). Além destes
trabalhos, foi demonstrado que a utilizagdo cronica de fluoxetina promoveu aumento nos
indicadores de apoptose e na fragmentagdo do DNA também no figado (Djordjevic et al.,
2011). Em outro estudo trabalhando com os antidepressivos clomipramina, norfloxetina e
desipramina, mas em cultura de células cardiacas, os pesquisadores demonstraram que 0s
antidepressivos promoveram aumento da morte celular por apoptose, e atribuem esse dano ao
rompimento da fun¢do mitocondrial resultante da inibicdo de varios complexos enzimaticos
(Abdel-Razaq et al., 2011). Por fim, em um estudo com o bago, os autores sugerem que a
fluoxetina apds um tratamento de 14 dias nao altera os sistemas de defesa nem a peroxidagao
lipidica neste 6rgao (Kirkova et al., 2010).

A partir das evidéncias existentes observamos que os dados a respeito do papel da
serotonina em relacdo ao estresse oxidativo celular ainda ndo foi totalmente elucidado. Em
adicdo, até onde verificamos nenhum estudo com animais de experimentagdo foi realizado
com o intuito de investigar o papel da serotonina durante o desenvolvimento sobre a func¢ao
mitocondrial no que concerne 4 produgdo de espécies reativas de oxigénio em tecidos chaves
no controle do metabolismo energético como hipotalamo, tecido adiposo marrom e musculo
esquelético.

Diante do exposto nessa revisdo, ¢ necessario um maior entendimento a cerca dos
mecanismos de controle do balanco energético a fim de gerar mais subsidios para futuras
acdes intervencionistas que resultem na redugdo do nimero de individuos acometidos por

doencgas metabolicas.
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3 MATERIAIS E METODOS

3.1 Animais

Foram utilizados ratos da linhagem Wistar, sendo oito fémeas e oito machos
provenientes da colonia do Departamento de Nutrigdo da Universidade Federal de
Pernambuco. Os filhotes machos (n=64) oriundos do acasalamento entre os animais adultos
foram utilizados no presente estudo.

Os animais foram obtidos através de critérios (idade, peso e grau de parentesco) pré-
estabelecidos, o que implicou em um trabalho sob ambiente controlado e padronizado.
Contudo, para evitar contaminagdes e interferéncias nos experimentos, além de ter o bem
estar do animal como prioridade, foi estabelecido um padrdo sanitario definido (Faria, 1998;
Chorilli et al., 2007).

As fémeas, para acasalamento (peso corporal de 220-250g) foram abrigadas em
biotério sob condi¢des padrido de temperatura, ilumina¢do e umidade com agua e comida
(dieta Labina — Purina S/A durante todo experimento) ad /ibitum. Em se tratando do controle
da temperatura, sabe-se que a sinergia com a umidade do ambiente promove o equilibrio
térmico do animal. As mudancas nesses padroes levam a respostas adaptativas com alteragdes
comportamentais, fisioldgicas e metabolicas. A maioria dos animais de laboratério apresenta
sudoracdo insignificante e usa taquipnéia como mecanismo de adaptacdo frente ao calor. A
temperatura e a umidade foram seguidas segundo a recomendagao para os ratos de laboratdrio
sendo de 20-24°C e 60% +/- 10%, respectivamente (Van Zutphen, 1993). O monitoramento
didrio foi estabelecido a fim de evitar estresse térmico. Os animais estdo constantemente
perdendo calor, umidade e eliminando CO,, além de outras substincias resultantes de reagdes
metabolicas, por isso os animais foram mantidos em ambiente onde existe renovagdo do ar,
evitando o acimulo de substincias toxicas nas salas, como a amodnia por exemplo. A
intensidade da luz e o fotoperiodo influenciam o metabolismo e o ciclo estral dos ratos,
alterando suas respostas biologicas (Semple-Rowland e Dawson, 1987). Logo, foram
promovidos periodos alternados e regulares de luz e escuriddo (12/12 horas) e um periodo de
adaptacdo de quinze dias na chegada dos animais ao biotério de experimentagdo, permitindo
uma sincronizacao do ritmo circadiano desses animais.

Ap0s a adaptacdo, as ratas quando em periodo estral, foram acasaladas na propor¢ao

de uma fémea para um macho. Para isso foi acompanhado a tipagem das células do epitélio
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vaginal por método de esfregago vaginal em lamina e posterior observacdo ao microscopio
optico Leica DMLS. A possivel prenhez foi sugerida pela identificagdo de espermatozoides
no esfregaco vaginal (Marcondes et al., 2002). Confirmado o acasalamento, foram
consideradas prenhas as ratas que apresentaram aumento diario no peso corporal. As ratas
foram mantidas em gaiolas individuais (policarbonato cristal, 49 x 34 x 32) e em condicdes
padrdo de biotério durante todo periodo de gestagao.

Os filhotes foram escolhidos de modo aleatério um dia apds o nascimento com peso
entre seis e oito gramas (Bento-Santos ef al., 2012). A ninhada foi formada por oito neonatos
os quais foram mantidos com as suas nutrizes até o 21° dia de vida pos natal. Os filhotes
restantes da ninhada foram eutanasiados. Apds o desmame, os filhotes foram alocados em
gaiolas individuais nas mesmas condi¢cdes padroes de biotério até o final do periodo
experimental. A gaiola era para rato individual produzida em policarbonato -cristal
transparente, autoclavavel e resistente a acidos, nas medidas de 30x20x19. A cama dos
animais foi composta de maravalha de madeira de pinho autoclavada. Apos processo de
secagem a maravalha foi devidamente peneirada para retirada do p6. O manejo e os cuidados,
que se seguiu, foram aprovados pela Comissdo de Etica no uso de Animais (CEUA) da

Universidade Federal de Pernambuco no processo n° 23076.015276/2012-56 (ANEXO 1).

3.2 Tratamento

3.2.1 Farmacologico

Para manipular o sistema serotoninérgico, foi utilizado durante o periodo de lactagdo (1°
ao 21° dia de vida) ISRS, a fluoxetina (Farmacia de Manipulagdo-Roval). Este farmaco
bloqueia a proteina transportadora da 5-HT, da fenda ao botdo neuronal pré-sinaptico,
aumentando sua disponibilidade para o processo de neurotransmissdao (Hiemke e Hartter,
2000; Qu et al., 2009). A fluoxetina foi escolhido devido suas seletividade e propriedades
farmacocinéticas, pois possui ampla absor¢do e um tempo de %2 vida longo (aproximadamente
4 horas). Além disso seu metabolito, a norfloxetina, também atua inibindo a recaptagdo de 5-
HT e possui um tempo de meia vida mais prolongado que a fluoxetina (aproximadamente 13
horas) e ndo promove efeitos secundarios (Wong e Bymaster, 1995; Qu et al., 2009). Foi
utilizado na concentracdo de 10 mg/Kg de peso corporal (p.c.), a qual ja foi observada

aumentar as concentracdes encefalicas da 5-HT em 1 (uma) hora ap6s administragao (Miller
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et al., 2008). A droga foi obtida na forma de cloridrato de fluoxetina e dissolvida em veiculo

controle (1:1), uma solucdo salina (NaCl) a 0,9%.

3.2.2 Controle

Foi utilizado 10ml/kg p.c. de solucdo de Cloreto de Sédio (NaCl) a 0,9%.

3.3 Via de Manipulagdo

O tratamento foi administrado por via subcutinea (sc) e o horario de aplicagcdo dos
animais correspondeu a segunda hora apds inicio do ciclo escuro. O horério de manipulagao
farmacoldgica foi mantido durante todo o experimento em concordancia com o horario do
segundo e maior pico de liberagdo da serotonina (Sanchez et al., 2008). Esse método consistiu
na inje¢do da solucdo sob a pele do animal, a qual foi levantada antes da aplicagdo. Foi
realizado com agulha hipodérmica curta (normalmente 25 x 5 mm ou mais fina), passando
apenas pela derme, o mais proximo da superficie, formando uma péapula apds a administragao
da substincia. A area dorsal foi a regido de escolha. Essa via raramente induz dor e foi
realizada com o animal consciente. Antes de injetar a solu¢do, foi aspirado sob leve pressdao o

émbolo da seringa para assegurar que a agulha ndo esteve penetrando em um vaso sangiiineo.

3.4 Grupos experimentais

No periodo de lactacdo foram formados dois grupos experimentais segundo o tratamento:
=  Grupo Controle (C, n=32): os animais foram tratados diariamente com solu¢do salina
a 0,9%, 10ml/kg pc, sc, do 1° ao 21° dia pds-natal;
=  Grupo Fluoxetina (Fx, n=32): os animais foram tratados com fluoxetina na dose de
10mg/kg pc, sc.; do 1° ao 21° dia pds-natal;
Cada ninhada foi formada por 8 (oito) animais sendo 4 animais do grupo fluoxetina (Fx) e 4

animais do grupo salina (C).
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3.5 Procedimentos

3.5.1 Medidas de peso corporal

O peso corporal dos filhotes foi mensurado diariamente (g) durante o periodo de
lactagdo e também no 40° e 60° dia de vida. O peso foi registrado no inicio do ciclo
claro/escuro através de balanga eletronica digital (Marte, modelo S-100 com sensibilidade de

0.01g) (Da Silva et al., 2014).

3.5.2 Avaliacao do consumo alimentar de 24 horas

No 40° dia de vida, os animais dos grupos experimentais C e Fx tiveram seu consumo
alimentar de 24h avaliado. Os animais foram separados ap6s desmame (21° dia) e foram
submetidos a dieta padrao de biotério ad libitum durante todo periodo experimetal. A ingestao
alimentar (g) foi acompanhada a cada 24 h durante 5 dias. Foi oferecida uma quantidade
conhecida de ra¢do (R1) e ap6s 24 horas a ra¢do foi novamente pesada (R2). A ingestdo
alimentar foi dada pela diferenga entre R1 ¢ R2 (R1 — R2) sendo utilizado para andlise o 5°

dia de avaliagdo (Halford et al., 1998).

3.5.3 Avaliacao da temperatura retal

No 40° dia de vida animais dos grupos experimentais C e Fx tiveram sua temperatura
corporal avaliada. A mensura¢do da temperatura corporal dos ratos foi realizada pela via retal.
Os animais tiveram a cauda elevada e 1,5 cm da ponta do termometro clinico digital,
lubrificados com 6leo mineral, foi mantido no canal retal do animal por 1 minuto. Apds
registro da temperatura inicial os animais foram alocados em recipiente com ventilagdo de ar
e em seguida submetidos a uma cdmara refrigerada com temperatura de -15°C. A temperatura
foi controlada com auxilio de um termometro digital (Incoterm). As medidas da temperatura
retal foram novamente mensurada apds tempos progressivos de 30 minutos atingindo um

tempo total de 90 minutos (Zheng et al., 2008).
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3.5.4 Avaliacdo da atividade voluntaria por 24 horas

No 40° dia de vida, os animais tiveram sua atividade voluntaria avaliada por 24 horas.
Para esta avaliagdo os animais precisaram estar alocados individualmente em gaiola de
acrilico em pelo menos cinco dias antes da andlise. Os animais foram filmados, durante 24
horas, por camera de infra-vermelho (1/3 480 linha chipsony) e as imagens captadas foram
armazenadas em sistema computacional. Posteriormente foi registrado, em segundos, os
comportamentos que exprimem atividade voluntaria como explora¢ao da gaiola, construgao

do ninho e comportamento de limpeza (Halford et al., 1998).

3.5.5 Coleta do material biologico

Aos 60 dias de vida, os animais foram anestesiados com Xilasina ¢ Ketamina
(ketamina/xilasina, 60:5 mg/kg peso corporal, i.p) para dissecar do encéfalo o hipotdlamo, da
regido retroperitoneal a gordura branca, da regido interescapular a gordura marrom e das patas
posteriores os musculos esquelético extensor longo dos dedos. Os tecidos retirados do animal
foram utilizados para andlises bioquimicas, identificacdo e quantificacdo de proteina e
avaliagdo da funcdo mitocondrial, estando as metodologias de analise descritas a seguir (Da

Silva et al., 2014).

3.5.6 Quantificacao do tecido adiposo

A quantificacdo do tecido adiposo branco e marrom foi realizada através do peso
umido (g) registrado imediatamente apds retirada da cavidade retroperitoneal e interescapular
respectivamente, com auxilio de balanga digital (Marte, modelo S-100 com sensibilidade de

0.01g). (Bugge A, Dib L, Collins S., 2014)

3.5.7 Processamento do material biologico para andlise bioguimica

O hipotalamo, o tecido adiposo e muscular coletados foram homogeneizados em

tampao de extracdo (Tris base 100 mM, pH 7,5; EDTA 10 mM; fluoreto de sédio 100 mM;
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ortovanadato de sédio 1 mM; PMSF 2 mM). Apo6s a homogeneizacdo, as amostras foram
centrifugadas a 4000 rpm, a 4° C, por 10 minutos e o sobrenadante submetido a quantificagao

de proteina (Da Silva et al., 2014).

