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RESUMO

As mitocondrias desempenham processos altamente interconectados,
principalmente no que diz respeito a producdo de energia e de espécies reativas
de oxigénio (EROs). Estdo presentes em grandes quantidades nos cardiomidcitos,
favorecendo um alto consumo de oxigénio; o que vulnerabiliza este tecido as
acOes de EROS e a consequente disfuncdo mitocondrial. Um mecanismo
subjacente associado a elevada producdo de EROs € a elevacdo nos niveis de
serotonina (5-HT) cerebrais, induzida por exemplo por manipulacdo
farmacoldgica através da fluoxetina; um inibidor seletivo de recaptacdo de
serotonina (ISRS) que age impedindo a recaptacdo da mesma no neurénio pre-
sinaptico. Em decorréncia da acdo desse farmaco, altos niveis de 5-HT tém sido
associados a génese de doencas cardiovasculares (DCVs). Embora igualmente
prejudicial para ambos os géneros, as DCVs associadas a disfuncdo mitocondrial
parecem ser menos severas no género feminino. Os estudos sobre os efeitos
cardiacos decorrentes da manipulacdo serotoninergica neonatal mediados pela
funcdo mitocondrial ainda ndo estdo bem elucidados, fato que nos induziu a
avaliar os efeitos da inibicdo crbnica de recaptacdo de 5-HT induzida por
fluoxetina durante o periodo de lactacdo (1° ao 21° dia de vida) sobre a
bioenergeética mitocondrial e balanco oxidativo no coracdo de ratos machos e
fémeas, aos 60 dias de vida. Para tal, ratos Wistar machos e fémeas foram
divididos aleatoriamente em dois grupos durante o periodo de lactacdo, de acordo
com o tratamento: Controle (NaCl 0,9%) e Fluoxetina (10mg/kg de peso
corporal). Aos 60 dias de vida foram realizadas as seguintes analises: consumo de
oxigénio mitocondrial, estimativa da producéo de espécies reativas mitocondriais,
potencial elétrico de membrana mitocondrial, biomarcadores de estresse
oxidativo (Malondialdeido-MDA e Carbonilas), defesa antioxidante enzimatica
(atividade das enzimas superoxido dismutase-SOD, catalase-CAT e glutationa-S-
transferase-GST), defesa antioxidante ndo enzimatica (conteddo de glutationa
reduzida-GSH) e atividade da enzima do ciclo de Krebs (citrato sintase-CS).
Nossos dados mostraram que, o tratamento com fluoxetina durante a lactacdo
induziu aumento na capacidade respiratoria mitocondrial, com menor producéo
de espécies reativas e aumento do potencial elétrico de membrana em ambos 0s
géneros. Em relacdo ao balango oxidativo, os machos tratados com fluoxetina no
periodo neonatal apresentaram menores niveis de MDA, e aumento na atividade
da CAT, GPx e CS. Nas fémeas, o tratamento neonatal com a fluoxetina reduziu
0 conteudo de carbonilas, aumentou a atividade da SOD e CAT e né&o alterou o0s
pardmetros hemodinamicos. Dessa forma, sugere-se que a manipulagédo
farmacoldgica durante o periodo critico de desenvolvimento foi capaz de modular
positivamente a bioenergética mitocondrial e balanco oxidativo cardiacos,
independente de género.

Palavras-chave: Lactacdo. Serotonina. Mitocondria. Estresse oxidativo. Coragéo.



ABSTRACT

Mitochondria perform highly interconnected processes, mainly related to energy
production and reactive oxygen species (ROS). They are widely expressed in
cardiomyocytes, favoring a high oxygen consumption; which makes this tissue
vulnerable to ROS deleterious effects and consequent mitochondrial dysfunction.
An underlying mechanism associated with increased ROS production is the
elevated brain serotonin (5-HT) levels, induced by pharmacological manipulation
through fluoxetine, for example; a selective serotonin reuptake inhibitor (SSRI)
that acts by preventing its reuptake into the presynaptic neuron. Due to this drug
action, elevated levels of 5-HT have been associated with the onset of
cardiovascular diseases (CVDs). Although equally harmful lor both genders,
CVDs associated with mitochondrial dysfunction appear to be less severe in
females. Studies on the cardiac effects of neonatal serotonergic manipulation
mediated by mitochondrial function remains scarce and inconclusive. This has led
us to evaluate the effects of chronic inhibition of 5-HT reuptake induced by
fluoxetine during the lactation period (1% to 21% day of life) on mitochondrial
bioenergetics and oxidative balance in the heart of male and female rats at 60 days
of age. For this, male and female Wistar rats were randomly divided into two
groups during the lactation period, according to the treatment: Control (0.9%
NaCl) and Fluoxetine (10mg/kg b.w.). The following analyzes were carried out at
60 days of life: Mitochondrial oxygen consumption, mitochondrial reactive
species production, mitochondrial membrane potential, oxidative stress
biomarkers (Malondialdehyde-MDA and Carbonyl content), enzymatic
antioxidant defense (activity of the enzymes superoxide dismutase-SOD,
catalase-CAT and glutathione-S-transferase-GST), non-enzymatic antioxidant
defense (reduced glutathione-GSH) and Krebs cycle enzyme activity (Citrate
synthase-CS). Our data showed that chronic treatment with fluoxetine during
lactation period improves mitochondrial respiratory capacity, with less reactive
species production and increased membrane potential in both genders. Related to
the oxidative balance, male rats treated with fluoxetine in the neonatal period had
lower levels of MDA, and increased CAT, GPx and CS activity. In females,
neonatal fluoxetine treatment reduced carbonyl content, increased SOD and CAT
activity and did not alter hemodynamic parameters. Thus, it is suggested that
pharmacological manipulation during the critical period of development could
positively modulate mitochondrial bioenergetics and cardiac oxidative balance,
regardless of gender.

Keywords: Lactation. Serotonin. Mitochondria. Oxidative stress. Heart.
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1 INTRODUCAO

A mencéo do termo periodo critico de desenvolvimento é conhecida desde
a década de 70, tendo sido atribuido a uma janela temporal do desenvolvimento
de orgdos e sistemas vulneravel a influéncias externas. Portanto, 0 organismo,
susceptivel a estimulos ambientais, pode ser modificado e ter comprometimento
de sua funcgé@o (Dobbing, 1970). Partindo desse pressuposto, a exposi¢cdo neonatal
a insultos, como os farmacologicos, poderia certamente contribuir para alteraces
bioldgicas posteriores, tais como modificagfes bioquimicas.

Um importante neurohorménio presente durante as fases de
desenvolvimento € a serotonina ou 5-hidroxitriptamina — 5-HT, que possui
atuacdo complexa e diversificada ndo somente no trato gastrointestinal, onde ¢
predominante sintetizada, como também no encéfalo, local de intensa atuacéo e
alvo crescente de estudos, e tecidos periféricos. De acordo com sua intima funcéao
determinante no processo de desenvolvimento, a alteragdo dos niveis de 5-HT
durante esse periodo de sensibilidade maturacional tornou-se um interessante
tema de estudo na area da manipulacéo serotoninérgica em periodos precoces da
vida e consequéncias a longo prazo, fomentando discussdes acerca da vasta
atuacdo dessa moléecula e o0 quanto ainda se desconhece sobre seus efeitos.

Entre as multiplas atuacdes da 5-HT no organismo, seus efeitos sobre o
sistema cardiovascular tém gerado discussdes pela controvérsia de achados na
area. Tornam-se entdo necessarias as investigacdes que favorecam uma melhor
elucidacdo dessa tematica, favorecendo o conhecimento cientifico para futuras
acOes de intervencdo no ambito da salde publica relacionada as doengas
cardiovasculares, que embora estejam atreladas em parte, a fatores ambientais e
diferencas sociais entre homens e mulheres, ainda possuem etiologia multifatorial
complexa. Como decisivo fator biologico, a diferenca nos horménios sexuais esta
associada diferentemente com a incidéncia de doencas cardiovasculares. Dessa
forma, observamos que a compreensdo de mecanismos associados a processos
patoldgicos é de fundamental importancia.

De maneira Unica, as mitocondrias figuram com destaque entre organelas
de importancia vital. Sua relacdo com processos de salde e doenca sdo fortemente
corroboradas por pesquisas cientificas que buscam delinear de que maneira seu
funcionamento regula os mais variados processos biolégicos como homeostase
redox, fluxo de ions e producéo de energia, e, por outro lado, como o prejuizo a
sua funcdo esta intimamente relacionada a inducéo de processos pré-patogénicos,
como doencas comportamentais, neurodegenerativas e metabélicas.
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De modo a sumarizar o conteldo exposto a seguir, 0 presente trabalho esta
estruturado por uma fundamentacao tedrica, que conduziu nossa hipdtese de que
0 tratamento cronico com fluoxetina durante a lactacéo prejudica a bioenergética
mitocondrial e estresse oxidativo cardiacos na vida adulta, seguida pelos objetivos
que delinearam a realizacdo da mesma para atender nossa problematica,
apresentacao dos resultados na forma dos artigos originais e consideracgdes finais
acerca dos nossos achados. Como resultados, nossa pesquisa originou dois artigos
originais, intitulados Neonatal SSRI exposure improves mitochondrial function
and antioxidante defense em rat heart, publicado em 2016 na revista Applied
Physiology, Nutrition and Metabolism de fator de impacto 1,91 e Qualis B2 em
Ciéncias Biologicas Il; e Serotonin modulation in neonatal ages does not impair
cardiovascular physiology in adult female rats: Hemodynamics and oxidative
stress analysis, publicado em 2016 na revista Life Sciences de fator de impacto
2,93 e Qualis B1 em Ciéncia Biologicas II.
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2 FUNDAMENTACAO TEORICA

2.1 Periodo critico de desenvolvimento e tecido cardiaco

O estudo da associacao entre insultos precoces e efeitos bioldgicos tardios
tem concentrado esforgos de pesquisadores em todo o mundo. O entendimento
dessa relacdo visa compreender e fortalecer a ideia de que o estimulo recebido
durante um periodo de vulnerabilidade do organismo pode interferir no
desenvolvimento de processos maturacionais e afetar a estrutura e funcionamento
de 6rgéos e sistemas de maneira permanente. Sendo assim, o termo periodo critico
de desenvolvimento refere-se a uma janela de desenvolvimento exclusiva em
fases iniciais da vida, que ndo pode ser revertida ou repetida posteriormente, onde
0S processos organizacionais acontecem mais rapidamente e podem ser
modificados com maior facilidade (Dobbing, 1970).

Sabendo que cada espécie e sistema biologico possui processos de
desenvolvimento especificos, Morgane et al., 2002 discute que a taxa de mudanca
nesses processos € o fator crucial que prediz a duracédo e importancia dos mesmos.
Ainda de acordo com Morgane, atraves de seus estudos sobre o crescimento,
desenvolvimento e especializacdo de fungdes no sistema nervoso central, a
duracgéo e temporizacao de processos especificos do desenvolvimento encefalico
em humanos varia entre 0s primeiros meses de gestacdo até os 15 meses de vida,
tendo como periodo critico de crescimento e desenvolvimento cerebral a fase pré-
natal, em seu ultimo trimestre. Por outro lado, em ratos, essa fase de maior
vulnerabilidade encefalica encontra-se na fase pés-natal (lactacdo), durante os
primeiros 21 dias de vida (Morgane et al., 2002).

Como evidenciado, o desenvolvimento encefalico possui fases cruciais para
a consolidacao de suas fungdes. Sendo este um 6rgdo que coordena a funcéo de
outros Orgdos e sistemas, a integridade no seu desenvolvimento favorece a
preservacdo da sua atuacdo central e periférica, como o controle da funcao
cardiovascular por exemplo, exercida por regiées do encéfalo que integram o0s
sinais de barorreceptores periféricos e quimiorreceptores centrais e perifericos,
modulando a atividade simpatica do coracdo (Smith, 1974; Tahsili-Fahadan e
Geocadin, 2017). Para o perfeito funcionamento cardiaco, a integracdo e
consolidacéo das fases de desenvolvimento e maturacao séo decisivas e merecem
ser destacadas.

Sequencialmente, quatro processos constituem o desenvolvimento
cardiaco: 1. Migracdo interna de subtipos celulares mesodérmicos; 2.
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Especificagdo dessas células para formar o mesoderma cardiaco; 3. Refinamento
e diferenciagdo em diferentes tipos de células cardiacas e tecidos constituintes e;
4. Finalizacdo do posicionamento, arranjo e alteracbes na forma das celulas
cardiacas para a terminacdo da morfogénese, com posterior formacéo dos septos
e camaras cardiacas especializadas para vertebrados (Ahmad, 2017).Esse
desenvolvimento cardiaco pés-natal é acompanhado ainda por um aumento no
tamanho do 6rgdo de quase 4 vezes, em resposta ao rapido aumento no peso
corporal entre o nascimento e a puberdade, com um consequente aumento
proporcional na contratilidade cardiaca, volume sistolico, débito cardiaco e
pressdo sanguinea (Li et al., 2014).

Acerca da composicdo cardiaca, diversos tipos celulares estdo presentes
como os fibroblastos, encontrados em predominéncia na parede do epicardio
cardiaco, e os cardiomidcitos, que ocupam o maior volume do tecido cardiaco
devido ao seu tamanho e formato caracteristicos (Furtado, Costa, et al., 2016). O
inicio do desenvolvimento desses tipos celulares da-se ainda na fase embrionaria
por volta de 9,5 dias ap0s a fertilizacdo (Furtado, Nim, et al., 2016). Originam-se
de tubos lineares dispostos ao longo do eixo antero-posterior e apresentam um
influxo e efluxo circulatorio que seguem, respectivamente, da porcao infero-
posterior do coracdo, através das veias vitelinas, até a regido antero-superior, por
meio do tronco arterioso. Mais tarde, a polaridade antero-posterior torna-se
lateralizada com a formacéo dos atrios e a regido que anteriormente comportava
a entrada do sangue no coracdo, torna-se possivelmente os ventriculos, com a
funcéo de bombeamento sanguineo externo (Manner, 2000).

