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RESUMO

A disfuncdo nas mitocondrias pode acarretar em disturbios neuronais em diversas
regides, como por exemplo, no tronco encefalico; area importante pelo controle das fungdes
cardiorrespiratdrias e pela producdo de serotonina no encéfalo. Dessa forma, alteracdes nessa
area podem vir a induzir o aparecimento de diversas doencas, entre elas as cardiovasculares. Ja
¢ sabido que em fémeas durante o periodo reprodutivo, o estrogénio, exerce acdo protetora
devido ao combate contra o estresse oxidativo exercida por esses hormonios. Alguns dados na
literatura apontam que antidepressivos, como por exemplo, os inibidores de recaptacdo de
serotonina (ISRS), podem acarretar prejuizos permanentes em componentes cerebrais, por
aumentar o estresse oxidativo, podendo causar hipertensdo e problemas cardiovasculares.
Contudo, existe ainda discorddncia em relacdo aos efeitos dos ISRS quando utilizado no
periodo neonatal, sobre a bioenergética mitocondrial no tronco encefalico de machos e fémeas.
Portanto, para o presente estudo, propomos e avaliamos em ratos Wistar, machos e fémeas, aos
60 dias de vida, os efeitos da inibicdo da recaptagdo de serotonina, utilizando o farmaco
fluoxetina (10 mg / Kg P.C., por via subcutanea), durante a lactacdo sobre a bioenergética
mitocondrial e estresse oxidativo no tronco encefalico. Foram avaliados os seguintes dados:
peso corporal, consumo de oxigénio mitocondrial, capacidade de retengdo de calcio, producdo
de espécies reativas (ER), peroxidagdo lipidica, oxidagdo de proteinas, atividade das enzimas
superoxido dismutase, catalase, glutationa-S-transferase, citrato sintase, estado REDOX e
expressdo génica da proteina desacopladora (UCP) 2. Nas fémeas (F) observamos menor peso
corporal que os machos (M), tratados com fluoxetina (Fx) (M-Fx:193,6£15,5g vs. F-Fx:
160,4+2,2g, p< 0,0001). Os M-Fx apresentaram maior resultado na razio de controle
respiratério (RCR) (M Ct: 3,4+0,8 vs. M Fx: 9,3+1,0, p< 0,01; F-Ct:6,0+0,7 vs F-Fx:8,5£1,0).
A produgdo de ER de oxigénio reduziu em M-Fx (M-Ct: 15,8+2,4 vs. M-Fx: 6,0=1,0 AUC, p<
0,01), porém essa reducdo se apresentou mais acentuada em fémeas controle (F-Ct) (M-Ct:
15,842,4 vs. F-Ct: 8,1£1,0 AUC, p< 0,05). A citrato sintase aumentou 25% no grupo Fx
(Ct:10,0+0,6 vs Fx:12,540,76 U/mg prot, p< 0,05). A expressdo de UCP-2 aumentou em ambos
os sexos, sendo mais expressiva em fémeas (M-Ct: 1,0+0,4 vs M-Fx:3,5+0,4, p<0,01; F-Ct:
1,9+0,4 vs F-Fx:9,3+0,1, p<0,01). Os resultados mostram que a fluoxetina na lactacdo modula a
bioenergética mitocondrial e o balanco oxidativo de uma maneira sexo dependente. Entretanto,
apesar de observarmos uma melhora na bioenergética mitocondrial em machos tratados com
fluoxetina, no balanco oxidativo as fémeas avaliadas apresentaram melhor resultados devido a
protecdo do estrogénio.

Palavras-chave: Fluoxetina. Fosforilagdo oxidativa. Proteina desacopladora 2. Cérebro.



ABSTRACT

Mitochondrial dysfunction can lead to neuronal disruption in several regions, such as in
the brainstem. Brainstem is an important area for the cardiorespiratory functions and the
production of serotonin in the brain. In this sense, alterations in this area may lead to the
induction of several diseases, such as cardiovascular. It is already known that females in the
reproductive period, estrogens may exert protective action due to the fight against the oxidative
stress. Some data in the literature indicate that antidepressants, such as serotonin reuptake
inhibitors (SSRIs), can promote permanent damage to brain components, by increasing
oxidative stress, and may lead hypertension and cardiovascular problems. However, there is
still disagreement regarding the effects of SSRIs when applied in the neonatal period, on
mitochondrial bioenergetics and oxidative balance in the brainstem of males and females.
Therefore, for the present study, we propose to evaluate in 60-day-old male and female Wistar
rats the effects of inhibition of serotonin reuptake using the drug fluoxetine (10 mg / kg PC
subcutaneously) during lactation on mitochondrial bioenergetics and oxidative stress in the
brainstem. The following data were evaluated: body weight, mitochondrial oxygen
consumption, calcium retention capacity, reactive species (RS) production, lipid peroxidation,
protein oxidation, superoxide dismutase, catalase, glutathione-S-transferase and citrate synthase
activity, REDOX status and UCP2 gene expression. In females (F), we observed lower body
weight than males (M) treated with fluoxetine (Fx) (M-Fx: 193.6 £ 15.5g vs. F-Fx: 160.4 +
2.2g, p <0.0001). The M-Fx presented higher results in the respiratory control ratio (RCR) M
Ct:34£0.8 Vs. M Fx: 9.3 £ 1.0, p <0.01; F-Ct: 6.0 = 0.7 vs. F-Fx: 8.5 = 1.0. The production
of reactive oxygen species decreased in M-Fx (M-Ct: 15.8 £ 2.4 vs. M-Fx: 6.0 £ 1.0 AUC, p
<0.01), but the reduction was more accentuated in F-Ct. (M-Ct: 15.8 £ 2.4 vs. F-Ct: 8.1 £ 1.0
AUC, p <0.05). Citrate synthase increased 25% in the Fx group (Ct: 10.0 = 0.6 vsFx: 12.5 +
0.76 U / MG prot, p <0.05). The expression of UCP-2 increased in both sexes, (M-Ct: 1.0 £ 0.4
vs M-Fx: 3.5 + 0.4, p <0.01; F-Ct: 1.9 £ 0.4 vs F-Fx: 9.3 + 0.1, p <0.01). The results show that
fluoxetine during lactation modulates mitochondrial bioenergetics in a sex dependent manner.
Although we observed an improvement in mitochondrial bioenergetics in males treated with
fluoxetine, the effect in oxidative balance wasn’t as potent as estrogens in females in the
evaluated age.

Keywords: Fluoxetine. Oxidative phosphorylation. Uncoupling protein 2. Cerebrum.
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1 INTRODUCAO

O conceito de que estimulos ambientais influenciam um organismo em
desenvolvimento tendo a capacidade de afetar seus perfis de desenvolvimento de curto e
longo prazo ¢ apoiado por um crescente corpo de evidéncias experimentais e clinicas. As
doencas metabolicas agrupam as patologias que mais matam no mundo, dentre elas esta a
obesidade, diabetes tipo II e hipertensao.

O desenvolvimento do sistema nervoso durante os periodos pré e pods-natal €
particularmente vulneravel ao excesso ou deficiéncia de mediadores quimicos. A serotonina
por surgir muito precocemente durante o desenvolvimento e por atuar na morfogénese de
inimeros 6rgdos e tecidos, assume papel determinante na regulagdo de numerosas fungdes
fisiologicas, dentre elas a regulacdo da pressdo arterial. Estudos a cerca da utilizacdo de
inibidores seletivos de recaptacdo de serotonina (ISRS) apresentam dados muito controversos,
alguns sugerem que a utilizagdo dos ISRS pode promover alteragdes morfologicas, funcionais
e neuroquimicas em componentes cerebrais que podera acarretar em prejuizos permanentes ao
passo que, outros artigos sugerem que a utilizagdo dos ISRS pode promover alteracdes, sem
que as mesmas sejam prejudiciais. A fluoxetina ¢ um farmaco amplamente comercializado
para o tratamento de disturbios neuroldgicos, tais como a depressdo e ansiedade ¢ age na
fenda sinaptica dos neurénios inibindo de forma seletiva o transportador responsavel pela
recaptagdo da serotonina ¢ desta forma, aumentando a concentragdo na fenda sinaptica desse
neurotransmissor.

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 tem sido relacionado a grande numero
de doengas, incluindo a hipertensdo, indicando que as espécies reativas de oxigénio
participam diretamente dos mecanismos fisiopatologicos que determinam a formacdo e
continuidade das alteragdes presentes nestes processos. O tronco encefalico se torna um tecido
muito sensivel ao estresse oxidativo, devido aos baixos niveis de antioxidantes, altos niveis de
acidos graxos poliinsaturados e da grande necessidade de oxigénio nas reacdes
neuroquimicas.

Dados da literatura sugerem que os machos de diversas espécies animais apresentam
uma maior susceptibilidade a ac¢do das espécies reativas de oxigénio, possivelmente por
apresentarem uma menor defesa antioxidante. Essa diferenga na capacidade de combate ao

estresse oxidativo entre os géneros ¢ provavelmente devido a presenga ou auséncia dos
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hormdnios estrogénios, visto que evidéncias experimentais e clinicas ja mostraram que as
fémeas em periodo fértil apresentam uma maior protecdo cardiovascular do que os machos na
mesma faixa etaria. Alguns dados do nosso laboratério sugerem que a fluoxetina modula
positivamente a bioenergética mitocondrial em alguns tecidos centrais e periféricos de ratos
machos, dessa forma ¢é tentador especular que a fluoxetina poderia atuar de forma semelhante
aos estrogénios favorecendo a reducdo da producdo de espécies reativas de oxigénio e
elevando as defesas antioxidantes no tronco encefalico de ratos machos.

Diante do exposto, propomos neste trabalho que o bloqueio da proteina de recaptacio
da serotonina em periodos precoces do desenvolvimento promove adaptacdes neuroquimicas
no sistema nervoso, que induzem alteracdes na bioenergética mitocondrial e balango
oxidativo favorecendo principalmente a melhora da defesa antioxidante nos machos tratados
durante o desenvolvimento. Neste sentido levantamos as seguintes hipdteses: A exposicdo
crénica ao inibidor seletivo de recaptacdo de serotonina promove reducdo nas concentragdes
de espécies reativas de oxigénio e aumenta a defesa antioxidante no tronco encefalico dos
ratos machos em maior intensidade que no tronco encefalico das fémeas.

Para testarmos nossas hipdteses tivemos como:

» Objetivo Geral- Avaliar em ratos machos e fémeas aos 60 dias de vida, os efeitos da
inibi¢do cronica de recaptacdo da serotonina durante a lactagdo sobre os mecanismos
de controle da bioenergética mitocondrial e estresse oxidativo no tronco encefalico.

» Objetivos Especificos- Avaliar in vivo, o peso corporal e post mortem, aos 60 dias de
vida o consumo de oxigénio mitocondrial, a capacidade da abertura do poro de
transicdo de membrana mitocondrial, a produgdo de espécies reativas de oxigénio, a
peroxidacdo lipidica, oxidacdo de proteinas, a atividade da enzima citrato sintase,
superoxido dismutase, catalase, glutationa-S-transferase, estado REDOX e expressao
génica da UCP-2.

Esta tese deu origem a dois artigos cientificos que foram submetidos a publicagdo. O
primeiro  intitulado  “PROTECTIVE  EFFECTS OF ESTROGEN AGAINST
CARDIOVASCULAR DISEASE MEDIATED VIA REDUCTION OF OXIDATIVE
STRESS IN THE BRAIN” foi aceito na revista Life Science (Qualis B1 em Medicina II). Este
artigo teve como objetivo revisar os efeitos dos estrogénios como agente neuroprotetor contra
o estresse oxidativo em regides do encéfalo. O segundo artigo intitulado “SEROTONIN
TRANSPORTER INHIBITION AT NEONATAL PERIOD INDUCE SEX-DEPENDENT
EFFECTS ON MITOCHONDRIAL BIOENERGETICS IN THE RAT BRAINSTEM” foi

submetido a revista European Journal of Neuroscience (Qualis A2 em Medicina IT). Nosso
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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 e

estresse oxidativo no tronco encefalico de ratos jovens machos e fémeas.
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2 REVISAO DE LITERATURA

2.1 EMBRIOLOGIA DO SISTEMA NERVOSO CENTRAL

Um fato importante da-se pelo surgimento dos primeiros neurénios nas superficies
dos organismos, uma vez que a funcdo primordial do sistema nervoso ¢ relacionar o animal
com o ambiente (MACHADO, 2006). O sistema nervoso se origina a partir do folheto mais
externo do embrido, o ectoderma. As outras estruturas apresentadas pelo embrido nesse
momento sdo o mesoderma (folheto medial) e endoderma (folheto interno). A notocorda ¢ um
corddo com eixo craniocaudal situado na regido posterior do embrido, responsavel pelo
desenvolvimento da coluna vertebral. Tem fun¢do indutora na formagao de um espessamento
do ectoderma chamado placa neural. Esta placa esta situada posteriormente a notocorda,
ficard mais espessa e adquire uma invaginagdo que formard um sulco longitudinal
denominado sulco neural esse sulco se aprofundard e formaré a goteira neural (MACHADO,
2006; MENESES, 2011).

Posteriormente a goteira neural sera fechada pelo processo de neurulagdo formando o
tubo neural, que é responsavel pela origem do sistema nervoso central, que sera protegido
pelo canal vertebral e neurocranio. Ao nivel da goteira para formar o tubo neural, existira uma
formagdo em cada lado, chamada crista neural (MENESES, 2011). A crista neural dara
origem a elementos do sistema nervoso periférico, além de elementos ndo pertencentes ao
sistema nervoso (MACHADO, 2006). O esquema de desenvolvimento do sistema nervoso
encontra-se resumido na figura 1. Células neuroectodérmicas primitivas do tubo neural vao
proliferar e diferenciar-se nos neurdnios, astrocitos, oligodendrocitos e células ependimarias
(MENESES, 2011). A parede do tubo neural ¢ dividida no plano transversal, pelo sulco
limitante, que separa as laminas em laminas alares (dorsal e posterior), laminas basais
(anterior e ventral), lamina do assoalho e lamina do teto (MENESES, 2011). Das laminas
alares e basais derivam neurdnios e grupos de neurdnios (nucleos) ligados respectivamente a

sensibilidade e a motricidade, situados na medula no tronco encefalico (MACHADO, 2006).
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Figural. Desenvolvimento embrionario do Sistema Nervoso Central. Formagao do sistema nervoso central desde

a placa neural até a completa divisdo embrionaria.

Neurdporo
anterior

Fonte: adaptado de Meneses, 201 1; Machado, 2006.

No arquencéfalo do tubo neural formam-se trés dilatagdes denominadas:
prosencéfalo, mesencéfalo ¢ rombencéfalo. O prosencéfalo dara origem a: telencéfalo e
diencéfalo. O mesencéfalo ndo se modifica e o rombencéfalo dard origem aos: metencéfalo e
mielencéfalo, esses se desenvolverdo e formardo cérebro, tronco encefalico e cerebelo

(MACHADO, 2006) (Figura 2).

Figura 2. Esquema da formacdo anatémica do tronco encefélico.
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Além da organizacdo e divisdo anatomica do sistema nervoso central (SNC) e
periférico (SNP), este também ¢ dividido em sistema nervoso voluntario ou somatico motor
(SNSM) e sistema nervoso autonomo (SNA), ou involuntario, ou visceral ou vegetativo
(SNV) e subdividido em simpatico e parassimpatico. O SNC envia suas eferéncias neurais
para o0 SNSM e SNV. Os neurdnios motores superiores do cérebro enviam comandos para o
SNV de onde os neurbnios motores inferiores recebem comandos e esses se situam no
Sistema Nervoso Segmentar (SNS). Os corpos celulares de todos os neurénios motores
somaticos situam-se dentro do SNC (no corno ventral da medula espinhal, ou no tronco
encefalico) (BEAR, 2002; MACHADO 2006; MENESES 2011).

O neuronio ¢ formado por um corpo celular, da sua superficie projetam uma ou mais
ramificagdes neurais, sendo algumas delas chamadas de dendritos, estas recebem impulsos
eletrofisiologicos (informagdes) que sdo conduzidos em dire¢do ao corpo celular e viajam
pelos axdnios. A matéria cinzenta do SNC ¢ formada pelos corpos dos neurdnios juntamente
com as cé¢lulas da glia e a matéria branca corresponde aos axonios mais as células da glia. Os
impulsos nervosos e quimicos transmitidos de um neurdnio para outro através de um axonio
para um dendrito, sdo chamadas de sinapses. Uma cadeia de neur6nio que se comunica ¢
denominada de via. Um conjunto de axonio do caminho que se encontram no SNC ¢ chamado
de trato, fasciculo, branquio, pedinculo ou lemnisco. Quando o feixe deixa o SNC e se

conecta com estruturas periféricas ¢ chamado de nervo (FERNANDEZ-GIL et al., 2010).

2.2 ANATOMIA DO TRONCO ENCEFALICO

O tronco encefalico apresenta extrema importdncia para a sobrevivéncia de um
animal, localizado entre os centros superiores ¢ a medula espinhal, constitui uma das partes
mais antigas do encéfalo levando em consideragdo o desenvolvimento do sistema nervoso
durante o processo evolutivo (NICHOLLS; PATON, 2009). Representa em todos os
vertebrados, dos mais simples aos mais evoluidos, uma organiza¢do primitiva fundamental,
assegurando a atividade basica da totalidade do SNC (MENESES, 2011).

Regula fungdes vitais como respiragdo, estado de alerta consciente e a temperatura
corporal (BEAR, 2002). Se ha lesdo do tronco encefilico, os sistemas respiratorios e
cardiovasculares podem falhar, levando a morte. O ritmo da inspiragdo e expira¢do ¢ criado
desde o periodo intrauterino até o momento da morte, por neurénios localizados no tronco
encefilico (NICHOLLS; PATON, 2009). E a extensio mais baixa do cérebro conectado a

medula espinhal e ao cerebelo, esta situado ventralmente ao cerebelo (MACHADO, 2006).
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Formado pelo Bulbo (medula oblonga), ponte e mesencéfalo (Figura 3), tem sua localizagdo
na fossa craniana posterior, limitado anteriormente peloclivus, a por¢do superior se conecta ao
diencéfalo e a inferior com a medula espinhal (SNELL et a/.,2010). A matéria cinzenta ¢é
formada pelos corpos neuronais, ¢ agrupada em aglomerados que formam os nucleos do
tronco encefalico.

Axdnios vindos de varias regides formam a matéria branca, estes se conectam aos
neurdénios do cortex cerebral com a medula espinhal, o cerebelo e os nucleos do nervo
craniano (FERNANDEZ-GIL, 2010). A estrutura interna do tronco é organizada por trés
laminas, do dorsal ao ventral sdo: tecto, tegmentum ¢ base. O tectum contém 0s corpos
quadrigémeos no mesencéfalo, o velum medular superior na ponte eo velum medular inferior
na medula oblonga ou bulbo (Figura 3) (FERNANDEZ-GIL, 2010). Muitos dos nucleos do
tronco encefalico recebem ou emitem fibras nervosas que entram na constituicdo dos nervos
cranianos. Os doze pares de nervos cranianos tém conexdes bilaterais no encéfalo e recebem
uma nomenclatura em algarismos romanos. Os nervos cranianos oriundos do tronco
encefalico sdo chamados por nticleos de substincias cinzentas existentes no interior do bulbo,
da ponte e do mesencéfalo. Dos doze pares de nervos cranianos, dez fazem conexao no tronco

encefalico (MACHADO, 2006).

Figura 3. Divisdo anatdmica e¢ laminas do tronco encefalico. A lamina de cor rosa é a base, cor azul o

tegmentum, cor verde o tectum.

Mesencéfalo Tectum
Base
Ponte
Tegmentum
Bulbo

Fonte: Adaptado de Fernandez-Gil (2010).

A lamina ventral ¢ a base que contém a via piramidal, com as vias corticobulbar e
corticoespinhal. Na altura da ponte fica maior devido a presenga dos ntlicleos pontinos, que
recebem fibras que se projetam para o cerebelo, formando a via pontocerebelar

(FERNANDEZ-GIL, 2010).



24

2.2.1 Bulbo

Apresenta o formato de um cone e sua extremidade menor se liga em forma
continuada caudalmente com a medula. Ndo existe uma linha de demarcagdo nitida entre a
medula e o bulbo, entdo se considera que o limite estd num plano horizontal que passa
imediatamente acima do filamento radicular mais cranial do primeiro nervo cervical, o que
corresponde ao nivel do forame magno do osso occipital. Sua limitacdo superior ¢ um sulco
horizontal, visivel no contorno central do 6rgdo, o sulco bulbo-pontino, que corresponde a
margem inferior da ponte. Os sulcos longitudinais do bulbo delimitam as areas inferiores
(ventral), lateral e posterior (dorsal) do bulbo. A fissura mediana anterior termina
cranialmente em uma depressdo chamada forame cego. A piramide, uma eminéncia a cada
lado da fissura ¢ formada por um feixe compacto de fibras nervosas descendentes ligando as
areas motoras do cérebro aos neurénios motores da medula que também sdo denominados
tractocortico-espinhal ou tracto piramidal. Na parte caudal do bulbo, fibras deste tracto
cruzam obliquamente o plano mediano em feixes interdigitados que obliteram a fissura
mediana anterior e constituem a decussacdo das piramides (MACHADO, 2006).

O bulbo consiste em substancia branca e cinzenta extremamente rearranjadas, esse
rearranjo da-se devido a expansdo do tubo neural formando a vesicula do metencéfalo que se
torna o quarto ventriculo. Existem trés niveis na estrutura do bulbo (nivel da decussacdo das
piramides (decussa¢do motora), nivel da decussagcdo dos lemniscos (decussacdo sensitiva) e
nivel das olivas). As piramides, localizada lateralmente a fissura mediana anterior, contém
dois tipos de fibras nervosas corticais descendentes, corticonucleares e corticoespinais, sendo
o segundo tipo organizado somatotopicamente, ¢ sdo limitadas pelo sulco lateral anterior.
Esse feixe de fibras liga as 4reas motoras do cérebro aos neurdénios motores da medula espinal
e ¢ descrito como trato piramidal ou cortico espinal (FREITAS, 2016; MENESES, 2011).

As placas basal e alar do Bulbo dao origem a nucleos especificos e a camada do
manto circunjacente ¢ ocupada por axonios que t€m origem em outros niveis. Da placa basal
os neurdnios em amadurecimento originam o nucleo do hipoglosso, o nucleo motor dorsal do
vago, nucleo salivatorio inferior e nucleo ambiguo. Da placa alar originaram-se os nervos
cranianos ¢ seus componentes funcionais, incluindo o nucleo vestibular e coclear, trato
solitario e o trigémeo. Da regido caudal do 6bex da placa alar emana o nucleo gracil e
cuneiforme. Na regido rostral ao dbex, algumas células migram ventralmente e medialmente

para formar o complexo olivar inferior (FREITAS, 2016).
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Na superficie anterior do bulbo, um feixe de axonio se agrupa para formar as
piramides (HAINES, 2006). Na regido superior, o bulbo é conectado com a ponte e na
inferior, com a medula espinhal. Tem forma de cone e sua extremidade basal ¢ dirigida
cranialmente onde compde a parte inferior da fossa rombencéfalica (IV ventriculo). Na face
anterior encontra-se a fissura mediana anterior que se continua inferiormente até a area da
medula espinal. Ao lado da fissura encontram-se as piramides, que sdo compostas de feixes de
fibras axonais chamados de tratos cortico espinais que tém origem nas grandes células de Betz
no giro pré-central do lobo frontal do cortex cerebral (FREITAS, 2016). Em sua area inferior,
as piramides ligam-se na parte mais caudal do bulbo onde cerca de 90% das fibras axonais
cruzam para o lado oposto, formando as chamadas decussacdo das piramides. Na area
posterior lateral entre a fissura mediana anterior e a antero-lateral, observamos os nucleos
olivares inferiores subjacentes (AFIFI; BERGMAN, 2005).