3.5.8 Dosagem de proteina

A concentracdo de proteina da suspensdo de cada tecido foi determinada pelo método
de Bradford (Bradford, 1976). Este complexo absorve em comprimento de onda de 595nm. A
absorbancia foi considerada diretamente proporcional a concentragdo de proteina na solugao

analisada, onde uma solu¢ao de albumina de soro bovino (BSA) foi utilizada como padrao.

3.5.9 Medida dos niveis de estresse oxidativo pela metodologia da Substincia

Reativa ao Acido Tiobarbitirico (TBARS)

Para a dosagem de TBARS foi utilizada a técnica colorimétrica de Buege & Aust
(Buege e Aust, 1978), uma técnica muito utilizada para avaliar a lipoperoxidacao, pois o acido
tiobarbitlrico reage com os produtos da lipoperoxidacao, entre eles o malondialdeido (MDA)
e outros aldeidos. Colocou-se uma aliquota do homogenizado, de acido tricloroacético a 30%
e de 4cido tiobarbiturico a 0,73% para reagir com os produtos da lipoperoxidacdo e assim
formar um composto de coloragdo rosada. A mistura foi incubada por 15 minutos a 100°C e
em seguida resfriada. Na sequéncia, foi adicionado n-butanol (100%) na prorpor¢do de 1:1, e
as amostras agitadas por 30 segundos, com o objetivo de extrair o pigmento formado. O
material foi centrifugado a 3000 rpm por 10 minutos, sendo entdo a fase com o n-butanol
utilizada para a leitura da absorbancia a 535nm, utilizando cubetas de quartzo. A peroxidacao
lipidica foi avaliada através da quantidade de MDA formado, estando os resultados expressos

em nmol/mg proteina (Da Silva et al., 2014).

3.5.10 Atividade enzimatica: Superoxido dismutase (SOD)

A atividade da SOD foi avaliada através do método de auto-oxidagdo da adrenalina, de

acordo com Misra et al. (Misra e Fridovich, 1972). Em uma cuteba de quartzo de ImL,
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adicionou-se tampao carbonato (0.05M, pH=10,2), amostra e adrenalina (3 mM), e incubada
por 45 min a 37°C. A absorbancia foi registrada por um periodo de aproximadamente 3
minutos e a atividade da SOD foi determinada pela medida da cinética da inibicdo da auto-
oxidagdo da adrenalina a 480 nm. Os resultados foram expressos em U/mg proteina (Da Silva

etal.,2014).

3.5.11 Atividade enzimadtica: Catalase (CAT)

A atividade da CAT ¢ diretamente proporcional a taxa de decomposi¢ao do peroxido
de hidrogénio, sendo assim, a atividade da enzima pode ser medida através da avaliagdo do
consumo de perdxido pelo decréscimo na absor¢do a 240 nm ([] max do H,O,) de um meio de
reacdo, contendo tampao fosfato (50 mM, pH=7,4) e H,O, (10mM), na temperatura ambiente

A atividade da catalase foi expressa em U/mg proteina (Aebi, 1984; Da Silva et al., 2014).

3.5.12 Atividade enzimatica: Glutationa-S-Transferase (GST)

A atividade da GST ¢ diretamente proporcional a taxa de formag¢ao do composto DNP-
SG (dinitro fenil S glutationa), podendo desta forma ser medida através do monitoramento da
taxa de formagao do composto. Em uma cubeta de quartzo de 1 mL, adicionou-se 800 puL de
tampao fosfato (0.2 M, pH 6,5), 100 uL de amostra, 50 uL de GSH (concentragdo final 1
mM), 50 uL de CDNB (concentragdo final de 1 mM). A absorbancia foi registrada por um
periodo de aproximadamente 3 minutos com controle da temperatura (30°C). Com base na
absorbancia molecular, 1 unidade de GST ¢ definido como a quantidade de proteina
necessaria para catalisar a formagdo de 1 umol DNP-SG, sendo dessa forma expressa em

U/mg de proteina (Habig e Jakoby, 1981).

3.5.13 Isolamento de Mitocondria

Para isolamento das mitocondrias os tecidos (hipotdlamo, tecido adiposo marrom e
musculo EDL) foram homogeneizados, isoladamente, em tampao contendo Manitol (225

mM), Sacarose (75 mM), MOPS (5mM), EGTA (0,5 mM) e 0,02% BSA em solugdo Tris
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Base (pH=7,3) (Lagranha et al., 2010). Foram centrifugados posteriormente a 4.000 rpm por
10 min. O subsequente sobrenadante foi centrifugado a 12.000 rpm por 10 min para a coleta
do pellet mitocondrial. O pellet mitocondrial foi resuspendido em 250 mM de sacarose e

HEPES a 10 mM a uma concentra¢ao final de proteina de 80-100 mg / ml (Leite et al., 2010).

3.5.14 Medida do consumo de oxigénio mitocondrial

O consumo de oxigénio por mitocondrias foi medido polarograficamente utilizando-se
um eletrodo do tipo Clark conectado a um oximetro, em uma camara de vidro fechada e
termostatizada (1mL), equipada com agitador magnético. Esse tipo de eletrodo compreende
um catodo de platina e um anodo de prata, imersos numa solugdo eletrolitica (KCI). A
superficie do catodo ¢ revestida por uma fina membrana de teflon ou polietileno, que sao
permedveis ao oxigénio. Quando uma pequena voltagem ¢ aplicada entre os eletrodos, a
platina torna-se negativa em relagdo a prata, tornando-se polarizada. O oxigénio ¢ entdo
reduzido a perdxido de hidrogénio na superficie da platina, funcionando como aceptor de
elétrons. A corrente gerada pela diferenca dos eletrodos ¢ relacionada estequiometricamente a
concentragdo de O, na superficie do catodo. Os impulsos elétricos sdo transmitidos ao
oxigrafo, onde foi feita a leitura. As mitocondrias (0,5 mg/ml) foram incubadas em tampao de
respiragdo (pH= 7,24) KCI 120 mmol/L, MOPS 5 mmol/L, EGTA 1 mmol/L, KH,PO, 5
mmol/L, e BSA 0,2%. Apds a adicdo de glutamato/malato (10/2 mmol / L) ou succinato
(5mM), o estado 3 da respiracdo foi medido através da adicdo de ADP (0,5 mmol / L). O
estado 4 da respiracdo mitocondrial foi determinada com a adi¢do de Oligomicina (1,2 wmol /
L) (Imahashi et al., 2004; Lagranha et al., 2010). Para as mitocondrias de tecido adiposo
marrom foi adicionado guanidina di-fosfato (GDP, ImM), um inibidor de UCPs, para avaliar

a participacao dessas no consumo de oxigénio mitocondrial (Dlaskova et al., 2010).

3.5.15 Estimativa da producdo de espécies reativas de oxigénio (EROS)

A producdo de EROS em mitocondrias isoladas foi realizada a 28°C usando probe
fluorescente HDCF-DA (5- (e 6)-chloromethyl-2’,7°-dichlorodihydrofluorescein diacetate,
acetyl ester) o qual ¢ oxidado em presenca de perdxido de hidrogénio (Garcia-Ruiz et al.,

1995). Rapidamente, a suspensdo mitocondrial (0,5 mg protein) foi incubada em presenca de
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1 uM H,;DCF-DA e a fluorescéncia foi monitorada durante 5 minutos em baixa agitagao
usando uma temperatura controlada em espectrofluorimetro (OMEGA, USA) com excitagdo e
emissdo de 503 e 529 nm, respectivamente. Sobre essas condi¢cdes o aumento linear de
fluorescéncia para cada reacdo foi indicado como a taxa de formacdo de EROS. A formagao
de EROS foi medida em mitocondrias em estado de normoxia com 10/2mM de

glutamato/malato.

3.5.16 Avaliacdo da abertura do poro de transicdo de permeabilidade de membrana

mitocondrial

A abertura do poros de transicdo de permeabilidade de membrana mitocondrial foi
determinada pelo inchamento induzido pelo calcio em mitocondrias isoladas de hipotdlamo e
musculo EDL (Maloyan et al., 2005). A abertura do poro causa inchamento mitocondrial o
qual pode ser medido espectrofotometricamente pela reducdo da absorbancia a 540 nm.
Mitocondrias isoladas foram ressuspendidas em tampao de inchamento que contém (em
mmol/l) 120 KCI, 10 Tris-HCI (pH 7.4), 20 MOPS, e 5 KH,PO4 com concentragdo final de
proteina mitocondrial de 0,25 mg/ml. A abertura do poro foi induzida por cloreto de célcio a

100uM (Blattner et al., 2001).

3.5.17 Western Blotting para UCP-1

Para andlise de expressdo proteica, as amostras de mitocondria foram submetidas a
quantifica¢do proteica pelo método de Bradford (1976), usando curva de albumina como
padrdo. Western Blotting foi realizado segundo Towbin (Towbin et al., 1979). Aliquotas de
cada amostra, com a mesma concentragdo de proteina total (45ug), foram submetidas a
eletroforese em gel de poliacrilamida (Laemmli, 1970). Em seguida, as proteinas do gel foram
transferidas eletricamente para membranas de nitrocelulose, por 6 horas a 50 V. Apos a
transferéncia, as membranas foram incubadas em solucio bloqueadora (5% de leite desnatado
em solugdo basal - Tris-HCl 10mM, NaCl 150mM e Tween 20 0,02%), overnight, a 4°C. Em
seguida, as membranas foram incubadas com anticorpo anti-UCP-1 em solucdo basal
acrescida de 3% de leite desnatado, por 3 horas, a temperatura ambiente. Apds as lavagens

para remocdo do excesso de anticorpo primario, as membranas foram incubadas com o
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anticorpo secundario anti-IgG conjugado com a peroxidase, por 1 hora, em solucdo basal
contendo leite a 1%, a temperatura ambiente. Apods as lavagens (4 x 5 min), as membranas
foram incubadas com o substrato para a peroxidase (Pierce ECL WB substrate, Thermo
Scientific, USA) por 5 min e imediatamente expostas a filmes de raio-X por periodos
variaveis de tempo, de 1 a 30 minutos. Os filmes foram revelados de forma convencional. As
intensidades das bandas das auto-radiografias foram quantificadas por densitometria Optica,
pelo programa Image J (NIH, Maryland, EUA). A normalizacdo das bandas foi realizada

usando o corante Pounceau S (Lagranha et al. 2010)

3.6 Analise estatistica

Todos os dados foram analisados segundo a normalidade da distribuicdo. Os dados
estiveram dentro da distribui¢do gaussiana e foram expressos em média e erro padrdo da
média (EPM). O teste ¢ student foi utilizado para comparagao entre médias de dois grupos. O
Two-way ANOVA com multiplas comparagdes foi utilizado para andlises repetidas. Foi
adotado o nivel de significancia quando p < 0,05. A construcdo do banco de dados e as
analises estatisticas foram desenvolvidas no programa Excel (versdo 2009, Microsoft, USA) e

Graphpad Prisma 6® (GraphPad Software Inc., La Jolla, CA, USA), respectivamente.
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4 RESULTADOS

Os resultados da pesquisa encontram-se apresentados em forma de artigo, os quais

estdo dispostos nos Apéndices:

A- TRATAMENTO COM FLUOXETINA EM RATOS NEONATOS REDUZ
SIGNIFICANTEMENTE O ESTRESSE OXIDATIVO EM HIPOCAMPO E EM
INDICADORES DE ANSIEDADE TARDIA NA VIDA POS-NATAL;

B- TRATAMENTO CRONICO COM FLUOXETINA E BIOENERGETICA
MITOCONDRIAL EM TECIDO CENTRAL E PERIFERICO DE RATOS;

C- MANIPULACAO NEONATAL DA SEROTONINA ALTERA O BALANCO
ENERGETICO: PARTICIPACAO DAS MITOCONDRIAS E UCP EM
TECIDO ADIPOSO MARROM.
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5 CONSIDERACOES FINAIS

As mitocondrias sdo as principais fontes enddgenas geradoras das espécies reativas de
oxigénio sendo portanto, um possivel alvo de drogas com potencial terapéutico ainda pouco
explorado. Estudos prévios sugerem a possibilidade de que antidepressivos, estabilizadores de
humor, e outros medicamentos, podem apresentar efeitos terapéuticos através de sua acao
sobre as fungdes mitocondriais. Entretanto os efeitos da utilizagdo dos ISRS durante periodos
do desenvolvimento ¢ sua acao sobre as mitocondrias ainda sdo escassos. Em nosso estudo,
observamos que os efeitos da administragdo cronica de fluoxetina em ratos neonatos promove
significativa reducdo no crescimento somatico dos animais sem diferengas significativas no
consumo de alimentos e na atividade voluntaria livre, sugerindo que a perda de peso ocorra
devido a maior ativacdo do metabolismo mitocondrial tanto em tecidos centrais como
periféricos, possivelmente tanto pelo aumento da dissipacdo de calor, como também pela
maior quebra de nutrientes, confirmando nossas hipdteses. Podemos concluir com nossas
investigagdes que o tratamento neonatal com fluoxetina em nosso modelo experimental
promoveu uma modulacdo positiva em centros controladores do balango energético sem
causar prejuizos a funcdo mitocondrial de células do tecido adiposo marrom, hipotdlamo e
musculo esquelético o que possivelmente reduziria o risco para o aparecimento e

desenvolvimento de doengas metabdlicas.
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ABSTRACT

The brain, more than any other organ in the body, is vulnerable to oxidative stress
damage due to the its requirement for high levels of oxygenation to fulfill its metabolic needs
in the face of relatively low levels of antioxidants to protect it. Recent studies suggest a direct
involvement of oxidative stress in the etiology of eating and anxiety behaviors. The aim of
this study was to evaluate the effect of fluoxetine-inhibited serotonin reuptake in nursing rat
neonates, on behavior and on oxidative stress in the hypothalamus and the hippocampus,
brain areas responsible for behavior related to food and anxiety, respectively. Results show
that increased serotonin during a critical period of development does not induce significant
differences in food-related behaviors (intake and satiety), but does result in a significant
decrease in anxiety. Measurements of oxidative stress showed a significant reduction of lipid
peroxidation in the hippocampus (57%). In hypothalamus, antioxidant enzymes were
unchanged, but in hippocampus catalase and glutathione-S-transferase activity was increased
(80% and 85%, respectively). Suggesting that protection of neural cells from oxidative stress

during brain development could conceivably contribute to the anxiolytic effects of serotonin.