A especializacdo do tecido cardiaco sobrepBe a sua plasticidade, notavel
pela composicéo celular complexa e uma compartimentacao bem definida (Weber
etal., 2013). Durante o desenvolvimento (ainda na fase fetal), ha uma proliferacéo
ativa dos cardiomidcitos auxiliada pelos fibroblastos. Entretanto, é na fase adulta
que os fibroblastos parecem estar mais associados com o suporte a hipertrofia dos
cardiomidcitos bem como o seu remodelamento, possuindo papel importante na
sintese de matriz extracelular e fatores de crescimento apds alguma injdria sofrida
pelos miocéardios (leda, 2016). Em roedores, a fase de proliferacdo encontra-se
entre os dias 1 e 4 pds-natal, e a fase hipertrofica entre 7 e 14 dias do neonato
(Vite et al., 2015). O poder regenerativo reduzido do tecido cardiaco de
mamiferos pode ser atribuido em parte a essa diferenciacdo tardia dos
cardiomiocitos, que so é concretizada na fase adulta (Li et al., 1996; Kajstura et
al., 2010).
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A reposta de células cardiacas a injuria sofrida pode variar de acordo com
a fase de desenvolvimento. Em estdgios embrionarios, caracterizada pela
proliferacdo dos cardiomidcitos, o crescimento compensatorio em cardiomidcitos
parece favorecer a recuperacdo do tecido perdido. Ao passo que 0 organismo se
desenvolve, a regeneracdo cardiaca diminui; com recuperacao da maior parte do
tecido lesionado e efeitos deletérios minimos, na fase neonatal, em contraste com
grande deposicdo de matriz extracelular seguida de lesdo em maior grau, em
insultos ocorridos na fase adulta (Drenckhahn et al., 2008; Kikuchi e Poss, 2012;
Uygur e Lee, 2016). Essa diferenca no grau de comprometimento do coragao
frente aos insultos, ndo é especifica somente aos estagios de desenvolvimento
cardiacos. De maneira semelhante, os hormdnios sexuais possuem uma intima
relacdo com as doengas cardiovasculares, influenciando diferentemente o seu
aparecimento e severidade (Arnold et al., 2017; Lucas-Herald et al., 2017).

2.2 Doencas cardiovasculares e diferenga de género

Quase metade das mortes por doencgas crénico-degenerativas em 2012
foram atribuidas a doencas cardiovasculares, e a estimativa de mortalidade anual
para 2030 é projetada para cerca de 27% a mais do que em 2012; o que significa
1,7 milhdes de Obitos a cada ano. Dados de 2014 relataram que os homens
possuem uma maior prevaléncia de hipertensdo do que mulheres (Who, 2014).

Diversos fatores contribuem para o elevado risco de desenvolver doengas
cardiovasculares, como sedentarismo, ma alimentacéo, fumo e alcool; bem como
comorbidades e complicaces associadas, a exemplo da obesidade e diabetes.
Entretanto, diante de uma etiologia multifatorial a maior prevaléncia de
cardiopatias ainda se encontra entre os homens. Ainda que as mulheres
apresentem maior susceptibilidade para algumas patologias como osteoporose,
depressdo e doencas autoimunes, a taxa de disfungGes cardiovasculares
permanece menor comparada aos homens, fato que vem sendo atribuido ao efeito
cardioprotetor dos estrogénios (Aldrighi et al., 2004; Knowlton e Korzick, 2014).
Esse dimorfismo sexual em doencas cardiovasculares parece favorecer néo
somente a fisiologia cardiovascular, como a duracéo do potencial de acdo e funcéo
contrétil, e pard@metros bioquimicos como a eficiéncia energética proveniente das
mitocondrias (Blenck et al., 2016).

Multiplas acGes tém sido atribuidas aos estrogénios, ésteres derivados do
colesterol encontrados de maneira mais abundante em mulheres. Receptores
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funcionais de estrogénio, alfa e beta, tém sido descritos em homens e mulheres,
no ventriculo do miocardio, possuindo efeitos genémicos e ndo genémicos
(Leinwand, 2003). Atuando através dessa interacdo com 0s seus receptores, 0S
estrogénios destacam-se pela participagdo em processos de crescimento e
diferenciacdo do tecido mamario, inibicdo da diferenciacdo de osteoclastos,
neuroprotecado e cardioprotecdo (Gruber et al., 2002).

Acerca do papel dos estrogénios sobre a funcdo cardiovascular, relatos
clinicos j& demonstraram niveis endogenos de estradiol elevados imediatamente
apos episadios de infarto do miocardio em homens que sobreviveram ao ocorrido.
Entretanto, os niveis de estradiol nesses homens encontravam-se menores antes e
apos o infarto. Os niveis de progesterona por sua vez apresentaram-se contrarios:
diminuidos apos o infarto e sem diferenca nos momentos pré e pos infarto (Kalin
e Zumoff, 1990). Outros estudos apontam ainda que a sobrevivéncia a episodios
de infarto do miocardio e outras doencas cardiovasculares € maior em fémeas do
gue em machos (Sullivan et al., 1995; Lagranha et al., 2010; Sbroggio etal., 2011;
Unsold et al., 2014; Meyer e Barton, 2016), sendo ainda fémeas em idade pds-
menopausa mais resistentes em comparacéo aquelas em idade pré-menopausa, por
apresentarem maiores niveis de estrogénios (Reckelhoff, 2001; Yang et al., 2013).

O fato de homens apresentarem uma maior pressao arterial do que mulheres
em idades similares encontram reforco da American Heart Association que
pontuam uma maior prevaléncia de pressdo alta entre homens, especialmente
quando abaixo dos 45 anos. De maneira oposta, mulheres com baixos niveis de
estrogénios, caracteristica prevalente acima dos 65 anos, lideram as estatisticas de
pressao arterial elevada, o que fortalece a relacdo diretamente proporcional entre
niveis hormonais e protecédo cardiovascular (Go et al., 2013; Kim et al., 2015).

Essa relacdo parece ndo ser influenciada por especificidades de
desenvolvimento dos cardiomidcitos entre homens e mulheres, uma vez que o
mesmo parece ser equivalente entre homens e mulheres em idades precoces da
vida (Grandi et al., 1992). Em termos de fungéo, foi demonstrado que mulheres
possuem uma melhor funcéo diastolica do que homens da mesma idade, e com o
envelhecimento os homens acabam diminuindo a funcdo diastolica, fato néo
observado em mulheres (Grandi et al., 1992). Essa discussdo em relacédo a funcéo
cardiaca associada a regulacdo do processo tréfico de tecidos como o coragédo
enfatiza a necessidade de entendimento sobre moléculas que influenciam esse
processo, como a serotonina, discutido em seguida.
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2.3 Caracterizacao da serotonina

Classificada bioquimicamente como uma bioamina, a serotonina - 5-HT foi
primeiramente estudada na década de 30 quando Erspamer, em seus estudos sobre
0 sistema enterocromafim, identificou uma substancia ativa presente no trato
gastrointestinal que a partir de técnica fluorimétrica era compativel a compostos
de indol com a presenca de um grupo amina, caracterizando-a como uma
enteramina. Posteriormente, Pager e colaboradores isolaram e caracterizaram essa
substancia, introduzindo o nome de serotonina, que apresentava propriedades
séricas de vasoconstriccdo mediando o processo de coagulacdo; de maneira até
mais eficaz do que a epinefrina (Rapport et al., 1948a; b).

Embora o trato gastrointestinal contribua de maneira predominante na
sintese de 5-HT, o sistema nervoso central depende exclusivamente da sintese
local de 5-HT, dada sua impossibilidade em ultrapassar a barreira
hematoencefalica (Bradley, 1984). Nesse contexto, a 5-HT é sintetizada (cerca de
2%) em nove populacdes de neurdnios diferentes, localizados nos ndcleos da rafe
do tronco encefalico, que emitem projecGes para inervar varias regidoes do
encéfalo (Molliver, 1987; Burke and Heisler, 2015).

A biossintese da serotonina é mediada pelas enzimas triptofano hidroxilase
(TPH) 1 e 2, diferentemente expressas no organismo. Enquanto o subtipo TPH 1
é predominantemente encontrado em células da glandula pineal e do trato
gastrintestinal (células enterocromafins), a TPH 2 é limitada ao sistema nervoso
central, pelos nucleos da rafe do tronco encefalico, e periférico, pelo sistema
nervoso entérico (Cote et al., 2003; Walther e Bader, 2003). Para que haja
biossintese, 0 aminoacido essencial precursor, triptofano, precisa ser hidroxilado
na fase preliminar a 5-hidroxitriptofano (5-HTT) pela TPH 1; enquanto na fase
seguinte, catalisada por meio da TPH 2, hd uma descarboxilagdo do 5-HTT
sintetizando por fim a 5-HT (Renson et al., 1962).

Um conjunto de receptores serotoninérgicos (5-HTR) regulam os multiplos
efeitos da serotonina, e sdo classificados de acordo com suas caracteristicas
evolutivas, estruturais e farmacologicas, bem como seu sistema de transducéo
intracelular (Lam et al., 2010). Possuem uma conformacdo que apresenta sete
dominios transmembrana, sendo uma extremidade extracelular amino-terminal e
uma extremidade intracelular carboxi-terminal (Nebigil e Maroteaux, 2003). Sete
familias estabelecidas de 5-HTR séo conhecidos e diferentes subtipos tém sido
descritos: 5-HT;R (1A, 1B, 1D, 1E e 1F), 5-HT;R (2A-C), 5-HT3;R (3A-E),
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5HT4R, 5-HT:sR (5A e 5B), 5-HTsR e 5-HT;R (Hoyer et al., 2002; Oh et al.,
2016).

A partir desses receptores predominantemente acoplados a proteina G, a 5-
HT age de maneira heterogénea em 6rgdos centrais e periféricos desempenhando
uma variedade de efeitos como o0s que dizem respeito a performance cognitiva
(Khalig et al., 2006), humor (Jenkins et al., 2016), ritmo circadiano (Nakamaru-
Ogiso et al., 2012), homeostase energética (Halford e Blundell, 1996; Da Silva,
Braz, Pedroza, et al., 2015), controle respiratorio (Tiradentes et al., 2014),
resposta imune (Leon-Ponte et al., 2007), modulacdo do tonus vascular (Cho et
al., 1994; Linder et al., 2010) entre outras.

No sistema cardiovascular, pontualmente, o papel da 5-HT ainda €
controverso, pois dependendo do receptor atuante ou inibido a mesma pode
relacionar-se a processos de vasodilatacdo ou vasoconstricdo (Crumpton et al.,
1959; Silverberg et al., 1979), hipotensdo ou hipertensdo (Demoulin et al., 1981;
Watts et al., 2012; Vantrease et al., 2015), sugerindo um papel dubio que favorece
tanto a terapéutica de doencas cardiovasculares quanto o aparecimento das
mesmas.

Um importante regulador da concentracdo de 5-HT é o transportador de
serotonina (SERT). SERT é caracterizado como uma proteina integral de
membrana com 12 dominios a-hélice, que pertence a familia de
neurotransmissores transportadores (simportadores) de sédio (Martel, 2006). No
encéfalo € limitado aos nucleos da rafe e axbnios serotoninérgicos.
Perifericamente, é encontrado nas plaquetas, intestino, coracdo e nos vasos
sanguineos da glandula adrenal e dos rins. SERT pode controlara sintese de 5-HT,
modulando a atividade da enzima TPH, assim como atua na sinaliza¢do de 5-HT
por agir na recaptacdo e na concentracdo de 5-HT no neurdnio pré-sinaptico
(Kriegebaum et al., 2010), podendo desta forma inativar ou metabolizar a 5-HT
(Gershon, 2003).

O processamento metabdlico da 5-HT se d& por uma flavoenzima
denominada monoamina oxidase (MAO). Ligada a membrana mitocondrial
externa, a MAO é responsavel pela deaminag¢do de monoaminas e catecolaminas,
em uma reacao que envolve aménia e producéo de peroxido de hidrogénio (H205);
regulando a liberagdo de 5-HT das vesiculas singpticas. Duas isoformas séo
atualmente bem conhecidas: MAO-A e -B, que diferem pela especificidade de
substrato e sensibilidade a inibidor.

Em termos de localizacdo, no encefalo encontra-se MAO-A principalmente
em neur6nios noradrenérgicos e dopaminérgicos, enquanto a MAO-B pode ser
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encontrada em neurdnios serotoninérgicos (Westlund et al., 1988).
Perifericamente, a presenca de MAO-A € encontrada primordialmente na
placenta, figado, intestino, glandula tiredide e coracdo; enquanto 6rgdos como
figado, rins e pancreas possuem MAO-B com predominancia (Bortolato e Shih,
2011; Kaludercic et al., 2014). Como visto, o0 coracdo também possui certa
especificidade em se tratando de metabolizacdo da serotonina; entretanto sua
associacdo com a funcdo cardiaca vai além dessa relacdo e ainda ha muito a ser
explorado, como discutido a seguir.

2.4 Manipulacao serotoninérgica e efeitos cardiovasculares

Tendo evidenciado o amplo papel da serotonina no organismo, seu
envolvimento em mecanismos cerebrais especificamente tem recebido grande
atencdo por se tratar de uma area historicamente conhecida pela classica atuacéo
do sistema serotoninérgico. Nesse contexto, ndo somente a propria 5-HT como
agonistas, antagonistas e inibidores de sua funcdo sdo alvos de estudos sobre a
influéncia dessa manipulacéo no encéfalo e funcdes correlatas nos mais variados
campos de estudo (De Souza et al., 2004; Weng et al., 2015; Matott e Kline, 2016;
Cheah et al., 2017; Pratelli et al., 2017). Embora muito ja se tenha avangado no
entendimento da 5-HT e sua maltipla atuacéo bioldgica, efeitos centrais mostram-
se significativamente mais discutidos comparados a efeitos sistémicos. Nesse
panorama, a literatura necessita de contribuicdes mais substanciais a fim de
ampliar o “estado da arte” e favorecer novas discussoes e aplicacdes para a saude.