As radiculas do nervo hipoglosso emergem da fissura entre a pirdmide e a oliva. Os
pedunculos cerebelares inferiores, que ligam o bulbo ao cerebelo, encontram-se apos as
olivas. As raizes dos nervos glossofaringeo e vago, juntamente com as raizes cranianas do
nervo acessorio emergem na fissura entre a oliva e pedunculo cerebelar (SNELI et al., 2010).
A face posterior do bulbo ¢ imaginariamente dividida entre duas metades (superior e inferior).
A metade superior forma a parte inferior do assoalho da fossa rombencefalica. A metade
inferior € continua com a face posterior da medula espinal que possui um sulco mediano
posterior (FREITAS, 2016). Ao lado do sulco existe uma tumefacdo alongada que ¢ o
tubérculo gracil, o tubérculo cuneiforme localiza-se lateralmente ao tubérculo gracil (AFIFI;
BERGMAN, 2005). Para facilitacdo de um maior entendimento da distribuicdo das estruturas
que compdem o bulbo, observe as figuras 4: A e B.

As estruturas que formam o bulbo sdo responsaveis por varias agdes dos musculos e
orgdos do corpo dos mamiferos, dentre elas estdo: sensibilidade dolorosa, térmica e tatil da
face, fronte e mucosas do nariz e boca, percepcdo de gustacdo, atua na agdo do trato
gastrointestinal, pulmonar e seio carotideo, inervacdo do Optico para estimulacdo da glandula
lacrimal e movimentos do olho, inerva musculos esqueléticos somaticos da lingua, utilizado
para a coordenagdo fina da postura e movimentos dos musculos individuais das extremidades,
inclusive sensibilidade dolorosa e térmica, inervagao visceral, recebe aferéncias do cortex e da
ponte e modula processamento cerebelar, formagao e renovagdo do liquido cérebro espinal. A
formagdo reticular estd envolvida na vigilia. Os nucleos da rafe no bulbo sintetizam

serotonina (NETTER,2007).
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Figura 4. A e B principais estruturas do bulbo e suas divisdes do bulbo.

A

I Estrias medulares do 42ventriculo

| Trigeno do nervo hipoglosso

Fovea inferior

I Trato espinal do nervo trigémio r ‘ Sulco mediano posterior |

| Tubérculo cuneiforme |

I Trigono do nervo vago

Nervo hipoglosso [XII) I

Nervo acessorio [XI) |

Fonte: Adaptado de Netter (2007).

2.2.2 Ponte

O segmento médio do tronco encefalico (parte caudal do bulbo e a parte rostral do
mesencéfalo) esta situado superiormente entre o bulbo e o mesencéfalo (HAINES,2006).
Limitada superiormente pelos pedinculos cerebrais e sulco pedunculo pontino, lateralmente
pelos pedunculos cerebelares médios e inferiormente pelo sulco bulbo pontino. Sua face
posterior € coberta pelo cerebelo (FREITAS, 2016).

Os nticleos pontinos sdo pequenos aglomerados de neuronios dispersos em toda base
da ponte que recebem projecdes do cortex pelas fibras do trato cortico pontino. As fibras
transversais da ponte ou fibras pontocerebelares sdo constituidas pelos axonios dos neurdnios
dos nucleos pontinos (MENESES, 2011). As placas alar ¢ basal se estendem da parte rostral
do bulbo at¢ a ponte em desenvolvimento. Os ntlicleos motores dos nervos cranianos
(trigémeos, abducente, facial e salivatorio superior) originam-se da placa basal e localizam-se
medialmente ao sulco limitante da ponte (HAINES,2006). Esta composta pelos nucleos
sensoriais dos nervos cranianos que sdo: porcdes dos nucleos dos trigémeos e a parte
vestibulo coclear e a parte rostral do nucleo do trato solitdrio. O tegumento da ponte € a parte
posterior da ponte onde estdo contidos os niicleos sensoriais ¢ motores bem como a formagao

reticular e varios tratos ascendentes e descendentes (FREITAS, 2016). No desenvolvimento
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da area anterior da ponte existe uma invasdo de um grande niimero de feixes de fibras
corticais descendentes, onde algumas terminam na ponte e outras passam para locais mais
caudais. Neurdnios imaturos da placa alar migram para a area anterior da ponte onde formarao
os nucleos basais, juntamente com seus axonios, fibras descendentes chegando ou passando
por esta area, formam coletivamente a regido basal da ponte (AFIFI; BERGMAN, 2005).

A face anterior forma uma saliéncia como protuberancia pontina, em sua linha
mediana encontra-se o sulco ¢ a artéria basilar. Do sulco bulbopontino emergem o nervo
abducente (VI). Do angulo pontocerebelar entre a parte inferior da ponte e a parte superior do
bulbo e cerebelo surgem os nervos faciais (VII) e vestibulonuclear (VIII). Dois componentes
do nervo trigémeo (a grande raiz sensitiva e a grande raiz motora) emergem da regido
superolateral da ponte. Os coliculos faciais, localizados lateralmente ao sulco mediano, que
representam superficialmente o local onde as fibras do nervo facial contornam os nucleos dos
nervos abducentes antes de emergirem do tronco, compdem a face posterior da ponte que
forma a por¢do superior do assoalho do quarto ventriculo (FREITAS, 2016).

Microscopicamente a ponte possui duas por¢des: a parte basilar da ponte e o
tegmento. A parte basilar trata-se de uma protuberancia pontina que contém nucleos da ponte
e feixes nervosos multidirecionais, feixes estes pertencentes a trés classes de fibras:
corticoespinhais, corticonucleares, corticopontocerebelares. Na regido basilar do tegmento
encontra-se o lemnisco medial, na direcdo média lateral. As fibras oriundas do nucleo
cuneiforme localizam-se medialmente, as fibras do ntcleo gracil sdo mais laterais. O trato
espinhal do nervo trig€meo estende-se lateralmente ao lemnisco medial.

O trato espinotalamico ¢ lateral ao trato espinhal do nervo trigémeo. Na regido
basilar do tegmento esta o sistema lemniscal sensitivo, o qual inclui os lemniscos medial e
trigeminal, e o trato espinotalamico. As fibras do corpo trapezdide originam-se dos nucleos
cocleares, atravessam o tegmento e agrupam-se na regido lateral da ponte para formar o
lemnisco lateral. O trato tegmental central se origina nos nucleos da base e no mesencéfalo e
se projeta para o complexo olivar inferior. Existem outros tratos que se estendem pelo
tegmento da ponte, sdo eles: rubroespinhal, espinocerebelar anterior (FREITAS, 2016).
Supde-se que as vias respiratorias automaticas iniciam-se no cortex limbico e envolvam
estruturas diencefalicas, o sistema reticular do tronco encefalico, a porcao lateral e posterior
da ponte, os nucleos bulbares e mediadores da respiragdo automatica e os neuronios
respiratorios da medula espinhal (AFIFI; BERGMAN, 2005).

Na porcdo superior da ponte, estendendo-se posteriormente ao tegmento esta

localizado o locusceruleus a principal fonte de inervagdo noradrenérgica para a maioria das
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regides do sistema nervoso central, divide-se em quatro subnucleos: central, superior,
subcertileo e um pequeno nucleo inferior e posterior. Dois feixes e projecdo emergem do
nucleo: feixe ascendente dorsal para o hipotalamo, hipocampo, neocortex e cerebelo e feixe
descendente para a medula espinhal. Contém células pigmentadas proximas a substancia
cinzenta periventricular da parte superior do quarto ventriculo (FREITAS, 2016; NETTER,
2008).

A formacdo reticular da ponte é a denominagdo para um aglomerado de neurdnios
que se estende da regido caudal do bulbo até a regido rostral do mesencéfalo e sdo continuos
com a zona incerta do subtadlamo e com os nucleos medianos intralaminares e reticular do
talamo. Atualmente sabe-se que a formacgdo reticular esta organizada em grupos nucleares
definidos como conexdes aferentes e eferentes. A formacao reticular compreende um sistema
neural com muitos influxos ¢ com um sistema multissinaptico de conducdo de impulso
(FREITAS, 2016). A formacao reticular projeta-se diretamente no nicleo do nervo abducente,
levando impulsos para: nucleos vestibulares, coliculo superior, campos oculares frontais,
nicleo dorsal do nervo craniano-III. Também supre: Nervo abducente ipsilateral, nervo
oculomotor contralateral via fasciculo longitudinal medial, interneurdnios nucleares do nervo
abducente para o musculo reto medial (NETTER, 2008).

Dentre os grupos nucleares da formagdo reticular encontram-se o nucleo reticular
mediano (ntcleos da rafe), paramediano e lateral. Esses ntcleos sdo responsaveis pela sintese
de serotonina (FiguraS) (NETTER, 2008; FREITAS, 2016). A ponte atua ndo s6 na sintese de
serotonina como também influencia na respiracdo. Acredita-se que vias respiratorias
automaticas iniciam-se no cortex limbico e envolvam estruturas diencefalicas, o sistema
reticular do tronco encefalico, a porgao lateral ou posterior da ponte, os nticleos bulbares
mediadores da respiragdo automatica e os neurdnios respiratorios da medula espinhal

(AFIFIBERGMAN, 2005).
2.2.3 Mesencéfalo

O mesencéfalo se origina como uma das trés vesiculas cerebrais primarias.
Neurdnios imaturos, que surgem da zona ventricular para penetrar e¢ formar a zona
intermediaria da origem as placas alar e basal, que sdo continuas com as placas alar e basal do
robencéfalo. A camada marginal circundante contém os axdénios em desenvolvimento das
células localizadas em outros niveis do eixo neuronal. O aqueduto cerebral ¢ estreito em

relacdo ao quarto ventriculo; portanto, as placas basais e alar se localizam anterior e
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posteriormente a esta estrutura, assim como na medula espinhal e na medula oblonga. Os
neurdnios imaturos da placa alar ddo origem a lamina quadrigeminal, onde se originam os
coliculos superior e inferior. Os imaturos também migram para areas anteriores do
mesencéfalo em desenvolvimento para formar o nucleo rubro e a substincia negra. Os da
placa basal originam neurdnios somaticos eferentes dos nucleos oculomotor e troclear, além
de originar as células motoras viscerais associadas ao complexo oculomotor (FREITAS,
2016). Ao se diferenciar, as placas basais ¢ alar formam um fasciculo proeminente chamado
pedunculo cerebral (HAINES et al., 2006).

Em geral, sdo identificadas trés subdivisdes em secgdes do mesencéfalo, o teto,
tegmento e parte basilar, por¢do mais rostral do tronco encefalico. Origina os III e IV nervos
cranianos, conduz tratos ascendentes e descendentes e contém niicleos que sdo essenciais para
a funcdo motora. Caudalmente é continuo com a ponte e rostralmente une-se ao diencéfalo. O
arqueduto cerebral, a cavidade do mesencéfalo ¢ continua rostralmente com o terceiro
ventriculo (FREITAS, 2016). O teto (substincia cinzenta e branca) do mesencéfalo ¢
localizado posteriormente ao arqueduto do mesencéfalo e a substincia cinzenta central e
contém os coliculos superiores e inferiores (ldmina quadrigéminal) (FREITAS, 2016;
NETTER, 2007). O pilar do cérebro ¢ separado do tegmento pela massa de neurdnios
pigmentados, a substancia negra. O tegmento do mesencéfalo ¢ localizado centralmente. Seu
arqueduto € circundado pela substincia cinzenta central do mesencéfalo que separa o teto do
tegmento, sendo a continuagdo anterior do tegmento da ponte. No pedunculo cerebral a parte
posterior € o tegmento e os pilares do cérebro sdo a parte anterior, que corresponde a metade
do mesencéfalo, excluindo o teto (NETTER, 2007).

O termo base do pedunculo ¢ usado para se referir a parte basilar do mesencéfalo. O
termo pilar do cérebro atribui-se ao feixe maci¢o de fibras corticofugais situado na face
anterior do mesencéfalo (FREITAS, 2016). A regido do coliculo superior ¢ conhecida como
pré-teto. Os coliculos inferiores sdo divididos em trés nicleos principais: central, pericentral e
periférico. A regido pré-tetal é imediatamente superior ao coliculo superior ao nivel da
comissura posterior. Esta comissura ¢ a regido de transicdo do mesencéfalo para o diencéfalo.
O orgdo subcomissural ¢ a placa ependimaria modificada no teto do aqueduto do
mesencéfalo, imediatamente abaixo da comissura posterior (NETTER, 2007). O nucleo
central ¢ o maior nucleo retransmissor da via acustica. O nucleo pericentral recebe apenas
influxo monoaural contralateral e proporciona audicdo direta. O nicleo periférico esta
relacionado principalmente a reflexos acustico-motores. O coliculo inferior apresenta

conexdes aferentes e eferentes (AFIFI; BERGMAN, 2005). O sulco basilar é uma depressdo
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anterior na linha mediana. O nervo locomotor (nevo craniano-III) emerge da fossa
interpendicular entre os pilares do cérebro. O nervo troclear (nervo craniano [NC]-1V) sai do
mesencéfalo posteriormente, cruza no véu medular superior e se dirige anteriormente ao
tronco encefalico. O nucleo visceral (NC-III) é o ntcleo pré-ganglionar parassimpatico e
origina as fibras parassimpdticas ndo-cruzadas. Coliculo superior recebe impulsos do trato
optico. Coliculo inferior recebe impulso dos nucleos coclear e se de outros niicleos auditivos
acessorios (NETTER, 2007).

Em relagdo ao suprimento sanguineo do tronco encefalico, o bulbo ¢ irrigado pelas
artérias vertebral, espinhal anterior, espinhal posterior, cerebelar inferior posterior. A ponte
recebe sangue da artéria basilar. Os grupos de vasos que fornecem o suprimento para ponte
sdo: paramedianos e circunferenciais curto e longo (artéria cerebelar inferior anterior, artéria
do labirinto e a artéria cerebelar superior). O mesencéfalo apresenta sua irrigacdo de forma
complexa. Recebe suprimento da artéria basilar, através dos ramos paramedianos, dos ramos
das artérias cerebelar superior e cerebelar posterior (FREITAS, 2016).

Além das estruturas descritas anteriormente encontram-se também, ao longo do
tronco encefalico, os nucleos da rafe, estruturas importantes para distribui¢do das vias da

serotonina (STAHL, 2000).
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3 NUCLEOS DA RAFE DO TRONCO ENCEFALICO

Em 1964, Dahlstron e Fuxe demonstraram que estes nticleos constituem a principal
fonte de serotonina para o sistema nervoso central, formando circuitos locais na formacao
reticular e enviando projecdes para diversas regides encefalicas. Formam uma colecdo de
neuronios distribuida ao longo da linha sagital mediana do tronco encefalico, desde o nucleo
interpendicular no mesencéfalo até a decussacdo das piramides no bulbo (TORK, 1985).
Nucleos da rafe, especialmente da ponte e bulbo, enviam fibras serotoninérgicas para todo o
cortex cerebelar. Participa da formagdo reticular, sua jung@o constitui uma estreita placa de
neurdnios sagitalmente orientados na linha média do tronco encefalico. Recebem aferéncias
do cortex cerebral, hipotalamo e formagdo reticular. Cada axdnio se ramifica extensivamente
e avanga uma grande propor¢do do SNC, enviando aferéncias para a medula espinal
(provenientes dos nucleos caudais), cortex cerebral e demais regides (provenientes dos
nucleos rostrais) (MENESES, 2007).

E parte dos nucleos do tronco encefalico que também inclui os grupos nucleares
reticulares paramedianos, medial e lateral que contém serotonina. Situado ao longo da linha
mediana do bulbo, ponte e mesencéfalo. O grupo inferior esta envolvido nos mecanismos da
dor, grupo superior envolvido com a vigilia, o estado de alerta e com o sono. O nucleo central
inferior aparece na juncdo pontebulbar e na parte inferior da ponte, representa a parte rostral
do nucleo magno da rafe. Nucleo pontino da rafe estd localizado superiormente ao nucleo
central inferior, recebe impulsos vestibulares e esta envolvido na geracdo dos movimentos
oculares sacadicos. O nucleo mediano da rafe encontra-se na extensdo superior do nucleo
pontino da rafe, junto com o nicleo posterior, origina as principais fibras ascendentes
serotoninérgicas. O nucleo posterior da rafe localiza-se de cada lado da linha mediana,
posteriormente ao fasciculo longitudinal medial, une-se com o nucleo tegmental posterior,
também origina as principais fibras ascendentes serotoninérgicas (NETTER, 2007). Sao
denominados nucleos linear, dorsal, mediano, pontino, magno, palido e obscuro (Figura 5)
(TORK, 1985).

Apesar de apresentar populacdes heterogéneas de neurénios, o principal
neurotransmissor sintetizado nesses nucleos ¢ a serotonina, mesmo se apresentando co-
localizada com outras substancias neuro-ativas, com morfologia, proje¢des e caracteristicas
neuroquimicas distintas (FRAZAO, 2004). Os neurdnios serotoninérgicos exercem suas
funcdes de acordo com a distribui¢do celular dos seus receptores (HORNUNG, 2003). Os

nacleos da rafe também tém importancias diferenciadas, de acordo com as substancias
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expressadas. No nucleo linear, além dos neurdnios serotoninérgicos, encontram-se neuronios
expressores de tirosina hidroxilase, substincia P e da proteina EP3R (HOLLIDAY et al,
1990; NAKAMURA et al.,2000). O nacleo pontino estd intimamente relacionado com os
vasos sanguineos. Foi sugerido que os neurdnios desta estrutura apresentam papel neuro-
secretor, atuam como quimiossensores para substancias circulantes no sangue, modula o fluxo
sanguineo, pressdo arterial e tonus das paredes vasculares (SCHEIBEL et al.,1975).

O maior nacleo ¢ o Dorsal, contém aproximadamente 40% das células
serotoninérgicas de todo o encéfalo, neurénios que expressam a substancia P, catecolaminas,
inorfina, angiotensina, encefalina, neurotensina, proteina EP3R e 4cido gama aminobutirico
(GABA) (BAKER et al., 1991b;GENES et al., 1982; BIORKLUND e HOKFELT, 1985;
BJORKLUND et al, 1990; NAKAMURA et al., 2000; ISHIDA et al, 2001). Ele envia
projecdes para outro nucleo da rafe, estruturas do mesencéfalo e tronco encefalico, estruturas
da medula espinhal, nucleo facial, nucleo prepdsito do hipoglosso, nicleo do hipoglosso,
ntcleo caudado e putdmen, amigdala, substincia negra e hipocampo (VERTES e KOCSIS,
1994; IMAI et al,1986). Estd relacionado com o sono REM, regulagdo de fungdes
autondmicas via projecdes para o complexo parabraquial, assim como também modulagdo de

funcdes moto-sensoriais via projecdes para os nervos cranianos (VERTES e KOCSIS, 1994).

Figura 5. Distribui¢do e localizag@o dos niicleos da rafe no tronco encefalico.

Mucleo palido da rafe

Fonte: Adaptado de Netter (2007).
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Na medula oblonga ou bulbo se encontra o principal local de concentracdo do
sistema serotoninérgico (5-HT), chamado sistema caudal, sistema medular ou B1-3 dos
neurdnios classicos do tronco encefalico. E também reconhecido como um componente chave
do sistema de controle do cérebro (AZMITA, 1999; KINNEY et al,2009; LOVICK, 1997;
MASON, 2001). Esse sistema ¢ importante para o controle da homeostase da regulacio
respiratéria, autondmica, controle da via aérea superior, modulacdo do complexo de
Botzinger, auto-ressuscita¢do, respostas quimiorreceptivas centrais e hipercapnia e hipoxia,
controle cardiovascular, dor, funcdo motora e termorregulacdo. O complexo de Botzinger €
um grupo de neurénio localizado na medula ventrolateral sendo responsavel pela génese do
ritmo respiratério central, na medula este grupo ¢ localizado caudalmente ao nucleo facial e
ventral do nucleo ambiguo (BRADLEY et a/.,2002; CORCORAN et al.,2009;CUMMINGS
et al., 2010; DEPUY et al, 2011; DERGCHEVA et al,2009; ERICKSON et al.,2007,
ERICKSON e SPOSATO, 2009; TAYLOR et al,, 2005; TRYBA et al, 2006). Por estar
interligado com outras regides cerebrais e sistemas neurotransmissores que influenciam
homeostase, incluindo locais hipotalamicos e limbicos, o sistema caudal serotoninérgico ¢ de
grande importancia para respostas cardiovasculares, térmicas e outras homeostaticas
(BERTHOUD et al., 2005; HORIUCHI et al., 2006; MORRISON e NAKAMURA, 2011).

Existem diferencas entre as fungdes homeostaticas do dominio caudal e rostral de 5-
HT na parte superior da ponte e no mesencéfalo, essa distingdo acontece devido a diferentes
perfis moleculares, origens de desenvolvimento e vias de migracio (HORNUNG, 2003;
TORK E HORNUNG, 1990; JENSEN et al.,2008; WYLIE et al., 2010). Evidéncias sugerem
que o dominio rostral desempenha um papel de quimiossensibilidade ao CO, previamente
atribuido aos neurénios medulares da 5-HT (BUCHANAN E RICHERSON,2010;
SERVESON et al.,2003) ¢ que a deficiéncia do sistema caudal conduz a desequilibrios na
regulacdo respiratoria cardiovascular e/ou metabolica, inclusive em resposta de estresse, na
faixa etdria pediatrica, principalmente nos primeiros dias e meses apOs o nascimento
(KINNEY et al., 2011).

A sede dos corpos celulares dos neurdnios serotoninérgicos estd na area do tronco
encefalico chamado nucleos da rafe. As projecdes serotoninérgicas da rafe ao cortex frontal
podem ser importantes para regular o humor, da rafe aos ganglios podem ajudar a controlar
movimentos, bem como obsessdes e compulsdes, da rafe as areas limbicas podem estar
envolvidas na ansiedade e no panico, da rafe ao hipotalamo podem regular o apetite e
comportamento alimentar, dos centros do sono, como o proprio nome diz regulam o sono e

principalmente o sono lento (STAHL, 2000). Os neurénios serotoninérgicos que descem pela
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medula espinal podem ser responsaveis por controlar certos reflexos espinhais que fazem
parte da resposta sexual, como orgasmo e ejaculagdo. A zona de gatilho do quimiorreceptor
no tronco encefalico pode mediar o vomito, especialmente através de receptores 5-HT3. Os
receptores 5-HT3 e 5-HT4 periféricos no intestino podem regular o apetite, bem como outras

fungdes gastrointestinais, como a motilidade gastrointestinal (STAHL, 2000).
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4 SEROTONINA

Em 1930, Ersparmer se interessou por uma substancia amina vasoconstritora que foi
encontrada em células enterocromafins dos intestinos e peles de coelhos, moluscos e sapos,
que foi denominada por ele de enteramina (ERSPAMER e GHIRETTI, 1951). Desde entdo
ela teve um lugar relativamente extenso na literatura. Irvine Page, Maurice Rapport e Arda
Green a estudaram intensamente em 1948 quando a isolaram e classificaram-na (RAPPORT,
GREEN, PAGE, 1948). Porém, em 1952 estabeleceu-se que a serotonina ou 5-
hidroxitriptamina (5-HT), seria a mesma substancia indol denominada de enteramina, que
Ersparmer teria descoberto em 1930, apresentando maiores concentragdes na mucosa
gastrointestinal e plaquetas, mas também encontrada no sistema nervoso central (SNC)
(ERSPAMER E ASERO, 1952; ERSPARMER, 1986). Essa amina biogénica exerce
importante papel em inimeros processos fisiologicos e comportamentais, isso da-se devido ao
fato de que mesmo sendo sintetizada por um pequeno grupo de neurdnios no tronco
encefalico, existe uma grande distribuicdo de terminais de axdnio contendo 5-HT em todo o
sistema nervoso (DI GIOVANI, 2013).