Keywords: Oxidative Stress; Anxiety; Serotonin; Fluoxetine
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1. INTRODUCTION

Fluoxetine (commercially known as Prozac, Prozac Weekly, Sarafem, Rapiflux or
Selfemra) is a serotonin reuptake inhibitor widely used for the treatment of depressive
disorders in women during pregnancy and postpartum period (Wong and Bymaster 1995;
Wong et al. 1995). According to some authors, this drug acts by increasing levels of
extracellular serotonin in the brain’s serotonergic system areas such as the frontal cortex and
hippocampus, which may be involved in controlling emotion, memory and cognition
(Krishnan and Nestler 2008). Fluoxetine is highly lipophilic, crosses the human placenta
(Francis-Oliveira et al. 2013) and present in breast milk (Davanzo et al. 2011; Francis-
Oliveira et al. 2013). Previous papers suggest that fluoxetine may exert harmful effects on
developing fetuses and newborns to increase the risk of neurodevelopmental disorders and
cause behavioral deficits (Nulman et al. 2002; Oberlander et al. 2009).

Furthermore, studies using experimental animals have shown that chronic treatment
with fluoxetine in pregnant rats alters the pattern of hippocampal response to stress in their
offspring (Olivier et al. 2011a; Olivier et al. 2011b; Pawluski et al. 2012). Serotonergic
neurons in the brain and in the peripheral nervous system control numerous behaviors related
to anxiety and food consumption (Blundell 1984; Green 1984; Iversen 1984). Recently
fluoxetine and similar drugs have become a standard treatment for anxiety disorders (Baldwin
et al. 2011; Crupi et al. 2011), and previous studies have shown that similar drugs (sertraline,
fenfluramine) result in decreased food intake and body weight (Simansky and Vaidya 1990;
Wellman et al. 2003).

Recent reports have shown that modulation of serotonin may also affect levels of
reactive oxygen species (ROS) in the brain (Chung et al. 2010). The production of ROS exists
essentially in balance with the production of antioxidant defense molecules. However, the
balance is not perfect, so under some conditions ROS may come to dominate and promote
cellular damage that could manifest itself in behavioral changes or neurodegenerative disease
(Navarro and Boveris 2007; Trouche et al. 2010). Brain tissue is especially sensitive to
oxidative damage since it engages in one of the highest levels of O, consumption in the body,
although it accounts for only a small percentage of body weight, the brain is responsible for
about 20% of basal oxygen consumption (Halliwell 2006). Sensitivity to ROS damage is also
increased by the presence of excitotoxic amino acid neurotransmitters that generate
superoxide and nitric oxide at the neural synapse and by autoxidizable neurotransmitters such
as serotonin that react with superoxide to produce oxidized serotonin (Wrona and Dryhurst

1998).
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Due to the nervous system vulnerability during pre- and post-natal periods the use of
serotonin reuptake inhibitors may result in a change in behavior, which can cause injury to the
adult offspring health. In association to the dual actions of serotonin as both a ROS-inhibitor
and an anxiolytic and appetite-suppressing compound we decided to investigate whether the
pharmacological manipulation of the serotonergic signaling system during a critical period of
rat development could alter oxidative stress markers in brain areas that control feeding and
anxiety behaviors. To this end, we used fluoxetine treatment during lactation to elevate
serotonin levels, and then performed standardized tests for feeding- and anxiety- behaviors in
conjunction with the evaluation of lipid peroxidation and antioxidant enzymes activity in both

the hypothalamus and hippocampus of Wistar rats at 60 days of life.

2. MATERIALS AND METHODS

2.1 Animals

The animal-use protocols in this study have been approved by the Ethics Committee for
Animal Research, at the Federal University of Pernambuco, in accordance with the guidelines
published in “Principles of Laboratory Animal Care” (NIH, Bethesda, USA) and Canadian
Council on Animal Care (CCAC) guidelines (Ethical Protocol 23076.026644/2010-20).
Female Wistar rats (Rattus norvegicus) were maintained at a room temperature of 23 + 1 °C,
and in a 12-h alternating light—dark cycle (light 6:00 a.m. — 6:00 p.m.). Animals were housed
collectively (8 females per cage during lactation), and the dams received standard laboratory
chow ad libitum. After weaning, the rat pups were provided the same diet as their mothers,

also ad libidum.

2.2 Pharmacological treatment and experimental groups

The offspring received once a day subcutaneous injection of fluoxetine (10 mg/kg,
dissolved in saline solution, 10 ml/kg, bw; treated group) or vehicle (NaCl0.9%, 10 ml/kg,
bw; control group) from the 1% to the 21* postnatal day (i.e., during the suckling period)
(Silva et al. 2010). To avoid a possible influence of the circadian rhythm in these studies,

injections were always administered between 7:00 a.m. and 8:00 a.m.

2.3 Measurement of body weight
Body weights were measured from 1* to the 21% postnatal day (weaning), and again at

50 and 60 days after birth (Mendes-da-Silva et al. 2002).
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2.4 Behavioral Satiety Sequence (BSS)

Analysis of the behavioral satiety-sequence (BSS) was performed at 45 days of life
was performed as described previously by Antin et al. (1975) (Antin et al. 1975; Oliveira
Ldos et al. 2011; Orozco-Solis et al. 2009). The BSS measures the orderly transitions of
eating, activity grooming and resting during the post-ingestive period. Using this analysis, we
can determine:

1. Food intake: Food intake was measured by weighing the difference in the weight of
the food bowl before, and a feeding period that followed 3h of food deprivation.

2. Microstructural analysis of behavior (bi-dimensional profiles): To analyze the change
in behavior over time, data from a 60-min continuous record of behavior in each
animal can be divided into 5-min periods. The true duration of each individual
behavior in each period is calculated. Profiles are plotted for each behavior over the
60-min period.

3. Interpreting the BSS: Behaviors were categorized as: eating (ingesting food, gnawing,
chewing or holding food in paws), drinking, an active state (exploratory movements
around the cage; rearing), grooming (body care movements performed with the mouth
or forelimbs), and a resting state (sitting or lying in a resting position; sleeping

animal).

2.5 Elevated plus-maze (EPM) test

The EPM test was performed at 55 days of life (N = 10 in each group at each time).
The EPM test is widely used to observe behaviors relevant to understanding anxiety in animal
studies (Drapier et al. 2007; Lister 1987). The EPM apparatus consists of two open arms (50 x
10 x 1 cm) and two enclosed arms (50 x 10 x 40 cm) originating from a common central
platform (10 x 10 cm) to form a plus shape. The entire apparatus was elevated to a height of
50 cm above the floor. A video camera and illumination lamps were mounted on the ceiling.
The anxiety-like behavior of each animal were recorded for a period of 5 min by a VCR-
recording system. At the beginning of the test, the rat was placed on the central platform with
its head facing an open arm. The arm entry was defined as all four paws into either an open or
a closed arm. The total time each animal spent in various sections of the maze (open arms,
center, or enclosed arms) was recorded. The results are reported as time spent in open arms

and number of entries of open arms.
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2.6 Biochemical Analysis

For biochemical analyzes, 60-day old rats were first anesthetized (ketamine:xylazine,
60:5 mg/kg, i.p) and then challenged (verification of foot reflex; since significant number of
rodents do not lose the foot reflex with anesthetics, decapitation was performed 10 minutes
after injection, time to surgical anesthesia occurs), in order to verify whether anesthesia was
reached before decapitation. The brains regions containing the hippocampus and
hypothalamus were rapidly dissected and saved at -80°C for later analysis. For the
biochemical experiments the tissues were homogenized in Tris-EDTA buffer (Tris 100 mM,
pH 7.5; EDTA 10 mM and protease inhibitors) on ice and centrifuged for 10 min at 5.000 x g
at 4 °C. Aliquots of supernatant were analyzed for total protein content using the Bradford

protocol (Bradford 1976).

2.6.1 Evaluation of Lipid Peroxidation

The tissue MDA (malondialdehyde) level was determined based on its reaction with
thiobarbituric acid (TBA) at 100 °C according to Draper et al. (1993) (Draper et al. 1993). In
the TBA test reaction, MDA or MDA-like substances react with TBA to produce a pink
pigment with an absorption maximum of 535 nm. Briefly, the reaction was developed by the
sequential addition of TBA in combination with sample, 30% trichloroacetic acid and Tris-
HCI, mixed thoroughly and centrifuged at 2.500 g for 10 min. After centrifugation the
supernatant was transferred to another tube and 0,8% TBA (v/v) was added, before mixing
and boiling in a water-bath for 30 min. After cooling in tap water, n-butanol was added and
the absorbance at 535 nm of the organic phase was determined in a spectrophotometer.

Results were expressed as nmol per mg of protein.

2.6.2 Superoxide dismutase activity

The determination of total SOD enzyme activity (t-SOD) was performed according to
the method of Misra and Fridovich (1972) (Misra and Fridovich 1972). Samples were
incubated in with sodium carbonate buffer (0.05%, pH 10.2, 0.1mM de EDTA) in a water
bath at 37°C. The reaction was started by addition of 30 mM epinephrine (in 0.05% acetic
acid). Absorbance at 480 nm was determined for 4 min. One unit of t-SOD was defined as
the enzyme amount causing 50% inhibition of epinephrine oxidation. Tissue t-SOD activity

was also expressed as units per milligram protein (U/ mg protein).
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2.6.3 Catalase activity

Catalase activity was measured according to Aebi (1984), based on the determination
of the rate constant, k, of H,O, decomposition. Under our conditions of temperature and pH,
k was defined as 4.6 x10”. By measuring the absorbance changes per minute for 4 min, the
rate constant of the enzyme was determined. Enzyme activities were expressed as H»O;

consumed per unit time per amount of protein (nM/min/mg protein) (Aebi 1984).

2.6.4 Glutathione S-transferases activity

Glutathione S Transferase (GST) is an antioxidant enzyme involved in the
detoxification of a wide range of toxic agents including peroxide and alkylating agents present
in the brain. The activity of GST was measured by the method described by Habig et al.
(1974) (Habig et al. 1974). The principle of the assay is based on the determination through
absorbance spectroscopy of the conjugation of 1-chloro, 2,4-dinitrobenzene (CDNB) with
reduced glutathione (GSH). Absorbance is measured at 340nm. One unit of enzyme

conjugates 10.0 nmol of CDNB with reduced glutathione per minute.

2.7 Statistical analysis

All results are expressed as means £ SEM. The student t-test was used to assess the
significant differences between the two groups. For the repeated analysis we use two-way
ANOVA with multiple comparisons (i.e body weight analysis). Data were considered as
statistically significant at a value of p < 0.05. All data were plotted and the statistical analysis

performed using GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla, CA, USA).

3. RESULTS

3.1 Body weight (bw) evaluation

Since the fluoxetine treatment was maintained throughout nursing period in the offspring
we measured the body weight daily in order to assess whether high levels of serotonin could
alter growth and development compared to control. We observed that in the treated group,
body weight was significantly lower than control beginning with the first week of life (Figure
1A). Furthermore, the body weight of the treated group remained lower than that of the
control rats until the 60™ days of life (39 days after last drug application) (Figure 1B).
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3.2 Food ingestion test

As a measure of the effect of the serotonin on eating behavior, we determined the amount
of food intake during a 24 hour period. Surprisingly, given the decreased BW in the
fluoxetine-treated group, 24 h food intake was not altered by the drug, suggesting that weight
differences between the groups were not related to food intake (Control: 2.76 = 0.19 g/ b.w

*100 vs.Treated: 2.85 + 0.26 g/b.w*100) (Figure 2).