Do ponto de vista clinico, inibidores seletivos de recaptacdo de serotonina
(ISRS) possuem grande relevancia, dada a preferéncia a agentes que compdem
essa classe, como fluoxetina (Prozac), sertralina (Zoloft), paroxetina (Paxil),
fluvoxamina (Luvox) e citalopran (Celexa), para o tratamento de desordens
psicoldgicas como depresséo e transtornos de ansiedade. Essa classe de farmacos
constitui a primeira familia de drogas desenvolvidas com atuacdo especifica,
reduzidos efeitos colaterais e boa tolerabilidade, que agem blogqueando o SERT e
aumentado a concentragdo de 5-HT na fenda sinéptica e sua neurotransmissao
(Masand e Gupta, 1999; Krishnan e Nestler, 2008). Mesmo diante do atual
conhecimento sobre ISRS, ainda ha muito para elucidar sobre a relacéo entre a
inibicdo da recaptacdo da 5-HT e efeitos metabdlicos a curto ou longo prazo.

A fluoxetina é um dos antidepressivos mais conhecidos da classe dos ISRS,
tendo sido a primeira molécula a ser sintetizada para o tratamento de desordens
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psicoldgicas via ISRS e com maior prescricdo até os dias atuais (Wong et al.,
1974; Nonacs e Cohen, 2003). Apos ter sua eficacia clinica comprovada, a
fluoxetina foi aprovada pela Food and Drug Administration (FDA) em 1987,
comercializada também como Prozac.

As primeiras pesquisas sobre serotonina e depressdo na area de
psicofarmacologia foram lideradas por Wong e datam da década de 70, onde seu
grupo de pesquisa concentrou-se no desenvolvimento de drogas com um maior
potencial terapéutico do que os antidepressivos triciclicos, dada as propriedades
cardiotdxicas e anticolinérgicas ja apresentadas por essa classe, e que
apresentassem um mecanismo de acdo seletivo para a recaptacao de serotonina
com reduzidos efeitos adversos (Wong et al., 1974; Lopez-Munoz e Alamo,
2009). Posteriormente, suas propriedades farmacocinéticas também foram
relatadas, como alto perfil lipofilico e alta afinidade de ligacdo a proteinas
plasmaticas, favorecendo sua distribuicdo e atuacdo cerebral (Perez-Caballero et
al., 2014).

A conversdo metabolica da fluoxetina a norfluoxetina é realizada no figado;
e esse metabdlito ativo possui caracteristicas peculiares e bem descritas na
literatura, como um longo tempo de meia-vida, facilidade ao ultrapassar a placenta
e a barreira hematoencefalica (Francis-Oliveira et al., 2013), além de ser
encontrada também no leite materno (Davanzo et al., 2011). Entre outros
antidepressivos, a fluoxetina € o farmaco identificado em maior nivel em neonatos
cujas maes seguiram o tratamento farmacoldgico em questdo (Weissman et al.,
2004).

Sendo a 5-HT primordial para a regulacdo do desenvolvimento de tecidos
centrais e periféricos, a manipulacao do sistema serotoninérgico pode influenciar
a morfogénese e crescimento celular (Buznikov et al., 2001). Diante disso, 0 uso
materno de ISRS tem sido alvo de estudos experimentais e populacionais que
buscam melhor elucidar a relacdo entre 5-HT e desenvolvimento cardiaco da
prole. Sobre a prevaléncia de riscos associados ao uso materno de ISRS, ha relatos
de anormalidades anatomofisioldgicas (Davis et al., 2007) e cardiopatia congénita
(Wichman et al., 2009) em cerca de 3% (em ambos os estudos) de criangas
expostas a ISRS no periodo fetal, sugerindo uma relativa seguranca do uso de
antidepressivos na gestacéo.

Huybrechts et al. por outro lado, demonstraram uma maior prevaléncia de
malformacdes cardiacas em lactentes cujas mées utilizaram ISRS durante a
gestacdo comparado aquelas ndo expostas. Entretanto, ao ajustar a coorte de
gestantes para as que apresentavam depressdao somente, ndo houve diferenca
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significativa entre os grupos; atribuindo-se tal resultado a presenca de outros
potenciais fatores de risco para anomalias cardiacas como tabagismo, ma
alimentacao, obesidade, diabetes e hipertensdo (Huybrechts et al., 2014).

Recente estudo conduzido por Nembhard et al. argumenta ainda que o
maior risco a cardiopatias congénitas em filhos de maes tratadas com ISRS
durante a gestacdo e/ou lactacdo pode ndo ser atribuido a exposicdo em si ou nao
somente a esse fator; pois concomitantemente identificou-se maiores
polimorfismos em genes relacionados a vias de sintese de neurotransmissores;
mecanismo subjacente associado a depressdo e ndo ao uso de ISRS, sugerindo
uma influéncia genética (Nembhard et al., 2017). Nota-se entdo que a auséncia de
estratificacOes pertinentes pode induzir discrepancias entre efeitos deletérios ou
ndo em estudos sobre 0 uso de ISRS no periodo periconcepcional.

A atuacdo serotoninérgica em mecanismos ndo classicos durante a fase
adulta também contribui cientificamente para o entendimento mais amplo do
papel dessa bioamina em processos da salde e doencga. Nesse contexto, Selim et
al., encontraram maiores niveis de 5-HT plasmatica em pacientes com
insuficiéncia cardiaca proporcional a severidade da disfuncdo, de maneira
independente de idade, género e doencas correlatas (Selim et al., 2017). Meschin
et al., sugeriram ainda que alguns dos efeitos cardiacos adversos induzidos pela
manipulacéo serotoninergica podem ser explicados parcialmente pela modulacéo
do acoplamento excitagdo-contracdo do muasculo cardiaco com distdrbio no fluxo
de calcio, encontrados em seu estudo apos tratamento agudo com agonista seletivo
de 5-HT4R em ratos machos (Meschin et al., 2015).

Contudo, Dutschmann et al., demonstraram que a administracdo aguda de
agonistas de 5-HT;R e 5-HT4R restaurou a atividade simpatica, resisténcia
vascular e frequéncia cardiaca em ratos tratados com agonista de receptor opioide
(Dutschmann et al., 2009) — classe de analgésico com uso restrito por seus efeitos
colaterais, incluindo depressdo da funcdo cardiorrespiratéria (Gunther et al.,
2017).

De maneira cronica, os efeitos da hiperserotoninemia foram primeiramente
reportados por Gustafsson et al., onde trés meses de administracdo de serotonina
em ratos repercutiu negativamente sobre parametros morfoldgicos e
ecocardiograficos (Gustafsson et al., 2005). De modo similar, Hauso et al.,
associaram uma administracdo cronica de 5-HT a insuficiéncia adrtica e maior
peso do coracdo, efeitos abolidos com a administracdo concomitante de um
antagonista de 5-HT.gcR (Hauso et al., 2007). Por outro lado, efeitos
cardioprotetores foram demonstrados de maneira pioneira por Ayme-Dietrich et
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al., que conduziram um tratamento com antagonista seletivo de 5-HT,gR por 14
semanas em ratos espontaneamente hipertensos, demonstrando melhoria na
vasodilatacdo coronéria e preservacdo na fracdo de ejecdo cardiaca (Ayme-
Dietrich et al., 2015).

Com base no exposto previamente, nota-se que 0s receptores
serotoninérgicos medeiam a funcdo da 5-HT diferentemente e sdo pecas
fundamentais para o entendimento da variedade funcional dessa molécula. Em se
tratando de alvos serotoninérgicos e metabolismo, especificamente, uma organela
que também expressa receptores serotoninérgicos e esta intimamente relacionada
a processos de saude e doenga via 5-HT, € a mitocondria. Sua relevancia nessa
area de estudo e interacdo com a serotonina é discutida a seguir.

2.5 Mitocondria: caracteristicas e fungdes

Todos os processos biologicos sdo dependentes da manutencdo de uma
homeostase energética celular. Nesse sentido, um funcionamento eficiente das
mitocondrias pode certamente preservar a integridade do processo intracelular.
Esta organela vital adquiriu maior significancia ha mais de 150 anos, desde a
descoberta da sua possivel estrutura intracelular, e anos mais tarde pela ocorréncia
de sua presenca na maioria das células (Ernster e Schatz, 1981). Naturalmente,
em relacdo a historia das mitocondrias, a teoria quimiosmatica de Mitchell da
fosforilacdo oxidativa continua a ser o principal marco, premiado com o Prémio
Nobel de Quimica em 1978.

De fato, a funcéo classica das mitocondrias defendida por Mitchell e ja bem
estabelecida € a sintese de adenosina trifosfato-ATP (um intermediario energético
utilizado pelo organismo como ‘“combustivel” para uma gama de reacOes
metabdlicas pertinentes), promovida pelo acoplamento de um gradiente
eletroquimico (transporte de elétrons e bombeamento de protons) através da
membrana mitocondrial interna (Mitchell, 1966); embora ainda esteja envolvida
com o fluxo de célcio, producdo de espécies reativas de oxigénio (EROs),
sinalizacdo redox e mecanismos de apoptose e necrose (Koopman et al., 2010).

A estrutura mitocondrial alongada compreende uma membrana externa e
uma interna (ambas constituidas por uma bicamada de fosfolipideos) separadas
por um espaco intermembranar. Atrelados a membrana mitocondrial interna,
cinco complexos proteicos constituem a cadeia transportadora de elétrons
envolvida na producgéo de energia mencionada anteriormente. As dobras internas
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da membrana interna originam cristas que aumentam a superficie interna e
contatam diretamente a matriz mitocondrial, o local das enzimas do ciclo do &cido
citrico e da beta-oxidagdo (Nelson e Cox, 2008; Kang e Pervaiz, 2012).

Por meio dos complexos proteicos a mitocondria exerce sua funcdo de
acoplar o fluxo de elétrons e o gradiente de protons. Os transportadores de
elétrons, por meio dos complexos | (NADH-desidrogenase), Il (Succinato-
desidrogenase), Il (complexo citocromo bc) e IV (citocromo ¢ oxidase),
transferem os elétrons através de cofatores reduzidos, como NADH e FADH,,
derivados das reacdes metabdlicas do ciclo de Krebs e da p-oxidacdo de &cidos
graxos (Jezek e Hlavata, 2005; Ferreira et al., 2016). O bombeamento de protons,
entretanto € realizado por meio dos complexos I, 11l e IV mitocondriais, que
realizam a extrusdo dos protons para 0 espaco intermembranar. Esse mecanismo
altera o potencial de membrana mitocondrial e favorece a geracdo de uma forca
proton-motriz, havendo o retorno dos mesmos pelo complexo V (ATP-sintetase)
para sintese de ATP (Skulachev, 1980; Nelson e Cox, 2008).

Durante a reducdo monoeletronica do oxigénio a &gua, na cadeia
transportadora de elétrons, hd a formagdo de EROs, iniciado com o anion
superdxido (Oy") e derivados de sua metabolizacdo por enzimas antioxidantes,
como o H,0; e o radical hidroxil (OH") (Sies, 1991; Adam-Vizi e Chinopoulos,
2006). Considerando a formacao em termos fisiol0gicos, estima-se que 2-5% do
oxigénio consumido da cadeia respiratoria seja convertido em EROs,
desempenhando papel fundamental em processos de regulacdo redox e vias de
sinalizacdo intracelular envolvidas na protecao celular, por exemplo. Entretanto,
sua producdo em excesso causa um desequilibrio oxidativo favorecendo o
acumulo dessas moléculas em detrimento da reduzida capacidade antioxidante
que ndo acompanha essa superproducéo. Esse estado pré-oxidante € denominado
de estresse oxidativo e é capaz de danificar biomoléculas como lipideos de
membrana, proteinas e até 0 DNA (Gutteridge, 1993).

Inmeras pesquisas tém associado 0 estresse oxidativo e disfungédo
mitocondrial a processos fisiopatologicos variados como obesidade, diabetes,
doencas neurodegenerativas e hipertensédo (Akbar et al., 2016; Rubattu et al.,
2016; Gonzalez-Franquesa e Patti, 2017; Udhayabanu et al., 2017; Yu et al.,
2017). Os cardiomiocitos em especial, consomem uma grande quantidade de
oxigénio por possuirem um elevado nimero de mitocondrias, em comparagéo a
outros tecidos. Sendo assim, a quantidade de producdo de EROs torna-se
proporcionalmente elevada bem como a vulnerabilidade desse tecido a lesdes
decorrentes da disfungdo mitocondrial, suscetibilizando-o0 ao desenvolvimento de
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doencas cardiovasculares (Handy e Loscalzo, 2012; Nascimento et al., 2014,
Zorov et al., 2014).

De maneira a combater o estresse oxidativo, a defesa antioxidante torna-se
atuante através da acdo de enzimas importantes nesse processo, como a
superdxido dismutase-SOD em suas formas mitocondriais dependentes de
manganés (Mn-SOD) ou de cobre e zinco (Cu, Zn-SOD), que participam da
reducdo de Oy'a H,O,, e a catalase, que converte o H,O,a dgua (H,O). A familia
das glutationas também sdo importantes na defesa antioxidante, sendo a
Glutationa-S-transferase (Bergstrom et al.)) a enzima responsavel pela
detoxificacdo metabolica contra xenobioticos e regulacdo do estresse oxidativo, e
a Glutationa peroxidase (GPx) neutralizante de H,O,. Para tal, a GPx utiliza a
reducdo concomitante de glutationa reduzida (GSH); um tiol nédo proteico celular
mais abundante que participa da defesa antioxidante ndo-enzimatica e favorece a
regeneracdo de enzimas antioxidantes, doando grupos tiois (-SH) e formando
glutationa oxidada (GSSG) (Meister e Anderson, 1983; Halliwell e Aruoma,
1991; Ferreira e Lagranha, 2013; Ferreira et al., 2016).