A producdo de 5-HT ocorre nas células cromafins e nos neurdnios, mas ndo nas
plaquetas (RANG et al., 1995). O triptofano (TRP) € um fator importante na sintese de 5-HT
no cérebro. Apenas 5% do TRP e proteinas do plasma sdo liberados, disponiveis e
transportados para o SNC, através da barreira hematoencefalica por um transporte de proteina
ativo, pelo qual outros cinco aminoacidos disputam (LNAAS: valina, leucina, isoleucina,
fenilalanina e tirosina). No cérebro, o TRP ¢é convertido em 5-hidroxitriptofano (5-HTP) pela
enzima triptofano hidroxilase (TPH), sendo o 5-HTP descarboxilado pela enzima
descarboxilase de acido aromatico para S5-hidroxitriptamina (5-HT) (BELL; ABRAMS;
NUTTI, 2001), como descrito nas Figuras 6 ¢ 7.As duas isoformas de TPH atuam em
ambientes diferenciados: a Tphl atua predominantemente em tecido periférico e a Tph2 tem
acao predominante no tecido da regido central (SAKOWSKlIer al., 2006; WALTHERet al.,
2003).
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Figura 6. Captacdo de L-triptofano e sintese de serotonina no Sistema Nervoso Central.
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Fonte: Adaptado de (BELL; ABRAMS; NUTTI, 2001).

Figura 7. Sintese de serotonina.

COOH -
CHy- c»—c Tnptufano CHCH, Wiy CHzCHzNH;
@ hidroxilase ﬂ©j> descarboxilase
K COOH
triptofano 5-hidroxitriptofano serotonina

Fonte: Adaptado de (MARTINS, 2008).

Apoés sua sintese, a serotonina ¢ armazenada em vesiculas, nos neuronios pré-
sinapticos, onde ocorrerd a exocitose sinaptica. Sua liberagdo acontece no terminal de
neurdnios pré-sinapticos serotoninérgicos, sendo introduzida automaticamente na fenda
sinaptica. Apos a recaptacdo da serotonina da fenda sinéptica pelo transportador (SHTT ou
SERT), sua sinalizacdo ¢ interrompida. E metabolizada via desaminacio oxidativa pela
enzima monoamina oxidase (MAO, principalmente MAO-A), cujo produto ¢ a 5-
hidroxiindole-3-acetaldeido, que sera oxidado pela aldeido desidrogenase em acido 5-hidroxi-
indoleacético (5-HIAA)(LAM et al., 2010).

A familia de receptores de serotonina inclui sete tipos: Entre 5-HT1 a 5-HT7. O 5-
HT1 ¢é subdivido em subtipos do A ao F, o 5-HT2 subdividido do A ao C,o 5-HT3,
subdividido do A ao E, ¢ 0 5-HTS5 subdivididos do A e B. Os tnicos que ndo sdo subdivididos
sdo 5-HT4, 5-HT6, 5-HT7 como descrito na tabela 1 (DI GIOVANI, 2013; CHOIS et al,
1997; HOYER, CLARKE et al,1994; HOYER, HANNON et al, 2002;FIORICA-
HOWELLS et al., 2000; BUZNICOVet al., 2001; LAMet al., 2010). Os receptores de 5-HT
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sdo acoplados a proteina G, com excecdo do 5-HT3 (KROEZE et al., 2002). Nas células pos-
sinapticas os receptores sdo amplamente distribuidos no cortex, hipocampo, septo, amigdala e

hipotdlamo (GUTKNECHT et al., 2012; OGREN et al., 2008).

Tabela 1. Receptores serotoninérgicos e suas subdivisdes.

RECEPTORES DE )
SUBDIVISOES
SEROTONINA
5-HTI1A
5-HT1B
5-HTIC
5-HTI
5-HT1D
5-HTIE
5-HTIF
5-HT2A
5-HT?2 5-HT2B
5-HT2C
5-HT3A
5-HT3B
5-HT3 5-HT3C
5-HT3D
5-HT3E
5-HT4 ]
5-HT5A
5-HTS
5-HT5B
H-HT6 _
5-HT7 _

Fonte: Adaptado (LAM et al., 2010).

A principal fonte de serotonina ¢ materna, e sua participagdo na regulacdo do
desenvolvimento de filamentos de animais antes do inicio da neurogé€nese, desempenha um
papel no desenvolvimento antes de atuar como neurotransmissor, afetando morfogénese
craniofacial, gastrointestinal ¢ cardiovascular em algumas espécies (MOISEIWITSCH JR,

2000; CHOIS et al., 1997).
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A 5-HT atua na formagdo das redes do cérebro durante o desenvolvimento, esta
relacionada com a fisiologia basica, fungdes essenciais, controle cognitivo, regulagdo
emocional, respostas autondmicas, atividade motora de forma abrangente, entre outras.
Envolvida em atividades morfogénicas basicas durante o desenvolvimento cerebral, além de
auxiliar na capacidade adaptativa, incluindo modulagdo e proliferacdo de células neurais, ou
seja, ela modula funcdes neurais desde a formagdo do cérebro até depois do amadurecimento
do mesmo. Alteragdes na sinaliza¢do da serotonina influenciam a fisiopatologia de distarbios
de desenvolvimento neurologico, desde psicoses esquizofrénicas, autismo e disturbios de
atencdo e hiperatividade, ao longo da vida (LESCH; WAIDER, 2012). Atua ndo s6 na
formag@o e na realizacdo das sinapses, como também na regulacdo de moléculas de adesdo
celular (um dos principais componentes na conexao entre neurdnios pré e pos-sinapticos),
extremamente implicada na plasticidade cerebral, tanto no cérebro em desenvolvimento
quanto adulto (DALVA et al, 2007; LESCH, 2009; WAIDER, 2012; YAMAGATA et
al.,2003).

Além dessas fungoes, ainda estdo associadas ao sistema 5-HT o envolvimento em
aprendizagem e memoria. Como também ligado ao estresse cronico, a tracos de personalidade

e emocionalidade negativa (STRONBEL et al., 2003).

4.1 METABOLIZACAO DE SEROTONINA

A velocidade da sintese da 5-HT ¢ limitada através da acdo da enzima TPH, sendo
regulada por retroalimentacdo inibitéria devido a acdo dos auto-receptores, onde o 5S-HT1D ¢
o principal (GOLAN, 2009). Ha dois processos que equilibram a quantidade de serotonina na
fenda sinaptica: primeiro a recaptacdo da serotonina, e segundo pela sua degradacdo através
das enzimas. Nestes processos existem varias moléculas envolvidas na regulagdo dos niveis
de serotonina no cérebro, porém as mais estudadas sdo os transportadores de serotonina (5-
HTT ou SERT) e a monoamina oxidase (MAQ), a primeira transporta serotonina do espaco
extracelular de volta para o botdo sinédptico, e a segunda ¢é a principal enzima responsavel pela
degradacdo da serotonina (NIKLAS NORDQUIST & LARS ORELAND, 2010). As
monoaminoxidases A (MAO-A) e B (MAO-B) sdo enzimas que catalisam a desanimagio

oxidativa de monoaminas endégenas (YOUDIM; EDMONDSON; TIPTON, 2006).
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4.2 INIBIDORES SELETIVOS DE RECAPTACAO DE SEROTONINA

Os antidepressivos tém em comum a capacidade de aumentar rapidamente a
disponibilidade sinaptica de um ou mais neurotransmissores através da a¢do em diversos
receptores e enzimas especificas (STAHL, 1997). Podem ser classificados de acordo com a
estrutura quimica ou as propriedades farmacolédgicas. De acordo com a estrutura quimica cita-
se, a ciclica (presenca de anéis benzénicos), caracteristica dos antidepressivos heterociclicos
(triciclicos e tetraciclicos). Os antidepressivos triciclicos (ADTs) sdo compostos por dois
grandes grupos: aminas terciarias e secundarias. Atualmente os antidepressivos sdo
classificados em fungdo da acdo farmacolodgica, pois os de nova geracdo ndo compartilham
estruturas comuns (MORENO, MORENO, 1999). De acordo com essa classificagao citam-se:
inibidores de monoaminoxidase (IMAQO), inibidores ndo-seletivos de recaptura de
monoaminas (ADTs), inibidores seletivos de recapturagdo de serotonina (ISRS), inibidores
seletivos de recaptura de SHT/NE (ISRSN), inibidores de recapturagdo de SHT e antagonistas
ALFA-2 (IRSA), estimulantes de recaptura de SHT (ERS), inibidores seletivos de recaptura
de NE (ISRN), inibidores seletivos de recapturacdo de DA (ISRD), antagonistas de alfa-2
adrenorreceptores (MORENO, MORENO, 1999).

Até os anos 80 havia duas classes de antidepressivos, os triciclicos (ADTs) ¢ os
inibidores de monoaminooxidase (IMAQOs) (STAHL, 1997). A partir de 1987, os Inibidores
Seletivos de Recaptagdo de Serotonina (ISRS) langaram uma nova era no desenvolvimento de
drogas psicotropicas (CARLSSON, 1999). Os ISRS potenciam a atividade da 5-HT, através
da inibi¢do do transportador de recaptagdo de serotonina (TELLES-CORREIA et al., 2007). O
aumento nos niveis de neurotransmissores por inibigdo da MAO ou bloqueio das bombas de
recaptagdo de monoaminas resulta na sub-sensibilizagdo de receptor, cujo efeito esta
relacionado com o inicio da melhora clinica (STAHL, 1997).

Como um marco na psicofarmacologia, os inibidores seletivos de recaptacdo de
serotonina (ISRS) representam um grande passo na evolugdo terapéutica, por que a partir
deles foi estabelecido que a 5-HT exerce um papel fisiopatoldgico significativo em disturbios
afetivos e em transtornos de ansiedade (KUHN, 1985), além de sua capacidade de maior
seletividade e perfil reduzido de efeitos adversos, os ISRS estdo entre os antidepressivos mais
freqiientemente prescritos na clinica médica (CARLSSON, 1999; GOLAN et al., 2009).

Fazem parte do grupo dos ISRS o citalopran, fluvoxamina, paroxetina, sertralina,
escitalopram e fluoxetina, este ultimo foi o primeiro a ser introduzido e que continua sendo

um dos mais largamente prescritos. Sdo utilizados para o tratamento da depressao, ansiedade,
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transtorno obsessivo compulsivo, sindrome do panico e de estresse pos-traumatico (GOLAN
et al., 2009).

Os receptores neuronais mais envolvidos nas ac¢des desses antidepressivos sdo os
receptores 5-HT1A, 5-HT2A, 5-HT2C e 5-HT3. A estimulagdo diferenciada dos receptores
muda os efeitos antidepressivos, como exemplo cita-se: a estimulagdo de 5-HT1A exerce
efeitos ansioliticos e antidepressivos, ja a estimulacdo do 5-HT2A tem efeitos antidepressivos,
anti-obsessivos, de controle do comportamento alimentar compulsivo, efeitos ansiogénicos, a
curto prazo, mas com reducdo de sintomas ansiosos como o panico a longo prazo, redugédo da
libido e alteragdes no comportamento sexual. Quando 5-HT2C sdo estimulados tém efeitos
ansiogénicos e atua na regulacdo do peso e do sistema dopaminérgico. A estimulagdo do 5-
HT3 estimula os efeitos gastrintestinais (nduseas e vomitos) destes farmacos (STAHL, 2004;
STAHL; GRADY, 2003; STHAL, 2003; VASWANI; LINDA; RAMESH, 2003).

Os ISRS possuem perfis farmacocinéticos variados, que incluem meia vida,
farmacocinética linear e nao-linear, efeito de idade na sua depuragdo e no seu potencial de
inibir isoenzimas metabolizadoras de medicamentos (citocromo P450) (GOODNICK;
GOLDSTEIN, 1998). Essas diferencas farmacoldgicas e farmacocinéticas sustentam as
diferencas clinicas dos ISRS. A poténcia da inibicdo de recaptagdo de serotonina varia de
acordo com o ISRS utilizado.

A fluoxetina € um bloqueador de recaptagdo de serotonina (SHT) altamente ativo in
vitro e in vivo. O desenvolvimento da fluoxetina baseou-se no fato de possuir uma estrutura
quimica estreitamente relacionada a difenidramina, que possui propriedades inibidoras da
recapta¢do da SHT e da noradrenalina (CARLSSON, 1999). A sua seletividade para o SERT,
a falta de afinidade para os receptores de neurotransmissores e a retencdo de seletividade apos
o metabolismo para a norfluoxetina tornam a fluoxetina uma ferramenta 1til para explorar
aumentos induzidos farmalogicamente na neurotransmissdo de SHT (FULLERet al., 1991).
Lembrando ainda que a Fluoxetina quando metabolizada, gera metabolito (norfluoxetina) de
acao prolongada e farmacologicamente ativa (GOODNICK; GOLDSTEIN, 1998).

Por essas razdes, a fluoxetina ¢ amplamente utilizada em pesquisas que avaliam seus
efeitos em diferentes células do corpo, em varias idades e em diferentes espécies.
Pesquisadores demonstraram que a serotonina neuronal modulada pela fluoxetina aumenta o
movimento mitocondrial dos neurdnios do hipocampo de ratos in vitro. Ao administrar um
antagonista do receptor do 5-HT1A, os autores observaram a inibicdo do movimento

mitocondrial, porém ao adicionar a fluoxetina, promoveu o movimento mitocondrial e sugeriu
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que serotonina pode mediar a distribui¢do de energia dentro dos neurdnios responsivos
(CHEN et al., 2007).

Djordjevic et al. (2012) tentando compreender os mecanismos da plasticidade e os
processos apoptoticos para a terapia de distirbios psiquiatricos relacionados ao estresse,
avaliaram as alteragdes moleculares no cortex pré-frontal, apds o isolamento social cronico de
ratos machos adultos jovens. Os resultados indicaram que a fluoxetina influencia a
plasticidade no cortex pré-frontal dos animais, mas ndo consegue evitar o inicio da apoptose
(DJORDIJEVIC et al, 2012). Em outro estudo com desipramina e fluoxetina, em ratos
machos de 7 a 10 semanas de idade foi avaliado o metabolismo energético do cérebro. O
tratamento in vivo levou a modificagcdes no metabolismo energético do cortex cerebral, tais
como: aumento da atividade da citocromo oxidase nas mitocondrias somaticas, diminui¢cao
das atividades do malato, succinato desidrogenase e glutamato piruvato transaminase das
mitocondrias sinapticas (VILA, R.F ef al.,, 2016).

O grupo de pesquisa composto por membros do Laboratério de Bioquimica Geral,
Molecular e do Exercicio (LABMEX), da Universidade Federal de Pernambuco, Centro
Académico de Vitoria (CAV), vem desenvolvendo pesquisas sobre a atuagdo da fluoxetina na
bioenergética mitocondrial em tecido central e periférico em idades diferenciadas que geraram
dissertacdes, teses e artigos. Os estudos deste grupo, j4 apontaram que o uso da fluoxetina
durante o desenvolvimento modula de forma positiva a bioenergética mitocondrial e combate
o estresse oxidativo.

Da Silva et al, (2015a), observaram que ratos machos adultos tratados com
fluoxetina durante a lactagdo, aumentavam a respiragdo mitocondrial, sem alteragdes na
permeabilidade do poro mitocondrial, como também a ndo indugdo de estresse oxidativo no
hipotdlamo ¢ no musculo esquelético. Sugerindo assim que, a fluoxetina pode modular
positivamente a bioenergética mitocondrial nestes tecidos, perdurando até a vida adulta, e que
isso pode contribuir para mudangas permanentes no equilibrio energético desses animais. Em
outro estudo, neste mesmo ano, esse grupo avaliou o estresse oxidativo no hipotalamo e no
hipocampo de ratas tratadas com fluoxetina durante a lactagdo e observaram que o farmaco
ndo resulta em a diferenga no comportamento alimentar, mas diminui a ansiedade, juntamente
com a reducao do estresse oxidativo, com aumento na atividade das enzimas antioxidante no
hipocampo, sugerindo assim que a protecdo ao estresse oxidativo nas células neurais durante
o desenvolvimento do cérebro contribui para o efeito ansiolitico da serotonina (Da Silva et

al.,2015b).
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Braz et al. (2016) avaliando pardmetros cardiacos relacionados a hemodindmica e ao
metabolismo de ratos fémeas, com 60 dias de vida tratadas com fluoxetina durante a lactacao,
observou que além de reducdo de peso nos ratos tratados com fluoxetina, ndo apresentaram
diferengas na pressdo arterial, freqiiéncia cardiaca (HR), tonus simpatico e vagal, ou
frequéncia cardiaca intrinseca. Porém, ao avaliar estresse oxidativo no cora¢do e no tronco
encefalico, observou que houve diminui¢do nos niveis de carbonilas oxidadas de 60,3% no
tronco encefalico e de 58,2% no coracdo dos animais tratados com fluoxetina. Também
observaram que o tratamento com fluoxetina induzia um aumento na atividade de algumas
enzimas antioxidantes, como a superoxido dismutase-SOD (82,7%) e catalase-CAT (23,7%)
do tronco encefilico, ¢ a SOD (60,6%) ¢ CAT (40,7%) do coragdo de ratos tratados.
Sugerindo assim que tratamento com fluoxetina em idade precoce ndo induz prejuizo
hemodinamico, mas modula positivamente o balango oxidativo em tecidos relacionados ao

controle cardiovascular.
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5 MITOCONDRIAS

Organela onipresente encontrada em quase todas as células eucaritticas. Fornece
energia quimica necessaria para as atividades biossintéticas e motoras das células
(FAWCETT, 1981). As mitocondrias sdo organelas responsaveis pela conversao de energia de
oxi-reducdo para a forma de energia quimica, necessaria para os eventos celulares (INADA et
al., 2008), através de B-oxidagdo de acidos graxos, Ciclo de Krebs e da cadeia respiratoria
(BRAND E NICHOLLS,2011). E o principal sitio celular responsavel pela sintese de ATP,
associada & oxidagdo de coenzimas (NADH "H' e FADH,) (NELSON E COX, 2000), sendo
também considerada a organela central em processos de sinalizacdo, injiria e morte celular,
devido a a¢do de proteinas e moduladores metabolitos (INADA et al., 2008).

O equilibrio energético ¢ de extrema importancia para o funcionamento bioquimico e
fisiologico das células neuronais. Desta forma, qualquer alterag@o nas estruturas e nas fungdes
das mitocondrias pode acarretar em danos irreversiveis no funcionamento ¢ até mesmo na
morfologia das células neurais.

O trifosfato de adenosina (ATP) ¢ a molécula energética de extrema importancia para
a manutencdo energética e funcdo celular. Nas células neuronais existe uma extensa rede de
axonios e dendritos onde as mitocondrias exercem um papel crucial na distribuigdo desta
energia, devido a sua movimentacdo nessas areas dos neuronios. Portanto, foi proposto que
alteracdes neste trafico devido a disfungdes mitocondriais podem estar relacionadas a muitas
doencas neuro-degenerativas tais como: Parkinson, Alzheimer, Esclerose lateral amiotrofica,
entre outras (BENDISKE et al., 2002; REYNOLDS et al., 2004; TRIMMER e BORLAND,
2005). O transporte mitocondrial ¢ fundamental para a fung¢@o neuronal adequada
(HOLLENBECK& SAXTON, 2005; CHEN, S.et al.,2007).

Por meio dos complexos protéicos, a mitocondria exerce sua fun¢do de acoplar o
fluxo de elétrons e o gradiente de protons. Os transportadores de elétrons, por meio dos
complexos I (NADH-desidrogenase), II (Succinato-desidrogenase), III (complexo citocromo
bc) e IV (citocromo ¢ oxidase), transferem os elétrons através de cofatores reduzidos, como
NADH e FADH,, derivados das reagdes metabolicas do ciclo de Krebs e da B-oxidagdo de
acidos graxos (JEZEK & HLAVATA, 2005; FERREIRAet al., 2016). O bombeamento de
protons, entretanto € realizado por meio dos complexos I, Il e IV mitocondriais, que realizam
a extrusdo dos protons para o espago intermembranar. Esse mecanismo altera o potencial de

membrana mitocondrial e favorece a geracdo de uma forca proton-motriz, havendo o retorno
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dos mesmos pelo complexo V (ATP-sintetase) para ressintese de ATP (SKULACHEV, 1980;
NELSON & COX, 2008).

Durante a redu¢do monoeletrénica do oxigénio a H,O, na cadeia transportadora de
elétrons, ha a formacdo de espécies reativas de oxigénio (EROs), iniciado com o anion
superoxido (O;) e derivados de sua metabolizagdo por enzimas antioxidantes, como o
peréxido de hidrogénio (H,O,) e o radical hidroxil (OH) (SIES, 1991; ADAM-VIZI &
CHINOPOULOS, 2006). Considerando a formagdo de EROS em niveis fisiologicos, estima-
se que 2-5% do oxigénio consumido da cadeia respiratoria seja convertido em EROs.
Entretanto, a producdo em excesso das EROs causa um desequilibrio oxidativo favorecendo o
acumulo dessas moléculas em detrimento a capacidade antioxidante de detoxificacdo dessa
superproducao.

Estudos relatam que a serotonina estd envolvida na regulacdo do movimento
mitocondrial nas células do tiibulo de malpighi em insetos, mobiliza o transporte do receptor
NMDA podendo regular o trafico de proteinas nos neurénios corticais dos ratos (BRADLEY
e SATIR, 1981; YUEN et al, 2005). 5-HT também promove o transporte axonal das
mitocondrias nos neurdnios ativando a via Akt-GSK3p, principalmente através do receptor 5-
HT1A. Dados da literatura ja apontam que as mitocondrias tendem a acumular-se nas regides
ativas dos neurdnios como, por exemplo, os cones de crescimento dos neurdénios em
desenvolvimento e na protrusdo de espinhas neuronais ativas (MORRIS e HOLLENBECK,
1993; L1 et al., 2004b).

CHEN, S et al. (2007), especularam que alguns dos efeitos conhecidos da serotonina
no sistema nervoso podem estar envolvidos na regulacdo da distribui¢do de ATP nos
neuronios, controlando o trafico axonal de mitocondrias em neurdnios maduros do hipocampo
in vitro.Em seu trabalho, os axonios foram monitorados duas horas antes e duas horas depois
da administragdo de 5-HT, um agonista (8-OH-DPAT) e um antagonista (WAY100635) do
receptor 5-HT1A. As mitocondrias foram avaliadas por sua mobilidade, sendo observadas por
sua velocidade média e a direcdo dos seus movimentos. Antes do tratamento, cerca de 70%
das mitocondrias eram estacionarias ou movidas em oscilacdo de baixa amplitude. Apos
administracdo de 5-HT, houve um aumento de 15% na populagdo com movimentagdo
direcional e diminui¢do de 16% na populacdo com movimentacdo oscilante, ndo havendo
alteracdo na populag@o estacionaria. Posteriormente ao tratamento com o agonista do receptor
5-HT1A (8-OH-DPAT), houve diminui¢do de 16% na populagdo de oscilante e aumento de

16% na populagao com mudanca direcional, também sem alteracdo na populagio estaciondria.
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Ao administrar o antagonista de 5-HT1A (i.e. WAY100635), a auséncia de 5-HT
causou a inibicdo do movimento mitocondrial direcional, além de ndo movimentacdo das
mitocondrias anteriormente moveis sem afetar a populagdo de mitocondrias oscilantes. Apds
o tratamento com 8-OH-DPAT, a velocidade média desta populagdo aumentou 115%, em
contraste, a administracdo de WAY100635 resultou em uma diminuicio de 43% na
velocidade média de todas as mitocondrias de movimento direcional. Esses resultados
sugerem que nos neurénios do hipocampo, a 5-HT modula o transporte mitocondrial nos
axonios principalmente através do subtipo do receptor 5-HT1A, podendo assim contribuir

significativamente com a disponibilidade de ATP em determinada areas do cérebro.
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6 ESTROGENIOS

Durante um periodo de reproducdo de 30 a 40 anos, comegando pela menarca e
terminando com a menopausa, as mulheres produzem de forma ciclica uma série de
esteroides, proteinas ¢ hormonios polipéptidos curtos, importantes para o inicio ¢ manuten¢ao
da capacidade reprodutiva e o desenvolvimento de caracteristicas sexuais secundarias.
Embora classicamente associados ao seu papel no ciclo reprodutivo feminino, os estrogénios
sdo cada vez mais reconhecidos por suas acdes protetoras contra doengas cronicas e
degenerativas que afetam o sistema cardiovascular (MURPHY, 2011) e outros sistemas e
orgdos que ndo estdo diretamente relacionados a reprodugdo. Este papel ndo reprodutivo para
os estrogénios pode estar subjacente as vantagens ha muito reconhecidas que as mulheres tém
sobre os homens na manutencdo de sua satde geral ¢ na obtencdo de maior longevidade.