3.3 Behavioral Satiety Sequence (BSS) evaluation

Several studies have suggested that the behavioral satiety sequence better represents rat
behaviors on food consumption than other testing methods. Using BSS, we analyzed the
behavioral satiety sequence during one hour, following three hours of fasting. Our data are
summarized in Figure 3 and Table 1. We observed that the fluoxetine-treated group did not
show a significant alteration in BSS patterns compared to control, although in microstructure
analysis of behavior, we observed a significant difference in grooming duration and a trend

toward increased resting duration in the treated group (Table 1).

3.4 Elevated plus-maze (EPM) test

After our evaluation of the impact of food-related behavior on body weight changes, we
studied the influence of anxiety-like behavior on body weight, since levels are known to
influence the demand for food. The fluoxetine-increased levels of serotonin during the
nursing period increased the number of entries in the open arms of the elevated plus-maze
(Control= 8.7 + 1.2; Treated= 11.6 + 0.20; p=0.0299). In addition, the treated animals showed
a significant increase in the amount of time spent in the open arms of the elevated plus-maze
(Control= 89.6 + 14.1 seconds; Treated= 124.5 + 5.4 seconds; p=0.0345). In association to the
increase in entries and time spent in the open arms, fluoxetine treatment increase the
percentage of open arm entries (Control= 43%; Treated= 48%; p=0.0489) and the percentage
of time on the open arms (Control= 45%; Treated= 55% p=0.0158), together with decrease in
time spent in close arms (Control= 148 + 2.3 seconds; Treated= 109 + 8 seconds; p=0.0042).
Together, these results suggest that fluoxetine-treated group exhibited lower levels of anxiety-

like behavior than the control group (Figure 4).

3.5 Effect of fluoxetine on MDA levels in hippocampus and hypothalamus
Due to their involvement in eating and anxiety-like behavior, respectively, the

hypothalamus and hippocampus were examined for changes in lipid peroxidation occurring
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with fluoxetine treatment. Increased levels of serotonin occurring with fluoxetine treatment
during the nursing period appeared to induce divergent effects in these two regions. Although
a significant reduction in lipid peroxidation was detected in the hippocampus of the treated
group (Treated: 2.04 + 0.1 nmol/mg prot; p< 0.01) compared to the control (Control: 6.04 +
0.5 nmol/mg prot), and an increase was found in the hypothalamus (Control= 18.75 + 1. 5

nmol/mg prot; Treated= 25.0 + 0.75 nmol/mg prot) (Figure SA and B).

3.6 Effect of fluoxetine treatment on antioxidant enzyme activities in the hippocampus and
hypothalamus

High levels of lipid peroxidation can induce cell damage and/or cell death. However,
most cells possess a protective mechanism to decrease the production of reactive oxygen
species through the action of antioxidant enzymes such as superoxide dismutase (SOD),
catalase (CAT) and/or glutathione S-transferase (GST). Therefore, we sought to examine
whether the suppression of lipid peroxidation with fluoxetine treatment involved changes in
the activity of any of these three enzymes in the hypothalamus or hippocampus. Results
showed that fluoxetine treatment did not alter SOD activity in either the hypothalamus or
hippocampus (hypothalamus: Control = 2.07 + 0.22 U/mg prot; Fluoxetine = 1.412 + 0.365
U/mg prot; hippocampus: Control = 1.372 + 0.118 U/mg prot; Fluoxetine = 1.276+0.157
U/mg prot). In hippocampus, catalase activity was increased significantly by fluoxetine
(Control = 2.5 + 0.34nmol/min/mg prot; Fluoxetine = 4.124 + 0.42 nmol/min/mg prot; p <
0.01); in contrast in hypothalamus the treatment wasn’t induce significant difference (Control
= 3.35 + 0.59 nmol/min/mg prot; Fluoxetine = 3.93 + 0.45 nmol/min/mg prot) when
compared to control. Changes in GST activity, however, were similar to those observed in
SOD and CAT activity, showing no significant change in activity with fluoxetine in the
hypothalamus (Control=3.5 + 0.68 mmol/mg prot; Fluoxetine = 5.25 + 0.75 mmol/mg prot);
although in hippocampus fluoxetine-treatment induce a significant increase in the enzymatic
activity (Control = 2.81 + 0.21 mmol/mg prot; Fluoxetine = 5.21 +0.36 mmol/mg prot)
(Figure 5C-H).

4. DISCUSSION

To our knowledge there have been no previous studies that examine both the effect of
chronic elevated serotonin during rat development on lipid peroxidation and antioxidants in
brain regions controlling eating behavior and anxiety (hypothalamus, and

hypothalamus/hippocampus, respectively) and the eating and anxiety behaviors that occur in
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the same set of treated animals. In the present study, we have used fluoxetine treatment of rats
during nursing, a critical period in brain development, to assess possible relationships
between effects of serotonin on reactive oxygen species in particular brain regions, and on
behaviors associated with these regions. Our results show that increased levels of serotonin
early in life in rats reduces body weight gain and anxiety levels and also lowers lipid
peroxidation and modulates specific antioxidant enzymes in the hypothalamus and
hippocampus and even 39 days after discontinuation of fluoxetine. These findings suggest
that manipulation of the serotonergic system during critical periods of development can result
in persistent changes in brain cell biochemical activities.

Our experimental model demonstrates a fluoxetine-induced reduction in body weight
without incurring significant alteration of either food intake or behavior satiety sequence.
These data corroborate earlier results from our research group using the same experimental
model (Mendes-da-Silva et al. 2002). They contrast, however, with results of a recent study of
serotonin up-regulation by tryptophan (L-Trp) in which the authors observed that L-Trp
treatment induced an increase in body weight in association with the increasing hypothalamic
production of serotonin (Shen et al. 2012). The discrepancy between our results and those of
Shen et al. could be related to the method used to increase serotonin used in each (tryptophan
vs, fluoxetine), or it may be due to the different species used in the studies; rats in the present
work and in Mendes-da Silva’s work, and pigs in the study of Shen et al.

Despite showing a decrease in body weight with fluoxetine, the present study could
demonstrate no difference in food intake between the groups, in agreement with the results of
previous study showing that different concentrations of fluoxetine in male rats from the 4™ to
21" postnatal day produced no significant changes in food intake (Ansorge et al. 2004).
Further studies (metabolic, biochemical) will be necessary to understand the mechanisms
underlying the fluoxetine-induced reduction in body weight that occurs during the nursing
period without measurably affecting food consumption.

Recent studies have pointed to a hypothesis that changes in specific behaviors are
linked to the production of reactive oxygen species and the induction of oxidative stress in
areas of the brain controlling those behaviors (El-Ansary et al. 2010; Gigante et al. 2011).
Reactive oxygen species are already well known role as signaling molecules that control
metabolism and feeding through their involvement in specific intracellular pathways (Diano et
al. 2011; El-Ansary et al. 2010; Leloup et al. 2006). Leloup et al. (2006) demonstrated that
ROS act activate intracellular signaling pathways in the hypothalamus that exercise metabolic

control over glucose and lipids. In the present study we observed an increase in catalase
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activity in the hippocampus and glutathione S-transferase activity, a decrease in lipid
peroxidation, but no difference in superoxide dismutase. Benani et al. showed an association
between oxidative stress and eating control is essential for the reduction of food intake
observed in rats in stressful environments (Benani et al. 2007). We speculate that in our
fluoxetine-treated rat model, the increase in antioxidant activity with serotonin up-regulation
decrease the oxidative stress leading to changes in anxiety level, but insufficient to affect food
intake. Previous investigations have attributed to fluoxetine an antioxidant role in a number of
specific areas of the brain in both rats and humans (Moretti et al. 2012; Novio et al. 2011;
Zafir et al. 2009) in parallel with the ability of fluoxetine to increase serotonin levels.

Ours results have also shown a reduction in level of anxiety as measured by the
elevated plus-maze, occurring with an increase in hippocampal catalase and glutathione S-
transferase activity, but with no difference in superoxide dismutase between control and
fluoxetine-treated groups. The molecular mechanisms involved in the producing normal and
pathological anxiety states are complex, and not totally understood. Recent studies have
demonstrated a direct involvement of oxidative stress in producing anxiety (de Oliveira et al.
2007; Souza et al. 2007). Hovatta et al. (2005), studying the genesis of anxiety, observed a
change in the expression of two genes associated with oxidative stress, glyoxalase 1 and
glutathione reductase 1, and lending support to causative role of oxidative stress in the
pathogenesis of this disease (Hovatta et al. 2005). Another study, using mice transgenic for a
specific protein related to oxidative stress (p66Shc) found that the maintenance of low levels
of oxidative stress may be able to prevent some of the behavioral effects of aging, in
particular, the response to emotionally exciting stimuli. The authors concluded that complex
interactions between oxidative stress and emotional stress might lie at the root of persistent
changes in anxiety behavior (Berry et al. 2007).

In an another study involving oxidative stress and anxiety, Masood et al. (2008)
demonstrated that when mice were treated with the pro-oxidative agent, L-buthionine-(S, R)-
sulfoximine (BSO) and assessed using the elevated plus-maze, they demonstrated a reduction
in of entries into open arms, as well as a reduction in the time spent in open arms compared
with the control. In addition, when the mice were treated with BSO in combination with
antioxidant agents (Bay 60-7550 and apocynin), the mice showed an increase both in entries
into open arms and in the time spent in the open arms compared with BSO-treated only
(Masood et al. 2008). Taking our current data together with literature on anxiety and oxidative
stress, we suggest that modulation of serotonin levels by fluoxetine decreases levels of

oxidative stress, and is, in turn, accompanied by a reduction in anxiety levels. Such results
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suggest that early intervention with serotonin re-uptake inhibitors (like fluoxetine in the
current study) could contribute to some of the anxiolytic effects of the drug, perhaps by
altering neural function with reductions in oxidative stress. Further studies are warranted to
fully comprehend how the modulation of oxidative stress by serotonin produces persistent

effects on brain function and behavior state.
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LEGENDS:

Figure 1-Effect of modulation of serotonin system during critic period of development on
Body Weight. The values are from at least six rats of each group and expressed as means =+
S.E.M. (*p<0.05).

Figure 2- Effect of modulation of serotonin system during critic period of development on
food intake. The values are from at least six rats of each group and expressed as means +
S.EM

Figure 3- Effect of modulation of serotonin system during critic period of development on
Behavioral Satiety Sequence test. The values are from at least six rats of each group and
expressed as means + S.E.M. A) Control Group; B) Fluoxetine Group

Figure 4- Effect of modulation of serotonin system during critic period of development on
anxiety-like behavior. The values are from at least six rats of each group and expressed as
means + S.E.M (*¥p<0.05); (**p<0.01). A) Time that the groups spent in open arms; B)
Numbers of entries in open arm; C) Percentage of time spent on open arms; D) Percentage of
entries in open arms; E) Time that the group spent in close arms; F) Percentage of entries on
the close arms.

Figure S-Effect of modulation of serotonin system related to oxidative stress in the
hypothalamus and hippocampus. The values are from at least six rats of each group and
expressed as means + S.E.M. (¥*p<0.05); (**p<0.01); (***p<0.001).

Table 1: Effect of chronic fluoxetine treatment on microstructure of behavior. The values are

from at least six rats of each group and expressed as means = S.E.M. (*p<0.05); (**p<0.01)
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FIGURES:

Control Fluoxetine
Eating duration (s) 1321.86194.76 1132.56178.20
Grooming duration (s) 80.0+30.92 209.69+88.88**
Resting duration (s) 1433.01289.21 1572.44+143.22*
Locomotion duration (s) 781.431146.79 732.78198.36

Note: The values are from at least 6 rats per group; values are the mean * SEM;
*, p < 0.05 and **, p < 0.01 compared with the control group.
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Abstract

Mitochondria are the cellular organelles involved in many actions; currently several studies
have been suggesting that the mitochondria could be a possible drug target to fight against
metabolic diseases, althought studies exploring the role of mitochondria in central and
peripheric tissues involved in the control of energy balance it’s still little explored. With
these, the aim of the present study was investigate the effects of chronic treatment with
fluoxetine during the critical period of development, on the mitochondrial bioenergetics of the
hypothalamus and skeletal muscle from male rats. Pups Wistar rats were injected (i.e
subcutaneous) daily with fluoxetine (Fx group) or vehicle solution (Ct group) from 1 day of
life until 21 days of life. At 60 days of age the mitochondrial bioenergetics was evaluated, in
Fx-group showed an increase in oxygen consumption in different respiratory state, reduction
in the production of reactive oxygen species and no changes in mitochondrial permeability
transition pore opening and in oxidative stress in both tissues. Evaluating antioxidant enzymes
we observed an increase in the GST activity only in the hypothalamus of Fx-group. Taken
together our results suggest that chronic exposure to fluoxetine during a period of CNS
development causes a positive modulation of the mitochondria function in the hypothalamus

and skeletal muscle.