Outra importante atuacdo da mitocondria diz respeito a homeostase de
calcio, controlada por sistemas de transporte membranar que movem esse cation
entre os ambientes extracelulares. O transporte de Ca?* mitocondrial ocorre por
mediacdo de um canal uniporte, que direciona-o para a matriz mitocondrial
conduzido pelo potencial elétrico de membrana mitocondrial (AW¥r). Entre as
principais acdes mediadas pelo Ca?* encontram-se a estimulagdo da producédo de
espécies reativas de oxigénio, do controle da taxa de fosforilacdo oxidativa, de
processos de exocitose, da atividade de ciclos celulares e metabolicos (como o
ciclo de Krebs), controle da morte celular por apoptose e abertura do poro de
transicdo de permeabilidade mitocondrial (PTPM) (Mccormack e Denton, 1993;
Foskett e Madesh, 2014; Santo-Domingo et al., 2015).

Favorecida pelo desbalan¢co oxidativo, com a producdo de EROs
mitocondriais, e o fluxo elevado de Ca?*mitocondrial, a abertura do PTPM dissipa
0 gradiente eletroquimico prejudicando a producdo de ATP através da
fosforilacdo oxidativa, afetando o suprimento de energia celular (Vercesi et al.,
1988; Gunter et al., 2004). Assim, h4 um rapido desdobramento da membrana
mitocondrial interna conhecido como inchamento mitocondrial; que por sua vez
pode romper a membrana mitocondrial externa e provocar extravasamento do
contetido da matriz mitocondrial para o citosol, como proteinas pro-apoptoticas
(citocromo ¢ e Smac/DIABLO). Como consequéncia, a ativacdo de caspases e
subsequente morte celular sdo fatores caracteristicos presentes em processos
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fisiopatologicos, que podem induzir doencas crdnico-degenerativas
(Kowaltowski et al., 2001; Quintanilla et al., 2013).

2.6 Mitocdndria e serotonina: interacdo no tecido cardiaco

Todo e qualquer processo que ameace a disponibilidade de energia celular
pode estar associado com disfungfes mitocondriais, tendo em vista que o
suprimento de aproximadamente 95% do ATP utilizado pelas células de
vertebrados sdo provenientes dessa organela (Gunter et al., 2004). Sendo o
coracdo um Orgdo altamente dependente de energia e com vasta presenca de
mitocondrias em seus cardiomiocitos, a producdo de ATP para garantir um
desempenho cardiaco eficaz também precisa ser mantida (Ong e Hausenloy, 2010;
Ventura-Clapier et al., 2011). Como a homeostase mitocondrial contribui para a
preservacao de fungdes celulares e teciduais, sua protecdo contra disturbios pode
certamente reduzir a incidéncia de patologias associadas a disfuncdo mitocondrial
e estresse oxidativo, incluindo as cardiovasculares.

Nesse sentido, evidéncias crescentes tém reportado o envolvimento da
serotonina na protecdo cardiovascular atribuido a reducdo da disfuncdo
mitocondrial. Nebigil et al., demonstraram pela primeira vez o papel protetor da
serotonina em cardiomiocitos isolados de camundongos neonatos, onde a
estimulacdo aguda com 5-HT protegeu a permeabilidade mitocondrial através da
inibicdo da redistribuicdo de citocromo c e de caspases-3 e 9 (Nebigil, Etienne, et
al., 2003). Muto et al., demonstrou de maneira similar a prevengdo da apoptose
(via diminuicdo da atividade da caspase-3) e inibicdo da abertura do PTPM (via
supressdo do aumento de Ca?*mitocondrial) em coracdes que sofreram a injuria
de isquemia e reperfusdo, mas que foram pré-tratados com 5-HT (Muto et al.,
2014).

Outros estudos discutem ainda o papel da 5-HT, mediada por seus
receptores, em outros processos mitocondriais no sistema cardiovascular, como
uma maior fosforilagdo oxidativa, via atividade do receptor 5-HT,B, pelo
aumento na atividade de enzimas como citocromo ¢ oxidase e succinato
desidrogenase, segundo Nebigil et al., (Nebigil, Jaffre, et al., 2003); aumento da
biogénese mitocondrial, demonstrado por Garret et al., na utilizacdo de agonistas
de receptor 5-HT,F (Garrett et al., 2014); e aumento do controle respiratorio
mitocondrial, manutengdo da homeostase do calcio e maior produgdo de ATP,
sugerido por Wang et al., e atribuidos a ativacdo de receptores 5-HT3 (Wang et
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al., 2016). Por outro lado, Genet et al., demonstrou recentemente que a ativacéo
de receptores 5-HT, em artérias intrapulmonares induziu formacdo de O,
aumento de Ca?" intracelular e diminuicdo da respiracdo mitocondrial,
favorecendo o aparecimento de hipertensdo pulmonar (Genet et al., 2017).

Em publicagdes prévias, a associacdo entre ativacdo de MAO e producéo
de EROs com comprometimento da funcdo cardiovascular é reforcada, por
exemplo, por Poon et al.,, que descreveram uma maior formacdo de H,O,
decorrente da metabolizagdo de 5-HT pela MAO-A na artéria basilar de miocitos,
levando a uma maior tensdo arterial em ratos espontaneamente hipertensos
comparado ao grupo que apresentou menor atividade da MAO-A (Poon et al.,
2010). Villeneuve et al., evidenciaram uma diminuicdo da fun¢do mitocondrial,
com inducéo de necrose e insuficiéncia ventricular em cardiomidcitos neonatais
decorrentes da superexpressdo de MAO-A (Villeneuve et al., 2013). De maneira
similar, Santin et al., atribuiram um prejuizo mitocondrial a maior ativacéo de
MAO-A e consequente producdo de H,O, em cardiomiocitos de camundongos,
que foi associada positivamente com morte dos cardiomiécitos e insuficiéncia
cardiaca (Santin et al., 2016).

Ao analisar a literatura referente a relacao entre serotonina, mitocéndria e
periodo critico de desenvolvimento, € nitida a escassez de producdes cientificas
acerca dos efeitos cardiovasculares. As poucas existentes, ainda apresentam
divergéncias e associam a manipulacdo serotoninérgica em modelos
experimentais, a alteracGes na cadeia respiratoria ou no metabolismo energético
mitocondrial no cérebro (Curti et al., 1999; Hroudova e Fisar, 2012) e figado
(Souzaetal., 1994; Lietal., 2012) por exemplo. De maneira interessante, estudos
prévios do nosso grupo de pesquisa demonstraram efeitos positivos da
manipulacdo serotoninergica neonatal com fluoxetina (desenho experimental
adotado no presente estudo) em relacdo a bioenergética mitocondrial e
metabolismo oxidativo. Da Silva et al., 2014 demonstrou um aumento na
atividade das enzimas antioxidantes catalase e GST no hipocampo de ratos aos 60
dias tratados com fluoxetina durante a lactagdo (Da Silva et al., 2014). Seguindo
0 mesmo desenho experimental, também encontramos um aumento na capacidade
respiratoria mitocondrial associada a menor producdo de EROs no hipotalamo e
musculo esquelético de ratos machos aos 60 dias de vida, e aumento na atividade
da GST apenas no hipotadlamo (Da Silva, Braz, Pedroza, et al., 2015). As anélises
realizadas em mitocondrias do tecido adiposo marrom demonstraram ainda um
maior consumo de oxigénio apés a adicdo de GDP, um inibidor de proteina
desacopladora mitocondrial-UCP, menor producdo de EROs e um aumento na
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expressdo proteica da UCP1 (Da Silva et al., 2014; Da Silva, Braz, Pedroza, et
al., 2015; Da Silva, Braz, Silva-Filho, et al., 2015).

Diante das evidéncias, fica claro que a 5-HT possui relevantes efeitos em
diversos tecidos e que 0 organismo imaturo pode ser exposto aos efeitos dos ISRS
ndo apenas enquanto feto como também na idade neonatal, fortalecendo a
justificativa de estudos sobre os efeitos dessa manipulacdo durante periodos
criticos para o desenvolvimento de 6rgdos e sistemas, como gestacdo e lactacéo,
e especialmente sobre a funcdo cardiaca onde a compreensdo dos efeitos da
manipulacédo serotoninérgica neonatal ainda precisa ser mais explorada. Sabendo
que as poucas evidéncias existentes acerca dos efeitos cardiacos mediados pela
exposicado a fluoxetina neonatal ainda ndo estdo bem elucidadas e baseadas na
literatura, nosso trabalho foi conduzido mediante a hipotese de que a inibicdo
cronica de recaptacdo de serotonina durante o periodo critico de desenvolvimento
(i.e. durante o periodo de lactacdo) poderia induzir disfuncdo mitocondrial e
estresse oxidativo cardiacos na vida adulta, com maior comprometimento em
machos do que em fémeas.
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3 OBJETIVOS

3.1 Objetivo geral

Avaliar os efeitos da inibicdo cronica de recaptacédo de serotonina induzida
por fluoxetina durante o periodo de lactacéo sobre a bioenergética mitocondrial e
balango oxidativo no coragdo de ratos machos e fémeas aos 60 dias de vida.

3.2 Objetivos especificos

Avaliar o peso corporal durante o periodo de manipulacdo do sistema
serotoninérgico (1° ao 21° dia de vida), bem como aos 30, 45 e 60 dias de vida;

Avaliar nas mitocondrias do tecido cardiaco de ratos machos e fémeas do grupo
controle e fluoxetina:

e O consumo de oxigénio mitocondrial;

e A producdo de espécies reativas mitocondriais;

e O potencial elétrico de membrana mitocondrial.

Avaliar no tecido cardiaco de ratos machos e fémeas do grupo controle e
fluoxetina:
e Os biomarcadores de estresse oxidativo (MDA e Carbonilas);
e A atividade das enzimas antioxidantes (SOD, CAT e GST);
e A atividade da enzima do Ciclo de Krebs (Citrato Sintase);
e Os niveis de Glutationa reduzida (GSH).
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Neonatal SSRI exposure improves mitochondrial function and
antioxidant defense in rat heart

Glauber Ruda F. Braz, Cristiane M. Freitas, Luciana Nascimento, Anderson A. Pedroza,
Aline Isabel da Silva, and Claudia Lagranha

Abstract: Protein restriction during prenatal, postnatal, or in both periods has a close relationship with subsequent develop-
ment of cardiovascular disease in adulthood. Elevated brain levels of serotonin and its metabolites have been found in malnour-
ished states. The aim in the present study was to investigate whether treatment with fluoxetine (Fx), a selective serotonin
reuptake inhibitor, mimics the detrimental effect of low-protein diet during the perinatal period on the male rat heart. Our
hypothesis is that increased circulating serotonin as a result of pharmacologic treatment with Fx leads to cardiac dysfunction
similar to that observed in protein-restricted rats. Male Wistar rat pups received daily subcutaneous injection of Fx or vehicle
from postnatal day 1to postnatal day 21. Male rats were euthanized at 60 days of age and the following parameters were evaluated
in the cardiac tissue: mitochondrial respiratory capacity, respiratory control ratio, reactive oxygen species (ROS) production,
mitochondrial membrane potential, and biomarkers of oxidative stress and antioxidant defense. We found that Fx treatment
increased mitochondrial respiratory capacity (123%) and membrane potential (212%) and decreased ROS production (55%). In
addition we observed an increase in the antioxidant capacity (elevation in catalase activity (5-fold) and glutathione peroxidase
(4.6-fold)). Taken together, our results suggest that Fx treatment in the developmental period positively affects the mitochondrial
bioenergetics and antioxidant defense in the cardiac tissue.

Key words: heart, mitochondria, serotonin, antioxidant defense.

Résumé : La restriction calorique au cours de la période pré et/ou postnatale est associée étroitement au développement
subséquent d'une maladie cardiovasculaire a I'age adulte. Des études rapportent un taux cérébral élevé de sérotonine et de ses
meétabolites dans des conditions de malnutrition. Cette étude a pour objectif de vérifier si un traitement a la fluoxétine (« Fx »),
un inhibiteur sélectif de la recapture de la sérotonine, reproduit dans le cceur les effets nocifs d'un régime pauvre en protéines
durant la période périnatale chez le rat male. Selon notre hypothese, I'augmentation de la concentration sanguine de la
sérotonine causée par le traitement a la Fx entraine une dysfonction cardiaque semblable a celle observée chez le rat restreint
en matiére de protéines. Du jour 1 au jour 21 suivant leur naissance, on administre chaque jour a des ratons males Wistar une
injection sous-cutanée de Fx ou le véhicule. On sacrifie les rats au 60¢ jour et on évalue les variables suivantes du tissu cardiaque :
capacité respiratoire des mitochondries, ratio du controle respiratoire, production des dérivés réactif de l'oxygene (« ROS »),
potentiel de membrane de la mitochondrie, biomarqueurs du stress oxydatif et de la défense antioxydante. Nos observations
révelent que le traitement au Fx augmente la capacité respiratoire des mitochondries (123 %), le potentiel de membrane (212 %)
et diminue la production des ROS (55 %). De plus, on observe une augmentation de la capacité antioxydante (augmentation de
5 fois I'activité de la catalase et de 4,6 fois 1'activité de la glutathion peroxydase). Globalement, d'aprés nos résultats, le traitement
a la Fx durant la période de développement modifie positivement la bioénergétique de la mitochondrie et la défense
antioxydante du tissu cardiaque. [Traduit par la Rédaction]

Mots-clés : coeur, mitochondrie, sérotonine, défense antioxydante.

subsequent development of cardiovascular disease in adulthood.
Despite the studies demonstrating that low-protein diet during the
lactation period induces cardiac dysfunction or hypertension in
adulthood, the molecular mechanisms underlying this process in

Introduction

A large number of experimental studies have demonstrated that
low-protein diet during prenatal (Langley-Evans 2000; Pladys et al.