O termo "estrogénio" refere-se a um pequeno grupo de hormoénios esterdides
importantes no controle do ciclo reprodutivo. Os trés principais estrogénios sdo estrona (E1),
17-B-estradiol (E2) e estriol (E3) que diferem um do outro no niimero de grupos hidroxil ou
cetonas (RYAN, 1982) presentes, mas que exibem em graus variados, os mesmos efeitos
sobre oOrgdos reprodutivos alvo e caracteristicas sexuais secundarias. O 17-B-estradiol é o
estrogénio predominante durante os anos reprodutivos, tanto na sua concentragdo sérica total
quanto na atividade estrogénica geral. A maior parte do estrogénio circulante nas mulheres em
periodo de pré-menopausa ¢ produzida pelos ovarios, em grande parte como resultado da
secrecdo das células da granulosa dos foliculos em desenvolvimento, e durante a gravidez ¢
complementada pela secrecdo de estrogénio da placenta. Os estrogénios também sdo
produzidos em pequenas quantidades por varios tecidos periféricos como figado, glandula
adrenal, glandulas mamadrias, tecido adiposo e cérebro. Semelhante as células da granulosa
ovariana, a expressao da enzima aromatase nesses tecidos permite a conversdo local de
esterdides C-19, como o antrostenediol em estrogénios, embora em niveis muito mais baixos
do que no ovario (NELSON, 2001; BARAKAT, 2016).

No periodo perimenopausal e durante a menopausa, ha uma redugdo maci¢a na
produgdo de estrogénios devido ao esgotamento dos foliculos ovarianos e consequentemente,
uma falha das gonadotrofinas (hormonio foliculo-estimulante, FSH) e horménio luteinizante;
LH) (FRIEDLANDER, 2002) para manter niveis elevados de circulacdo do estradiol. Com a
eliminacdo dos estrogénios ovaricos na menopausa, a producdo extra-ovarica de estrogénios
torna-se predominante e o principal estrogénio plasmatico durante esse periodo € a estrona,

um estrogénio menos potente que o 17-B-estradiol (MEALEY, 2003).
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Uma extensa literatura foi acumulada nas ultimas duas décadas apontando para os
beneficios neuroprotetivos do estrogénio e apoiando o uso clinico de estrogénio ou compostos
estrogénicos no tratamento da doenca de Alzheimer, acidente vascular cerebral e outros
distirbios cerebrais cronicos e agudos (ENGLER-CHIURAZZI 2016; WANG, 2002; WANG,
2008; SHIH, 2009; PIERCE, 2009; SUBRAMANIAN, 2011; WU, 2012; ENGLER-
CHIURAZZI, 2017).

No entanto, varios trabalhos recentes servem para ilustrar a complexidade do campo
e a ampla gama de mecanismos possiveis que foram sugeridos para subjugar a acdo
neuroprotetiva do hormonio. Estudos clinicos mostraram que a incidéncia da doenca de
Alzheimer (AD) ¢ similar entre homens e mulheres, no entanto, na idade avangada, as
mulheres parecem ter uma maior incidéncia de AD do que os homens (PIKE, 2017). O
aumento da propor¢do de AD em mulheres idosas pode ser devido a sua maior expectativa de
vida, mas também pode resultar do declinio nos niveis de hormonio esterdide sexual que
comeca em torno da menopausa (IMTIAZ, 2017), como o declinio precipitado no estradiol
sérico elimina o estado "protetor" que existia anteriormente no cérebro feminino, permitindo
que os processos neurodegenerativos comecem. Além disso, foi demonstrado que a
suplementagdo de estrogénio em mulheres pds-menopausa ajuda a manter a memoria e a
cognicdo no que poderia ser considerado como uma restauracdo parcial do efeito protetor do
E2 no cérebro (GILLIES, 2010).

No entanto, as numerosas investigagdes sobre os efeitos clinicos da terapia de
reposi¢ao hormonal a longo prazo (TRH) mostram o aumento no risco de desenvolver cancer,
sugerindo que o uso seguro ¢ efetivo de estrogénios como neuroprotetores exigem uma
cuidadosa andlise dos efeitos nocivos do horménio e dos benéficos através do tempo,
dosagem, método de entrega e o direcionamento seletivo da terapia com estrogénio (por
exemplo, usando agonistas de receptor especificos do ER e compostos estrogénicos, como
fitoestrogenos) (KEANEY, 2016).

Bellanto et al.(2013) mostraram em um estudo que mulheres que receberam
terapia de reposi¢do de estrogénio, o0 mesmo desempenha um papel importante na regulagio
do equilibrio REDOX ao aumentar a expressdao de enzimas antioxidantes e restaurar o estado
antioxidante geral. Em um estudo prospectivo baseado na populacdo no Japdo, os
pesquisadores descobriram que as mulheres que comecaram a menopausa antes dos 40 anos
de idade apresentaram maior risco de sofrer um acidente vascular encefalico do que aquelas

que comecaram a menopausa apos esse tempo (BABA, 2010). Estudos como este suportam o
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conceito de que o estrogénio desempenha um papel clinicamente significativo na protecdo das
mulheres contra doengas cérebro-vasculares estimulando as respostas antioxidantes.

Os mecanismos subjacentes ao efeito protetor mediado pelo papel de modulador
antioxidante dos estrogénios contra doencas cardiacas e vasculares foram explorados em
varios estudos experimentais que, em conjunto, mostram uma regulacdo complexa da genética
das células cerebrais e fungdo pelo estrogénio. Alguns desses estudos, como o de Marinis et al
(2013), enfatizam o papel classico do estrogénio com um sinal de hormdnio esterdide através
de receptores de estrogénio nuclear (ER) que regulam a transcri¢do de genes responsivos a
estrogénio. Especificamente, esses autores atribuiram os efeitos benéficos do E2 na reducdo
da apoptose induzida por H,O, no hipocampo ¢ na reducdo da inflamacdo em astrocitos
corticais primarios para a indu¢do de um gene e proteina especificos (neuroglobina) por E2
(DE MARINIS, 2013). Outros estudos apontam para a regulagdo de genes adicionais
compativeis com E2. Patki et al (2013), observou no hipocampo de ratas com deficiéncia de
E2 por ovariectomia (OVX), que o estresse oxidativo foi aumentado neste 6rgao e isso, por
sua vez, levou a aumento da pressdo arterial e ansiedade, acompanhado de incapacidade de
aprendizagem e perda de memoria (PATKI et al.; 2013),.

Trabalhando também com o hipocampo de ratas OVX, Bernal-Mondragon et al
(2013), injetaram beta amildide 25-35 (A-B-25-35) no orgdo duas semanas apds a
ovariectomia e descobriram que o estresse oxidativo gerado pela administragdo de A-B-25-35
era suficiente para prejudicar o olfato, mas que o defeito olfativo poderia ser evitado
administrando E2 antes e depois da injecdo de A-f25-35. Os autores sugeriram que o efeito
protetor do estradiol foi mediado através da regulacdo da bioenergética mitocondrial
(BERNAL-MONDRAGON et al.,2013). Na mesma linha, Rao et al. (2011), ao avaliar o
efeito protetor do E2 contra a isquemia, observaram um aumento na atividade da enzima
antioxidante SOD1 em neuronios corticais, juntamente com uma redu¢do no dano cerebral
induzido por isquemia inversamente proporcional a atividade da SOD1 em ratas fémeas
tratadas com E2 por duas semanas (RAO et al., 2011). Pesquisadores usando um modelo de
ratas OVX observaram reducdo significativa na fungdo cognitiva, diminui¢do dos niveis de
NADH, citocromo C redutase e citocromo C oxidase, estado REDOX e diminuicdo
significativa da atividade das enzimas SOD e CAT no cérebro, comparado com os controles
ndo-OVX (SANDHIR, 2014). Pourganji et al. (2014), avaliando os efeitos da retirada de
estrogénio no estado oxidativo do cérebro, usando ratas OVX e ratas OVX estimulados com
lipopolisacarideos (LPS), encontraram niveis elevados de MDA e uma diminui¢do do tiol

total nos animais tratados com o LPS e OVX em comparacdo com o controle, sugerindo que
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niveis normais de E2 oferecem um efeito protetor contra o dano oxidativo induzido por
inflamacao no hipocampo (POURGANIJI et al., 2014).

A especificidade regional do efeito protetor de E2também ¢ indicada pelos estudos
de Harish et al. (2011) que apresentaram niveis mais elevados de GSH em areas especificas
do cérebro feminino (cortex frontal, cerebelo, bulbo, hipocampo e substancia nigra) em
compara¢do com homens da mesma idade. Em estudos experimentais com ratas OVX aos 5 e
10 meses de idade, varias das mesmas regides (cortex, cerebelo e hipocampo), além do corpo
estriado, apresentaram altos niveis de estresse oxidativo que foi reduzido aos niveis de
controle ou ainda menor com tratamento com E2 (MARTINS, 2012).Outros estudos sugerem
diferengas duradouras ou permanentes na fun¢do mitocondrial entre machos e fémeas devido
a exposicdo a diferentes ambientes de estrogénio na maturidade sexual ou a diferencas
hereditarias ao nivel do cromossomo (MARTINS, 2012).

Pesquisadores descobriram que os neurdnios mesencefalicos em cultura, obtidos de
camundongos machos sdo mais vulnerdveis a 6-hidroxidopamina (6-OHDA), uma
neurotoxina que destroi os terminais catecolaminérgicos utilizados em um modelo
experimental de doenca de Parkinson, do que os neurénios mesencefalicos obtidos de
camundongos fémeas. Os autores atribuiram as diferencas de vulnerabilidade ao género em 6-
OHDA para uma maior producdo de ROS em mitocondrias masculinas em comparagdo com
as femininas, possivelmente devido a regulacdo E2 in vivo da transcricdo de genes
mitocondriais e nucleares que causa aumento da atividade da corrente elétrica e reducao da
oxidacdo estresse e apoptose (MISIAK, 2010). Tao et al. (2012), além disso, usando o mesmo
modelo in vitro da doenga de Parkinson, demonstrou que os neurdnios mesencefalicos
masculinos sdo mais vulneraveis do que os neurénios femininos a citotoxicidade induzida por
rotenona e que o E2 tem um efeito moderadamente protetor nos neurénios de ambos os sexos.
Curiosamente, os autores postulam um mecanismo, geralmente ndo usual, subjacente a essas
diferencas baseadas no género, sugerindo que a regido determinante do testiculo no
cromossomo Y (SRY) aumenta a regulacdo da monoamina oxidase A e diminui a regulacio
do receptor-f do estrogénio, reduzindo assim a resisténcia ao estresse oxidativo - morte
celular induzida em neurdnios derivados de machos em comparag@o com fémeas.

Viérios estudos analisaram os efeitos diretos do E2 sobre a bioenergética neuronal em
areas especificas do cérebro. Em um estudo avaliando o efeito de E2 no controle do sensor de
energia, 5 'AMP-ativada proteina quinase (AMPK), no complexo vagal dorsal caudal, Alenazi
et al. (2015) demonstraram que varios genes sdo diferencialmente expressos na presenga de

E2 e que os produtos desses genes convergem em caminhos de ativagdo de AMPK que sdo
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semelhantes aos utilizados pelo AICAR (5-Aminoimidazole-4-carboxamide ribonucleotide),
um classico Ativador de AMPK. Outra investigacao sobre o efeito de E2 no complexo vagal
dorsal caudal por Tamrakar e Briski (2017) mostrou que o E2 induz um aumento na expressao
de enzimas do ciclo glicolitico, Krebs, fosforilagdo oxidativa e beta-oxidacdo em neurdnios
A2 metabolo-sensoriais durante a hipoglicemia recorrente. Além disso, os autores observaram
que E2 impediu o declinio inadaptado em componentes da cadeia de transporte de elétrons
mitocondriais durante a hipoglicemia recorrente. Tais acdes de protecdo de E2 sobre os
muitos componentes da geracdo de energia nestes neurdnios poderiam contribuir para a
resiliéncia energética ao insulto metabdlico nas fémeas em comparagdo com os machos
(TAMRAKAR, 2017).

Estudos utilizando hibridizagdo e imunohistoquimica t€ém demonstrado que, dentro
dos neurbnios do RVLM, ER ¢ detectavel tanto como uma transcricdo do mRNA
(SHUGHRUE, 1997) como a proteina (SHUGHRUE, 1997; SHUGHRUE, 2001; WANG ,
2006), tornando esta regido uma forte candidata para a transducdo da ligacao de estrogénio em
efeitos sobre homeostasia e doenca cardiovascular. A importancia do E2 na modulagdo do
reflexo do baroreceptor foi mostrada em estudos realizados tanto em mulheres (SALEH,
1999) quanto em ratas fémeas OVX suplementadas com estrogénio (SALEH, 2000 ), em que
uma injegdo periférica de E2 aumentou a sensibilidade do baroreceptor, uma condi¢cdo que
leva a uma funcdo cardiovascular melhorada. Esses efeitos foram diminuidos em ratos
machos e fémeas por meio de uma injecao central de um antagonista seletivo de ER (SALEH,
1999; SALEH, 2000). Wang e He (2002) estudaram os efeitos do E2 sobre a atividade elétrica
dos neuronios do RVLM e mostraram que a injecdo intracardtida de E2 diminuiu a taxa de
disparo dos neurénios RVLM sem alterar a pressdo arterial ou a freqiiéncia cardiaca. No
entanto, o pré-tratamento com L-NAME, um inibidor de 6xido nitrico (NO) sintase atenuou
significativamente o efeito inibitério de E2 na taxa de disparo de RVLM, enquanto a 3-
morfolinosidnimina, um doador de NO - SIN-1, potencializou o efeito. Esses resultados
sugerem fortemente que os efeitos de E2 no RVLM envolvem ativagdo de NOS e liberagdo de
NO e além disso, as acdes do E2 sdo mediadas através de um mecanismo de sinalizacdo nado-
transcripcional (WANG e HE, 2002).

Um grupo de pesquisadores mostrou um papel particularmente importante para o
receptor ER-B nos neurénios RVLM na producdo dos efeitos cardioprotetores do E2 descrito
acima. Especificamente, o autor mostrou que enquanto tanto E2 como um agonista seletivo do
receptor ERB diminuem a pressdo arterial sistolica (SAP) e os componentes do espectro

vasomotor SAP de uma maneira dependente da dose, um agonista do receptor ERa ndo tem
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efeito (SHIH, 2009). Além disso, o autor mostrou que os efeitos cardiovasculares de ERf no
RVLM sdo dependentes da estimulagdo iNOS e liberacdo de o6xido nitrico (NO) (SHIH,
2009). Wu et al. (2012), além disso, mostrou que a ligagdo ER ao ER no RVLM evoca os
seus efeitos pressoricos através de acdes ndo gendmicas em vez de acdes gendmicas,
especificamente, ativando a via intracelular PI3K-Akt (WU et al., 2012).

Além de sua modulacdo dos niveis de NO, o E2 tem sido demonstrado em varios
estudos que afetam a fungdo cardiovascular, regulando a transcricdo de canais de potéssio
especificos voltados para a tens@o que controlam a corrente transitoria de potassio externa
(IA) (SAITO, 2009). Saito et al. (2009) observaram o efeito transcricional nas células
cardiacas ventriculares, observando que Kv4.3 e Kv1.5, mas ndao Kv4.2, foram regulados pelo
tratamento com E2. Lee et al. (2013), por outro lado, mostraram que o E2 reduz
significativamente a expressdao do mRNA Kv4.2, mas ndo o Kv4.3 nos neurénios do RVLM,
resultando em uma baixa regulacdo das densidades das correntes transitorias de potassio
externas (IA) e hiperpolarizacdo desses neurénios. Uma vez que os receptores ER,
particularmente ERp, sdo altamente expressos nos neurénios PVN-RVLM (STERN, 2003),
parece provavel que a regulacdo dos canais de potassio nesta area constitua um mecanismo
subjacente importante para os efeitos benéficos do E2 na funcdo cardiovascular. Outra via
suspeita para traduzir os efeitos do E2 no RVLM relacionado a reducdo de pressdao envolve
efeitos inibitorios diretos do hormoénio na geragdo ROS em neurdnios do RVLM que de outra
forma, promoviam um aumento da atividade simpatica e conseqiientemente induziriam um
estado hipertensivo (KISHI, 2004; OLIVEIRA-SALES, 2008).

Wang et al. (2008), em estudos que associam género com risco de doenga
cardiovascular, mostraram que o RVLM feminino expressa um maior niumero de receptores
de angiotensina II (AT1), mas um menor nivel de p47 phox (a subunidade catalitica de
NADPH oxidase responsavel pela formacdo de ROS) do que o RVLM masculino, resultando
em fluxo de Ca®" alterado através de canais de Ca-tipo L que poderiam traduzir nos efeitos
protetores de E2 na pressdo sanguinea. Pierce et al. (2009) também estudaram a distribuigdo
dos receptores AT1 e a expressdo de p47phox em neurdnios pré-simpaticos no RVLM e
descobriram que os neurOnios femininos possuiam uma concentracdo significativamente
maior de AT1 da membrana e uma expressao significativamente menor de phox p47 na célula
membrana e citosol, e sugeriu que esta distribuicdo poderia estar subjacente as diferengas de
género observadas na producdo de ROS (PIERCE et al., 2009).

Com tudo que pudemos trazer de dados da literatura, nosso estudo teve como foco

principal verificar se em machos ocorria uma modulacdo positiva na bioenergética
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mitocondrial do tronco encefalico, induzida pelo tratamento com fluoxetina, de forma similar

aos efeitos benéficos observados pelos estrogénios em fémeas.
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7 HIPOTESE

O presente estudo teve como hipotese que a exposi¢do cronica, no periodode 1 a 21
dias, ao inibidor seletivo de recaptacdo de serotonina em machos promove redugdo da
producdo de espécies reativas de oxigénio e aumenta a defesa antioxidante no tronco

encefalico de forma semelhante aos efeitos induzidos pelo estrogénio observado nas fémeas.
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8 OBJETIVOS

8.1 OBJETIVO GERAL

Avaliar os efeitos da manipulagdo serotoninérgica durante a lactacdo (1° ao 21° dia
de vida) sobre a bioenergética mitocondrial, balanco oxidativo e expressdo da proteina
desacopladora mitocondrial 2 no tronco encefalico de ratos machos e fémeas aos 60 dias de

vida.

8.2 OBJETIVOS ESPECIFICOS

* Avaliar, no tronco encefalico de machos e fémeas tratados ou ndo com fluoxetina:
I.  Capacidade funcional da mitocondria:
1. Consumo de oxigénio mitocondrial
2. Capacidade de captacdo de calcio
II. A produgdo de espécies reativas mitocondriais;
III.  Atividade da enzima do ciclo de Krebs (Citrato sintase-CS);
IV. Atividade de enzimas antioxidantes (superoxido dimutase-SOD, catalase-CAT,
glutationa-S-transferase-GST);
V. Avaliagdo do Estado REDOX (niveis de Glutationa Reduzida — GSH e Glutationa
Oxidada — GSSG);
VI.  Niveis de grupamentos tiois totais;

VII. A expressao génica de UCP 2.
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9 MATERIAIS E METODOS

9.1 ANIMAIS

Foram utilizados ratos machos e fémeas da linhagem Wistar provenientes da colonia
do Departamento de Nutricdo da Universidade Federal de Pernambuco. As fémeas
selecionadas (n=8) entre 220-250g foram abrigadas em biotério sob condi¢des padrio de
temperatura, iluminagdo ¢ umidade com agua ¢ comida (dieta Labina — Purina S/A) ad libitum
(VAN ZUTPHEN, 1993). Foram promovidos periodos alternados e regulares de luz e
escuriddo (12/12 horas), posteriores ao periodo de adaptacgdo (15 dias) para sincronizar o ciclo
circadiano. Apo6s a adaptacdo, as ratas quando em periodo estral, foram acasaladas na
propor¢do 1 fémea para 1 macho. No 1° dia apds o nascimento, foram selecionados oito
neonatos machos de modo aleatorio estando o seu peso entre 6 e 8 gramas, para composi¢cao
dos grupos experimentais. A manipulacido e os cuidados com os animais seguiram as
recomendagdes do COBEA e aprovacdo do Comité de Etica em Estudos com Animais do
Centro de Ciéncias Biologicas da  Universidade Federal de Pernambuco

(23076.015276/2012-56).

9.2 GRUPOS EXPERIMENTALIS

No periodo de lactagdo foram formados dois grupos experimentais segundo o
tratamento: Grupo Controle ¢ Grupo Fluoxetina, que foram tratados diariamente com
solugdo salina e fluoxetina, respectivamente, do 1° ao 21° dia pds-natal. Apds o desmame 0s

grupos receberam dieta padrdo de biotério.

9.3 TRATAMENTO

Farmacolégico — Foi utilizado fluoxetina (ISRS) (Sigma), na concentracao de 10 mg/Kg de
peso corporal (p.c.) (MILLER et al., 2008). A droga foi obtida na forma de cloridrato de
fluoxetina e dissolvida em veiculo controle, uma solugdo salina (NaCl) a 0,9%.

Controle — Foi utilizado 10ml/kg p.c. de solucdo de Cloreto de Sédio (NaCl) a 0,9%.
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9.4 VIAS DE MANIPULACAO

O tratamento foi administrado por via Subcutinea (sc) e o horario de manipulagdo
dos animais foi no inicio do ciclo escuro (8:00 h). O horéario de manipulacdo farmacologica
foi mantido durante todo o experimento em concordancia com o horario do segundo e maior

pico de liberacdo da serotonina no hipotalamo (SANCHEZ et al., 2008).

9.5 MEDIDA DE PESO CORPORAL

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

0.01g) (DA SILVA et al., 2015).

9.6 COLETA DO MATERIAL BIOLOGICO E PROCESSAMENTO PARA ANALISES
BIOQUIMICAS

Aos 60 dias de vida os animais, foram decapitados por guilhotina e submetidos a
cirurgia para retirada do tronco encefalico. O mesmo foi homogeneizado em tampdo de
extracdo (Tris base 100 mM, pH 7.,5; EDTA 10 mM; contendo um coquetel de inibidores de
protease com a mistura contendo 225mmol/L mannitol, 75 mmol/L sucrose, Immol/L EGTA,
4 mmol/L HEPES (pH 7.2). Para quantificacdo protéica e avaliacdo da atividade enzimatica,
as amostras foram centrifugadas a 1.000 rpm, a 4° C, por 10 minutos e utilizou-se o

sobrenadante para dosagem proteica.

9.7 DOSAGEM DE PROTEINA

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

solu¢do analisada, onde uma solug¢do de albumina de soro bovino foi utilizada como padrio.