Keywords: central nervous system, energy balance, mitochondrial metabolism
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1. INTRODUCTION

Mitochondria are the major organelles responsible for producing energy for cellular
processes through the conversion and production of metabolites of adenosine-5'-triphosphate
(ATP). In addition to the classic role, several studies already demonstrated that mitochondria
are also involved in diverse functions, such as regulation of Reactive Oxygen Species (ROS)
production, calcium balance, the redox signaling and cellular viability (i.e apoptosis)
(Koopman et al. 2010).

Recent studies showed that mitochondrial dysfunction associated with increase in
ROS production and oxidative damage is a major contributor to the energy unbalance in some
diseases, such as obesity and diabetes (Aon et al. 2014; Hepple 2014; Jeong et al. 2014). The
maintenance of energy balance requires several physiological and behavioral adjustments
(Rios 2014) pathways that control the whole-body energy metabolism are integrated in the
Central Nervous System (CNS) to produce adequate responses and maintain energy
homeostasis (Williams et al. 2012; Jeong et al. 2014). The hypothalamus acts as determinate
site in the control of energetic balance by processing and integrating central and peripheral
information. Studies showed that under negative energy balance conditions, the activation of
hypothalamic neurons induce a greater stimulation of peripheral tissues (eg skeletal muscle
and adipose tissue), increasing metabolism and resulting in increases in fatty acids oxidation
by mitochondrial $-oxidation process (Cha et al. 2005; Cha et al. 2006; Nasrallah et al. 2014).

Recent studies have shown that exposure to antidepressant drugs induce excessive
production of ROS and affect the antioxidant defense system in different tissues (Novio et al.
2011; Moretti et al. 2012; De Long et al. 2014). The effect of antidepressant in redox status is
stil controversy. (Zlatkovic et al. 2014) studing the effect of chronic treatment with fluoxetine
and clozapine on liver injury had shown that fluoxetine appears to be less toxic than
clozapine, beside fluoxetine increase oxidative stress biomarkers. In contrast, Aksu et al.
(2014) testing the effect of fluoxetine as antioxidant, pre-treat with fluoxetine in ischemia-
reperfusion (IR) kidney model. The authors reported that IR in kidney induce increases in
oxidative stress, decrease of antioxidant defense and increases in pro-inflamatory interleukins,
but pre-treatment with fluoxetine significantly restore redox balance and decreases
inflammatory parameters (Aksu et al. 2014). Particularly in the brain, studies suggest that
antidepressants or mood stabilizers may act through action on mitochondrial functions
(Hroudova et al. 2012; Siwek et al. 2013; Hroudova et al. 2014). Additional studies suggest
that serotonin exerts a protective effect by decreasing oxidative damage (Park et al. 2002;

Avram et al. 2005; Moretti et al. 2012; Abdel Salam et al. 2013) however these studies were
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performed after the period of CNS development. Fluoxetine (i.e Prozac or Serafem) is a drug
widely used for treat depression in pregnant and lactating women, potentially exposing the
fetus and/or baby during the pre and postnatal period of CNS development (Borue et al.
2007). The development of the CNS is particularly vulnerable to ROS due to low levels of
antioxidants, high levels of polyunsaturated fatty acids and the great need for oxygen in
neurobiochemical reactions (Halliwell 2006). Thus, it is very likely that early exposure to
antidepressant drugs may affect the antioxidant defense system in brain regions, leading to
permanent alterations in the tissues involved in energy balance in adult life. To our knowledge
no previous studies was conducted to verify the effect of chronic treatment of fluoxetine
during critical period of development on mitochondrial bioenergetics in key tissues associated
to energy balance. Thus, the aim of the present study was to investigate the effects of chronic
exposure to fluoxetine during the postnatal period of CNS development (i.e. lactation) on

mitochondrial bioenergetics in hypothalamus and skeletal muscle in male rats.

2. MATERIAL AND METHODS

2.1 Animals

The animal use protocols for this study have been approved by the Ethics Committee
for Animal Research at the Federal University of Pernambuco in accordance with the
guidelines published in “Principles of Laboratory Animal Care” (NIH, Bethesda, USA) and
Canadian Council on Animal Care (CCAC) guidelines (Ethical Protocol 23076.015276/2012-
56). Wistar rats (Rattus norvegicus) were maintained at a room temperature of 23 + 1 °Cina
12-h alternating light—dark cycle (light 6:00 a.m.—6:00 p.m.). At ninety-days old, rats were
mated (1 females for 1 male). 6-Pregnant rats were then transferred to individual cages and at
least four male offspring of each litter were used in the present study. The pharmacological
treatment stated 24 hours after birth. In our experimental groups no significant differences in
litter size has been observed. The dams received commercial chow ad libitum. After weaning,

the rat pups receive the same diet as their mothers, also ad libidum.

2.2 Pharmacological treatment and experimental groups

All male neonates received a subcutaneous fluoxetine (10 mg/kg, dissolved in saline
solution, 10 ml/kg, bw; Fx group) or vehicle (NaCl 0.9%, 10 ml/kg, bw; control-Ct group)
injection once daily from the 1" to the 21" postnatal day (i.e., during the suckling period)

(Silva et al. 2010; da Silva et al. 2014). To avoid a possible influence of the circadian rhythm
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in these studies, injections were always administered between 7:00 a.m. and 8:00 a.m.

(Sanchez et al. 2008; da Silva et al. 2014).

2.3 Mitochondria isolation

Hypothalamus and EDL mitochondria were prepared by homogenization followed by
differential centrifugation. Male Wistar rats (at 60 days of age) were killed by decapitation,
and tissues was immediately removed and homogenized in a mixture containing 225 mmol/L
mannitol, 75 mmol/L. sucrose, 1 mmol/LL EGTA, 4 mmol/L HEPES (pH 7.2). The
homogenate was centrifuged at 4000 rpm for 10 min in 4°C. The supernatant was carefully
removed and centrifuged at 15000 rpm for 10 min in 4°C. The pellet was re-suspended in a
buffer containing 250 mmol/L sucrose and 5 mmol/L HEPES (pH7.2). Mitochondrial protein
concentration was determined spectrophotometrically according to Bradford (Bradford 1976)

with BSA as the standard.

2 4 Mitochondrial oxygen consumption

Measurement of mitochondrial respiration was performed at 28°C in a 600 SL
chamber connected to a Clark-type oxygen electrode (Hansatech Instruments, Pentney King's
Lynn, UK). The mitochondria were incubated in respiration buffer containing 120 mmol/L
Potassium chloride (KCIl), 5 mmol/L. 3-(N-morpholino)propanesulfonic acid (MOPS), 1
mmol/L Ethylene glycol tetracetic acid (EGTA), 5 mmol/L, Monopotassium phosphate
(KH,PO,), (pH 7.2) and 0.2% BSA. Mitochondria were used at 0.5 mg protein/mL buffer.
Mitochondrial respiration was measured with Complex I and II substrates, ADP (0.5
mmol/L), Oligomycin (1.2 mmol/L) and CCCP (I mmol/L) (Lagranha et al. 2010;
Nascimento et al. 2014).

2.5 Mitochondrial ROS production

Mitochondrial ROS production in isolated mitochondria was performed at 28°C using
a fluorescent probe H,DCFDA (5- (and 6)-chloromethyl-2°,7’-dichlorodihydrofluorescein
diacetate, acetyl ester). This dye is non-fluorescent when chemically reduced, but after
cellular oxidation and removal of acetate groups by cellular esterases it becomes fluorescent
(Garcia-Ruiz et al. 1995). Briefly, mitochondrial suspensions (0.5 mg protein) were
incubated in the presence of 1 umol/L H,DCFDA and fluorescence was monitored over 5
minutes of gentle shaking using a temperature-controlled spectrofluorimeter (OMEGA, USA)

with excitation and emission wavelengths of 503 and 529 nm, respectively. ROS production
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was evaluated using complex I substrate (10/2 mmol/L of glutamate/malate). Under these
conditions, the linear increment in fluorescence for each reaction indicated the rate of ROS

formation.

2.6 Mitochondrial pore opening

The capacity of the mitochondria to retain calcium has been used as a measure of the
permeability transition pore and can be monitored by analyzing mitochondrial swelling
(Maloyan et al. 2005) as a decrease in light absorbance at 540 nm. Calcium at 100 wmol/L
was added to measure the capacity of the mitochondrial maintain pore closed (Blattner et al.

2001).

2.7 Oxidative stress evaluation in hypothalamus and EDL

Hypothalamus and EDL tissues was prepared from male Wistar rats (at 60 days of
age) by homogenization followed by centrifugation. The tissues was homogenated in buffer
with Tris 50 mM (pH 7.4), EDTA 1mM and NP40 0.1%, with PMSF 2 mM and

orthovanodate 1mM.

2.7.1 Evaluation of malondialdehyde (MDA) production

A total of 0.3 mg/mL of homogenate was used to measure MDA production following
reaction with thiobarbituric acid (TBA) at 100 °C according to the method of Draper (Draper
et al. 1993; Nascimento et al. 2014). In the TBA test reaction, MDA, or MDA -like substances
react to produce a pink pigment with a maximum absorption at 535 nm. The reaction was
developed by the addition to the sample of 30% trichloroacetic acid and Tris-HCI (3 mmol/L)
followed by thorough mixing and centrifugation at 2500g for 10 min. Supernatant was
transferred to another tube and 0.8% TBA (v/v) was added before mixing and boiling for 30
min. After cooling, the absorbance of the organic phase was read at 535 nm in a
spectrophotometer. Results were expressed as nmol per mg of protein.

2.7.2 Superoxide dismutase (SOD) assay

The determination of total superoxide dismutase enzyme activity (t-SOD) was
performed according to the method of Misra and Fridovich (Misra et al. 1972). Supernatants
(0.3 mg/mL) collected from homogenized tissues following centrifugation were incubated
with 0.880 mL of sodium carbonate (0.05%, pH 10.2, 0.1 mmol/LL EDTA) at 37 C. Thirty

millimoles per liter of epinephrine (in 0.05% acetic acid) was added and SOD activity
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measured the kinetics of inhibition of adrenaline auto-oxidation at 480 nm. Data are expressed
at U/mg protein (Cardoso et al. 2012).

2.7.3 Catalase (CAT) assay

A total of 0.3 mg/mL of homogenates was used to measure CAT activity according to
the method described by Aebi (Aebi 1984). The principle of the assay is based on the
determination of the rate constant (k) of H,O, decomposition, which in our conditions of
temperature and pH was defined as 4.6 x 10. The rate constant of the enzyme was determined
by measuring the change in absorbance (at 240 nm) per minute over a 4-min period, and the
CAT activity was expressed as U/mg protein (da Silva et al. 2014).

2.7.4 Glutathione S-Transferase (GST) assay

A total of 0.3 mg/mL of homogenates was used to measure GST activity according to
the method of Habig et al. by determination of absorbance at 340 nm after addition of 1
mmol/L. of 1-chloro-24-dinitrobenzene (CDNB) (Habig et al. 1974). GST activity was
calculated using the detection of the 2 ,4-dinitrophenyl-S-glutathione (DNP-SG). Based on its
molecular absorbance, 1 enzymatic unit was defined as the amount of protein required to the

form of 1 umol/L DNP-SG per minute (Nascimento et al. 2014).

2.8 Statistical analysis

All of the results are expressed as the means + SEM. A student’s t-test was performed
to assess significant differences between the two groups. The data were considered to be
statistically significant when p < 0.05. All of the data were plotted, and the statistical analysis
was performed using GraphPad Prism 6.0 software (GraphPad Software Inc., La Jolla, CA,
USA).