2004; Torrens et al. 2006), postnatal (Penitente et al. 2007; Costa-Silva
etal. 2009; Oliveira-Sales et al. 2010), or in both periods (de Brito Alves
etal. 2014, 2015; Barros et al. 2015) bears a close relationship with the

central and peripheral tissues are yet unclear.
Elevated brain levels of serotonin and its metabolites have been
found in malnourished states (Sobotka et al. 1974; Resnick et al.
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1979; Hernandez et al. 1989; Manjarrez et al. 2003; Choi et al. 2011).
Serotonin or 5-hydroxitriptamine (5-HT) was discovered in the
mid 1950s as a neurotransmitter in mammalian brain (Brodie and
Shore 1957). Only 2% of 5-HT is produced in the central nervous
system, mainly in the raphe nucleus, located in brainstem (Halliday
et al. 1995). Despite the low content in the brain, serotonin is
associated with a variety of functions in the control of energy and
behavior. In addition, several studies suggest that 5-HT is also
important in the cardiovascular system, controlling various func-
tions, including modulation of vascular tonus and tissue-specific
function by interaction with a specific 5-HT receptor (Rapport
et al. 1948; Erspamer and Asero 1952; Watts 2005; Hildreth et al.
2008).

Fluoxetine (Fx) is a member of the selective serotonin reuptake
inhibitor (SSRI) class that according to some authors, acts by in-
creasing levels of extracellular serotonin in the brain's serotoner-
gic system areas (Krishnan and Nestler 2008). It has been shown
that exposure to certain classes of antidepressant drugs induces
excessive reactive oxygen species (ROS) production and alters the
antioxidant defense (Novio et al. 2011; Moretti et al. 2012; De Long
et al. 2014). Increased ROS levels may be one of the mechanisms
triggering some cardiac diseases, such as left ventricular hyper-
trophy, heart failure, and ischemia-reperfusion injury (Kohr et al.
2011; Munzel et al. 2015; Zheng and Lu 2015).

During the normal process of ATP synthesis in the mitochon-
dria, a small percentage of electrons can leak from the electron
transport chain and directly react with oxygen, producing short-
lived ROS, such as the superoxide anion (O,”) (Fridovich 1995).
This superoxide anion can be converted to nonradical species,
hydrogen peroxide (H,0,), mainly by superoxide dismutase (SOD)
(Weisiger and Fridovich 1973; Turrens 2003). H,0, is membrane
permeable and can be converted into oxygen and water by the
antioxidant enzymes, catalase (CAT), and glutathione peroxidase.
Although ROS in small concentrations can act as an intracellular
signaling molecule (Halliwell and Gutteridge 2007), an excess of
ROS can induce damage in important cellular components, such
as lipids and proteins, causing oxidative stress (Sies 1991).

It has been shown that in undernourished rats, elevated sero-
tonin levels in the brain may lead to cardiac dysfunction. A study
from our group using the protein restriction as experimental
model during the gestation and lactation periods demonstrated
that perinatal low-protein diet induces mitochondrial dysfunc-
tion associated with significantly elevated levels of oxidative
stress in the heart (Nascimento et al. 2014). We have recently
demonstrated that low-protein diet not only affects the heart, but
also induces oxidative stress combined with a marked decrease in
the antioxidant defense in brainstem of male rats at 100 days of
age (Ferreira et al. 2015).

Based on previous data, the aim of the present study was inves-
tigate whether the elevation of brain's serotonin induced by phar-
macological treatment of male rats with Fx, an SSRI, mimics the
effect of the low-protein diet fed during the perinatal period on
mitochondrial function and oxidative balance in the heart. Our
hypothesis is that modulation of serotonin during critical periods
for development may be associated with impairment the cardiac
mitochondrial capacity and induce oxidative stress. To perform
this study, we treated rat pups from postnatal day 1 to postnatal
day 21 (i.e., during the lactation period) with Fx or vehicle (control;
Ct), and we evaluated mitochondrial oxygen consumption, respi-
ratory control ratio, ROS production, mitochondrial membrane
potential, citrate synthase, oxidative stress biomarkers, and anti-
oxidant defense in the cardiac tissue when rats reached 60 days
of age.

Appl. Physiol. Nutr. Metab. Vol. 41, 2016

Material and methods
Animals

Wistar rats were maintained at a room temperature of 23 +1°C,
on a 12-h light/12-h dark cycle (lights on at 0700 h), with ad libitum
access to water and food. The animals were assigned randomly to
2 groups with 8 pups per litter, 24 h after birth as previous pub-
lished (da Silva et al. 2014, 2015a, 2015b). All procedures were
performed with the approval of the Animal Care Committee of
the Universidade Federal de Pernambuco (no. 23076.026644/2010-20)
in accordance with the recommendations of the National Insti-
tutes of Health's Guide for the Care and Use of Laboratory Animals.

Pharmacological treatment and experimental design

Fx was dissolved in sterile saline (1 mg/mL). The treated and
control groups received daily a single dose of subcutaneous injec-
tion with Fx (treated (Fx) group: 10 mg/kg, dissolved in sterile
saline solution) or sterile saline (control (Ct) group: NaCl 0.9%,
10 mL/kg). Treatments were applied from the postnatal day 1 to
postnatal day 21 (i.e., suckling period), as previously described
(da Silva et al. 2014, 2015a, 2015b).

Mitochondria isolation and mitochondrial oxygen
consumption analyses

Freshly isolated mitochondria were prepared from the homo-
genized hearts by differential centrifugation as previously de-
scribed (Lagranha et al. 2010; Nascimento et al. 2014). Aliquots of
mitochondria were analyzed for the total protein content using
the Bradford protocol. The mitochondrial respiration was mea-
sured at 28 °C in a chamber connected to a Clark-type oxygen
electrode (Hansatech Instruments, Pentney King's Lynn, UK) and
in the respiration buffer comprising 120 mmol/L KCl, 4 mmol/L
HEPES, 5 mmol/L K,HPO,, and 0.2% bovine serum albumin (BSA)
(wjv), pH 7.4, with 0.5 mg protein of mitochondria and complex I
(10 mmol-L! glutamate/2 mmol-L-! malate) as substrate. The mito-
chondria were kept on ice during the assay (Nascimento et al. 2014).

Measurement of mitochondrial membrane potential (Aijsm)

After mitochondria isolation, samples were immediately di-
luted and then held in the isolation buffer at 4 °C until use. For the
safranin O uptake measurements, the cardiac mitochondria were
incubated at a final concentration of 0.10 mg/mL in a buffer con-
taining 120 mmol/L KCI, 4 mmol/L HEPES, 5 mmol/L K2HPO4, 0.2%
BSA, 5 pmol/L safranin O, pH 7.4, and complex I substrate (Feldkamp
et al. 2007; Park et al. 2011). Fluorescence was measured once every
30 s at 485-nm excitation and 586-nm emission using fluorometers
(FLUOStar, Omega, USA), temperature controlled (28 °C), with con-
tinued shaking to follow safranin O uptake by the mitochondria.
Fluorescence values for the safranin uptake were normalized to
the value at the start of uptake when safranin O was entirely in
the medium in control, which was set at 100%. Uptake of safranin
O into the matrix of energized mitochondria results in quench-
ing of its fluorescence, so the measured signal decreases.

ROS production measurement

Briefly, the production of ROS was monitored using a fluores-
cent probe 5- (and 6)chloromethyl-2’,7"-dichlorodihydrofluorescein
diacetate (DCFDA). Freshly isolated mitochondria (0.1 mg mito-
chondrial protein) were incubated in a respiratory buffer with
1 pm DCFDA, 10 mmol/L glutamate, and 2 mmol/L malate. The
DCFDA fluorescence was monitored at 485 nm and 525 nm via
fluorescence spectrophotometry (FLUOStar) (da Silva et al. 2015a,
2015b).

Tissue homogenate preparation

The hearts were quickly harvested and immediately homoge-
nized in 50 mmol/L TRIS and 1 mmol/L EDTA (pH 7.4), with the
addition of 1 mmol/L sodium orthovanadate and 200 pg/mL phen-
ylmethanesulfonyl fluoride. Homogenates were centrifuged at
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Fig. 1. Effect of neonatal selective serotonin reuptake inhibitor exposure during nursing phase on mitochondrial bioenergetics in male rats heart
at 60 days of life. The pups received daily fluoxetine (fluoxetine = 10 mg/kg body weight, sc, N = 6) or vehicle (0.9% NaCl, Control = 10 mL/kg body
weight, 1 subcutaneous, N = 6) from postnatal day 1 to postnatal day 21. Data are presented as means + SE. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

(A) Mitochondrial respiration and respiratory control ratio (RCR); (B) reactive oxygen species (ROS) production; (C) mitochondrial membrane
potential; (D) citrate synthase activity.
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Fig. 2. Effect of neonatal selective serotonin reuptake inhibitor exposure during nursing phase on oxidative stress biomarker in heart of male rats
at 60 days of life. The pups received daily fluoxetine (fluoxetine =10 mg/kg body weight, sc, N = 6) or vehicle (0.9% NaCl, control = 10 mL/kg body
weight, subcutaneous, N = 6) from postnatal day 1 to postnatal day 21. Data are presented as means + SE. *, p < 0.05. (A) Malondialdehyde production

(MDA) concentration; (B) Carbonyls content.
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4000 r/min (1180g) for 10 min at 4 °C. Protein concentration was
determined in the supernatant using the Bradford protocol and
supernatant was used for the subsequent biochemical analyses.

Citrate synthase (CS) activity

CS is the first enzyme in the Krebs cycle and catalyzes the con-
densation of acetyl-CoA with oxaloacetate to form citrate (Wiegand
and Remington 1986). Enzymatic activity was determined as de-
scribed previously (Le Page et al. 2009). Briefly, the citrate synthase
activity was in a reaction mixture containing (in mmol/L) 100 Tris-HCI
(pH 8.2), 1MgCl,, 1EDTA, 0.2 5,5-dithio-bis(2-nitrobenzoic acid) (e =
13.6 pmol/(mL-cm™), 3 acetyl-CoA, 5 oxaloacetate and 0.3 mg/mL
homogenate. The citrate synthase activity was measured by as-
sessing the rate of change in absorbance at 412 nm over 3 min (30-s
intervals) (da Silva et al. 2015b).

Evaluation of malondialdehyde production

A total of 0.2 mg/mL heart homogenate was used to measure the
malondialdehyde production (MDA) following the reaction with
thiobarbituric acid at 100 °C according to the method of Draper
(Draper et al. 1993). The results are expressed as nmol/mg protein.

Protein carbonyl content

The access of protein oxidation was performed according to
Levine (Levine et al. 1990; Reznick and Packer 1994). The heart
homogenate was added to and incubated, at room temperature,
with 10 mmol/L dinitro phenyl hydrazine (DNPH) in 2.5 mol/L HC1
for 60 min. Then the samples were washed (ethanol/ethyl acetate),
precipitated, redissolved in 6 mol/L guanidine, and the insoluble
material removed by centrifugation. Thereafter, the supernatant
was read at 370 nm and the protein carbonyl content expressed as
wmol/mg protein, based in the DNPH extinction coefficient.

SOD activity

SOD is an enzyme that catalyzes the dismutation of superoxide
anion into another species, H,0, (Halliwell and Gutteridge 2007).
The determination of total SOD enzyme activity was performed
according to the method of Misra and Fridovich (1972). Samples
(0.3 mg/mL homogenate) were incubated in a sodium carbonate
buffer (0.05%, pH 10.2, 0.1 mmol/L EDTA) in a water bath at 37 °C.
The reaction was started by the addition of 30 mmol/L epinephrine
dissolved in 0.05% acetic acid. Absorbance at 480 nm was determined
after 4 min. SOD activity was expressed as U/mg protein.

CAT activity

CAT catalyzes the decomposition of H,0, into water and oxygen.
CAT activity was measured according to a method described by Aebi
(1984). Briefly, 0.3 mol/L H,0, was added to a mixture containing
0.3 mg/mL of homogenate and 50 mmol/L phosphate buffer (pH 7.0).
The decrease in H,0, was followed by measuring 240 nm absorbance
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for 3 min, and the CAT activity was expressed as U/mg protein (Aebi
1984).

Glutathione peroxidase (GPx) activity

GPx activity was performed as previously published by Paglia
and Valentine (1967). Briefly, 150 g protein was added to 50 mmol/L
phosphate buffer (pH 7.0) containing 5 mmol/L EDTA, 0.28 mmol/L
NADPH, 3.75 mmol/L sodium azide, 5 mmol/L glutathione (GSH),
and 16 U glutathione reductase. The reaction was initiated with
2.2 mmol/L H,0,, and the activity was followed at 340 nm absor-
bance for 4 min. GPx activity was expressed as U/mg protein.

Reduced GSH content

The measurement of GSH content was carried out as previously
published (Nascimento et al. 2014). The samples were sequentially
diluted in phosphate buffer (pH 8.0) and then incubated with
o-phthaldialdehyde at room temperature for 15 min. The fluores-
cence intensity was measured at 420 nm and excitation at 350 nm
and compared with a standard curve range from (0.4 pmol/L) to
(6.48 pwmol/L).

Statistical analysis

All results are expressed as means * SE. Student's t test was used
to assess the significant differences between groups. Data were
considered as statistically significant at p < 0.05.