9.8.  MEDIDA DO CONSUMO DE OXIGENIO MITOCONDRIAL

O consumo de oxigénio mitocondrial foi medido polarograficamente utilizando um

eletrodo do tipo OXIGRAPH conectado a um oxigrafo (Hansatech Instrument), em uma
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camara de vidro fechada (1 mL) e termostatizada (28°C), equipada comagitador magnético
(ROBINSON; COOPER, 1970), utilizando mitocondrias isoladas (0,5 mg de proteina/mL).
Esse tipo de eletrodo compreende um catodo de platina e um anodo de prata, imersos numa
solugdo eletrolitica (geralmente KCl). A superficie do catodo é revestida por uma fina
membrana de teflon ou polietileno, que sdo permeaveis ao oxigénio. Quando uma pequena
voltagem ¢ aplicada entre os eletrodos, a platina torna-se negativa em relacdo a prata,
tornando-se polarizada. O oxigénio ¢ entdo reduzido a peroxido 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 foram transmitidos ao oxigrafo, onde foi realizada a leitura.

9.9. PRODUCAO MITOCONDRIAL DE ESPECIES REATIVAS

A producdo de espécies reativas de oxigénio e nitrogénio (ERO e ERN) pelas
mitocondrias isoladas foi determinada fluorimetricamente através da oxida¢do do H,DCF-DA
(diacetato de diclorodihidrofluoresceina, SuM) (Molecular Pobres, Invitrogen, Eugene,
Oregon, USA), utilizando mitocondrias isoladas (0,5 mg de proteinas/mL). A fluorescéncia
foi monitorada ao longo do tempo em um espectrofluorimetro (Fluostar Omega, USA).
Usando comprimentos de onda de excitacdo e emissdo de 488 e 525 nm, respectivamente,
com largura de fenda de 5 nm (LEBEL ef al, 1942; GARCIA-RUIZ et al., 1997) Os

resultados foram expressos em unidades de fluorescéncia (U.F.).

9.10 CAPACIDADE DE CAPTACAO DE CALCIO

O acompanhamento espectofotométrico da reducdo da absorbancia a 520 nm foi feito
em espectrofotdmetro modelo Libra S12 da empresa BICHROM utilizando mitocondrias
isoladas (1 mg de proteina/mL) com ou sem o desafio de cloreto de célcio a 20 uM. Essa
técnica também pode ser utilizada para avaliar o fenomeno de transi¢do de permeabilidade da
membrana mitocondrial (TPM), o qual resulta em inchamento da organela (VERCESI et al.,

1988).
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9.11 ATIVIDADE ENZIMATICA DE CITRATO SINTASE (CS)

A atividade enzimatica foi determinada conforme descrito por da SILVA et al.,
2015). Resumidamente, foi feito uma rea¢do contendo (em mM) 100 Tris-HCI (pH 8,2), 1
MgCl,, 1 EDTA, 0,2 5,5-ditio-bis (4cido 2-nitrobenzo6ico) (DTNB) (¢ = 13,6 pmol - ml- 1 cm-
1), 3 acetil-CoA, 5 oxaloacetato ¢ 0,3 mg / ml de homogeneizado. A atividade da CS foi
medida avaliando a taxa de alteragdo na absorbancia a 412 nm, durante 3 min (intervalos de

leitura de 30 s), os resultados foram expressos em U/mg prot.

9.12 MEDIDA DAS SUBSTANCIAS REATIVAS AO ACIDO TIOBARBITURICO
(TBARS)

Para a quantificacdo da peroxidacdo lipidica, foi realizada a dosagem do TBARS
através da técnica colorimétrica de Buege & Aust (BUEGE and AUST, 1978). Colocou-se
uma aliquota do homogenizado (0,3 mg / mL), de 4cido tricloroacético a 10% e de acido
tiobarbiturico que reage com os produtos da lipoperoxidacdo para formar um composto de
coloracdo rosada. A mistura foi incubada por 15 minutos a 100°C e em seguida resfriada. Na
sequéncia, foi adicionado n-butanol 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. Os resultados foram expressos em pmoles de TBARS por mg de proteina.

9.13 AVALIACAO DOS NiVEIS DE CARBONILAS

Para analisarmos o grau de oxidagdo das proteinas, foi quantificado os niveis de
carbonilas segundo Levine (Levine et al., 1990). Os grupos carbonilas reagem com o 2,4-
dinitrophenil-hyrazina (DNPH). Utilizando o homogenato com concentracdo 0,3 mg de
amostra por ml, junto ao 4cido tricloroacético a 30%. O DNPH a 10nM e a guanidina 6M
foram diluidos em HCL 2,5M em temperatura ambiente. Os valores de absorbancia foram

obtidos a 380 nm e expressos em pmoles de carbonilas/mg de proteina.

9.14 ATIVIDADE ENZIMATICA: SUPEROXIDO DISMUTASE (SOD)

A atividade da SOD foi avaliada através do método de auto-oxidacao da adrenalina,
podendo ser medido em espectrofotometro a 480nm. Em uma cubeta de quartzo de 1mlL,

adicionou-se tampao fosfatocom pH 10.2, amostra (0,3 mg / ml ). A absorbancia foi registrada
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por um periodo de aproximadamente 3 minutos em temperatura de 37°C. Os resultados foram

expressos em U/ mg de proteina (Misra & Fridovich, 1972).

9.15 ATIVIDADE ENZIMATICA: CATALASE (CAT)

A atividade da catalase foi medida através da avaliacdo do consumo de peroxido de
hidrogénio pelo decréscimo na absor¢ao a 240 nm, absorbancia por 3 minutos. 0.3 mol/L
H,0, foram adicionado a uma mistura contendo 0.3mg/mL de um meio de reacdo e
50mmol/L contendo tampédo fosfato,(pH=7,4) e H,O,. Os resultados foram expressos em

U/mg de proteina (AEBI, 1989).

9.16 ATIVIDADE ENZIMATICA: GLUTATIONA S-TRANSFERASE (GST)

A atividade da GST foi quantificada com o total de 0,3 mg/mL de proteina, onde a
mesma se combina com o produto toxico CDNB e com a GSH para que a bomba de
glutationa o jogue para fora da célula, quantificando assim sua atividade. Uma unidade ¢ a
quantidade de enzima que catalisa a formacdo de 1umol de DNP-SG por minuto a 30 °C,

usando 1mM de concentragdo de GSH e CDNB (HABIG, 1974).

9.17 ESTADO REDOX (GSH/GSSG)

O meio de ensaio foi composto por tampao fosfato 0,1M (pH 8,0) contendo EDTA
(5mM) e amostra (0,3 mg/ mL de proteinas), o qual foi incubado com o-Phthaldialdehyde
(OPT) (1mg/mL) em temperatura ambiente por 15 minutos. Depois de incubado, o ensaio teve
sua fluorescéncia verificada em um comprimento de excitagdo e emissdo de 350nm e 420nm,
respectivamente. Para a determinagdo dos niveis de GSH, as amostras foram comparadas a
uma curva padrao de GSH com conhecidas concentragdes.

Para a determinagdo dos niveis de GSSG, as amostras foram primeiramente
incubadas com N-ethylmaleimida (NEM) (0,04M) por 30 minutos a temperatura ambiente
seguido da adi¢do do tampdo NaOH (0,1M) ao meio. Apos esse procedimento, as amostras
também foram incubadas com o-Phthaldialdehyde (OPT) (1mg/mL) em temperatura ambiente
por 15 minutos e tiveram sua fluorescéncia comparada a uma curva de concentracdes
conhecidas de GSSG. O estado REDOX foi determinado pela razio GSH/GSSG com
previamente descrito (HISSIN e HILF, 1976).
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9.18 AVALIACAO DE NIiVEIS DE TIOIS TOTAIS

A quantificacdo dos grupos tidis foi baseada na redugdo do 5,5-dithio-bis (2-
nitrobenzoic acido) (DTNB, 10mM) por tidis, gerando um derivado de cor amarela (TNB). A
leitura foi feita em espectrofotdmetro a 412nm. Os valores foram expressos em mmol/mg de

proteinas (AKSENOV & MARKSBERY, 2001).

9.19 EXPRESSAO DO mRNA DE GENES UCP2 VIA RT-PCR

o A extragao de RNA

O RNA total foi obtido pelo método de extracdo com isotiocianato de guanidina
usando o reagente Trizol. Inicialmente os tecidos foram lisados usando Triol, depois de 5
minutos de incubagdo, a temperatura ambiente, foi acrescentado cloroférmio e foram
centrifugados a 1200g por 15 minutos. A fase aquosa foi transferida para outro tubo,
adicionados de isopropanol gelado e depois incubado por 10 minutos a temperatura ambiente
e realizada nova centrifugacdo a 12000 g por 10 minutos. O RNA formado foi entdo lavado
com etanol a 75% e centrifugado a 7000g por 5 minutos. O sedimento do RNA (pellet) foi
entdo ressuspenso em agua livre de RNase e armazenado. A quantificagdio do RNA foi
realizada em duplicata diluindo as amostras 1:50 em agua isenta de RNase. A absorbancia da
amostra foi determinada por espectrofotometria nos comprimentos de onda de 260nm
(correspondente ao pico de absorcdo de RNA) e 280nm (correspondente ao pico de absorcao
de proteinas). Para a analise da pureza de RNA, o valor da absorbancia obtido a 260nm foi
dividido pelo obtido a 280 nm e a amostra que apresentavam a razdo de 260/280 igual ou

superior a 1.8, foram utilizadas (indicativo de alto grau de pureza) (LAGRANHA et al.,2007).

e Desenho das sequéncias dos “primers”
As seqiiéncias dos primers foram obtidas utilizando o programa “Primer-BLAST” a
partir das seqiiéncias completas dos genes, através das informagdes contidas no banco génico
do National Center for Biotechnologylnformation (NCBI) acesso via internet a partir do

namero de acesso para cada gene.

Tabela 2. Primers usados para as analises de RT-PCR.

Gene Forward primer (5'- 3") Reverse primer (5'- 3")

UCP2 TACTCTCCTGAAAGCCAACC GCTGCTATAGGTGACAAAC
B2M TGACCGTGATCTTTCTGGTG ACTTGAATTTGGGGAGTITTICTG
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As reagdes foram realizadas para cada grupo de “primers’e todos os pardmetros
foram avaliados utilizando concentragdoes constantes de RNA e seguindo as normas do
fabricante do Kit SuperScriptlli® SYBR® GREEN One-StepgRT-PCR (Invitrogen, USA).
Usando também a expressdao do gene B2M como o gene normalizador para cada amostra e a
quantificagdo da expressio foi de acordo com o calculo de 2**“T(LIVAK ¢ SCHMITTGEN
2001; PFAFFL, 2001).

9.20 ANALISE ESTATISTICA

Todos os dados foram analisados segundo a normalidade da distribui¢do. Os dados
que apresentaram-se dentro da distribui¢ao gaussiana foram expressos em média e erro padrao
da média (EPM). Estes dados foram analisados pelo teste ANOVA-2way. Foi adotado o nivel
de significancia de 5% em todos os casos. A constru¢do do banco de dados e as analises
estatisticas foram desenvolvidas no programa Excel (versiao 2007, Microsoft, USA) e

Graphpad Prisma 6 (GraphPad Software Inc., La Jolla, CA, USA), respectivamente.
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Abstract

The serotonin reuptake is mainly regulated by the serotonin transporters
(SERTSs), which are abundantly found in the raphe nuclei, located in the brainstem.
Previous studies have shown that dysfunction in the SERT have been associated with
several disorders, including depression and cardiovascular diseases. In this manuscript,
we aimed to investigate how gender and a serotonin selective reuptake inhibitor (SSRI)
could affect mitochondrial bioenergetics and oxidative stress in the brainstem of male
and female rats. Fluoxetine, our chosen SSRI, was used during the neonatal period (i.e.
from post-natal day 1 to post-natal day 21 - PNDI1 to PND21) in both male and female
animals. Thereafter, experiments were conducted in adult rats (60 days old). Our results
demonstrate that during lactation, fluoxetine treatment modulates the mitochondrial
bicenergetics in a sex-dependent manner, such as improving mitochondria function in
the mitochondria of male rats. These findings can be useful in clinical settings, as the
information can be used to tailor prevention education programs, and possibly assist
clinicians to prevent neurogenic cardiac dysfunction, a condition more prevalent in

males than females.
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1. Introduction

It is well known that only 2% of total body serotonin (5-hydroxytryptamine; 5-
HT) is produced in the central nervous system (Halliday et al., 1995). However, this
neurotransmitter has an essential role in several functions, including: neurogenesis,
neuronal differentiation, synaptogenesis, regulation of stress, anxiety and food intake
(Rapport et al., 1948; Whitaker-Azmitia er al., 1996; Whitaker-Azmitia, 2001; Heisler
et al.,, 2007; Lam & Heisler, 2007; Lam et al.. 2008). The majority, if not the total
amount, of serotonin produced in central the nervous system comes from neurons in the
raphe nuclei located inside of the brainstem, which also assist in the regulation of
autonomic functions (Henderson et al., 2000).

The serotonin reuptake is mainly regulated by the serotonin transporters
(SERTs), which are greatly found in the raphe nuclei (Descarries et al., 1982). Previous
studies have shown that dysfunction in the serotonin reuptake transporter (SERT) gene
has been associated with several disorders, including depression (Caspi er al., 2003;
Gainetdinov & Caron, 2003) and cardiovascular diseases (Cote et al., 2004). SERT is
the target of several serotonin selective reuptake inhibitors (SSRIs), and according to
Benmansour et al (2002), SERT expression is down-regulated in the presence of SSRIs
(Benmansour ef al., 2002). Although these findings are controversial. Maciag et al.
(2006) demonstrated that chronic treatment with citalopram (i.e. another SSRI1) in adult
rats didn’t induce differences in the expression of SERT (Maciag er al, 2006).
However, recent research has indicated that neonatal exposure to fluoxetine, another
SSRI, increases SERT gene expression and protein content in the hypothalamus of
animals at 21 and 40 days of life (Pinheiro et al., 2017). Additionally, adult rats treated
with fluoxetine during a 3-day period did not display any alteration on the SERT gene

expression in any of the dorsal raphe nucleus located in the midbrain (Gomez & Garcia-
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Garcia, 2017). Therefore, these data indicate that the serotonergic system is highly
sensitive and can be modulated by several factors and/or experimental conditions.

Furthermore, though the brainstem is small, this crucial brain structure is
receiving greater attention due to its central role in controlling arterial blood pressure.
The modulation of sympathetic neurons has been shown to be crucial for maintaining
vasomotor tone (Marina et al., 2011; Marina et al., 2015). According to the Center for
Disease Control and Prevention (CDC) associated with the U.S. Department of Health
& Human Services, high blood pressure substantially increases the risk for heart disease
and stroke (CDC & Centers for Disease Control and Prevention, 2015). High blood
pressure was also considered the primary or a contributing cause of death for more than
410,000 Americans in 2014, as well as the leading cause of death in the USA (CDC &
Centers for Disease Control and Prevention, 2015). According to the American Heart
Association (Go AS, 2013), although a greater percentage of men than women have
high blood pressure at the age of 45, between the ages of 45 — 64 years, the gender-
related effect on blood pressure is largely eliminated. In addition, after 65 years of age,
there is a higher prevalence of elevated blood pressure in women than in men (Go AS,
2013). Interestingly, this reversal of gender-related risk for high blood pressure after the
age of 64 can be due to the decline in the amount of steroid hormones that women
usually experience after menopause (i.e. the menopause effect) (Lisabeth & Bushnell,
2012; Kim et al., 2015).

Previous studies have shown that low expression of SERT is linked with
increased risk of weight gain and the occurrence of type 2 diabetes (Sookoian et al.,
2008; Iordanidou et al., 2010); comorbidities often associated with the presence of high
blood pressure (Bozkurt et al., 2016). Recently, a study from Zha et al (2017) revealed

that the deficiency of SERT leads to adiposity and abnormal glucose metabolism
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through estrogen suppression in vivo. These authors postulate that estrogen suppression
provides a novel causal relationship between the deficiency of SERT and the
development of metabolic abnormalities (Zha et al., 2017).

On the basis of all the aforementioned findings, we therefore hypothesized that
SSRI inhibition during brain development has gender-related effects on male and
female rats, as well as improves mitochondrial bioenergetics in male rats. To test our
hypothesis, we evaluated the effects of a treatment with fluoxetine (10mgkg BW)
during the neonatal period (i.e. from post-natal day | to post-natal day 21 - PNDI to
PND21) in male and female adult rats (60 days old). In summary, this experimental
design was chosen to demonstrate potential gender-related effects of this treatment on

mitochondrial function and oxidative status on the rat brainstem,

2. Material and Methods

2.1 Animals

Six female Wistar rats were mated (2 female:1 male) and maintained at room
temperature of 23 £ 1 °C, on a light-dark cycle of 12:12h, with free access to water and
food. The pregnancy was determined through the spermatozoa presence in a vaginal
smear. Twenty-four hours after birth, male and female rat pups were randomly assigned
to groups containing 8 pups per litter. All experiments were carried out in accordance
with the National Institute of Health guide for animal experimentation and endorsed by
the Ethical Committee of the Bioscience Center of the Federal University of

Pernambuco (23076.015276/2012-56).

2.2 Pharmacological treatment and experimental groups
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To avoid the influence of the circadian rhythm on the results, the fluoxetine or
saline solutions were administered at the same time of day; between 7:00 and 8:00 a.m.,
for the duration of study. Both experimental groups received one single subcutaneous
injection of 10 ml/kg bw/day, with either fluoxetine (10mg/kg bw/day dissolved in
saline solution; Fx group), or vehicle solution (NaCl 0.9%; Ct group). The fluoxetine or
saline solutions were administered from the 1% to 21™ postnatal day (i.e., suckling

period) (Sanchez ef al., 2008; da Silva et al., 2014).

2.3 Body weight evaluation

Body weights were measured at 7", 14" and 21* day of life, as well as
immediately before euthanasia at 60 days of age. Body weights were recorded using an
analytical scale (S-400 with a capacity of 400 grams and a readability of 0.01 grams).
(da Silva ef al., 2014; da Silva et al., 2015a; da Silva et al., 2015b; Braz et al., 2016a;

Braz er al., 2016b; Pinheiro ef al., 2017)

2.4 Necropsy procedures and Tissue preparation

The rats were sacrificed by decapitation at 60 days of age. Immediately after
decapitation, the brainstems were removed in less than 30 seconds. Half of the
experimental groups’ brainstems were used for immediate mitochondrial assays, and the
second half of the group’s brainstems were stored in -80°C for further biochemical,

molecular biology or DNA analysis.

2.5 Mitochondrial isolation
At 60 days of age, the animals were sacrificed by decapitation, and brainstems

were quickly removed as aforementioned. To perform the mitochondrial isolation, the
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brainstem samples were then homogenized in an ice-cold mitochondrial buffer,
containing 225 mM mannitol, 75 mM sucrose, 4 mM HEPES and 1 mM EGTA (pH
7.2), and submitted to differential centrifugations, as previously described (da Silva et
al., 2015a; Ferreira et al., 2016). The pellet was re-suspended in a buffer containing 250
mM sucrose and 5 mM HEPES (pH 7.2). An aliquot of mitochondria was used for
spectrophotometric determination of protein content, according to the Bradford assay

(Bradford, 1976).

2.6 Mitochondrial oxygen consumption

The analysis of mitochondrial respiration was performed in a 600 SL chamber
connected to a Clark-type oxygen electrode (Hansatech Instruments, Pentney King's
Lynn, UK) at 28 °C. Mitochondria were incubated at (.500 mg protein/mL, in a
respiration buffer containing 120 mM KCI, 5 mM MOPS, | mM EGTA, 5 mM KH;PO,
and 0.2% BSA. Mitochondrial respiration was measured with complex I (10 mM
glutamate/2 mM malate) substrates, 0.5 mM ADP, 1.2 mM oligomycin and 1 mM
CCCP (da Silva er al., 2015a; Ferreira er al., 2016). The results were expressed as nmol

Oz/min/mg protein.

2.7 Mitochondrial reactive species production

The mitochondrial RS production was measured using a fluorescent probe
DCFDA (5-(and 6)-chloromethyl-2,7"-dichlorodihydrofluorescein diacetate, acety!
ester). Freshly isolated mitochondria (0.100 mg protein/mL) were incubated in a
respiration buffer (pH 7.2 at 28 °C) with complex I substrates and 5 uM DCFDA. The
fluorescence was monitored during 5 min of gentle shaking at 485 nm excitation and

525 nm emission via fluorescence spectrophotometry (FLUOStar, OMEGA, USA). The
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results were expressed according to the calculation of the slope from the linear portion

of the area under the curve (da Silva et al., 2015b; Ferreira et al., 2016).

2.8 Mitochondrial swelling

Mitochondrial swelling was determined as previously described (Blattner et al.
2001). The opening of the mitochondrial pores causes mitochondrial swelling, which is
measured spectrophotometrically as a decrease in absorbance at 520 nm. Isolated
mitochondria were added to buffer (120 mmol KCI, 4 mmol HEPES, 5 mmol KH-PO,,
and 0.2% BSA, pH 7.4) with a final protein concentration of 0.100 mg protein/ml. Pore
opening was induced by addition of CaCls (20 pumol) and evaluated using complex 1

substrates (da Silva et al., 2015b).

2.9 Tissue preparation for oxidative balance and antioxidant analysis

Brainstems were quickly removed from the freezer and homogenized in 50 mM
TRIS and | mM EDTA (pH 7.4) cold buffer with addition of 1 mM sodium
orthovanadate and 200 pg/mL phenylmethanesulfonyl fluride. The homogenates were
centrifuged at 1180g for 10 min at 4 °C. The resultant supernatant was used for the
subsequent analysis after determination of protein concentration, using the Bradford

method (Bradford, 1976).

2.10 Measurement of Citrate Synthase (CS) activity

CS activity was analyzed according to the methodology described by Le Page et
al (2009). The analyses were performed in a reaction mixture, containing 100 mM Tris-
HCI (pH 8.2), | mM MgCl,, | mM EDTA, 0.2 mM 5,5-dithio-bis (2-nitrobenzoic acid)

(¢ = 13.6 mmol/mL.cm—1), 3 mM Acetyl-CoA, 5 mM oxaloacetate and 300 pg of
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protein (Le Page et al., 2009). The CS activity was measured by assessing the rate of
change in absorbance at 412 nm over a 3-minute period. Then, the results were

expressed as U/mg protein (da Silva et al., 2015b).

2.11 Evaluation of lipid peroxidation

The lipid peroxidation was evaluated through the utilization of the calorimetric
technique of Buege and Aust (1978) for detection of the levels of thiobarbituric acid
reactive substances (TBARS) (Buege & Aust, 1978). Equal amounts of 30%
trichloroacetic acid (w/v) and 3 mM of Tris-HCI buffer were added to the sample
(300pg protein). After centrifugation, 2,500g for 10 min, the supernatant was mixed
with 0.73% thiobarbituric acid and boiled for 15 min. The pink pigment yiclded was
measured spectrophotometrically at 535 nm. at room temperature. The results were

expressed as nmol of MDA/mg protein (Braz et al., 2016a; Ferreira et al., 2016).

2.12 Evaluation of protein oxidation

The protein oxidation was performed per Levine et al (1990). The samples were
centrifuged 664g with 30% trichloroacetic acid (w/v) for 15 min. 10 mM 24-
dinitrophenylhydrazine (DNPH) was added to the samples (300 pg of protein) and
immediately incubated in a dark room for 1 hour. The mix was centrifuged again at
1,180g, followed by the addition of 6 M Guanidine hydrochloride to the pellet and 30
min at RT incubation. The samples were measured at 370 nm. Then, the results were

expressed as nmol of Carbonyl/mg protein (Levine et al., 1990).