3. RESULTS
3.1 Fluoxetine treatment in hypothalamic mitochondria

To assess mitochondrial function in the hypothalamus after fluoxetine treatment first
we examined the mitochondrial oxygen consumption and we observed that hypothalamus’s
mitochondria from Fx group has a higher basal respiration than Ct group (Ct: 5.1 + 0.44
nmol O,/min/mg prot, N=7; Fx: 10.8 + 0.64 nmol O,/min/mg prot, N=7; p<0.01); we also
observed that after add an uncoupling protonophore (CCCP) the Fx group still showed a
higher respiration rate than Ct group (Fx: 45.0 = 2.5 nmol O,/min/mg prot, N=7; Ct: 25.7 +
2.9 nmol O,/min/mg prot, N=7; p<0.0001) (Figure 1A). After we measure ROS production,
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since several studies suggest that increase in mitochondrial oxygen consumption may
decrease ROS production (Korshunov et al. 1997; Skulachev 1998; Turrens 2003; Sangle et
al. 2010). As shown in figure 1B, mitochondria from FX group produced significantly less
ROS than Ct group. Consistent with theses results we did not observe difference in
mitochondrial pore opening neither oxidative stress levels in hypothalamus (Figure 1C and

Figure 2)

3.2 Fluoxetine treatment in skeletal muscle mitochondria

After the observation of the fluoxetine treatment in central tissue we next evaluate
mitochondrial function in the EDL muscle. Measuring mitochondrial oxygen consumption
we observed that mitochondria from Fx group had a higher respiration in all states than Ct
group (Basal: Ct-17.7 £ 1.33 nmol O,/min/mg prot, N=7; Fx-27.6 £ 1.66 nmol O,/min/mg
prot, N=7; p<0.001; ADP-Stimulation: Ct-24.4 + 1.8 nmol O,/min/mg prot, N=7; Fx-38.2 +
2.48 nmol O,/min/mg prot, N=7; p<0.001; Resting: Ct-16.1 = 1.0 nmol O,/min/mg prot,
N=7; Fx- 20.7 = 1.58 nmol O,/min/mg prot, N=7; p<0.05; CCCP: Ct-33.9 + 2.2 nmol
O,/min/mg prot, N=7; Fx- 51.7 £ 2.05 nmol O,/min/mg prot, N=7; p<0.001) (Figure 3A).
After we measure ROS production and mitochondrial pore opening. As shown in figure 3B
mitochondria from Fx group produced significantly less ROS than Ct group. Consistent with
theses results we also did not observe difference in mitochondrial pore opening neither

oxidative stress levels in EDL muscle (Figure 3C and Figure 4)

4. DISCUSSION

As far as we known there is no previous studies that examined the effect of
chronically treatment with fluoxetine, during rat development, on mitochondrial bioenergetics
in central and peripheric tissues. In this study, we have used fluoxetine treatment of male rats
during nursing, a critical period in brain development, to assess possible relationships
between mitochondrial bioenergetics and energy balance in tissues-related to the control of
body weight. Our results show that increased levels of serotonin early in life in male rats
decreases body weight (data not showed), increases mitochondrial respiration, decreases ROS
production, and also no changes was observed in mitochondrial permeability transition pore
opening and oxidative stress levels in the hypothalamus and skeletal muscle. These findings
suggest that manipulation of the serotonergic system during critical periods of development

can result in persistent changes in whole-body energy metabolism tissues-related.
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In our experimental model we observed that fluoxetine induce increases in several
mitochondrial respiration stage either in hypothalamus as in skeletal muscle. (Hroudova and
Fisar 2012) studing in vitro the effect of fluoxetine among others antidepressant showed that
fluoxetine at concentrations higher than 80 wmol/L and higher than 260 wmol/L inhibit
complex I and complex II, respectively. In contrast, Agostinho et al (2011) have shown that
acute treatment with fluoxetine in adult male rat induces increase in citrate synthase activity,
the frist enzyme of Krebs cycle’s, in striatum (Agostinho et al. 2011). Studies suggest that
increase in Krebs cycle’s products (i NADH and FADH,) increases mitochondrial
respiratory processes (Chance et al. 1956; Groen et al. 1982; Brown et al. 1990; Harris et al.
1991; Murphy 2001). In a different study, Abelaira et al (2011) showed that acute treatment in
adult male rat with imipramine (serotonin reuptake inhibitor) increases the activity of citrate
synthase and respiratory complex II activity in amygdala’s area. In adition, in the same study
the authors showed that chronic treatment with imipramine during 14 days (once a day)
increases the activity of mitochondrial respiratory complex II and complex III in prefrontal
cortex and hippocampus, beside the increase in mitochondrial respiratory complex III activity
in amygdala (Abelaira et al. 2011). Combined previous data, with our data, suggests that
fluoxetine in vivo increases mitochondrial oxygen consumption by increases in substrate
oxidation.

In our results we observe in addition to increase in oxygen consumption a decrease in
ROS production in both tissues. A variety of studies had shown that conditions, including
oxidative phosphorylation or uncoupling, were increases oxygen consumption and electron
transport chain (ETC) prevent mitochondrial ROS production in different tissues (Korshunov
et al. 1997; Skulachev 1998; Sangle et al. 2010). Studies suggested that the mechanism
involved in decreases of ROS production is related to the prevention of anion superoxide (O,)
formation by decreasing oxygen tension in the mitochondrial milieu (Skulachev 1998;
Murphy 2009). Another possible mechanism involves the capacity of the ETC maintain
NADH levels lower, which prevents ROS formation by mitochondrial matrix flavoenzymes
(Starkov et al. 2004; Tretter et al. 2004). Another possibility is due to increased electron
transport rates are often accompanied by lower mitochondrial membrane potential (AW), a
condition that thermodynamically disfavors the reverse flow of electron from Complex II to
Complex I, decreasing electron leak and O, formation (Turrens 2003).

Previous studies suggested that inhibition of oxidative phosphorylation cause

redirection of electrons from ETC, increasing ROS production, increasing oxidative stress,
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and declination of energy production and MPTP opening (Kowaltowski et al. 2001; Wallace
2001; Halestrap et al. 2002). Mitochondrial permeability transition pore (MPTP) refers to an
abrupt increase in the permeability of the inner mitochondrial membrane to low molecular
weight molecules due to osmotic forces leading to the structural alteration with cell death
mediated by necrosis or apoptosis (Gunter et al. 1990; Bernardi et al. 1996; Rasola et al.
2011). Our data related to mitochondrial respiration and ROS production suggested that
MPTP in our model would not be induced since we observed the opposite effect (i.e increases
in mitochondrial respiration and decreases in ROS production). Evaluating MPTP opening,
we indeed did not observe any detrimental effect of fluoxetine treatment with or without 100
uM of calcium in hypothalamus or skeletal tissue, suggesting that fluoxetine does not induce
impair in mitochondrial bioenergetics. In adition to non-effect in MPTP, we did not observe
oxidative stress neither in hypothalamus or skeletal muscle, this effect endorses the results
observed in mitochondrial respirations and lower levels of ROS released.

Taking our current data together with the available literature on mitochondrial
bioenergetics, we suggest that fluoxetine induce body weight decrease by the increment in
mitochondrial oxidative phosphorylation (i.e. Krebs cycle and ETC process). Such results
suggest that early intervention with serotonin re-uptake inhibitors (like fluoxetine in this
study) could contribute to decreases metabolic diseases, perhaps by improving mitochondrial

function with reductions in oxidative stress.
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LEGENDS:

Figure 1 - Effect of chronic treatment with fluoxetine on oxygen consumption (A),
production of reactive oxygen species (B) and mitochondrial pore opening (C) in the
hypothalamus of male rats with 60 days of life. Was used succinate (10 mM) as mitochondrial
substrate and 10 mM CaCl2. The pups received daily fluoxetine (Fx = 10 mg / kg bw, sc,n =
7) or vehicle (0.9% NaCl, C = 10 ml / kg bw, sc, n = 7) from the 1st to 21th day of life. Data

are presented as mean + SEM.
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Figure 2 - Effect of chronic exposure to fluoxetine on oxidative balance (A-MDA, B-SOD,
C-Catalase, D-GST) in the hypothalamus of male rats with 60 days of life. The pups received
daily fluoxetine (Fx = 10 mg / kg bw, sc, n = 7) or vehicle (0.9% NaCl C = 10 ml / kg bw, sc,
n =7) from the 1st to 21th day of life. Data are presented as mean + SEM.

Figure 3 - Effect of chronic treatment with fluoxetine on oxygen consumption (A),
production of reactive oxygen species (B) and mitochondrial pore opening (C) in the EDL
muscle of male rats with 60 days of life. Was used succinate (10 mM) as mitochondrial
substrate and 10 mM CaCl2. The pups received daily fluoxetine (Fx = 10 mg / kg bw, sc,n =
7) or vehicle (0.9% NaCl C = 10 ml / kg bw, sc, n = 7) from the Ist to 21th day of life. Data
are presented as mean + SEM.

Figure 4 - Effect of chronic exposure to fluoxetine on oxidative balance (MDA A-, B-SOD,
Catalase C-, D-GST) in the EDL muscle of male rats with 60 days of life. The pups received
daily fluoxetine (Fx = 10 mg / kg bw, sc, n = 7) or vehicle (0.9% NaCl C = 10 ml / kg bw, sc,
n =7) from the 1st to 21th day of life. Data are presented as mean + SEM.
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ABSTRACT

BACKGROUND: The serotonergic system plays a crucial role in the development and
homeostasis of the eating behavior and energy balance regulation. Energy balance is
mediated by food intake and caloric expenditure. Thus, the present study investigated the
mechanisms that might be associated with fluoxetine treatment-induced weight reduction.
METHODS: Wistar male rat pups were injected daily with subcutaneous fluoxetine (Fx-
group) or vehicle solution (Ct-group) until 21 days of age (days). Several analyses were
conducted to verify the involvement of mitochondria in weight reduction. RESULTS: We
found that body weight in the Fx-group was lower compared to control. In association to
lower fat mass in the Fx-group (25%). Neither neonatal caloric intake nor food intake reveals
significant differences. Evaluating caloric expenditure (locomotor activity and
thermogenesis), we did not observe differences in locomotor activity. However, we observed
that the Fx-group displayed 30% less heat loss compared with the Ct-group. Since brown
adipose tissue (BAT) is specialized for heat production and the rate of heat production is
related to mitochondrial function, we found that Fx-treatment increases respiration by 36%,
although after addition of GDP respiration returned to Ct-levels. Examining ROS production
and oxidative stress the Fx-group produced less ROS and no difference was observed in
oxidative stress. Evaluating UCP expression we found that Fx-treatment increase UCP
expression by 23%. CONCLUSIONS: Taken together, our results suggest that serotonin
modulates energy balance possible due to mitochondrial respiration and UCP activation.
GENERAL SIGNIFICANCE: Body weight modulated by fluoxetine treatment involves
mitochondrial activity and Uncoupling proteins (UCP) in BAT.

Keywords: fluoxetine, developmental period, body weight, energy balance,

mitochondria
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1. INTRODUCTION

The serotonin (5-HT) that is produced in the brain contributes substantially to food
intake and energy expenditure regulation [1-3]. During the perinatal period, serotonin has an
important effect on target cells and organs to modulate development [4-7]. It is suggested
that early exposure to selective serotonin reuptake inhibitors (SSRIs) such as fluoxetine can
impact the pattern of brain development [8]. A study from Silva et al. (2010) using fluoxetine
during lactation demonstrated morphological changes in serotonergic neurons in addition to a
gradual reduction in body weight during lactation and post-weaning [9]. SSRIs are a class of
antidepressants that are often prescribed to pregnant and lactating women with varying
degrees of depression, thus exposing fetuses and infants to the drug during brain
development [10].

Maintaining energy balance requires several physiological and behavioral adjustments
to obtain energy, especially controlling metabolism and storage [11]. Energy imbalance is
the main cause of the global epidemics such as obesity and diabetes mellitus [12]. Pathways
that control body nutritional status and energy levels are integrated into the Central Nervous
System (CNS) to produce appropriate responses in peripheral tissues (i.e brown adipose
tissue or skeletal muscle) and maintain energy homeostasis [13]. The cerebral serotoninergic
system, especially hypothalamic nucleus, contributes to the regulation of energy expenditure
[2, 3]. Studies show that electrical stimulation of hypothalamic nucleus leads to activation of
brown adipose tissue and increase body temperature [14]. These authors suggested that this
signal is likely mediated by serotonin [14]. Bross and Hoffer (1995) demonstrated that
fluoxetine administration increased energy expenditure, which was associated with increased
basal body temperature in humans [15]. A study using sibutramine showed activation of
brown adipose tissue indirectly through activation of sympathetic system [16]; other studies
using fenfluramine (stimulates serotonin release) showed activation of brown adipose tissue
with a decrease in metabolic efficiency (uncouple electron transport from ATP synthesis and
with generate heat in brown adipose tissue mitochondria) [17-20].

Since mechanistic control of energy balance needs the participation of the central
nervous system, which is vulnerable to environmental stimuli during the critical
developmental period [21], it is very likely that serotonin system manipulation by fluoxetine
treatment during development is crucial to developing specific and permanent adaptation,
which could reflect in brown adipose tissue activation. The mechanisms involved in these
early fluoxetine treatment-induced adaptations have not been fully elucidated. No

experimental studies have been conducted to investigate the role of developmental serotonin
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on energy balance and the participation of brown adipose tissue mitochondria. Thus, to
investigate whether serotonergic system manipulation during development would affect
energy balance, we conducted several experiments to investigate what was responsible for

the gain and loss of weight (energy).

2. MATERIALS AND METHODS

2.1 Animals

The animal use protocols for this study have been approved by the Ethics Committee
for Animal Research at the Federal University of Pernambuco in accordance with the
guidelines published in “Principles of Laboratory Animal Care” (NIH, Bethesda, USA) and
Canadian Council on Animal Care (CCAC) guidelines (Ethical Protocol
23076.015276/2012-56). Wistar rats (Rattus norvegicus) were maintained at a room
temperature of 23 £ 1 °C in a 12-h alternating light—dark cycle (light 6:00 a.m.—6:00 p.m.).
At ninety-days old, rats were mated (1 females for 1 male). 6-Pregnant rats were then
transferred to individual cages and at least four male offspring of each litter were used in the
present study. The pharmacological treatment stated 24 hours after birth. In our experimental
groups no significant differences in litter size has been observed. The dams received
commercial chow ad libitum. After weaning, the rat pups receive the same diet as their

mothers, also ad libidum.