Results

We observed that Fx increased the coupling state in cardiac
mitochondria under many conditions: basal (Ct: 16.4 * 2.5; Fx:
7.4 * 0.6 nmol O,/(min-mg protein~'); p < 0.01; N = 6), resting (Ct:
14.7 £2.9; Fx: 5.1+ 0.4 nmol O,/(min-mg protein~); p < 0.05; N=6),
and after uncoupling agent (Ct: 91.2 * 8.7; Fx: 52.3 * 2.8 nmol O,/
(min-mg protein~?); p < 0.01; N = 6). In the ADP-stimulated phos-
phorylation condition, Fx did not induce a significant difference
(Ct: 72.3 £ 9.8; Fx: 71.1 + 5.3 nmol O,/(min-mg protein~'); N = 6).
However, there was an increase in the respiratory control ratio by
123% (Ct: 7.3 £ 0.7; Fx: 16.2 * 1.2; p < 0.0001; N = 6) (Fig. 1A and
insert). In addition, we observed that mitochondrial ROS produc-
tion was significantly decreased in the Fx group (Ct: 3.9 + 0.4; Fx:
1.8 £ 0.5; p < 0.01; N = 6) (Fig. 1C). Fx improved the Aym (Ct: 15.5 *
5.6; Fx: 32.0 £ 3.2; p < 0.05; N = 6), which was associated with a
decrease in ROS production and an increase in respiratory capac-
ity. In addition to the evaluation of mitochondrial respiration, we
assess citrate synthase activity (i.e., first enzyme in the Krebs cy-
cle), since this enzymatic activity is commonly used as a marker
for mitochondrial oxidative capacity in a number of tissues. Our
data showed that citrate synthase activity measured at 60 days
was significantly increased in animals that had received Fx (Ct:
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Fig. 3. Effect of neonatal selective serotonin reuptake inhibitor exposure during nursing phase on antioxidant defense on heart of male rats at
60 days of life. The pups received daily fluoxetine (fluoxetine = 10 mg/kg body weight, sc, N = 6) or vehicle (0.9% NaCl, C = 10 mL/kg body weight,
subcutaneous, N = 6) from postnatal day 1 to postnatal day 21. (A) Superoxide dismutase activity; (B) catalase activity; (C) glutathione peroxidase
activity; (D) glutathione-S-transferase activity; (E) reduced glutathione (GSH) concentration. Data are presented as means + SE. *, p < 0.05; **, p < 0.01
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10.88 * 0.85 U/mg protein; Fx: 14.3 * 0.48 U/mg protein; p < 0.05;
N = 6; Fig. 1D).

Related to oxidative stress evaluation, we observe that MDA
formation decreased (Ct: 20.1+ 3.4; Fx: 11.1+ 1.7 nmol/mg protein;
p < 0.05; N = 6) in association with the mitochondrial function
capacity (Fig. 2A), with no difference in the content of carbonyls
(Ct: 11.8 + 0.9; Fx: 12.9 * 1.3 pmol/mg protein; N = 6; Fig. 2B). In
accordance with decreased oxidative stress biomarkers in the Fx
group, a significant increase in CAT and GPx enzyme activities
(CAT Ct: 0.3 £ 0.07, Fx: 1.8 0.5 U/mg protein, p < 0.05; and GPx Ct:
3.1+1.0, Fx: 17.6 *+ 3.4 U/mg protein, p < 0.01; N = 6; Fig. 3B-3C) was
observed, with no changes in SOD and glutathione-S-transferase

Fluoxetine

(GST) activity, and GSH levels (SOD Ct: 48.8 + 13.1, Fx: 46.5
11.9 U/mg protein; N = 6; GST Ct: 5.6 * 1.3, Fx: 4.5 * 0.9 U/mg
protein; N = 6; and GSH Ct: 0.18 * 0.003, Fx: 0.17 + 0.005 pmol/mg
protein; N = 6; Fig. 3A, 3D-3E).

Discussion

To our knowledge, there are no data available to date examin-
ing the effect of elevated levels of serotonin induced by Fx treat-
ment during the perinatal period with repercussion on the cardiac
mitochondrial function in adult animals. In the present study, we
investigated the hypothesis that Fx-induced elevated serotonin
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levels at an early age impair the cardiac mitochondrial capacity
and induce oxidative stress. However, our studies have shown, on
the contrary, that treatment with Fx during the lactation period
resulted in improvement of the mitochondrial respiratory capac-
ity, respiratory control ratio, citrate synthase activity, and mito-
chondrial potential, as well as decreases in ROS production,
decreases oxidative stress biomarkers, and increases enzymatic
antioxidant defense (CAT and GPx activity) in the heart of treated
rats when they reached 60 days of age.

Some authors suggest that Fx among other antidepressants has
a deleterious effect in mitochondria (Souza et al. 1994; Curti et al.
1999; Novio et al. 2011; Hroudova and Fisar 2012; Moretti et al.
2012; De Long et al. 2014); in contrast, others (Park et al. 2002;
Avram et al. 2005; Abdel-Razaq et al. 2011; Moretti et al. 2012;
Abdel Salam et al. 2013; Aksu et al. 2014; da Silva et al. 2014, 2015a,
2015b) suggest that Fx act as antioxidant. However, the effect of Fx
in mitochondrial function is still a manner of debate. In our case
Fx during developmental age improved mitochondrial bioener-
getics and antioxidant defense.

The discrepancy between authors may be related to differences
in the drug concentration or the developmental stage of the
treated animals (fully developed animals vs. neonates). Souza et al.
(1994) showed that high doses (160-320 p.mol/L) of Fx interfere in
energy metabolism in rat liver mitochondria. Additionally, Curti
etal. (1999), also using high doses (50-250 p.mol/L), showed that Fx
induces inhibition of oxphox capacity and decreases the activity
of ATP synthase in rat brain mitochondria. Hroudovd and Fisar
(2012) demonstrated that Fx inhibited mitochondria respiration
capacity at doses higher than 86 pmol/L with complex I substrate
and higher than 266 pmol/L with complex II substrate. In con-
trast, Agostinho et al. (2011) showed that acute treatment of adult
male rats with Fx induced an increase in the corpus striatal activ-
ity of citrate synthase, the first enzyme of the Krebs cycle. This
corroborates with our present findings and our previous study
where we demonstrated that Fx during developmental age im-
proves mitochondrial function and citrate synthase activity in
several tissues at 60 days of age (da Silva et al. 2015a, 2015b).

In eukaryotic mitochondria an increase in the production of
nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH,) results in upregulation of mitochondrial
respiration and the electrons from reduced substrates (i.e NADH
and FADH,) pass through the enzymes present in the electron
transport chain, coupling the reactions for energy-releasing oxi-
dation to the energy-demanding reaction associated with ATP syn-
thesis and accompanied with the maintenance of the membrane
potential (Brand 2000). Dimroth et al. (2000) have shown that the
rate of ATP synthesis increases with the increase in mitochondrial
membrane potential (Dimroth et al. 2000). Our data showed that
early treatment with Fx increased mitochondrial membrane po-
tential. In accordance with our data, Tagashira et al. (2014) dem-
onstrated that administration of fluvoxamine, another type of
SSRI drug, in vivo or in cultured cardiomyocytes increased ATP
production (Tagashira et al. 2014). In addition, Muto et al. (2014),
also using fluvoxamine, demonstrated that this drug inhibited the
mitochondrial permeability transition pore opening and in-
creased ATP production after ischemia and after the reperfusion
period (Muto et al. 2014).

In addition to promoting ATP synthesis by oxidative phos-
phorylation, mitochondria is the major site of ROS production
through reduction of oxygen to superoxide anion and other ROS,
such as H,0, and hydroxyl agents (Boveris and Chance 1973;
Brand 2000). Some studies suggest that agents that increase the
respiratory rate, such as ADP, are associated with a decrease in
ROS production (Boveris and Chance 1973; Brand 2000; Feldkamp
et al. 2007; Park et al. 2011). Our results showed that Fx-induced
serotonin brain levels decrease ROS production, possibly because
of an increase in the respiratory control ratio. This is in agreement
with a previous study from Simplicio et al. (2015), where they
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evaluated the effect of chronic treatment with Fx on rat aorta,
showing that Fx decreased hydrogen peroxide in association with
an increase in CAT activity with no alterations in the systemic or
vascular levels of malondialdehyde (Simplicio et al. 2015). This
also parallels previous data from our laboratory where we ob-
served that Fx treatment during lactation decreases mitochon-
drial production of ROS in skeletal muscle and hypothalamus (da
Silva et al. 2015b). Consistent with the decrease in ROS production,
Fx did not induce oxidative stress and also improved antioxidant
defense as we observed in different tissues (da Silva et al. 2014,
2015a, 2015b).

In summary, elevated levels of the brain's serotonin by Fx in rat
hearts did not induce deleterious effect; on the contrary, it im-
proved mitochondrial capacity and decreased oxidative stress.
Consistent with reduced oxidative stress in Fx-treated animals, we
found that mitochondria from the experimental group had a
number of modifications in functions involved in regulating ROS
generation and oxidative metabolism. Taken together, our results
suggest that Fx treatment in the developmental period positively
affects the mitochondria, improving mitochondrial capacity and
decreasing oxidative stress in the cardiac tissue.
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Aims: The present study investigates the effects of neonatal serotonin modulation in female rats on cardiac pa-
rameters related to hemodynamics and oxidative metabolism in the mature animal.
Main methods: Female Wistar rat pups were administered daily subcutaneous injections of fluoxetine (Fx-treated
group) or vehicle solution (Ct-group) from the 1st to 21st day of life. At 60 days of age, animals from both groups
were either used for cardiovascular evaluation or sacrificed for tissue collection for biochemical assays.
Key findings: We found that body weight in the Fx-treated group was less than that in the control. When analyz-
ing hemodynamic parameters (i.e., arterial blood pressure, heart rate—HR, sympathetic and vagal tonus, or in-
Hemodynamic evaluation trinsic HR), we did not observe significant difference in the Fx-treated group. Evaluating oxidative stress in
Oxidative stress brainstem and heart by measuring carbonyl content and malondialdehyde—MDA formation, we observe a de-
Heart crease in carbonyl content only in the Fx-treated group (60.3%, in brainstem; 58.2%, in heart), without difference
Brainstem in the MDA levels. This observation is consonant with an increase in superoxide dismutase—SOD and
catalase—CAT activity in brainstem and heart in the Fx-treated group (SOD: 82.7% and CAT: 23.7 in brainstem;
SOD: 60.6%, and CAT: 40.7 in heart), with no changes in glutathione S-transferase activity and reduced glutathi-
one levels. With regard to oxidative metabolism markers, citrate synthase activity was higher in brainstem in the
Fx-treated group (20%).
Significance: Our data suggest that serotonin modulation by Fx-treatment at an early age does not induce hemo-
dynamic alteration, although it modulates oxidative metabolism in cardiac-related tissues.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Serotonin (5-hydroxytryptamine; 5-HT) was first discovered in the
mid-50s as a neurotransmitter in the mammalian brain [1]. Only 2% of
total body 5-HT is produced in the central nervous system (CNS) [2].
Though present in lesser amounts, 5-HT in the CNS is associated with
a wide variety of functions, including control of arterial blood pressures
[3,4]. Wolf et al. demonstrated that microinjection of 5-HT in the nucle-
us tractus solitarius (NTS) induced a hypertensive response [5]. In
addition, Feldman and Galiano showed that microinjection of 5 nmol
of 5-HT induces hypotension and bradycardia, postulating that 5-HT in-
jection evokes vagal cardioinhibition and sympathetic withdrawal [6].
In agreement with these data, Callera et al. showed that unilateral

* Corresponding author at: Rua Alto do Reservatério, s/n, CEP: 55608-680, Niicleo de
Educagao Fisica e Ciéncias do Esporte, Bela Vista, Vitéria de Santo Antao, PE, Brazil.
E-mail address: lagranha@hotmail.com (CJ. Lagranha).

http://dx.doi.org/10.1016/j1f5.2015.12.024
0024-3205/© 2015 Elsevier Inc. All rights reserved.

microinjection of 5-HT in the picomolar range into the NTS of unanes-
thetized rats resulted in a dose-dependent decrease in mean arterial
pressure (MAP) and heart rate (HR) which was blocked by a previous
microinjection of 5-HT2A inhibitor (ketanserin) [7].

In addition to decreasing blood pressure following microinjection, 5-
HT has also been shown to have a dual effect on vascular tone, inducing
concentration-dependent vasoconstriction. Cohen et al. showed that
the ED50 for 5-HT-induced contraction in the aorta and jugular vein
was approximately 6.0 and 0.6 M [8]. Later, Lai et al. also demonstrated
an endothelium-independent 5-HT-induced contraction in the coronary
artery [9]. Conversely, studies have shown that fluoxetine (Fx; inhibitor
of serotonin transporter SERT) treatment for 21 days consecutively in
adult rats can induce a mild hypertension due to an alteration in the
baroreflex control of HR [10]. In support of this finding, recent studies
have shown that exposure to Fx increases reactive oxygen species
(ROS) levels and alters the antioxidant defense system in several tissues
[11,12]. In agreement with these findings, studies have shown that an
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increase in ROS concentration in specific regions of the CNS can result in
increased arterial blood pressure [13,14].

As mechanistic control of arterial blood pressure requires the partic-
ipation of the CNS, which is vulnerable to environmental stimuli during
the critical developmental period, it is very likely that the 5-HT system
manipulation by Fx treatment during development could induce adap-
tation in hemodynamic and oxidative metabolism in brainstem and
heart. 5-HT system modulation at an early age is not clinically irrelevant,
as the serotonin reuptake inhibitor is widely used for the treatment of
depressive disorders in women during pregnancy and in the postpar-
tum period. Some authors demonstrate that Fx can cross human placen-
ta and its presence in breast milk could induce harmful effects on
developing fetuses and newborns [15,16]; thus, the evaluation of the
hemodynamics and oxidative status in brainstem and heart in adult an-
imal could provide further insight into serotonin modulation at a critical
period of development. Thus, the aim of the present study was to inves-
tigate whether serotonin system manipulation by Fx treatment, during
development, would affect hemodynamic response and oxidative me-
tabolism in brainstem and heart in adult rat.