2.13 Superoxide dismutase (SOD) activity
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SOD activity was evaluated through the inhibition of epinephrine auto-oxidation
method described by Misra and Fridovich (1972). Briefly, 150 mM of epinephrine was
added into a reaction mix containing 100 mM carbonate buffer (pH 10.2), 5 mM EDTA
and 300 pg of protein. Then, the enzymatic kinetics were analyzed during a 2 minute
period at 480 nm (Misra & Fridovich, 1972). The results were expressed as U/mg

protein (Braz et al., 2016a; Ferreira et al., 2016).

2.14 Catalase (CAT) activity

CAT determination was performed in accordance with the Aebi’s protocol
(1984), wherein the enzymatic kinetics of H.0, decomposition was analyzed for 3 min
at 240 nm. The assay contained 50 mM phosphate buffer (pH 7.0), 300 mM H-0; and
300 pg of protein (Aebi, 1984). The results were expressed as U/mg protein (Braz er al..

2016a; Ferreira et al., 2016).

2.15 Glutathione-S-transferase (GST) activity

The activity of GST was measured with a total of 300 pg of protein. as described
by Habig (1974). The principle of the assay is based on the determination through
absorbance spectroscopy of the conjugation of 1 mM I-cloro-24-dinitrobenzene
(CDNB) with 1 mM reduced glutathione (GSH) in a 100-mM potassium phosphate
buffer (pH 6.5). Absorbance was measured at 340 nm at 30 °C. One enzyme unit
conjugates 10 nmol of CDNB with GSH per minute (Habig et al., 1974). The results

were expressed as U/mg protein (Braz et al., 2016a; Ferreira et al., 2016).

2.16 Measurement of REDOX state
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To measure the redox state, we measured both reduced and oxidized
glutathiones. The levels of reduced glutathione (GSH) were evaluated by adding 100
mM phosphate buffer (pH 8.0) with 5 mM ETA to the samples (with a final protein
concentration of 0.300 mg protein/ml), followed by a period of 15 minutes in incubation
with O-Phthaldehyde (OPT) (1 um) at RT. Fluorescence intensity was measured at 350
nm (excitation) and 420 nm (emission), and compared with a standard GSH curve (0.5 —
100 uM). The oxidized glutathione (GSSG) levels were evaluated by incubation of
samples with 40 mM N-ethylmaleimide for a period of 30 minutes in RT, followed by
addition of 100 mM NaOH buffer. Afterwards, the same steps of the GSH assay were
followed to determine the GSSG levels. The Redox state was determined by the ratio of

GSH/GSSH (Hissin & Hilf, 1976). Data were expressed as mmol/mg prot.

2.17 Total thiol groups

The measurement of total thiol groups consisted of a cold extraction buffer (50 mM
Tris base, pH 7.4; | mM EDTA: 2 mM PMSF, 10 mM sodium orthovanadate) added to
the samples, followed by incubation with 10mM 5,5"-Dithiobis(2-nitrobenzoic acid)
(DTNB) at RT under a dark cover for a period of 30 minutes. The samples were

measured at 412 nm as described by Ellman(Ellman, 1959).

2.18 Uncoupling protein 2 Gene expression

Total RNA was isolated by a single step of guanidinium isothiocyanate/phenol
extraction, utilizing TRIzol RNA isolation reagent (Invitrogen, USA), according to the
manufacturer's instructions. RNA concentrations were measured and RNA purity

checked (A260/280 ratio between 1.8 and 2.0) with a spectrophotometer (Thermo
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Fisher Scientific, USA). Samples were treated with DNase to avoid DNA
contamination.

Three hundred nanograms were used for Real-time PCR analysis. PCR was
performed in a 15-ul reaction mixture, containing 7.5 pL 2x SYBR Green Reaction
Mix (Invitrogen®), 0.3 puL each primer (10 pmol), 0.3 pL Super Script IIT RT/Platinum
Tag Mix (10 pmol/uL), and 6.6 pL samples in DEPEC water. Gene-specific primers
were used. Rat primers: UCP2: sense TACTCTCCTGAAAGCCAACC, antisense
GCTGCTCATAGGTGACAAAC; Beta-2 microglobulin (B2M) gene was used as
reaction control: sense-ACTTGAATTTGGGGAGTTTTCTG, antisense-
TGACCGTGATCTTTCTGGTG (Matouskova et al., 2014). Reactions were performed

using Rotor-Gene Q (Qiagen, USA).

2.19 Statistical analysis

The Kolmogorov-Smirnov test was utilized to evaluate data normality. 1f
assumptions for parametric tests hold, two-way ANOVA was used to assess the
differences between groups, followed by Tukey test. Comparisons were performed
using GraphPad Prism” software (GraphPad Sofiware Inc., v.6, La Jolla, CA, USA).
Results were expressed as Mean = SEM. All values were considered significant if p <

0.05.

3. Results
Body weight

At 21 days-old, male or female rats treated with Fx during lactation displayed
decreased body weight (Male Ct: 52.4 + 1.3 g vs. Fx: 41.3 + 0.7 g, p<0.01; Female Ct:

48.7 £ 1.65 vs. Fx: 40.5 + 1.0 g) (Figure 1). On the other hand, 60 days-old male or
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female rats previously treated with Fx during lactation displayed significantly lower
body weights. However, there was a greater decrease in female’s body weight when
female Fx was compared to male Fx (Male Ct: 218.2 + 14.1 vs. Fx: 193.6 + 15.5 g,
p<0.001; Female Ct: 180.4 + 4.0 vs. Fx: 160.4 = 2.2 g, p<0.01; Male Ct: 218.2 + 14.1
vs. Female Ct: 180.4 £4.0 g, p<0.0001; Male Fx: 193.6 £ 15.5 g vs. Female Fx: 160.4 +

2.2 g, p=0.0001) (Figure 1).

Mitochondrial Bioenergetics

When assessing mitochondrial oxygen consumption with complex I substrate,
we observed that female rats presented lower State 2 when compared to State 2 obtained
from the male rat mitochondria (Male State 2 Ct: 7.3 = 1.7 vs. Female State 2: 1.57 =
0.5 nmol Oz/min/mg prot, p<0.05; Male Fx: 9.23 £ 3.40 vs. Female Fx: 1.95 = 0.3 nmol
Oy/min/mg prot, p<0.05). Although, when we compared State 3, only male rats
displayed a significant increase induced by Fx treatment (Male Ct: 13.5 = 2.5 vs. Fx:
37.6 = 6.8 nmol Ox/min/mg prot, p<0.05; Female Ct: 11.2 £ 2.6 vs. Fx: 20.0 £ 2.0 nmol
Oz/min/mg prot) (Figure 2). Additionally, only the male rats previously treated with Fx
displayed increased respiratory control ratio (Male Ct: 3.4 + 0.8 vs. Fx: 9.3 £+ 1.0,
p<0.01; Female Ct: 6.0 + 0.7 vs. Fx: 8.5 + 1.0) (Figure 2). Moreover, we evaluated the
citrate synthase (CS) activity, because CS is both an important regulator of Krebs cycle
and an essential marker of mitochondrial oxidative capacity. There was an increase of
25% in the CS activity in the Fx group, as compared to the Ct group (Ct: 10.0 £ 0.6 vs.
Fx: 12.5 + 0.76 U/mg prot, p<0.05). However, no significant differences were observed
in female rats (Ct: 7.5 £ 0.2 vs. Fx: 8.4 + 0.3 U/mg prot) (Figure 3A).

In the mitochondrial bioenergetics, another important mechanism is the control

of the proton leak involved in uncoupling substrate oxidation and ATP synthesis. Proton
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leak can be mediated by uncoupling proteins (UCPs). It is also possible to estimate that
proton leak contributes to approximately 25% of the standard metabolic rate. Therefore,
the functions of UCPs include thermogenesis, decreasing the production of reactive
oxygen species (ROS), energy balance and metabolic regulation (Brand & Esteves,
2005). Our results regarding the UCP 2 in the brainstem of male and female animals
demonstrated that Fx treatment induced an expressive increase in the UCP 2 expression
(Male Ct: 1.0 £ 0.4 vs. Fx: 3.5 = 0.4, p<0.001; Female Ct: 1.9 £ 0.4 vs. Fx: 9.3 = 0.1,
p=0.001) (Figure 3B). Besides the analysis of UCP function, it was important to
determine the amount of ROS that was produced, and our results demonstrated that Fx
treatment induced a decrease of approximately half ROS production by the
mitochondria in the male brainstem (Male Ct: 15.8 = 2.4 vs. Fx: 6.0 £ 1.0 AUC,
p<0.01). Interestingly, our female control group produced less ROS than our male
control group (Male Ct: 15.8 £ 2.4 vs. Female Ct: 8.1 = 1.0 AUC, p<0.05) (Figure 3C).
Excess ROS production can induce the opening of the mitochondrial pores,
which leads to mitochondrial swelling; measured spectrophotometrically as a reduction
in absorbance at 520 nm. In our study, we observed that male rats from the control
group had less resistance to swelling when compared to the female control group (Male
Ct: 0.0082 = 0.0005 vs. Female Ct: 0.0043 + 0.0003 AUC, p<0.05) (Figure 4).
Additionally, we observed that male rats were less resistant to calcium-induced
mitochondrial pore opening than female controls (Male Ct + Ca®: 0.0116 + 0.002 vs
Female Ct + Ca™: 0.0035 + 0.0004 AUC, p<0.001, figure 4). In regard to the Fx
treatment, we observed that Fx increased the resistance to calcium-induced
mitochondrial pore opening in males, in the presence of calcium 20pM (Male Ct +

Ca*": 0.0116 £ 0.002 vs Male Fx+ Ca*": 0.0019 + 0.0005 AUC, p<0.001, figure 4).
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Moreover, this assay also demonstrated that female rats were more resistant than
male. It is noteworthy that even after the Fx treatment, mitochondria obtained from
female rats had lower swelling than mitochondria from the male rats (Male Fx: 0.0066 +

0.0004 vs. Female Fx: 0.0017 + 0.0003, p<0.01 AUC, figure 4)

Oxidative status in the rat brainstem

In respect to the oxidative status, we observed that either male controls or Fx
treated groups displayed higher MDA levels when compared to the female rats from the
respective control groups (Male Ct: 161.70 + 8.1 vs. Female Ct: 492 £ (.63 umol/mg
prot, p<0.001: Male Fx: 127.00 £ 10.7 vs. Female Fx: 5.17 + 0.4 pmol/mg prot,
p=0.001) (Figure 5 A). Additionally, we observed that Fx treatment decreased (21%)
the levels of MDA in the male groups (Male Ct: 161.7 = 8.1 vs. Male Fx: 127.00+ 10.7
umol/mg prot, p<0.01) (Figure 5 A).

Reactive oxygen species can induce the oxidation of amino acid residues on
proteins; consequently yielding protein carbonyls. Therefore, the protein carbonyl
content is the most widely used marker of oxidative modification of proteins. Our
findings regarding the protein carbonyl content assay did not display statistical
significance across experimental groups (Figure 5 B).

Furthermore, to evaluate oxidative stress, we needed to perform several assays
to investigate pro-oxidant actions in biomolecules, as well as several assays that would
indicate antioxidant capacity in the cell. Therefore, we evaluated enzymatic and non-
enzymatic molecules that can present antioxidant capacity. The enzymatic antioxidant
defense was differently modulated by gender and treatment factors. For instance, the
superoxide dismutase (SOD) activity in male rats was decreased (74%) in the Fx group

(Ct: 2.30 £ 0.36 Vs. Fx: 0.77 = 0.05 U/mg prot, p=0.01, figure 6 A). On the other hand,
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the SOD activity was increased (82%) in female rats previously treated with Fx (Ct:
1.97 £ 0.24 vs. Fx: 3.59 = 0.45 U/mg prot, p=0.01). When comparing male versus
female rats that were previously treated with Fx, female rats displayed more than a
300% increase in the SOD activity (Male Fx: 0.77 + 0.05 vs. Female Fx: 3.59 + 0.45
U/mg prot, p=0.001) (Figure 6 A).

Because SOD has the capacity to convert superoxide anion into hydrogen
peroxide, catalase activity was also evaluated. Catalase can detoxify hydrogen peroxide
in water and oxygen. In male rats, aside of the tendency of increased catalase activity in
the Fx group, two-way ANOVA did not find significant differences between controls
and Fx treated rats(Ct: 0.67 £ 0.04 vs. Fx: 1.12 = 0.15 U/mg prot, p=0.05) (Figure 6 B).
Although in female, Fx treatment did increase CAT activity (Ct: 57.33 = 3.57 vs. Fx:
70.85 + 3.80 U/mg prot, p<0.01) (Figure 6 B). Additionally, we observed that female
rats presented higher CAT activity independently of the Fx treatment (Male Ct: 0.67 £
0.04 vs Female Ct: 57.33 + 3.57, p<0.001; Male Fx: 1.12 = 0.15 vs. Fx: 70.85 = 3.80
U/mg prot, p<0.001) (Figure 6 B). The glutathione S-Transferase activity was also
investigated. The GST represent the class of major phase II detoxification enzymes, it is
presented in different compartments in the cell, including cytosol, mitochondria,
endoplasmic reticulum, nucleus and plasma membrane(Raza, 2011). In addition to their
role in catalyzing the conjugation of electrophilic substrates to glutathione (GSH), GST
have implications in several functions, including: cell growth, oxidative stress, as well
as in disease progression and prevention of cancer (Raza, 2011). In our study, it was
observed that Fx treatment increased GST activity only in male rats (Male Ct: 1.44 +
0.1 vs. Fx: 2.58 + 0.28 U/mg prot, p<0.05; Female Ct: 2.61 + 0.46 vs. Fx: 2.47 + 0.26

U/mg prot) (Figure 6 C).
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In the non-enzymatic antioxidant defense, Fx treatment increased GSH/GSSH
ratio only in the female group (Ct: 4.46 + 0.26 vs. Fx: 9.14 + 1.83, p<0.05, figure 6 D).
In addition, Fx treatment increased GST activity 6 times more in female than in male
rats (Male Ct: 0.88 + 0.03 vs. Male Fx: 1.20 + 0.06, U/mg of prot) (Male Fx: 1.20 +
0.06 vs Female Fx: 9.14 = 1.83 U/mg of prot, p<0.001) (Figure 6 D). Similarly to the
GSH/GSSG ratio, the present findings demonstrate that female rats presented higher
levels of thiol groups than male (Male Ct: 0.068 + 0.001 vs. Female Ct: 0.107 £ 0.008
mM/mg of prot, p<0.001; Male Fx: 0.052 = 0.006 vs Female Fx: 0.092 = 0.005,

p<0.01).

4. Discussion

This study was conducted to evaluate the effects of SERT inhibition during
development (i.e. SSRI inhibitor treatment with fluoxetine from 1* to 21* postnatal day)
on both male and female mitochondrial bioenergetics and oxidative balance inside of
the brainstem. Our study demonstrates that SERT inhibition during development

improves mitochondrial and oxidative balance in both genders.

Gender effect

The brainstem is particularly vulnerable to oxidative stress, as the
morphological and physiological characteristics of the central nervous system, e.g. high
levels of PUFA, oxygen consumption, and auto-oxidizable neurotransmitters, make this
organ more susceptible to oxidative damage of neurons and supporting cells that are
related to the control of the cardiovascular function. In line with these aspects of the

brainstem sensitivity to oxidative stress, Chan et al. (2009) demonstrated that
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mitochondrial dysfunction increased ROS production, and, this increased ROS
production was associated with the impairment of antioxidant enzymes. As a result, we
observed a hyperactivation of the sympathetic system (Chan et al, 2009). More
recently, Chan et al (2014), Kaludercic et al (2014) and Rubattu et a/ (2015) presented
data suggesting a strong correlation between the formation of mitochondrial ROS and
the hyperactivation of the nervous system, leading to an increase in vasomotor
sympathetic tone and hypertension (Chan & Chan, 2014; Kaludercic et al, 2014;
Rubattu ef al., 2015). Studies evaluating the effects of estrogen on the critical areas
responsible for maintaining sympathetic tonus as well as blood pressure have shown
that estrogen controls the neurons located in the brainstem by acting both on gene
transcription, and through post-transcriptional mechanisms. Immunohistochemical and
in situ hybridization have shown that ER is detectable as both mRNA transcript
(Shughrue et al, 1997), and as a protein (Shughrue et al, 1997; Shughrue &
Merchenthaler, 2001; Wang et al.,, 2006) in the brainstem neurons. Therefore, these
aspects are characterizing this region as a strong candidate for the effects of estrogen on
cardiovascular homeostasis and/or diseases.

Our study is the first to analyze potential gender-related effects on mitochondrial
bioenergetics. Our findings demonstrated that females had lower state 2, lower ROS
production and higher calcium retention capacity. Therefore, these results suggest that
female rats have better coupled mitochondria, possibly due to estradiol effects, when
compared to our findings in male rats. These suggested mechanisms might be
corroborated by previous observations in cell culture and heart studies (Jung et al.,
2009; Lagranha et al., 2010; Rattanasopa et al., 2015; Sivasinprasasn et al., 2015). In
addition, a study by Sandhir et al. (2014) found that estradiol withdrawal impairs

mitochondrial function and increases oxidative stress in the brain (Sandhir et al., 2014).
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According to Tamrakar and Briski (2017), estradiol increases the expression of key
glycolytic enzymes in Krebs cycle and oxidative phosphorylation during hypoglycemia,
in A2 noradrenergic neurons (Tamrakar & Briski, 2017). In addition, the authors
observed that estradiol prevented the maladaptive decline in components of the
mitochondrial electron transport chain during recurring hypoglycemia. Such protective
actions of estradiol on the many components of energy generation in these neurons
could contribute to the energetic resilience to metabolic insult in females when
compared to males (Tamrakar & Briski, 2017).

In regard to oxidative state, our data demonstrated that females had lower MDA
levels, as well as both increased catalase activity and total thiol levels, suggesting that
females had reduced oxidative stress, possibly due to estradiol levels. Similarly, these
findings were previously reported in the brainstem or brainstem nuclei (Wang & He,
2002; Wang et al., 2008; Pierce et al., 2009; Shih, 2009, Subramanian et al., 2011; Wu
et al, 2012; Lee er al, 2013; de Sousa et al., 2017). Therefore, it is reasonable to
suggest that the mitochondrial function in the female brainstem can be more effective,

due to estrogen’s modulation,

Effects of SSRI treatment during development

As an area of great interest, our team was eager to investigate whether
manipulation of serotonin levels during a developmental period modulates
mitochondrial bioenergetics and oxidative state, and also, if these these effects could
improve mitochondrial function in male rats. In regard to the mitochondrial
bioenergetics, our results found that fluoxetine treatment in males increased
phosphorylative capacity (i.e. ADP-stimulated state-State 3), respiratory control rate

(RCR), citrate synthase activity, UCP 2 expression, calcium retention capacity after
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calcium challenge, and also decreased ROS production. It is well known that
mitochondrial efficiency is directly related to a tightly coupling capacity of the transport
of protons and electrons across the respiratory complex, driving the ATP synthesis
(Chance & Williams, 1956; Brand & Nicholls, 2011). Thus, our data suggest that
serotonin modulation during development was capable of positively stimulating the
electrons’ flow and energy production. The higher RCR observed in males implies that
there was an ameliorated mitochondrial function. It was interesting to detect that SSRI
treatment of females lead to a smaller improvement in mitochondrial bioenergetics, only
increasing UCP 2 expression. In regard to the oxidative balance, we observed that the
treatment improved the activity of two important antioxidant enzymes (SOD and CAT)
and the REDOX status.

Several studies with SSRIs have been conducted to evaluate the modulation of
mitochondrial function, including those with stress models. In line with these studies,
Wen et al (2014) found that the SSRI treatment restored mitochondrial function in adult
male rats that were submitted to an experimental protocol to induce depression (Wen et
al., 2014). Moreover, Sonei et al (2016) studied the treatment of male rats from ages 28
to 48 postnatal days in a social-isolation stress model. This study presented an
attenuation of the effects of SSRIs on the brain mitochondria, as well as on behavioral
abnormalities (Sonei er al., 2016). In previous studies from our research group which
utilized the same experimental model, we observed that treatment with SSRIs increased
the phosphorylative capacity in the skeletal muscle of male rats (da Silva et al., 2015b).
Similarly, Braz et al (2016a) reported a significant improvement in the mitochondrial
RCR in cardiac mitochondria of male rats (Braz ef al., 2016a). On the other hand, there
are no current available reports regarding studies that have tested the effects of

fluoxetine in the brainstem of female rats. However, Adzic et al (2017) reported that
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fluoxetine treatment increased mitochondrial ERP levels, as well as increased
ERo [0 samples in hippocampal mitochondria of male and female rats that
were submitted to a depression model. Besides the increased levels of ERB in females,
fluoxetine treatment increased cytochrome c oxidase activity and, decreased Bax levels
(Adzic et al., 2017). The authors suggested that the cellular protection mediated by
fluoxetine treatment in females was influenced by a mitochondrial ERfB-dependent
manner. These findings support previous data from Hsich et al. (2006), suggesting that
estradiol improves mitochondrial complex IV activity (Hsieh e al., 2006). Additionally,
interesting information from the Adzic study shows that chronic stress increases
immobility time in male rats, and fluoxetine treatment reversed this effect. According to
the research group, there is a link between the neurometabolic profile and behavioral
phenotype. These results were associated with a decreased mitochondrial energetic
process and increased immobility time. Therefore, it was suggested that stress-induced
behavior in males could be related to the ERB-mediated changes in hippocampal
cytochrome ¢ oxidase.

It is well demonstrated that a well-coupling mitochondria lead to decreased ROS
production (Boveris & Chance, 1973; Murphy, 2009). Our results displayed a decrease
in mitochondrial ROS production in the male Fx group, which corroborated previous
studies performed by our research group, with mitochondria obtained from different
tissues (da Silva et al, 2015b; Braz et al., 2016a). Similarly, Villa et al (2016)
demonstrated that chronic Fx treatment in adult male rats increased cytochrome oxidase
(complex IIT) activity in the cerebral cortex (Villa et al., 2016). Villa’s results coincide
with Sonei et al (2016), since both research groups demonstrated that Fx treatment
decreases ROS production of complex I in the brain, as well as complex III in the heart

of male rats (Sonei et al., 2016).
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Furthermore, in line with the effects of Fx on mitochondria bioenergetics, we
observed that brainstem mitochondria of male Fx-treated groups were more resistant to
calcium-induced mitochondrial permeability transition than the Ct group, which was
challenged by the levels of calcium. Mitochondrial permeability transition is
characterized by an abrupt increase in the permeability of the inner mitochondrial
membrane to low-molecular-weight molecules. This increased permeability is due to the
opening of the MPTP- with subsequent osmotic changes ultimately leading to
mitochondrial swelling and cell death mediated by necrosis or apoptosis (Gunter &
Pfeiffer, 1990; Bernardi & Petronilli, 1996; Rasola & Bernardi, 2011). Corroborating
with our data, previous report demonstrate that fluoxetine inhibited both the opening of
the mitochondrial permeability transition pore, along with the release of cytochrome c,
as well as protected against cell death induced by staurosporine(Nahon er al., 2005).
Additionally, a treatment with fluoxetine prevents MPTP-induced degeneration of
nigro-striatal dopaminergic neurons, and also increases striatal dopamine levels
associated with the partial motor recovery. The authors suggest that this protection was
attributed to the decrease in the production of reactive oxygen and nitrogen species and
consequent oxidative stress (Chung et al., 2011).

As an important marker of oxidative metabolism and Krebs cycle efficiency,
citrate synthase activity was also analyzed in the present study. Our data found
increased CS activity in the male Fx group, suggesting an enhanced activity of the
Krebs Cycle. In the classic report published by Chance and Williams (1956) regarding
oxidative phosphorylation, the tight coupling between reduced coenzymes (i.e. NADH
and FADH,) was a result of Krebs Cycle and mitochondrial respiratory chain activities
(Chance & Williams, 1956). Our CS results corroborated the consistent increase in both

mitochondrial phosphorylation (i.e. increase in NADH and FADH; resulting from
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Krebs cycle stimulates oxidative phosphorylation at electron transport chain, increasing
oxygen consumption) and respiratory control rate, that were found in the Fx group.
Interestingly, previous published studies from our research group utilizing the same Fx
treatment also yielded results reporting increased CS activity in the brainstem of female
rats (Braz et al., 2016a), as well as in the heart (Braz et al., 2016a), hypothalamus and
skeletal muscle (da Silva er al., 2015b) of male rats. Similarly, acute treatment with Fx
increased CS activity in the corpus striatum of adult male rats (Agostinho ef al., 2011).