2.2 Pharmacological treatment and experimental groups

All male neonates received a subcutaneous fluoxetine (10 mg/kg, dissolved in saline
solution, 10 ml/kg, bw; Fx group) or vehicle (NaCl 0.9%, 10 ml/kg, bw; control-Ct group)
injection once daily from the 1*' to the 21* postnatal day (i.e., during the suckling period) [9,
22]. To avoid a possible influence of the circadian rhythm in these studies, injections were

always administered between 7:00 a.m. and 8:00 a.m. [22, 23].

2.3 Body weight measurement

Body weights (in grams) were measured from 1* to the 21% postnatal day (weaning)
and again at 40 and 60 days after birth using a digital balance (Marte, model S-100 with a
0.001 g sensitivity) [22, 24].
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2.4 Food intake measurement

2.4.1 Neonatal food intake
Individual pup food consumption in milligrams (mg) was obtained on lactation day 7, 14 and
21. To stimulate food intake, animals were separated from their mother for 3 hours. During
this period, pups aged 7 and 14 days stayed together in a plastic box in a 33°C incubator.
Consumption was measured by weight gain one hour after return to the mother box [25]. To
ensure greater food intake quantitation reliability, the stimulation was performed with soft

object genital cups to promote urine and feces excretion [26].

2.4.2 24-hour food intake evaluation
Food intake (in grams) was evaluated by weighing commercial chow (Labina®)

consumption for 24 hours at 40 days of age.

2.5 Brown and White adipose tissue quantification
Intrascapular brown adipose tissue, mesenteric and epididymal white adipose tissue
were excised, rinsed and weighed (in grams) using a digital balance (Marte, model S-100 with

a 0.001 g sensitivity) at postnatal day 60.

2.6 Free locomotor activity measurement

At 40 days of age, the pups were individually recorded for 24 hours using an infrared
camera (1/3480 chip sony line), and the captured images were stored in a computer system for
voluntary activity analysis. Free locomotor activity including combined exploratory behaviors

(i.e., holding the cage, nest building and grooming behavior) was recorded [27].

2.7 Rectal body temperature measurement after thermal stimulation

At 40 days of age, the animal rectal body temperature (in °C) was assessed. The record
was initially performed at room temperature, and the animals were then placed in a container
with air vents and subjected to freezing ambient at -15°C, and rectal temperature was

measured every 30 minutes for 90 minutes [28].

2.8 Mitochondria isolation
Brown Adipose Tissue (BAT) mitochondria were prepared by homogenization
followed by differential centrifugation. Male Wistar rats (at 60 days of age) were killed by

decapitation, and BAT was immediately removed from interscapular deposits and
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homogenized in a mixture containing 225 mM mannitol, 75 mM sucrose, 1 mM EGTA,
4 mM HEPES (pH 7.2). The homogenate was centrifuged at 4000 rpm for 10 min in 4°C. The
supernatant was carefully removed and centrifuged at 15000 rpm for 10 min in 4°C. The
pellet was re-suspended in a buffer containing 250mM sucrose and SmM HEPES (pH7.2).
Mitochondrial protein concentration was determined spectrophotometrically according to

Bradford with BSA as the standard.

2.9 Mitochondrial oxygen consumption

Measurement of mitochondrial respiration from BAT was performed at 28°C in a 600
SL chamber connected to a Clark-type oxygen electrode (Hansatech Instruments, Pentney
King's Lynn, UK). The mitochondria were incubated in respiration buffer containing 120
mmol/L. Potassium chloride (KCI), 5 mmol/L 3-(N-morpholino)propanesulfonic acid
(MOPS), 1 mmol/L Ethylene glycol tetracetic acid (EGTA), 5 mmol/L, Monopotassium
phosphate (KH2PO4), and 0.2% BSA. Mitochondria were used at 0.5 mg protein/mL buffer.
Mitochondrial respiration was measured with Complex II (succinate SmM) substrates, GDP

(UCP inhibitor - ImM) and CCCP (1 mM) [29, 30].

2.10 Mitochondrial reactive oxygen species (ROS) production

Mitochondrial ROS production in isolated mitochondria was performed at 28°C using
a fluorescent probe DCFDA (5- (and 6)-chloromethyl-2’,7’-dichlorodihydrofluorescein
diacetate, acetyl ester). This dye is non-fluorescent when chemically reduced, but after
cellular oxidation and removal of acetate groups by cellular esterases it becomes fluorescent
[31]. Briefly, mitochondrial suspensions (0.5 mg protein) were incubated in the presence of 1
uM DCFDA and fluorescence was monitored over 5 minutes of gentle shaking using a
temperature-controlled spectrofluorimeter (OMEGA, USA) with excitation and emission
wavelengths of 503 and 529 nm, respectively. Under these conditions, the linear increment in

fluorescence for each reaction indicated the rate of ROS formation.

2.11 Oxidative stress evaluation in BAT

Brown Adipose Tissue (BAT) was prepared from male Wistar rats (at 60 days of age)
by homogenization followed by centrifugation.
2.11.1 Evaluation of malondialdehyde (MDA) production

A total of 0.3 mg/mL of BAT homogenate was used to measure MDA production
following reaction with thiobarbituric acid (TBA) at 100 °C according to the method of
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Draper [30, 32]. In the TBA test reaction, MDA, or MDA-like substances react to produce a
pink pigment with a maximum absorption at 535 nm. The reaction was developed by the
addition to the sample of 30% trichloroacetic acid and Tris-HCI (3 mmol/L) followed by
thorough mixing and centrifugation at 2500g for 10 min. Supernatant was transferred to
another tube and 0.8% TBA (v/v) was added before mixing and boiling for 30 min. After
cooling, the absorbance of the organic phase was read at 535 nm in a spectrophotometer.

Results were expressed as nmol per mg of protein.

2.11.2 Superoxide dismutase (SOD) assay

The determination of total superoxide dismutase enzyme activity (t-SOD) was
performed according to the method of Misra and Fridovich [33]. Supernatants (0.3 mg/mL)
collected from homogenized BAT following centrifugation were incubated with 0.880 mL of
sodium carbonate (0.05%, pH 10.2, 0.1 mmol/L EDTA) at 37° C. Thirty millimoles per liter
of epinephrine (in 0.05% acetic acid) was added and SOD activity measured the kinetics of

inhibition of adrenaline auto-oxidation at 480 nm. Data are expressed at U/mg protein [34].

2.11.3 Catalase (CAT) assay

A total of 0.3 mg/mL BAT homogenate was used to measure CAT activity according
to the method described by Aebi [35]. The principle of the assay is based on the determination
of the rate constant (k) of H,O, decomposition, which in our conditions of temperature and
pH was defined as 4.6 x 10”. The rate constant of the enzyme was determined by measuring
the change in absorbance (at 240 nm) per minute over a 4-min period, and the CAT activity

was expressed as U/mg protein [34].

2.11.4 Glutathione S-Transferase (GST) assay

A total of 0.3 mg/mL BAT homogenate was used to measure GST activity according
to the method of Habig et al. by determination of absorbance at 340 nm after addition of 1
mmol/L of 1-chloro-2,4-dinitrobenzene [36]. GST activity was calculated using the detection
of the 2,4-dinitrophenyl-S-glutathione (DNP-SG). Based on its molecular absorbance, 1
enzymatic unit was defined as the amount of protein required to the form of 1 mmol/L DNP-

SG [30].
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2.12 Western blot for UCPs expression

After mitochondrial isolation, aliquots of BAT mitochondria were used for the
measurement of total protein content as described by Bradford. Equal amounts of proteins
were separated using 14% SDS-gel polyacrylamide electrophoresis. Western blotting was
carried out following the method described by Towbin et al. The proteins of the gel were
transferred to a nitrocellulose membrane at 100V for 1 h. Non-specific binding was blocked
by incubating the membranes with 5% defatted milk in basal solution (10mM Trizma, pH 7.5;
150mM NaCl; 0.05% Tween 20) overnight at 4 °C. Membranes were washed in basal solution
three times for 5 min each and then incubated with anti-UCP1 antibodies (SCBT: SC-6528) in
basal solution containing 3% defatted milk, at 4°C, overnight. Membranes were washed again
(three times for 5min each) and incubated with anti-IgG antibody linked to horseradish
peroxidase in basal solution containing 1% defatted milk, at 25°C, for 4 h. Following another
washing, membranes were incubated with substrate for peroxidase and chemiluminescence
enhancer (ECL Western Blotting System) for 5 min and immediately exposed to X-ray film.
Films were then processed in a conventional manner. Gel transfer efficiency and equal load
was verified using reversible Ponceau staining [29]. Band intensities of the Western blotting
experiments were analyzed and quantified by optical densitometry using the Image J software

(NIH, Maryland, USA) [37, 38].

2.13 Statistical analysis

All of the results are expressed as the means = SEM. A student’s #-test was performed
to assess significant differences between the two groups. Two-way ANOVA with multiple
comparisons was used for repeated analyses. The data were considered to be statistically
significant when p =< 0.05. All of the data were plotted, and the statistical analysis was

performed using GraphPad Prism 6.0 software (GraphPad Software Inc., La Jolla, CA, USA).
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3. RESULTS
3.1 Body weight evaluation

We measured body weight daily, and we observed that body weight was significantly
lower in the treated group than the control group beginning in second week of life (Figure 1;
14 days after birth, Ct: 32.30 + 0.5673 grams, n: 35, Fx: 25.10 + 0.2900 grams, n: 35; 21%
days, Ct: 50.70 + 0.9768 grams, n: 35, Fx: 41.41 £ 0.7332 grams, n: 35,). Furthermore, body
weights of the treated group remained lower than the control rats at 40™ and 60" days (19 and
39 days after last drug application, respectively) (40™ days: Ct: 131.8 + 3.5 grams, n: 11, Fx:
115.0 £ 2.5 grams, n:16; 60" days: Ct: 239.10 + 10.83 grams, n: 13, Fx: 206.1 + 9.94 grams,
n: 11).
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Figure 1 - Effect of neonatal fluoxetine treatment on body weight in male rat pups that were
treated with fluoxetine (fluoxetine = 10 mg / kg bw, sc) or saline (control = 0.9% NaCl 1
ml/kg, pc, sc) during the suckling period. Body weight on the 7th, 14th, 21st, 40th and 60th
day of postnatal life is demonstrated. Body weight data are presented as the mean + SEM (* p
<0.001).

3.2 Food intake

3.2.1 Neonatal Food Consumption

No differences were observed in food consumption between groups on the 7" days
(Ct: 2.04 £ 0.19 grams, n: 16; Fx = 1.86 + 0.17 grams, n:21); 14 days (Ct: 2.47 + 0.31
grams, n:16; Fx: 2.24 £ 0.22 grams, n:21) and 21* days (Ct: 3.7 + 0.18 grams, n:16; Fx: 3.05
+ 0.29 grams, n:21) (Figure 2).
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Figure 2 - Effect of neonatal food intake after deprivation in young male rats treated with
fluoxetine (fluoxetine = 10 mg / kg bw, sc, n = 21) or saline (control = 0.9% NaCl 1 ml/kg,
pc, sc, n = 16) during suckling period. Food intake on the 7th, 14th and 21th day of life was
reported. Data on food intake are presented as the mean + SEM.

3.2.2 24-hour food intake

To understand the possible mechanisms behind the decrease in body weight, we
evaluated food intake during a 24-hour period in rats at 40 days. Interestingly, 24 h food
intake was not altered by the drug, suggesting that the weight differences between the groups
were not related to food intake (Ct: 19.5 £ 1.53 grams, n:16; Fx: 16.84 + 1.139 grams, n:21)
(Figure 3).
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Figure 3 - Effect of neonatal fluoxetine treatment on food intake for 24 hours in pups of male
rats treated with fluoxetine (fluoxetine = 10 mg/kg bw, sc, n = 8) or saline (control = 0.9%
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NaCl 10 ml/kg ch, sc, n = 8) during suckling period. Food intake (g / bw * 100) on the 40th
day of life was measured. The data are presented as the mean £ SEM.