2. Material and methods
2.1. Animals

Wistar rats were maintained at a room temperature of 23 + 1 °C, on
alight-dark cycle of 12:12 h, with free access to water and food. The an-
imals were assigned randomly to two groups with eight pups per litter
24 h after birth. In order to avoid any possible influence of the circadian
rhythm on the measurements, all Fx and vehicle injections were admin-
istered between 7:00 and 8:00 AM. All surgical procedures and experi-
ments were performed with the approval of the Animal Care Committee
of the Federal University of Pernambuco, Brazil, under the process num-
ber 23,076.026644/2010-20 [17-19].

2.2. Pharmacological treatment

The experimental and control groups were administered a single
daily subcutaneous injection of Fx (10 mg/kg, dissolved in saline solu-
tion, 10 ml/kg) or saline vehicle (NaCl 0.9%), approximately between
7:00 and 8:00 AM. The treatments were applied from the 1st to the
21st postnatal day (i.e., during the suckling period) [17-19].

2.3. Measurement of body weight

Body weights were determined from the 1st to the 21st day of life
(i.e., birth to weaning) and also before sacrifice of the animals at 40
and 60 days of age. Body weights were recorded using an analytical
balance accurate to 0.01 g [17-19].

2.4. Surgical procedure

Female Wistar rats at 59 days of age were anesthetized with keta-
mine (80 mg/kg) and xylazine (10 mg/kg) for inserting arterial and
venous cannulas into control (n = 8 in each group) and treated rats
(n=8ineach group) a day before cardiovascular evaluation, and all an-
imals were administered a single injection of ketoprofen (4 mg/kg).
While the rat was under anesthesia, polyethylene-tipped cannulas
(PE-50 connected to PE-10, Clay Adams, NJ, USA) filled with heparin
in normal saline (500 U/ml) were inserted into the left femoral artery
and vein. The ends of the cannulas were tunneled subcutaneously and
exteriorized at the back of the neck. After surgery for catheter implanta-
tion, each rat was maintained in a separate cage to avoid additional
stress. On the day of the experiment, the arterial cannula was placed
into a pressure transducer (SP844, AD instruments, MSW, Australia)
and a pressure amplifier (ML866/P, AD instruments, MSW, Australia).
The electrode cable and the arterial cannula were attached to extensions

during the recording period, thus allowing each rat complete freedom of
movement in its chamber.

2.5. Measurement of AP and HR

A day after catheter implantation, the AP and HR were recorded
in conscious animals using the appropriate measurement system
(LabChart 7 Pro; ADInstruments, Bella Vista, NSW, Australia). Briefly,
each animal was placed in the recording chamber for a period of
acclimatization (approximately 60 min). The pulsatile AP was recorded
for an additional 30 min under basal conditions, and the values of
the MAP and HR were calculated following measurements taken at a
5-min interval of this period.

2.6. Spectral analyses of cardiovascular variability

Cardiovascular autonomic evaluation was performed using frequen-
cy domain analysis of the HR and systolic arterial pressure (SAP) with an
appropriate software program (CardioSeries-v.2.4) that integrates
spectra in the low-frequency (LF) (0.2-0.75 Hz) and high-frequency
(HF) bands (0.75-3 Hz). The LF/HF ratio of the variability was calculated
for assessing the sympathetic and parasympathetic indices of the heart
[20].

2.7. Evaluation of sympathetic and parasympathetic tonus and intrinsic HR

A muscarinic antagonist methylatropine, a parasympathetic blocker
administered at 2 mg/kg, iv, and B-adrenergic antagonist propranolol, a
sympathetic blocker administered at 4 mg/kg, iv, were used to evaluate
the effects of parasympathetic and sympathetic tonus on HR, respec-
tively. In the first group of animals, methylatropine was injected initially
and the HR recorded for 15 min; then propranolol was injected, follow-
ing which the HR was recorded for 15 min. In the second group, this
sequence was reversed; the animals were initially administered pro-
pranolol and then methylatropine. After each sequence, the intrinsic
HR (iHR) was calculated [21,22].

2.8. Tissue homogenate preparation

Brainstem and heart were collected quickly and stored at —20 °C.
Tissue samples were placed in small glass homogenizers with extraction
buffer containing protease and phosphatase inhibitors. The tissue was
homogenized on ice and centrifuged at 1000 g for 10 min at 4 °C. The
supernatant was collected and stored at — 20 °C until assay [23,24].

2.9. Protein determination

Aliquots of tissue homogenate were used for measuring the total
protein content as described by Bradford [25].

2.10. Evaluation of malondialdehyde production

Lipid peroxidation is a process under which reactive oxygen species
attack lipids, especially polyunsaturated fatty acids. Among the many
different aldehydes formed as secondary products during lipid peroxi-
dation, malondialdehyde (MDA), appears to be the most mutagenic
product of lipid peroxidation [26]. For the evaluation of lipid perox-
idation, a total of 0.2 mg/ml homogenate was used to measure
malondialdehyde production (MDA) following reaction with thio-
barbituric acid (TBA) at 100 °C according to the method of Draper
[27,28]. The results are expressed as nmol/mg protein.

2.11. Evaluation of protein oxidation

Reactive oxygen species can induce the oxidation of amino acid res-
idues on proteins, thus yielding protein carbonyls. The protein carbonyl
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content is the most widely used marker of oxidative modification of
proteins [29]. The protein oxidation was assessed using the procedures
highlighted by Reznick and Packer [30]. 2,2,2-Trichloroacetic acid (TCA)
of 30% (w/v) was added to the sample on ice, and then this mixture was
centrifuged for 14 min at 4000 RPM. The pellet was suspended in
10 mM 2 4-dinitrophenylhydrazine (DNPH) and immediately incubat-
ed in a dark room for 1 h with shaking every 15 min. Thereafter, the
samples were centrifuged and washed thrice with ethyl/acetate buffer;
then, the final pellet suspended in 6 M guanidine hydrochloride was
incubated for 5 min in a water bath at 37 °C and the absorbance was
measured at 370 nm.

2.12. Superoxide dismutase activity

Superoxide dismutase (SOD) is an enzyme that catalyzes the
dismutation of superoxide anion into another species such as hydrogen
peroxide (H,0,) [31]. The determination of total SOD enzyme activity
(t-SOD) was performed according to the method of Misra and Fridovich
[32]. Samples (0.3 mg/ml homogenate) were incubated in sodium
carbonate buffer (0.05%, pH 10.2, 0.1 mM EDTA; ethylenediaminetetra-
acetic acid) in a water bath at 37 °C. The reaction was started by the ad-
dition of 30 mM epinephrine dissolved in 0.05% acetic acid. Absorbance
at480 nm was determined after 4 min. One unit of t-SOD was defined as
the amount of enzyme causing a 50% inhibition of epinephrine oxida-
tion. Tissue t-SOD activity was expressed as units per milligram protein
(U/mg protein) [28].

2.13. Catalase activity

Catalase (CAT) catalyzes the decomposition of hydrogen peroxide
into water and oxygen [31]. Catalase activity was measured according
to the method described by Aebi [33]. Briefly, 0.3 M H,0, was added
to a mixture containing 0.3 mg/ml of homogenate and 50 mM phos-
phate buffer (pH 7.0). A decrease in the H,0, levels was noted, follow-
ing which the absorbance was measured at 240 nm for 3 min; the CAT
activity was expressed as U/mg protein [33,34].

2.14. Glutathione S-transferase activity

Glutathione S-transferase (GST) is an antioxidant enzyme involved
in the detoxification of a wide range of toxic agents including peroxide
and alkylating agents present in the brain. The activity of GST was mea-
sured by the method described by Habig et al. [35]. The principle of the
assay is based on the determination through absorbance spectroscopy
of the conjugation of 1-chloro, 2,4-dinitrobenzene (CDNB) with reduced
glutathione (GSH). Absorbance is measured at 340 nm. One unit of
enzyme conjugates 10.0 nmol of CDNB per minute with reduced gluta-
thione [28].

2.15. Reduced GSH levels

GSH is the major non-enzymatic antioxidant present in mammalian
cells; in its reduced state, the thiol group of cysteine is able to donate a
reducing equivalent to unstable molecules such as reactive oxygen
species, thereby decreasing the toxicity of the unstable molecules. A ho-
mogenate of 0.3 mg/ml was added to 0.1 M phosphate buffer (pH 8.0)
containing 5 mM EDTA and incubated with o-phthaldialdehyde (OPT,
1 mg/ml) at room temperature for 15 min. Fluorescence intensity was
measured at 350 nm excitation and 420 nm emission wavelengths
and compared with a known standard GSH curve (0.5-10 puM) [36].

2.16. Citrate synthase activity
Citrate synthase (CS) is the first enzyme in Krebs cycle and cata-

lyzes the condensation of acetyl-CoA with oxaloacetate to form citrate
[37]. Enzymatic activity was determined as described previously [38].

Briefly, the reaction mixture contained (in mM) 100 Tris-HCI
(pH 8.2), 1 MgCl,, 1 EDTA, 0.2 5,5-dithio-bis(2-nitrobenzoic acid)
(DTNB) (& = 13.6 umol-ml~' cm™ '), 3 acetyl-CoA, 5 oxaloacetate,
and 0.3 mg/ml of homogenate. The CS activity was measured by
assessing the rate of change in absorbance at 412 nm over 3 min (30-s
intervals) [18].

2.17. Statistical analysis

Results were expressed as the mean =+ the standard error of the
mean (SEM) and compared using Student's unpaired t-test; however,
the LF/HF ratios were expressed as median and compared using the
Mann-Whitney test and body weight was determined using two-way
ANOVA (analysis of variance) with multiple comparisons. The tests of
significance were recommended based on the results of the tests of
normality (Kolmogorov-Smirnov and Shapiro-Wilk test). Comparisons
were performed using GraphPad Prism software (GraphPad Software
Inc,, v.5, La Jolla, CA, USA), and differences were considered to be signif-
icant at p < 0.05.

3. Results
3.1. Hemodynamic

At 60 days of age, rats treated with Fx and control rats had nearly
identical values of baseline MAP (Ct: 102 & 2 vs. Fx: 105 + 4 mm Hg;
p <0.05; Fig. 1B) and HR (Ct: 394 + 15 vs. Fx: 401 + 24 bpm; Fig. 1C).

3.2. Cardiovascular variability

In addition, perinatal Fx treatment did not change either the LF oscil-
lations of the SAP compared to control (Ct: 1.81 4 0.14 vs. Fx 1.98 +
0.48 mm Hg?; p > 0.05; Table 1) or those of the PI (Ct: 24.00 + 7.00
vs.Fx: 31.00 4 7.00 NU; p > 0.05; Table 1). Likewise, the HF components
of the SAP (Ct: 3.69 + 1.01 vs. Fx: 3.93 + 1.85 mm Hg?; p > 0.05;
Table 1) and the PI (Ct: 76.00 + 7.04 vs. Fx: 69.00 + 7.00 NU;
p > 0.05; Table 1) were similar to those of the control group. The LF/
HF ratio of the PI in the Fx-treated group also had values similar to
those of control (Ct: 0.41 & 0.15 vs. Fx: 0.54 + 0.16; p > 0.05; Table 1).

3.3. Evaluation of sympathetic and parasympathetic tonus and iHR

Fig. 2 shows the effects of pharmacological blockade to sympathetic
(propranolol-induced) and parasympathetic (methylatropine-induced)
activity in the heart of Fx-treated and control animals. These values
were very similar to the parasympathetic (Ct: 67 & 16 vs. Fx: 69 +
14 bpm; p < 0.05; Fig. 2C) and sympathetic tonus (Ct: 89 + 22 vs.
Fx: 69 + 11 bpm; Fig. 2D) of the heart, respectively. After a double phar-
macological blockade, the iHR of the Fx-treated group was also similar
to that of the control group (Ct: 398 + 10 vs. Fx: 395 + 21 bpm;
p < 0.05; Fig. 2E).

3.4. Body weight and oxidative stress biomarkers

Fx treatment during lactation resulted in a small but significant
decrease in body weight that was maintained until at least 60 days of
age (20 days of age Ct: 46.8 + 1.2 vs. Fx: 36.6 &+ 1.6 g, n = 8; 40 days
of age Ct: 133.7 + 4.4 vs. Fx: 115.8 £+ 1.9 g, n = 8; 60 days of age
Ct: 188.2 + 4.1 vs. Fx 172.1 £+ 4.2 g, n = 8) (Fig. 3).

Measuring oxidative stress in the brainstem and heart, evaluating
MDA levels and carbonyl content, showed no significant difference be-
tween the Fx-treated and control groups in MDA levels in both tissues
(brainstem = Ct: 4.91 4 0.62 vs. Fx: 5.16 + 0.39 nmol/mg of protein,
n = 6; heart = Ct: 15.51 4 1.04 vs. Fx: 16.87 + 1.09 nmol/mg of
protein, n = 6; Fig. 4A and C). However, we observed a decrease in
the carbonyl contents of both tissues (brainstem = Ct: 11.15 4+ 1.36
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Fig. 1. Baseline cardiovascular parameters. Representative recordings of baseline pulsatile arterial pressure (PAP), mean arterial pressure (MAP), and heart rate (HR, panel A). Mean values
of MAP (panel B) and HR (panel C) in 60-day-old female rats of the control group (control, white bars, n = 8) and Fx-treated group (fluoxetine, black bars, n = 8). Values are expressed as

mean =+ SEM. ns = not significant. Groups were compared by unpaired Student's t-test.

vs. Fx: 443 + 0.14 umol/mg of protein, n = 4, p < 0.01; heart =
Ct: 15.51 + 1.04 vs. Fx: 16.87 + 1.09 pmol/mg of protein, n = 4,
p < 0.01; Fig. 4B and D, respectively).