According to Gimsa (2011), uncoupling protein 2 (UCP2) is a mitochondrial
protein that reduces oxidative stress and has a protective function in several chronic
diseases (Gimsa ef al., 2011). The increase in UCP diminished the AYm. which was
capable of stimulating the electrical flux through ETC, thereby decreasing O2s-
production (Azzu & Brand, 2010). Furthermore, oxidative stress can also be involved in
the UCP up-regulation, wherein derivatives from lipid peroxidation increased UCP
proton conductance in order to modulate ROS production (Affourtit er al., 2007). Our
data demonstrate that Fx treatment increased UCP2 expression in male and female rats.
The increased UCP expression is similar to our previous published data, wherein we
observed that neonatal Fx treatment increased UCP1 protein levels in brown adipose
tissue (da Silva ef al., 2015a). Therefore, these data suggest that fluoxetine treatment in
male rats improves mitochondrial bioenergetics by increasing substrate offering as well
as by coupling electrons transport more efficiently. As a result, decreased leaking and
improved energy supply.

According to Halliwell and Gutteridge (2007), oxidative stress is a condition
characterized by elevated levels of reactive oxygen species and/or a decrease in activity
of the antioxidant system. As a result, oxidative stress can lead to increased pro-oxidant

environment and damaged biomolecules, such as lipids, protein or DNA (Halliwell &
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Gutteridge, 2007). In our study, we observed a reduction in lipid peroxidation as judged
by decreased MDA levels in the male Fx group. The investigation of this type of data is
relevant since the brain can be highly exposed to oxidative damage due to its higher
percentage of phospholipids. The oxidative damage of these phospholipids could
compromise the plasmatic membrane integrity, and its ability of selective permeability
(Halliwell & Gutteridge, 2007). Similar data were found by Abdel Salam et al (2013)
and Moretti et al (2012) who found reduced MDA levels in the brain of male rats after
an acute treatment with Fx (i.e. during 7 and 14 days, respectively) (Moretti ef al., 2012;
Abdel Salam et al., 2013). Our previous studies also found decreased MDA levels in the
brainstem and heart of female rats (Braz et al., 2016b), as well as in in the heart of male
rats (Braz et al., 2016a) when treated with fluoxetine during neonatal period.

The antioxidant defense capacity was evaluated either by enzymatic or non-
enzymatic systems. Superoxide dismutase (SOD), the first analyzed enzyme, was
decreased in the male Fx group. This reduction in SOD activity may be due to
decreased ROS production. Since the superoxide anion (05) is the “substrate” for this
enzyme, and as mentioned above, we observed that mitochondria from male treated
with Fx produce less ROS than control. In addition, the levels of superoxide anion can
either regulates SOD mRNA levels as well as SOD activity (Akashi ef al., 1995; Liu er
al., 2008). Altogether, our data and current findings in literature show that Fx treatment
during lactation may decrease SOD activity, due to decreased superoxide anion levels.
On the other hand, GST activity was significantly increased in the male Fx- group. GST
is a superfamily of enzymes, catalyzing the conjugation of glutathione (GSH) to a wide
range of chemical carcinogens, drugs, and products of oxidative stress (Djukic et al.,
2017). The increase in GST activity has been described as an important compound in

the cellular detoxification of lipid peroxidation products, (Al Nimer et al., 2013), and
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this increase is associated with neuroprotection (Al Nimer et al., 2013; Jewett et al.,
2017). These findings corroborate previous data published by our research group, i.e. Fx
treatment increased GST activity in the hypothalamus of male rats (da Silva et al.,
2015b). The increase in GST activity may explain the decrease in MDA levels in the
male Fx-group, which can also be associated to how ROS attack membrane lipids.

In summary, our data demonstrate that fluoxetine treatment during lactation
modulates the mitochondrial bioenergetics in a sex-dependent manner. Interestingly, the
improvement was more significant in male rats, which could be associated with reduced
risk of neurogenic cardiac dysfunction that has been more commeonly observed in males
than in females. However, further studies are required to better elucidate the underlying
mechanisms associated with the effects of fluoxetine on mitochondrial bioenergetics

during the critical period of brain development.
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Figure Captions:
Figure 1: Body weight in 60 days male and female rats previously treated with

fluoxetine during lactation. Rat pups received daily subcutaneous injections of Fx (10
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mg/kg body weight) or vehicle control (0.9% NaCl, 10 mL/kg body weight) from the
Ist to the 21st day of life. Data are expressed as means £ SEM. (¥*p < 0.01; ***p <

0.001).

Figure 2: Mitochondrial bioenergetics in brainstem of 60 days male and female rats
previously treated with fluoxetine during lactation. Rat pups received daily
subcutaneous injections of Fx (10 mg'kg body weight) or vehicle control (0.9% NaCl,
10 mL/kg body weight) from the Ist to the 21st day of life. Mitochondrial respiration
with complex 1 substrates, in basal state (State 2), stimulated with ADP (State 3),
resting with oligomycin (State 4) and uncoupled with carbonyl cyanide m-chlorophenyl
hydrazone (Vmax). Respiratory control ratio (RCR) is described in the insert. Data are

expressed as means = SEM. (*p < 0.05; **p < 0.01).

Figure 3: Mitochondrial function in the brainstems of 60 day-old male and female rats
treated with fluoxetine during lactation. Rat pups received daily subcutaneous injections
of Fx (10 mg/kg body weight) or vehicle control (0.9% NaCl, 10 mL/kg body weight)
from the Ist to the 21st day of life (a) Citrate synthase activity; (b) UCP 2 expression;
(c) Mitochondrial reactive species production. Values are expressed as means £ SEM

(*p = 0.05; **p = 0.01; ***p < 0.001).

Figure 4 Mitochondrial pore opening evaluation in the brainstems of 60 day-old male
and female rats treated with fluoxetine during lactation. Rat pups received daily
subcutaneous injections of Fx (10 mg/kg body weight) or vehicle control (0.9% NaCl,
10 mL/kg body weight) from the 1st to the 21st day of life. Isolated mitochondria were

evaluated without or with CaCl, (20 pmol). Rat pups received daily subcutaneous
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injections of Fx (10 mg/kg body weight) or vehicle control (0.9% NaCl, 10 mL/kg body
weight) from the 1st to the 21st day of life. OD: optical density. A.U.C: area under the

curve. Values are expressed as means = SEM (*p < 0.05; **p <0.01; ***p < 0.001).

Figure 5: Oxidative stress biomarker in the brainstems of 60 day-old male rats treated
with fluoxetine during lactation. Rat pups received daily subcutancous injections of Fx
(10 mg/kg body weight) or vehicle control (0.9% NaCl, 10 mL/kg body weight) from
the Ist to the 21st day of life. (a) Lipid peroxidation measured by MDA levels; (b)
Protein oxidation measured by carbonyl contents. Values are expressed as means +

SEM (**p < 0.01; ***p < 0.001).

Figure 6: Antioxidant defense in the brainstems of 60 day-old male rats treated with
fluoxetine during lactation. Rat pups received daily subcutaneous injections of Fx (10
mg/kg body weight) or vehicle control (0.9% NaCl, 10 mL/kg body weight) from the
Ist to the 21st day of life. (a) Superoxide dismutase-SOD; (b) Catalase-CAT; (c)
glutathione - S- transferase ~GST; (d) REDOX state - GSH/GSSG:; (e) Total thiols.

Values are expressed as means + SEM (*p < 0.05; **p < 0.01; #**p < 0.001).
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Figure 1: Body weigh
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Figure 3: Mitochondrial function
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Figure 4: Mitochondrial swelling
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Figure 6: Antioxidant defenses
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11 CONSIDERACOES FINAIS

As mitocondrias sdo as principais fontes geradoras de ATP e de espécies reativas de
oxigénio sendo, portanto um alvo importante para diversas drogas com potencial terapéutico
ainda pouco explorado. Estudos prévios ja mostraram que os horménios femininos podem
apresentar efeitos terapéuticos através de sua acdo sobre as fun¢des mitocondriais, entretanto
poucos estudos avaliaram os possiveis efeitos terapéuticos dos ISRS através de sua agdo sobre
as fun¢des mitocondriais. Como os efeitos da utilizacdo dos ISRS durante a lactacdo e sua
acdo sobre as mitocondrias ainda s3o escassos, nosso estudo trouxe mais uma peca para o
quebra-cabeca dos efeitos moduladores da acdo da administracdo cronica de fluoxetina em
ratos neonatos promovendo melhora importante no funcionamento das mitocondrias de tronco
encefalico em ratos machos e fémeas, porém os machos apresentaram aumento significativo
superiores aos das fémeas. Podemos concluir com nossas investigagdes que o tratamento
neonatal de nosso modelo experimental promoveu uma modulagdo positiva em uma
importante area controladora da funcdo cardiorrespiratoria, o que possivelmente reduziria o
risco para o aparecimento e desenvolvimento de doencas cardiovasculares, tal como a

hipertensao.
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ARTICLE INFO ABSTRACGCT

Keywords: During their reproductive years women produce significant levels of estrogens, predominantly in the form of
Oxidative stress estradiol, that are thought to play an i role in cardi tion. hani derl; this action
Estradiol include both estrogen-mediated changes in gene expression, and post-transcriptional activation of protein sig-

Neuroprotection

i naling cascades in the heart and in neural centers controlling cardiovascular function, in particular, in the
rainstem

brainstem. There, specific neurons, especially those of the bulbar region play an important role in the neuronal
control of the cardiovascular system because they control the outflow of sympathetic activity and para-
sympathetic activity as well as the reception of chemical and mechanical signals. In the present review, we
discuss how estrogens exert their cardioprotective effect in part by modulating the actions of internally gen-
erated products of c

ular oxidation such as reactive oxygen species (ROS) in brain stem nevrons. The sig-

nificance of this review is in integrating the li of oxid damage in the brain with the literature of
neuroprotection by estrogen in order to better understand both the benefits and limitations of using this hor-

mone to prevent cardiovascular disease.

1. Introduction

During a 30-40 year reproductive period beginning with menarche
and ending with menopause, women produce in a cyclic fashion a
number of steroid, protein, and small polypeptide hormones important
for the onset and maintenance of reproductive capability, and the de-
velopment of secondary sexual characteristics. Although classically
associated with their role in the female reproductive cycle, estrogens
are increasingly being recognized for their protective actions against
chronic and degenerative diseases affecting the cardiovascular system
[1] and other organ systems that are not directly related to reproduc-
tion. This non-reproductive role for estrogens may underlie the long-
recognized advantages that women have over men in retaining their
general health and in attaining greater longevity.

The term ‘estrogen’ refers to a small group of steroidal hormones
important in the control of the reproductive cycle. The three major
estrogens are estrone (E1), 17-B-estradiol (E2) and estriol (E3) which

differ from each other in the number of hydroxyl groups or ketones [2]
present, but which exhibit to varying degrees the same effects on target
reproductive organs and secondary sexual characteristics. 17-f-estra-
diol is the predominant estrogen during the reproductive years, both in
its total serum concentration and in overall estrogenic activity. Most of
the circulating estrogen in premenopausal women is produced by the
ovaries, largely as a result of secretion from the granulosa cells of de-
veloping follicles, and during pregnancy is supplemented by estrogen
secretion from the placenta. Estrogens are also produced in small
quantities by several peripheral tissues such as liver, adrenal gland,
mammary glands, adipose tissue and brain. Similar to ovarian granu-
losa cells, the expression of the enzyme aromatase in these tissues al-
lows local conversion of C-19 steroids such as antrostenediol to estro-
gens, although at much lower levels than in the ovary [3.4].

In the perimenopausal period and during menopause, there is a
massive reduction in the production of estrogens due to the exhaustion
of ovarian follicles and consequently, a failure of the gonadotropins
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(follicle-stimulating hormone; FSH) and luteinizing hormone; LH) [5]
to maintain high circulating levels of the estradiol. With the elimination
of ovarian estrogens at menopause, the extra-ovarian production of
estrogens becomes predominant, and the main plasma estrogen during
this period is estrone, a less potent estrogen than 17-B-estradiol [6].

Numerous studies have demonstrated an effect of estrogens in
combating the onset and progression of heart disease by acting on or-
gans associated with both the central and peripheral control of cardi-
ovascular function through specific receptors located in these organs
[7-91. Prior to the past decade, almost all of the cardiovascular effects
of estrogen were attributed to the binding to a specific steroid receptor,
which upon associating with estrogen would then translocate to the
nucleus to function as a transcription factor for specific genes. One
example of an estrogen-responsive, cardioactive gene is nitric oxide
synthase (NOS), the enzyme responsible for production of nitric oxide
[7]. More recently, it has become recognized that estrogens also signal
through activation of plasma membrane estrogen receptors (ER) (in
particular, ER-B) that activate the phosphoinositol-3-kinase signaling
pathway (PI3K) to increase cardiovascular protection [8]. The PI3K
signaling cascade may also be initiated by estrogen (specifically, es-
tradiol) binding to a G-protein-linked orphan receptor known as GPR30
[8]. Thus estrogen cardioprotection can be ascribed to effects on both
gene expression and signaling cascades coupled to membrane receptors
at the level of the vascular smooth muscle cell and other cells of the
cardiovascular system [9,10].

Compared to investigations into direct protective effects of estrogen
on cardiovascular cells, studies on estrogen action in specific regions of
the brain related to CV function are relatively few, and estrogen control
of the brainstem, the area of the brain most essential to cardiovascular
maintenance, is not yet fully understood. Groups of neurons located in
the brainstem; specifically in regions of the bulb (the nucleus tractus
solitarius [NTS] and the rostral ventrolateral medulla [RVLM]) are
important sites for CV control, as they are the main central regulators of
sympathetic activity, transducing afferent signals from arterial baror-
eceptors and central and peripheral chemoreceptors into changes in
cardiovascular status [11-14]. Among the most important mechanisms
regulating this brainstem activity is the production of reactive oxygen
species (ROS). Chan et al. [15] has demonstrated that increased ROS
production induced by mitochondrial dysfunction in concert with a
reduction in antioxidant enzymes such as superoxide dismutase and
catalase induces hyperactivation of the sympathetic system [15]. More
recently, Chan et al. [16], Kaludercic et al. [17] and Rubattu et al. [18]
presented data suggesting a strong relationship between the formation
of mitochondrial ROS and hyperactivation of the nervous system
leading to an increase in vasomotor sympathetic tone and hypertension
[16-18].

Our recent research has focused on the mechanisms by which oxi-
dative stress is initiated following abnormalities in nutrition such as
protein malnutrition or obesity, in order to better understand how
nutrition-linked stress in early development ultimately leads to cardiac
disease in later life [19]. Specifically, our data, plus that of other re-
searchers [20,21], has shown that certain nutritional deficiencies in the
perinatal developmental period induce high oxidative stress and a
concomitant reduction in numerous antioxidant defenses in both the
heart and the brainstem of adult male rats, and that this nutritional
insult also is linked to the development of hypertension in adulthood
[20-22]. Putting these data together with the existing literature on the
subject of cardiovascular disease prevention and the specific therapies
used to attain this goal [23,24], we discuss here the concept of using
estrogens to combat the oxidative stress in the brainstem that ultimately
leads to cardiovascular disease in the adult. The objective of this review
is to give a brief overview of oxidative stress on centers of cardiovas-
cular control in the brain, together with a review of the literature of
estrogen neuroprotection to discuss a role for estrogens in reducing the
harmful cardiovascular sequelae of oxidative stress in the brainstem.
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2. Materials and methods

To conduct this review, a search for scientific articles was carried
out in Pubmed and Science Direct datab using the ing de-
scriptors: “Oxidative stress; Estradiol; Female; Brainstem, NTS; RVLM™.
The inclusion criteria for articles included in this manuscript were:
publication period (2010 through 2017), availability of the article, and
a discussion of at least two of the above descriptors. In addition to the
recent articles, classic manuscripts (published prior to 2010, and re-
ferring to at least two of the above descriptors) were used in the dis-
cussion of the more basic concepts presented here.

ol

3. Oxidative stress in the brain
3.1. Mechanisms

Reactive oxygen species, including the superoxide anion (027) and
the hydroxyl radical (OH™), can cause the oxidation of membrane li-
pids, proteins, DNA, and other biomolecules critical to cell survival
Under normal physiologic conditions, the enzymes superoxide dis-
mutase (SOD), glutathione peroxidase (GSHPx or GPx) and catalase
(CAT), are able to sequester or reduce the damage induced by ROS by
inhibiting their formation or inactivating them [25]. In addition to the
enzymatic defenses, cells can defend themselves against oxidative da-
mage using non-enzymatic molecules that act as antioxidants. The main
molecule in this category is glutathione in its reduced form (GSH) [26].
When an imbalance occurs between the oxidizing elements and the
antioxidant elements in the cell, tending toward greater concentrations
of the oxidizers than antioxidants, a sequence of reactions is initiated
that results in structural damage to organelles (e.g. mitochondria,
plasma membrane) and to the molecular components (lipids, proteins,
DNA) of those organelles. This process is termed oxidative stress [25]
(Fig. 1).

Oxidative stress has been linked to a broad range of pathologies
including a number of cardiovascular diseases and neurologic disorders,
the latter including Parkinson's disease, amyotrophic lateral sclerosis
(ALS) and Alzheimer's disease. The brain is especially vulnerable to
oxidative stress for several reasons:

® It consumes a disproportionally large fraction of total O,. It is esti-
mated that, under basal conditions, 20% of the O, consumed by the
body is used by the brain, primarily to maintain the necessary ionic
gradients for generating action potentials [27];

® It possesses a high concentration of metal ions capable of reacting
with certain ROS species and forming hydroxyl radicals [28.29];

® Its cells possess membranes rich in polyunsaturated fatty acids and
are thus particularly vulnerable to oxidative processes [25];

® It produces H,0, via enzymes responsible for the recycling of the

(e.g. i T hrine and dopamine) that are
employed as neurotransmitters in the brain [30,31];
e It rel excitatory neurotr s such as gl that ele-

vate Ca " and lead to oxidative stress and cell death [19,25].

The brain's particular vulnerability to oxidative stress compared to
other organs increases the likelihood of a transduction of the oxidative
damage to neurons and supporting cells into permanent changes in the
neural pathways that control cardiovascular function and other ‘in-
voluntary’ responses such as thermoregulation. Together, these path-
ways make up a central network ¢ d of neurons in
higher brain centers (including the limbic system) and the hypotha-
lamus, sending and receiving information to and from specific regions
of the brainstem (including the rostral ventral lateral medulla [RVLM])
that in turn control the peripheral autonomic nervous system and its
cardiovascular responses such as heart rate and vascular tone.
Interposed between the limbic and hypothalamic inputs above, and the
brain stem/peripheral autonomic inputs below are the neurons of the
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Fig. 2. Early nutritional involvement in oxidative stress
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duction), while the effects of nutritional supplementation
on “oxidative status” in this period and subsequent effects
in the brain will require further investigation.
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paraventricular nucleus (PVN) that include both parvocellular and
magnocellular neurons. As described in the sections below, the function
of each of these components of the autonomic network has been shown
to be subject to alterations in oxidative balance [32,33].

3.2. Nutritional effects on oxidative stress in the brain

Much of our recent research has centered upon how early nutri-
tional insult (or, ly, nutrient 1 ) can produce the
changes in oxidative stress in specific areas of the brain that last into
adulthood and alter cardiovascular function [22,34-38]. In a series of
studies performed in Wistar rats, we showed that maternal protein re-
striction leads to an increase in measures of oxidative stress and a re-
duction in antioxidant metabolism in the brainstems of both newborn
[37] and fully mature (i.e., 100-day old) [22] male offspring. Further-
more, we determined that the increased oxidative stress in the medulla

of 90-day old rats born to protein-restricted mothers coincided with
increased arterial blood pressure and heart rate in those animals [35].
These experimental findings have clear impli
how poor maternal and early-childhood nutrition can increase the risk
for chronic diseases of adulthood. Conversely, we demonstrated that
prenatal and perinatal intervention with specific nutritional supple-
ments such as safflower (Carthamnus tinctorius) oil [39] and fish oil [40]
led to complex changes in measures of antioxidant activity, including
decreased SOD and increased glutathione-S- transferase with safflower
oil treatment, and increased SOD activity with fish oil in specific re-
gions of the brain. In addition, we showed that omega-3 deficiency [41]
impaired anti-oxidant defenses in the substantia nigra, and that cere-
bellar antioxidant status could be rescued from the damage incurred by
a nutrient-deficient diet by lowering the omegab/omega3 ratio of the
diet [42]. Overall, these studies support the hypothesis that permanent
brain changes resulting from poor nutrition could be mediated by

ions for und. din,
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increased oxidative stress and/or decreased anti-oxidant activity in the
neurons or other brain cells of the malnourished animals (Fig. 2).

4. Neuroprotective effects of estrogen
4.1. Clinical observations

An extensive literature has been amassed over the past two decades
pointing to the neuroprotective benefits of estrogen, and supporting the
clinical use of estrogen or estrogenic compounds in the treatment of
Alzheimer's disease, stroke, and other chronic and acute brain disorders
[43]. The subject has been ably reviewed [44-50], and will not be
treated at length here. However, several recent papers serve to illustrate
the complexity of the field and the broad range of possible mechanisms
that have been suggested to underlie the neuroprotective action of the
hormone. Clinical studies have shown that the incidence of Alzheimer's
disease (AD) is similar among men and women, however in old age,
women appear to have a higher incidence of AD than men [51]. The
increased proportion of AD in elderly women could be due to their
greater life expectancy, but it could also result from the decline in sex
steroid hormone levels that begins around menopause [52] as the
precipitous decline in serum estradiol eliminates the ‘protective’ state
that had existed previously in the female brain, allowing neurodegen-
erative processes to begin. In addition, is has been shown that estrogen
supplementation in post-menopausal women helps to in memory

Life Sciences 192 (2018) 190-198

regions of the hypothalamus and limbic system, but that distribution of
aromatase activity differs between the sexes, with males expressing
higher levels in the medial amygdala, stria terminalis, suprachiasmatic
preoptic and other limbic system nuclei than the female.

Clearly, the conversion of androgens to locally acting estrogens in
both higher and lower brains centers, together with the formation of
significant levels of circulating estrogen from peripheral tissues such as
adipose and skin [3] should modify the classic view of estrogen neuro-
and cardioprotection as an ‘all-or-none’ phenomenon dependent solely
on levels of ovarian hormone that vary based on sex and reproductive
age.

4.3. The role of antioxidant activity

A growing number of studies suggests that one mechanism through
which estrogens support cardiovascular health is by maintaining a ba-
lanced oxidative state in both the cells of CVS, and in the brain cells that
control the CVS through peripheral innervation [60-64]. The latter
target is the subject of this review.

Bellanti et al. [65] showed in a study of women receiving estrogen
replacement therapy that estrogen plays an important role in regulating
redox equilibrium by increasing expression of antioxidant enzymes and
restoring overall antioxidant status [65]. In a prospective population-
based study in Japan, researchers found that women who began me-
before 40 years of age had a higher risk of suffering a stroke

and cognition in what could be regarded as a partial restoration of the
protective effect of E2 in the brain [53].

However, the numerous investigations into the clinical effects of
long-term hormone replacement therapy (HRT) showing that it in-
creases the risk of developing reproductive cancers [54] suggests that
the safe and effective use of estrogens as neuroprotectants will require
the careful separation of the damaging effects of the hormone from the
beneficial ones via timing, dosing, delivery method, and the selective
targeting of the estrogen therapy (e.g. using receptor-specific ER ago-
nists and estrogenic compounds such as phytoestrogens) [55].