3.3 White and Brown Adipose tissue weight

Because the results revealed no difference in food intake even though there was a
difference in body weight, we quantified the adipose tissue weight. We observed that rats
from the Fx group had significantly reduced white adipose tissue (Fx: 0.97 + 0.093 grams, n:
11; p<0.01) compared with the control group (Ct: 1.72 + 0.129 grams, n: 11) without changes
in the amount of brown adipose tissue (Fx: 0.085 = 0.005 grams, n: 9; Ct: 0.075 = 0.003
grams, n: 13) (Figure 4).
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Figure 4 - Effect of neonatal treatment with fluoxetine on White (A) and Brown (B) adipocyte
tissue weight (grams) in male rat pups that were treated with fluoxetine (fluoxetine = 10 mg /
kg bw, sc) or saline (control = 0.9% NaCl 1 ml/kg, pc, sc) during the suckling period. The
retroperitoneal white adipose tissue and brown dorsal tissue weight from the animal on 60 days

of life was measured. The adipose tissue weights are presented as the mean £ SEM. (* p <
0.01).
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3.4 Free Locomotor Activity

Because energy balance is an equation between energy intake and energy expenditure,
we evaluated voluntary locomotor activity to verify whether the decrease in body weight and
white adipose tissue was because of increased energy expenditure from increased activity.
Upon analyzing voluntary locomotor activity for 24 hours, we observed that the Fx group (Fx:
25292 + 1377 seconds, n: 6) had no significant difference than the C group (C: 27666 + 1170
seconds, n:6) (Figure 5).
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Figure 5 - Effect of neonatal fluoxetine on free locomotor activity (s) in the male pups of rats
that were fluoxetine (fluoxetine = 10 mg / kg bw, sc, n = 6) or saline-treated (control = 0.9%
NaCl 1 ml/kg, pc, sc, n = 6) during suckling period. The volunteer activities recorded in
seconds are presented as the mean + SEM.

3.5 Temperature variation after thermal stimulation

After evaluating body weight, food intake, adipose tissue and locomotor activity, we
were still unable to determine how fluoxetine modulates energy balance. One mechanism that
controls energy balance is decreasing metabolic efficiency, in other words, uncoupling
substrate oxidation from the production of ATP; this can occur with proton leak that is not
coupled to ATP production. In addition, it is well known that cold exposure stimulates
lipolysis in BAT; thereby activating UCP1 and increasing heat production (proton transporter).
After exposure to -15°C, body temperature was measured using rectal temperature every 30
minutes for a total period of 90 minutes. The Fx group demonstrated a reduced decrease in
body temperature (basal temperature= Ct: 33.08 + 0.44°C, n:5; Fx:32.33 £ 0.65°C, n:6; 30 min
after thermal stimulus= Ct: 25.72 + 0.29°C, n:5; Fx:27.50 + 0.52°C, n:6; 60 min after thermal
stimulus= Ct: 21.66 + 0.07°C, n:5; Fx:24.58 + 0.65°C, n:6; 90 min after thermal stimulus= Ct:
18.38 + 0.17°C, n:5; Fx:23.38 + 0.12°C, n:6), and the temperature after 90 minutes
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demonstrated that the Fx group lost less heat than the Ct group (Fx: 4.56 + 0.31, n: 5; Ct: 7.42
+ 0.45, n: 6) (Figure 6).
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Figure 6 - Effect of neonatal fluoxetine treatment on body temperature in male pups of rats
that were treated with fluoxetine (fluoxetine = 10 mg / kg bw, sc, n = 8) or saline (control =
0.9% NaCl 1 ml/kg, pc, sc, n = 8) during suckling period. Body temperature variation was
measured progressively every 30 minutes for 90 minutes total. The delta of variation (A) in
temperature is presented as the mean + SEM (¥p<0.05; **p<0.01;***p <0.001).

3.6 Mitochondrial oxygen consumption in Brown adipose tissue

Because thermogenesis is mainly a mitochondrial event, mitochondrial function is a
good indicator of brown fat activity. To assess the role of BAT mitochondria in the regulation
of body weight we examined the mitochondrial oxygen consumption and we observed that
mitochondria from Fx group has a higher basal respiration than Ct group (Fx: 56.6 + 2.13
nmol Oy/min/mg prot, N=11; Ct: 38.0 = 1.98 nmol O,/min/mg prot, N=11; p<0.0001); we
also observed that after add an uncoupling protonophore (CCCP) the Fx group still showed a
higher respiration rate than Ct group (Fx: 71.2 + 2.27 nmol O»/min/mg prot, N=11; Ct: 48.0 £
2.35 nmol Oy/min/mg prot, N=11; p<0.0001) (Figure 7A). These results, together with the
temperature led us to the hypothesis that uncoupling proteins could participate in the

regulation of the body weight. With this in mind we evaluate the oxygen consumption in BAT
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mitochondria in presence and absence of GDP, a potent inhibitor for uncouple protein (UCP
1), and we found a significant decrease of oxygen consumption in Fx group after added GDP
(Fx - GDP: 56.6 + 2.13 nmol Oy/min/mg prot, N=11; Fx +GDP: 46.0 + 1.7 nmol O,/min/mg
prot, N=6; p<0.01) (Figure 7B), adding another piece that suggests an involvement of UCP in
Fx-modulating body weight.
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Figure 7 - Effect of neonatal fluoxetine treatment on BAT mitochondrial respiration in male

pups of rats that were treated with fluoxetine (fluoxetine = 10 mg / kg bw, sc, n = 11) or saline
(control = 0.9% NaCl 1 ml/kg, pc, sc, n = 11) during suckling period. (A) Mitochondrial
respiration was measured in State 2 respiration and Maximal respiration capacity (Basal and
Uncoupled, respectively); (B) Mitochondrial respiration was measured in absence or presence
of GDP during State 2 respiration (n= 6 in each group). The data is presented as the mean +
SEM (¥*p<0.01;***p < 0.001).
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3.7 Mitochondrial ROS production and oxidative stress evaluation

Together, our results suggest the participation of UCP1 in Fx-modulating body weight.
We next measure the ROS production from BAT mitochondrial since several studies had
shown that mild uncoupling from UCPs could attenuates the production of ROS and oxidative
damage [39-41]. As shown in Figure 8§, BAT mitochondria from the Fx group produced
significantly less ROS than Ct group; consistent with this, we found no difference in oxidative

stress evaluated by MDA production and antioxidant enzymes activity in BAT.
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Figure 8 - Effect of neonatal fluoxetine treatment on ROS production and Oxidative stress
levels in male pups of rats that were treated with fluoxetine (fluoxetine = 10 mg / kg bw, sc, n
= 6) or saline (control = 0.9% NaCl 1 ml/kg, pc, sc, n = 6) during suckling period. (A)
Mitochondrial ROS production was performed using DCFDA (1uM); (B) Oxidative stress
measured in BAT homogenate. The data is presented as the mean + SEM (*p<0.05).
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3.8 Western blot for UCP [ expression

To test the direct participation of UCP1 in BAT from the Fx group, we measured the
UCP1 protein expression in BAT mitochondria. As shown in Figure 9 neonatal fluoxetine
treatment induces an increase in UCP 1 expression (Fx: 2.45 £ 0.07, N=3; Ct 1.98 £ 0.11,
N=4; p<0.05), suggesting that the decrease observed in body weight may be due to the
increase in mitochondrial function especially UCP1 activation. Taking together, our results

shown that fluoxetine treatment modulates UCP and improves mitochondrial function.

——
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Figure 9 - Effect of neonatal fluoxetine treatment on BAT UCP1 protein expression in
male pups of rats that were treated with fluoxetine (fluoxetine = 10 mg / kg bw, sc, n =
3) or saline (control = 0.9% NaCl 1 ml/kg, pc, sc, n = 4) during suckling period. The
data is presented as the mean = SEM (*p<0.05).

4. DISCUSSION

In the present study, we demonstrated that chronic treatment (21 consecutive days)
with selective serotonin reuptake inhibitors during the period of brain development reduced
body weight due to mitochondrial UCP activation, and mitochondrial bioenergetics. In our
study, fluoxetine treatment did not induce differences in food consumption compared with
controls during the neonatal (7, 14 and 21 days) period or at 40 days for 24 hours of analysis.
Previous studies have shown that fluoxetine decreased body weight by anticipate satiety [42,

43], although using our experimental model, we did not observe a difference in food intake.
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However, these previous studies were conducted in adult animals using SSRIs such as
citalopram, sertraline, fluoxetine or 5-HT or its precursor, the amino acid tryptophan [43, 44].
It is important to highlight that our treatment was conducted during brain development
(neonates), and the effects of treatment can be very different between ages and/or
developmental stages. The window for nervous system maturation is until the 40™ postnatal
day, thus these stages are vulnerable to neurobiological changes [45, 46]. It is likely that
fluoxetine handling is crucial to the development of specific adaptive behaviors, as our results
demonstrate no difference in food intake; drug concentration and treatment duration are
variables that affect the response of fluoxetine on food intake.

In agreement with our study, Silva et al. [9] and da Silva et al. [22], using the same
experimental model, demonstrates that chronic fluoxetine treatment induced less weight gain
than the control during lactation and maintain in adult life. Another study using the
antidepressant citalopram (10 mg / kg bw, sc) also demonstrated reduced body weight [47].
The antidepressant fenfluramine (reuptake inhibitor and 5 - HT release stimulator) increased
proopiomelanocortin (POMC) expression [48]. The neuropeptide POMC is synthesized in
hypothalamic nuclei and emits preganglionic neuron projections in the mediolateral spinal
cord; they communicate with skeletal muscle by sympathetic postganglionic fibers [49, 50],
which may activate also UCP in skeletal muscle. When this hypothalamic pathway is
stimulated, changes in skeletal muscle energy metabolism can occur resulting in increased
energy expenditure and decreased body weight [51].

The dissipated energy comprises the basal metabolism, mechanical work (locomotor
activity) and adaptive thermogenesis [52]. Thus, high locomotor activity likely increases
dissipated energy resulting in body weight loss. Our results showed that fluoxetine treatment
has no effect on locomotor activity. However we found alterations in thermal parameters after
cold exposure. It is well known that in rodents, cold exposure can sufficiently activate brown
adipose tissue (BAT), leading to increased levels of nonshivering thermogenesis via
activation of the sympathetic system, and we observe that in the first 30 minutes in cold
stimulus the temperature was significant difference between groups. In agreement with our
data, studies with rats using another SSRIs, sibutramine, reported increased dissipated energy
and reduced body weight [53-57].

Brown adipose tissue (BAT) is the main organ for adaptive thermogenesis in small
mammals [58, 59]. Drugs that increase thermogenesis (by activating in BAT) may be possible
drug targets for obesity treatment [52, 60]. Activation of B3-adrenergic receptors in brown

adipocytes causes lipolysis, increased UCP-1 activity, and thermogenesis [59, 61]. Because
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thermogenesis in BAT is a process of metabolic regulation that is controlled by the
hypothalamus via descending sympathetic fibers [58], serotonin reuptake inhibitors may act
both centrally and peripherally to influence body temperature control [53]. Increasing
extracellular 5-HT using reuptake inhibitors may indirectly increase P-adrenergic receptor
activation and affect neuronal activity in the melanocortin system [62]. Studies in obese mice
treated with leptin demonstrated an increase in hypothalamic and brainstem serotonin,
decrease in body weight, and increase in rectal temperature and UCP expression in BAT,
suggesting the indirect effect of serotonin in BAT and UCP [63]. Our results related to UCP1
expression and mitochondrial function suggests that neonatal fluoxetine-treatment modulates
body weight by increases in UCP1 activation.

This study provides additional information related to the mechanism by which
selective serotonin reuptake inhibitors cause weight loss and provides additional insight into
the role of serotonin in energy balance regulation. This study could have important clinical

implications for understanding new model for obesity treatment because obesity is a leading

risk of global death.
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Anexo 1 — Comité de Etica Animal

Universidade Federal de Pernambuco
Centro de Cincias Bioldgicas

Recife, 02 de maio de 2012.
Oficio n® 434/12

Da Comisséo de Etica no Uso de Animais (CEUA) da UFPE
Para. Prof.Raul Manhaes de Castro

Departamento de Nutricao

Universidade Federal de Pernambuco

Processo n® 23076.015276/2012-56

Os membros da Comissdo de Etica no Uso de Animais do Centro de Ciéncias
Biologicas da Universidade Federal de Pernambuco (CEUA-UFPE) avaliaram seu projeto de
pesquisa intitulado, “INIBICAO DA RECAPTACAO DE SEROTONINA DURANTE O
DESENVOLVIMENTO: UM ESTUDO DO BALANGO ENERGETICO E DA FUNGAO
MITOCONDRIAL".

Concluimos que os procedimentos descritos para a utilizagae experimental dos animais
encontram-se de acordo com as normas sugeridas pelo Colégio Brasileiro para
Experimentagao Animal e com as normas internacionais estabelecidas pelo National Institute of
Health Guide for Care and Use of Laberatery Animals as quais séo adotadas como critérios de
avahagdo e julgamento pela CEUA-UFPE.

Encontra-se de acerdo com as normas vigentes no Brasil, especialmente a Lei 11.794
de 08 de outubro de 2008. que trata da questdo do uso de animais para fins cientificos e
didaticos.

Diante do exposto, emitimos parecer favoravel aos protocolos expenmentais & serem
realizados.

[Origem dos animais: Departamento de Nutrigio-UFPE:; | Atenciosamente,
| Animais: Ratos; Linhagem: Wistar, Sexo: Machos e Fémeas; |
| nimero de animais previsto no protocolo: 8 ratas lactantes e 64 |
filhotes; Peso: Ratas 240-260g e filhotes 6-7g; Idade: Ratas |
_adultas e seus filhotes. N
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