3.5. Antioxidant defense and metabolic enzyme

The decrease observed in protein oxidation could be explained, in
part at least, due to the increase in SOD and CAT activity observed in
Fx-treated rats in both tissues (brainstem, SOD = Ct: 1.97 & 0.24 vs.
Fx: 3.60 + 0.45 U/mg protein, n = 6, p < 0.05; CAT = Ct: 57.33 &
3.55 vs. Fx: 70.86 4 3.39 U/mg protein, n = 6, p < 0.05; GST =
Ct: 2.39 + 0.67 vs. Fx: 2.47 4+ 0.26 U/mg protein, n = 6, p > 0.05;
heart, SOD = Ct: 4.65 4+ 0.48 vs. Fx: 7.47 &+ 1.17 U/mg protein, n = 6;
CAT = Ct: 15.23 £ 1.70 vs. Fx: 21.43 + 1.76 U/mg protein, n = 6,
p <0.05; GST = Ct: 11.03 + 2.06 vs. Fx: 10.42 + 0.42 U/mg of protein,

Table 1

Effect of fluoxetine treatment on spectral analysis of systolic arterial pressure (SAP) and
pulse interval (PI). Spectral analysis of the systolic arterial pressure and pulse interval in
60-day-old female rats in the control group and Fx-treated groups. Values are expressed
as mean + SEM. mm Hg? = millimeters of mercury; NU = normalized units. Groups were
compared by unpaired Student’s t-test.

Cardiovascular variability Control Fluoxetine
Systolic arterial pressure
LF (mm Hg?) 181 £0.14 1.98 + 048
HF (mm Hg?) 3.69 + 1.01 393 +1.85
Pulse interval
Pulse interval 24.00 + 7.00 31.00 + 7.00
HF (NU) 76.00 + 7.04 69.00 + 7.00
LF/HF 0.41 £+ 0.15 0.54 + 0.16

p > 0.05; Fig. 5A-F. In addition to the evaluation of enzymatic defense,
we also measured the non-enzymatic defense, GSH; however, we
did not observe any difference in both tissues (brainstem Ct: 0.97 +
0.17 vs. Fx: 1.01 & 0.15 pM/mg of protein, n = 4, p > 0.05; heart
Ct: 1.52 £ 0.05 vs. Fx: 1.34 £ 0.15 uM/mg of protein, n = 4,
p > 0.05;Fig. 5G-H).

With regard to metabolic enzyme, we measured the activity of CS, an
important enzyme in Krebs cycle that has been commonly used as an
oxidative metabolic marker; in our study, we observed that serotonin
modulation at an early age significantly increases its activity in
brainstem (Ct: 7.00 & 0.19, n = 4 vs. Fx: 8.37 £ 0.31 U/mg protein,
n = 4, p < 0.05) but not in heart (Ct: 3.70 &+ 036, n = 4 vs.
Fx: 4.21 4 0.34 U/mg protein, n = 4, p > 0.05) (Fig. 6A and B).

4. Discussion

The present study was designed to assess the long-term effect of Fx-
induced increases in serotonin levels in neonatal female rats on hemo-
dynamics and oxidative metabolism in the adult animal. With regard
to hemodynamics parameters, our study showed that the Fx-treated
group presented values for MAP and HR, LF, and HF bands of the SAP
and PI, and sympathetic and parasympathetic tonus of the heart,
which did not differ from those of control. It is known that the rhyth-
micity of the sympathetic nervous system can modulate the AP and
the PI (time between beats, RR) at regular frequencies [39], and these
rhythmic oscillations in cardiovascular parameters facilitate measure-
ment of cardiovascular autonomic balance [40]. Accordingly, the LF
oscillations of the SAP are typically enhanced during the states of
sympathetic activation and facilitate an indirect measurement of
sympathetic nerve activity [41]. In this study, the Fx-treated animals
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Fig. 2. Sympathetic-vagal balance and intrinsic heart rate. Representative recordings (panels A and B), heart rate variability (AHR, bpm) after administration of propranolol (panel
C) and methylatropine (panel D), and intrinsic heart rate after double blockade (panel E) in 60-day-old female rats in the control group (control, white bars, n = 4) and Fx-treated
group (fluoxetine, black bars, n = 4). Values are expressed as mean + SEM. ns = not significant. Groups were compared by unpaired Student's t-test.
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Fig. 3. Body weight evaluation. Body weight evaluation over 60 days in females upon chronic exposure to fluoxetine. Rat pups were administered daily subcutaneous injections of control
vehicle (0.9% NaCl, 10 ml/kg body weight, n = 8) or Fx (10 mg/kg body weight, n = 8) from the 1st to the 21st day of life. Data are mean + SEM, *p < 0.05; **p < 0.01. Groups were

compared by two-way ANOVA with multiple comparisons.

exhibited normal values for the LF component in the SAP spectrum, sug-
gesting that the vasoconstrictor sympathetic activity is not altered by Fx
treatment. In regard to the HF component of the SAP, which represents
an indirect evaluation of the parasympathetic and respiratory modula-
tion of AP [42], Fx-treated animals also showed values similar to those
of the control group.

Moreover, Pl variability showed values of LF and HF components in
the Fx-treated animals, which do not differ from the control values,
and therefore a normal LF/HF ratio in the treated rats. Thus, our data
suggest the presence of normal function of cardiac autonomic control
in the Fx-treated animals. In addition to the methods for estimating
cardiovascular autonomic modulation described earlier, we analyzed
cardiovascular function in Fx-treated rats by performing a selective
autonomic blockade of HR. After antagonism of either 3-adrenergic re-
ceptors or muscarinic receptors, the Fx-treated group showed normal
cardiac sympathetic and parasympathetic tone, respectively; suggesting
that autonomic control of HR was not affected by an early elevation in
serotonin levels. iHR also remained unchanged upon Fx treatment,
thus highlighting the absence of a serotonin effect on the normal control
of HR. These findings suggest that increased serotonin signaling early in
development does not alter the mechanisms of cardiovascular control in
adulthood.
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The present observations differ from those of a previous study with
regard to effect of Fx on arterial blood pressure, which showed that
fluoxetine treatment for 21 days consecutively in adult animals induces
amild hypertension due to an alteration in baroreflex control of HR [10].
It is important to highlight that this discrepancy in the findings could be
explained in part by the difference in the age at which the treatment
was conducted. In our model, we performed the treatment during
brain development, while in the previous study, animals were treated
when they reached adulthood, an age at which brain development
would have been completed.

Several studies suggest that alteration in arterial blood pressure in
part is due to an increase in reactive oxygen species associated with
an increase in oxidative stress-induced damage [13,43-46]. In regard
to oxidative stress parameters, Fx treatment did not induce lipid perox-
idation either in the brainstem or heart but decreased protein oxidation
in both tissues. Recently, studies from our laboratory have shown that
serotonin modulation at an early age by Fx treatment improved the an-
tioxidant status in the hypothalamus and hippocampus of female rats
[19]; our group also showed that this treatment improved mitochondri-
al function and oxidative status in hypothalamus and skeletal muscle of
male rats [ 18]. Our data corroborate with those of the previous studies
conducted in the hippocampus and lung, where it was shown that Fx
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Fig. 4. Oxidative stress biomarker. Evaluation of the effects of chronic exposure to fluoxetine during nursing on oxidative stress in the brainstem and heart of female rats at 60 days of life.
Pups were administered daily fluoxetine (Fx = 10 mg/kg body weight) or vehicle (0.9% NaCl, C = 10 ml/kg body weight) from the 1st to the 21st day of life. A) MDA concentration in
brainstem; B) carbonyl levels in brainstem; C) MDA concentration in heart; D) carbonyl levels in heart. Data are presented as mean + SEM. **p < 0.01; ***p < 0.0001. Groups were

compared by unpaired Student's t-test.
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Fig. 5. Antioxidant defense analysis. Evaluation of the effects of chronic exposure to fluoxetine during nursing on oxidative balance in the brainstem and heart of female rats at 60 days of
life. The pups were administered daily fluoxetine (Fx = 10 mg/kg body weight) or vehicle (0.9% NaCl, C = 10 ml/kg body weight) from the 1st to 21st day of life. A) Superoxide dismutase
(SOD) activity in brainstem; C) catalase (CAT) activity in brainstem; E) glutathione S-transferase (GST) activity in brainstem; G) GSH levels in brainstem; B) superoxide dismutase (SOD)
activity in heart; D) catalase (CAT) activity in heart; F) glutathione S-transferase (GST) activity in heart; H) GSH levels in heart. Data are presented as mean + SEM. *p < 0.05. Groups were

compared by unpaired Student's t-test.

2

Citrate synthase activity
(U/mg prot)

L

¥
¥
o

®

Citrate synthase activity
(U/mg prot)

T
Control

T
Fluoxetine Control

Fluoxetine

Fig. 6. Metabolic enzyme in brainstem and heart. Evaluation of effects of chronic exposure to fluoxetine during nursing on citrate synthase activity in the brainstem and heart of female rats
at 60 days of life. The pups were administered daily fluoxetine (Fx = 10 mg/kg body weight, sc) or vehicle (0.9% NaCl, C = 10 ml/kg body weight, sc) from the 1st to 21st day of life.
A) Citrate synthase (CS) activity in brainstem; B) citrate synthase (CS) activity in heart. Data are presented as mean -+ SEM. **p < 0.01. Groups were compared by unpaired Student's t-test.
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treatment improves antioxidant defense and decreases oxidative stress
[47,48]. In addition to the observation related to oxidative stress, our
study also showed that Fx increased the CS activity in brainstem and
tendency in heart; in concordance with our observation, previous stud-
ies with Fx or imipramine (also a neurotransmitter reuptake inhibitor)
showed that serotonin modulation increases CS activity in amygdala
[49], corpus striatum [50], hypothalamus [ 18], and skeletal muscle [18].

5. Conclusion

5-HT system modulation at an early age did not affect the hemo-
dynamics parameters, but improved the antioxidant defense and
metabolic enzyme activity in cardiac-related tissues. To the best of our
knowledge, the present data are the first findings to demonstrate that
5-HT modulation at an early age increases the antioxidant defense
and metabolic enzyme activity in brainstem and heart in adult rats.
Therefore, our results suggest that an intervention with serotonin reup-
take inhibitors such as Fx does not induce abnormal cardiovascular
physiology, most likely due to an improvement in antioxidant defenses
and metabolic enzyme activity in tissues of the cardiovascular system.
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5 RESULTADOS COMPLEMENTARES
5.1 Machos

Figura 1 — Peso corporal de ratos machos dos grupos controle (NaCl 0,9%) e tratados com
fluoxetina (Fx 10mg/kg) durante o periodo de tratamento farmacoldgico (1°-21° dia pos-natal).
N=8 por grupo, analisado pelo teste t student.
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5.2 Fémeas

Figura 2 — Peso corporal de ratas fémeas dos grupos controle (NaCl 0,9%) e tratados com
fluoxetina (Fx 10mg/kg) durante o periodo de tratamento farmacol6gico (1°-21° dia pds-natal).
N=8 por grupo, analisado pelo teste t student.
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Figura 3 — Consumo de oxigénio mitocondrial com substratos do complexo Il (glutamato e
malato) do tecido cardiaco de ratas fémeas dos grupos controle (NaCl 0,9%) e tratado com
fluoxetina (Fx 10mg/kg), aos 60 dias de vida. A razdo do controle respiratério (RCR)
corresponde a divisdo entre os estados de fosforilacdo e basal. N=5-7 por grupo, *p<0,05,
analisados pelo ANOVA one way.
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Figura 4 — Producéo de espécies reativas mitocondriais com substratos do complexo Il
(glutamato e malato) do tecido cardiaco de ratas fémeas dos grupos controle (NaCl 0,9%) e
tratado com fluoxetina (Fx 10mg/kg), aos 60 dias de vida. N=6 por grupo, **p<0,01, analisados
pelo teste t student.
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Figura 5 — Potencial de membrana mitocondrial com substratos do complexo Il (glutamato e
malato) do tecido cardiaco de ratas fémeas dos grupos controle (NaCl 0,9%) e tratado com
fluoxetina (Fx 10mg/kg), aos 60 dias de vida. N=3 por grupo.
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6 CONSIDERACOES FINAIS

Diante dos nossos resultados podemos perceber que a manipulacdo do
sistema serotoninérgico neonatal ndo induziu disfungdo mitocondrial e oxidativa
no coracao de ratos machos e fémeas juvenis, refutando nossa hipotese original.
Acredita-se que o periodo de intervencao farmacol6gica tenha sido crucial para
as adaptacOes observadas. A partir do exposto, podemos sugerir que o tratamento
cronico com fluoxetina durante o periodo da lactagdo modula positivamente a
bioenergética mitocondrial e balanco oxidativo no tecido cardiaco, independente
de género. Mesmo diante dos achados pioneiros e relevantes para esse campo de
estudo ainda ndo se tem clareza acerca dos efeitos mitocondriais promovidos pela
serotonina e o potencial agregador dessas informacdes para o entendimento dos
mecanismos patologicos correlacionados. Portanto, ainda se faz necessario o
desenvolvimento de pesquisas que elucidem melhor a associagao entre os insultos
farmacoldgicos precoces e seus efeitos tardios, e que contribuam para um
conhecimento mais amplo e direcionado a pratica clinica.
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ANEXO A - COMITE DE ETICA

Universidade Federal de Pernambuco
Centro de Ciéncias Biologicas

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

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

Departamento de Nutricao

Universidade Federal de Pernambuco

Processo n°® 23076.015276/2012-56

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

Concluimos que os procedimentos descritos para a utilizagdo experimental dos animais
encontram-se de acordo com as normas sugeridas pelo Colégio Brasileiro para
Experimentagdo Animal e com as normas internacionais estabelecidas pelo National Institute of
Health Guide for Care and Use of Laboratory Animals as quais sao adotadas como critérios de
avaliacéo 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.

'Origem dos animais: Departamento de Nutrigo-UFPE; | Atenciosamente,

|Animais: Ratos; Linhagem: Wistar; Sexo: Machos e Fémeas; | ;

| nimero de animais previsto no protocolo:8 ratas lactantes e 64 | p

filhotes; Peso: Ratas 240-260g e filhotes 6-7g; Idade: Ratas | / J

adultas e seus filhotes. B 8. Maria Teresh\fansem
Presidente do CEEA

CCB: Integrar para desenvolver
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