Moreover, any proposed link between estrogen effects in the brain
and cardiovascular protection must take into account the results of
several large randomized studies of estrogen replacement in post-
menopausal women either with cardiovascular disease, or without
cardiovascular disease (the Heart and Estrogen/Progestin Replacement
Study [HERS], and The Women's Health Initiative [WHI] study, re-
spectively) that have disappointingly been unable to show protective
cardiovascular effects from hormone replacement therapy [56]. Much
of the focus on why the HERS and WHI studies did not show definitive
beneficial effects of the hormone has been on its ‘peripheral’ actions on
the cardiovascular system, including changes to the endothelium and
vascular smooth muscle [56,57], rather than on cardioprotective es-
trogen actions in the brain. Therefore, the results of the HERS/WHI
trials would not seem to pose as much of a ‘conundrum’ in light of the
numerous observational studies of neuroprotection by estrogen as it
would in the face of the numerous reports of cardioprotection by the
hormone. However, since our hypothesis links suppression of oxidative
damage in the brainstem by estrogen with some the beneficial cardio-
vascular effects of the hormone, we will still need to address the ap-
parent discrepancy between the results of these randomized trials, and
the body of literature supporting the therapeutic use of estrogen.

4.2. The role of androgens and aromatase

Also complicating the interpretation of clinical data regarding the
protective effect of estrogen in brain disease and its potential ther-
apeutic use is the observation that aromatase is expressed in neurons in
specific brain regions, thus allowing the aromatization of circulating
androgens to estrogens in situ in the brains of both males and post-
menopausal females [53,58,59]. Moreover, it has been shown in the rat
[58] that the enzyme is not only heterogeneously expressed in different
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!han those beginning menopause after this time [66]. Studies such as
this support the concept that estrogen plays a clinically significant role
in protecting women from cardiovascular disease by stimulating anti-
oxidant responses (Table 1 and Fig. 1).

The mechanisms underlying the anti-oxidant-mediated protective
effect of estrogens against heart and vascular disease have been ex-
plored in a number of experimental studies that in the aggregate show a
complex regulation of brain cell genetics and function by esirogen.
Some of these studies, like that of De Marinis et al. [57], emphasize the
classic role of estrogen as a steroid hormone signaling through nuclear
estrogen receptors (ER) that regulate the transcription of estrogen-re-
sponsive genes [67]. Specifically, these authors ascribed the beneficial
effects of E2 in reducing H,0,-induced apoptosis in the hippocampus
and reducing inflammation in primary cortical astrocytes to the in-
duction of a specific gene and protein (neuroglobin) by E2 [67]. Other
studies point to the regulation of additional E2-responsive genes. Patki
et al. [68], observed in the hippocampus of rats made E2-deficient by
ovariectomy (OVX), that oxidative stress was increased in this organ
and that this in turn led to increased blood pressure and anxiety, ac-
companied by learning disability and memory loss [68]. Also working
with the hippocampus of OVX rats, Bernal-Mondragon et al. [69], in-
jected beta amyloid 25-35 (A-B25-35) into the organ two weeks after
ovariectomy and found that the oxidative stress generated by the ad-
ministration of A-325-35 was sufficient to impair olfaction but that the
olfactory defect could be prevented by administering E2 before and
after A-B25-35 injection [69]. The authors went on to suggest that the
protective effect of diol was mediated through it of mi-
tochondrial bioenergetics [69]. In a similar vein, Rao et al. [70], in
assessing the protective effect of E2 against ischemia, observed an in-
crease in the activity of the antioxidant enzyme SOD1 in cortical neu-
rons together with a reduction in isc ed brain d g
versely proportional to SOD1 activity in female rats treated with E2 for
two weeks [70].

Sandhir et al. [71] using a rat OVX model observed a significant
reduction in cognitive function, decreased levels of NADH, cytochrome
C reductase and cytochrome C oxidase, redox status, and a significant
decrease the activity of SOD and CAT enzymes in the brain compared to
non-OVX controls [71]. Pourganji et al. [72] evaluating the effects of
estrogen withdrawal on the oxidative state of the brain, using OVX rats
and OVX rats stimulated with lipopolysaccharide (LPS) found elevated
levels of MDA and a decrease in total thiol in both the LPS treated- and
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Table 1

Effect of estrogen as neuroprotector.

Life Sciences 192 (2018) 190-198

Authors  Treatment Effect Area/Cell type
36 Different levels of E2 based on Elevation of oxidative stress biomarkers and reduction of antioxidant defenses in rats Brainstem
reproductive age with lower E2

44 Male treated with E2 E2 decreases the firing rate of RVLM neurons, increases NOS production, without RVLM
changes in blood pressure and heart rate

45 Gender difference Females have greater AT1 expression and less p47phox expression than males RVLM

46 Male treated with E2 Decreases blood pressure, increases NOS expression and NO production RVLM

47 Gender difference Females have greater AT1 expression and less p47phox expression RVLM

48 Female treated with E2 Increases systolic and diastolic blood pressure and ROS production RVLM

49 Male treated with E2 Increases ER, activates PI3K and AKT RVLM

67 E2 Decreases effect of H,0, and increases neuroglobin expression Cortical astrocytes

69 OVX + E2 OVX increases oxidative stress, E2 improves mitochondrial bioenergetics ‘Hippocampus

70 Females 5-9 days + E2 Increases SOD1 activity Cortical neurons

71 ovxX Decreases NADH levels, GSH/GSSG ratio, SOD and CAT activity. Total brain

72 ovx Increases MDA levels and decreases total SH. Hippocampus

73 Gender difference Females possess more GSH Cortex, cerebellum, bulb, substantia

nigra, hippocampus
74 ovX Increases oxidative stress Hippocampus, striatum, cortex,
cerebellum

75 Gender difference Males produce more ROS; Male mesencephalic neurons are more to 6- ic neurons
hydroxydopamine than female cells

76 Gender difference Male mesencephalic neurons are more vulnerable than female neurons to rotenone Mesencephalic neurons

77 OVX + E2 E2 activates genes involved in AMPK activation Caudal dorsal vagal complex

78 OVX + E2 E2 induces an increase in the expression of key glycalytic, Krebs cycle, oxidative Caudal dorsal vagal complex
phasphorylation, and lipid enzymes in A2 metabol ry neurons

79 OVX + E2 E2 decreases oxidative stress, increases total anti-oxidant status and increases GPx Total brain, (excluding cerebellum)
activity

80 OVX + E2 Coumestrol E2 and coumestrol decrease oxidative stress and increase anti-oxidant activity Total brain

102 OVX + E2 Decreases Kv4.2 and 1, flow RVLM

OVX- animals compared with control, suggesting that normal levels of
E2 offer a protective effect against oxidative damage induced by in-
flammation in the hippocampus [72].

Regional specificity of the protective E2 effect is also indicated by
the studies of Harish et al. [73] who showed higher GSH levels in
specific areas of the female brain (frontal cortex, cerebellum, bulb,
hippocampus and substantia nigra) compared to men of the same age
[73]. In experimental studies with OVX rats at 5 and 10 months of age,
several of the same regions (cortex, cerebellum and hippocampus) in
addition to the corpus stiatum presented high levels of oxidative stress
that was reduced to control levels or even lower with E2 treatment
[741.

Other studies hint at long-lasting or permanent differences in mi-
tochondrial function between males and females due either to exposure
to different estrogen milieux at sexual maturity, or to inherited differ-
ences at the level of the chromosome. Misiak et al. [75] found that
mesencephalic neurons in culture obtained from male mice are more
vulnerable to 6-hydroxydopamine (6-OHDA), a neurotoxin that de-
stroys catecholaminergic terminals used in an experimental model of
Parkinson's disease, than mesencephalic neurons obtained from female
mice [75]. The authors attributed the gender-based differences in vul-
nerability to 6-OHDA to a greater ROS production in male mitochondria
compared with female, possibly due to in vivo E2 regulation of tran-
scription of mitochondrial and nuclear genes that causes increased re-
spiratory chain activity, and decreased oxidative stress and apoptosis
[75]. Tao et al. [76], moreover, using the same in vitro model of Par-
kinson's disease, demonstrated that male mesencephalic neurons are
more vulnerable than female neurons to rotenone-induced cytotoxicity
and that E2 has a moderately protective effect in neurons of both sexes
[76]. Interestingly, the authors pestulate a rather unusual mechanism
underlying these gender-based differences, suggesting that the testis-
determining region on the Y chromosome (SRY), upregulates mono-
amine oxidase A and downregulates estrogen receptor-p, and thus re-
duces the resistance to oxidative stress-induced cell death in male-de-
rived neurons compared to female [76].

Several reports have looked into the direct effects of E2 on neuronal
bioenergetics in specific areas of the brain. In a study evaluating the

effect of E2 in the control of the energy sensor 5° AMP-activated protein
kinase (AMPK) in the caudal dorsal vagal complex, Alenazi et al. [77]
demonstrated that several genes are differentially expressed in the
presence of E2, and that the products of these genes converge in
pathways of AMPK activation that are similar to those used by AICAR
(5-Aminoimidazole-4-carboxamide ribonucleotide), a classical AMPK
activator [77]. Another investigation into the effect of E2 in the caudal
dorsal vagal complex by Tamrakar and Briski [78] showed that E2 in-
duces an increase in the expression of key glycolytic, Krebs cycle, oxi-
dative phosphorylation, and acetyl CoA — FAS pathway enzyme pro-
teins in A2 metabolosensory neurons during recurring hypoglycemia
[78]. In addition, the authors observed that E2 prevented the mala-
daptive decline in components of the mitochondrial electron transport
chain during recurring hypoglycemia. Such protective actions of E2 on
the many components of energy generation in these CV neurons could
contribute to the energetic resilience to metabolic insult in females
compared with males [78].

4.4. Phytoestrogen protection against oxidative damage in brain

In order to circumvent the potential carcinogenic effects of estrogen
replacement, several research groups have begun to test the possible
neuroprotective effects of phytoestrogens, such as genistein, a compo-
nent of soy, on the premise that such plant-derived estrogens can pro-
tect against E2 decline without triggering harmful changes in re-
productive target tissues [79]. Evsen et al. [79] in a study evaluating
the effects of either estradiol or genistein on oxidative stress in the
brains of ovariectomized rats demonstrated that treatment with either
of the two estrogenic compounds significantly reduced oxidative stress
levels compared to an untreated ovariectomized group. Moreover, the
authors suggested that the reduction in oxidative stress resulted from an
increase in both the total antioxidant status and in specific antioxidant
enzymes, such as GPx, that are elevated in females treated with gen-
istein [79]. In another investigation into neuroprotection by phytoes-
trogens, Canal Castro et al. [80] submitted OVX rats to global brain
ischemia for ten minutes and evaluated the effects of estradiol or cou-
mestrol on both cerebral antioxidant activity and cell death [80].
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Coumestrol is a phytoestrogen present in soybean, brussels sprouts and
spinach that exhibits a high affinity for both the ER-a and ER-B 17 b-
estradiol receptors [81]. The data showed that both E2 and coumestrol
protected the brain against damage following global ischemia, and that
significant neuroprotection occurred regardless of whether the E2 or
coumestrol was administered 1 h before ischemia or 3 or 6 h after blood
flow was restored. The authors concluded that due to its induction of
antioxidant activity through its activation of estrogen receptors [81],
coumestrol might be beneficial as a dietary neuroprotective agent.

5. Control of CV function by brainstem neurons
5.1. Pathways of CV control

Parvocellular neurosecretory neurons located in the paraventricular
nucleus (PVN) of the hypothalamus constitute several distinct func-
tional categories, including those that send their axons into the median
eminence to release factors exerting control over pituitary hormone
secretion, and those that are involved in the central autonomic network
[82]. The latter type of parvocellular neuron can either send pre-sym-
pathetic projections directly to sympathetic preganglionic nuclei in the
medial-lateral column of the spinal cord or can take a less direct path to
sympathetic control of the cardiovascular system by synapsing with
vasomotor neurons in the rostral ventrolateral medulla (RVLM)
[83.84]. Significant experimental evidence suggests that the RVLM
plays a crucial role in generating the sympathetic vasomotor tonus that
maintains resting blood pressure. Anatomical and electrophysiological
data, , indi that the sy ic vasomotor output tone of
RVLM is mediated through direct bulb-spinal projections to the inter-
mediate-lateral autonomic nucleus in the spinal cord [85-82].

The arterial baroreflex is a fundamental homeostatic mechanism
that provides rapid negative feedback to diminish fluctuations in car-
diovascular resp induced by 1 stimuli. As part of the
baroreflex circuit, vasomotor sympathetic efferents of the RVLM are
modulated by glutamanergic neurons located in the NTS [84,90]. These
neurons then excite neurons in the caudal ventrolateral medulla
(CVLM) [91,92]. In turn, GABAergic neurons from the CVLM inhibit the
pre-sympathetic neurons in the RVLM that project to the sympathetic
preganglionic neurons and offer the greatest vasomotor sympathetic
tone unit [93-95]. Thus, driven by excitatory baroreceptor afferent
nerves, the NTS normally provides a powerful tonic inhibitory influence
on sympathetic vasomotor tone and blood pressure [93-95].

5.2. Effects of estrogen on brainstem neurons

Studies evaluating the effects of estrogens on the areas critical for
maintaining sympathetic tonus and blood pressure have shown that
estrogen, acting both on gene transcription and through post-tran-
scriptional mechanisms, controls the RVLM. Immunohistochemical and
in situ hybridization, techniques have shown that within RVLM neurons,
ER is detectable as both an mRNA transcript [96] and as a protein
[96-98], making this region a strong candidate for the transduction of
estrogen binding into effects on cardiovascular homeostasis and dis-
ease. The importance of E2 in modulating the baroreceptor reflex was
shown in studies performed in both male [99] and estrogen-supple-
mented OVX female rats [100], wherein a peripheral injection of E2
‘was observed to increase baroreceptor sensitivity, a condition leading
to enhanced cardiovascular function. Those effects were diminished in
both the male and female rats by a central injection of a selective an-
tagonist of ER [99,100]. Wang and He [44] studied the effects of E2 on
the electrical activity of RVLM neurons and showed that intracarotid
injection of E2 decreased the firing rate of the RVLM neurons without
changing blood pressure or heart rate [44]. However, pre-treatment
with L-NAME, a nitric oxide (NO) synthase inhibitor significantly at-
tenuated the inhibitory effect of E2 on RVLM firing rate, whereas the
NO donor 3-morpholinosydnonimine - SIN-1 potentiated the effect.
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These results suggest strongly that E2 effects in the RVLM involve NOS
activation and NO release, and furthermore that the actions of E2 are
mediated through a non-transcriptional signaling mechanism [44].

Shih [108] showed a particularly important role for the ER-p re-
ceptor in RVLM neurons in producing the cardioprotective effects of E2
described above. Specifically, the author showed that whereas both E2
and a selective ER[}-receptor agonist decrease systolic arterial pressure
(SAP) and SAP-vasomotor spectrum components in a dose-dependent
manner, an ERa-receptor agonist has no effect [46]. Furthermore, the
author showed that the cardiovascular effects of ERpB in the RVLM are
dependent on iNOS stimulation and nitric oxide (NO) release [46]. Wu
et al. [49], in addition showed that ER binding to ERp in the RVLM
evokes its pressor effects through non-genomic actions rather than
genomic actions, specifically by activating the intracellular PI3K-Akt
pathway [49].

In addition to its modulation of NO levels, E2 has been shown in
several studies to affect cardiovascular function by regulating the
transcription of specific voltage-gated potassium channels that control
the transient outward potassium current (I,) [101]. Saito et al. [101]
had observed the transcriptional effect in ventricular cardiac cells,
noting that Kv4.3 and Kv1.5 but not Kv4.2 were down-regulated by E2
treatment [101]. Lee et al. [102], on the other hand, showed that E2
significantly downregulates the expression of Kv4.2 mRNA, but not
Kv4.3 in the RVLM neurons, to result in a down-regulation of IA den-
sities and hyperpolarization of these neurons [102]. Since ER receptors,
particularly ERp, are highly expressed in PVN- RVLM neurons [103], it
seems likely that regulation of potassium channels in this area con-
stitutes an important underlying mechanism for the beneficial effects of
E2 on cardiovascular function.

Another suspected pathway for transducing E2 effects in the RVLM
into a reduction in hypertension involves direct inhibitory effects of the
hormone on ROS generation in RVLM neurons that would otherwise
promote an increase in ic activity and c ly induce a
hypertensive state [104,105]. Wang et al. [45] in studies associating
gender with the risk of cardiovascular disease, showed that the female
RVLM expresses a greater number of angiotensin I receptors (AT1), but
a lower level of p47 phox (the catalytic subunit of NADPH oxidase
responsible for ROS formation) than the male RVLM, resulting in al-
tered Ca™ flux through L-type Ca™ channels that could transduce the
protective effects of E2 on blood pressure [45]. Pierce et al. [47] also
studied the distribution of AT1 receptors and p47phox expression in
pre-sympathetic neurons in the RVLM, and found that female neurons
possessed a significantly greater concentration of membrane AT1 and a
significantly lower expression of p47 phox in both the cell membrane
and cytosol, and suggested that this distribution could underlie the
gender-based differences observed in the production of ROS [47].

The literature cited above, supporting a cardioprotective role of
estrogen mediated via decreased oxidative stress in the brain, however,
must be considered in light of a number of contrary findings showing
increased oxidative damage with estrogen in specific brain regions
[48]. In a study of intact female rats (i.e., rats with normal serum E2),
Subramanian et al. [48] showed that chronic treatment with low-dose
E2 for 90 days resulted in increased systolic and blood pressure and
heart rate accompanied by increased production of superoxide anion in
the RVLM. The authors suggested that the contrasting results that they
and others [106,107] had obtained compared to data supporting a
cardioprotective action of E2 could be related to the chronic low dose
(20 ng/day for 90 days) employed in their study, compared to the
shorter — term higher dose E2 treatments (e.g. 1.5 mg/day) that showed
a hypotensive effect of E2. Animals used in that study exhibited higher
body weights and food and water intake in the E2-treated group that
could play a role in the difference in mean arterial pressure the authors
observe between E2-treated and control rats. It is worth noting that this
study differs from most of the others as it was conducted in intact rats
exhibiting normal serum E2 levels at the outset of the study, so that
treatment with exogenous E2 resulted in only mariginal (25-46%)

130



C.J. Lagranha et al

increases in serum E2 compared to the control animals [48]. None-
theless, results such as those of Subramanian et al. suggest that careful
consideration be given to dosing and timing of the therapeutic use of
estrogens as cardiovascular protection, and also to specific receptors
and signaling pathways that could separate beneficial neural effects of
estrogens from the damaging ones.
5.3. Estrogen protection against nutritional damage to the brainstem

In light of our findings of signi bolic and oxidative da-
mage to cardiovascular control centers caused by nutritional depriva-
tion, we have also investigated the possibility of long-lasting protective
effects of estrogen against metabolic insult to brainstem neurons.
Specifically, we compared the effects of higher and lower E2 levels
(based on different levels of reproductive maturity) on measurements of
oxidative stress in the brainstem of rats that had suffered nutritional
deprivation during gestation and lactation. We showed that under-
nutrition resulted an elevation of oxidative stress biomarkers and re-
duction in ic and non-enzymatic antioxidant defenses in the
rats with lower E2, compared to similarly nutrition-deficient rats during
early development that now had higher E2 levels [36]. Moreover, we
found that the total global oxy-score in the low E2 group indicated a
striking level of oxidative damage in 22-day-old rats whose mothers
had received a low-protein diet. In contrast, in the group with re-
productive (i.e., high) levels of E2, we observed a decrease in oxidative
stress biomarkers, increased enzymatic antioxidant activity, and a po-
sitive oxy-score when compared to control [36]. We concluded from
these results that following a protein deficiency in the maternal diet
during early development, estrogens present at reproductive age might
confer resistance to the oxidative damage in the brainstem, which is
very apparent in pre-pubertal rats.

& Tinal considers
6. F

Estrogen-linked ‘protection’ against a number of chronic degen-
erative diseases of high morbidity and mortality remains an important
area of investigation. Numerous reports suggest that estrogens act as
anti-oxidants that in turn sustain heart health, and hormone replace-
ment therapy in post-menopausal women at one time was considered as
a low-risk strategy for reducing heart disease. That optimistic view of
the benefits of estrogen has now been tempered by more recent findings
that recognize the increased risk that estrogen poses for other diseases.

Further research is crucial for separating the ‘bad’ effects of estrogen
from the ‘good’ and this will require the elucidation of the specific
pathways through which estrogen works, including which receptor
subtypes are employed, which genes are activated or suppressed, and
‘which p ins are i d in signal transduction. Such in-
formation may show that phytoestrogens can be used more effectively
as therapeutics than estrogen itself.

To understand and refine a therapeutic role for estrogen in cardio-
vascular and neuro-protection, we will also need to focus upon the
specific tissues, cells and organs that estrogen acts upon. In this review
we have outlined the important concept that specific regions of the
brain respond to estrogens with reductions in the oxidative stress that
could damage the normal central autonomic control mechanisms
maintaining cardiovascular and brain health. We hope that future stu-
dies along this line will lead ultimately to the use of estrogen against
disease in a precise and entirely beneficial way.
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ANEXO B- OFiCIO DA COMISSAO DE ETICA NO USO DE ANIMAIS (CEUA) DA UFPE / 2012

Universidade Federal de Pernambueo
Centro de Ciéncias Biologicas

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

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

Departamento de Nutricéo

Universidade Federal de Pernambuco

Processo n® 23076.015276/2012-56

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

Concluimos que os procedimentos descritos para a utilizagao experimental dos animais
encontram-se de acordo com as normas sugeridas pelo Colégico Brasileiro para
Experimentagéo Animal e com as normas internacionais estabelecidas pelo National Institute of
Health Guide for Care and Use of Laboratory Animals as guais sdo adotadas como critérios de
avaliacdo e julgamento pela CEUA-UFPE.

Encontra-se de acordo 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 experimentais a serem
realizados.

- TS

|Origem ~ dos animais: Departamento de Nutricao-UFPE; | Atenciosamente,

| Animais: Ratos; Linhagermn: Wistar, Sexo: Machos e Fémeas: | "
8. Maria Tere, nse%
Presidente do CEEA

| numero de animais previsto no protocolo:8 ratas lactantes e 64 |
CCB: Integrar para desenvolver

filhotes; Peso: Ratas 240-260g e filhotes 6-7g; |dade: Ratas|
_adultas e seus filhotes.
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	As mitocôndrias são as principais fontes geradoras de ATP e de espécies reativas de oxigênio sendo, portanto um alvo imprtante para diversas drogas com potencial terapêutico ainda pouco explorado. Estudos prévios já mostraram que os hormônios femininos podem apresentar efeitos terapêuticos através de sua ação sobre as funções mitocondriais, entretanto poucos estudos avaliaram os possíveis efeitos terapêuticos dos ISRS através de sua ação sobre as funções mitocondriais. Como os efeitos da utilização dos ISRS durante a lactação e sua ação sobre as mitocôndrias ainda são escassos, nosso estudo trouxe mais uma peça para o quebra-cabeça dos efeitos moduladores da ação da administração crônica de fluoxetina em ratos neonatos promovendo melhora importante no funcionamento das mitocôndrias de tronco encefálico em ratos machos e fêmeas, porém os machos apresentaram aumento significativo superiores aos das fêmeas. Podemos concluir com nossas investigações que o tratamento neonatal de nosso modelo experimental promoveu uma modulação positiva em uma importante área controladora da função cardiorrespiratória, o que possivelmente reduziria o risco para o aparecimento e desenvolvimento de doenças cardiovasculares, tal como a hipertensão. 
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