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Resumo

PIRES, Camila Simdes. Abordagens farmacoldgicas e moleculares do efeito do
tipo antidepressivo da benzamida N-(3-((3-(trifluorometil)fenil)selenil)prop-2-in-
1-ilica) em camundongos. Orientador: César Augusto Bruning. 2024. 117f. Tese
(Programa de Poés-Graduacdo em Bioquimica e Bioprospeccao) - Universidade
Federal de Pelotas, Pelotas, 2024.

Neste estudo, foi avaliado o efeito do tipo antidepressivo da benzamida N-(3-((3-
(trifluorometil)fenil)selenil)prop-2-in-1-ilica) (CF3SePB) em camundongos. No artigo 1,
0s animais foram tratados com CF3SePB (1-50 mg/kg, via oral) e submetidos ao teste
do nado for¢cado (TNF) ou ao teste de suspensao da cauda (TSC) 30 minutos apés a
administracdo. Para explorar o envolvimento dos sistemas serotoninérgico e
noradrenérgico, os camundongos foram pré-tratados com p-CPA (depletador de
serotonina) ou antagonistas dos receptores serotoninérgicos (WAY100635,
cetanserina, ondansetrona, GR110838) ou antagonistas dos receptores
noradrenérgicos (prazosina, ioimbina e propranolol). Para verificar a toxicidade aguda
de CF3SePB, os camundongos foram tratados com uma alta dose do composto (300
mg/kg). CF:SePB apresentou efeito do tipo antidepressivo em ambos os testes,
relacionado a modulacdo do sistema serotoninérgico, especialmente dos receptores
5-HT1a € 5-HT3, enquanto os antagonistas noradrenérgicos nao impediram o efeito
antidepressivo do CF3SePB. O composto demonstrou baixo potencial de induzir
toxicidade aguda em camundongos Swiss fémeas adultas. No manuscrito 1, para
investigar o envolvimento do sistema dopaminérgico, camundongos foram pré-
tratados com antagonistas dopaminérgicos (haloperidol, SCH 23390 e sulpirida) antes
da administragdo do CF3SePB. Além disso, foi avaliado o perfil farmacocinético in
silico de CF3SePB. A CF3SePB apresentou efeito anti-imobilidade no teste de nado
forcado, demonstrado pelo aumento da laténcia até o primeiro episédio de imobilidade
e reducao da imobilidade total dos camundongos. O pré-tratamento com haloperidol,
SCH 23390 e sulpirida impediu esses efeitos, sugerindo que o efeito do tipo
antidepressivo do CFsSePB esté relacionado a modulacao do sistema dopaminérgico,
especificamente dos receptores D1 e D2. Além disso, o perfil farmacocinético in silico
da CF3SePB indicou baixa probabilidade de induzir efeitos adversos e a capacidade
de atravessar a barreira hematoencefalica (BHE). No manuscrito 2, o composto
CF3SePB foi testado em um modelo de depresséo induzida por lipopolissacarideo
(LPS), com pré-tratamento dos camundongos com CF3SePB, fluoxetina ou veiculo,
seguido de LPS. Apos 24 horas, realizaram-se testes comportamentais para avaliar
sintomas depressivos e atividade locomotora. O CF3SePB foi eficaz na reverséo dos
comportamentos semelhantes a depressdo induzidos por lipopolissacarideo (LPS)
sem afetar a locomoc&o dos camundongos. O composto também impediu o aumento
na expressao dos genes pro-inflamatorios NF-k3, NLRP3 e COX-2, além dos genes
apoptéticos caspase-1, caspase-8 e BAX induzidos por LPS, sugerindo seu potencial
para atuar em vias de inflamacdo e morte neuronal. Adicionalmente, o CF3:SePB
reduziu os niveis de espécies reativas e peroxidacao lipidica no hipocampo induzidos
por LPS, sugerindo efeitos neuroprotetores. Este estudo destaca o potencial inovador
do CF3SePB como um composto inédito com efeito antidepressivo e anti-inflamatério
promissor, que pode ser considerado no desenvolvimento de novos antidepressivos.

Palavras-chave: Depressao. Sistema monoaminérgico. Benzamida. Selénio.
Neuroinflamag¢do. Camundongos.



Abstract

PIRES, Camila Simdes. Pharmacological and molecular approaches to the
antidepressant-like effect of N-(3-((3-(trifluoromethyl)phenyl)selenyl)prop-2-yn-
1-yl)benzamide in mice. Advisor: César Augusto Briining. 2024. 117p. Thesis
(Graduate Program in Biochemistry and Bioprospection) — Federal University of
Pelotas, Pelotas, 2024.

In this study, the antidepressant-like effect of the benzamide N-(3-((3-
(trifluoromethyl)phenyl)selenyl)prop-2-en-1-yl) (CFsSePB) was evaluated in mice. In
Manuscript 1, the animals were treated with CF3SePB (1-50 mg/kg, orally) and
subjected to the forced swim test (FST) or the tail suspension test (TST) 30 minutes
after administration. To explore the involvement of the serotonergic and noradrenergic
systems, the mice were pre-treated with p-CPA (serotonin depleter) or antagonists of
serotonin receptors (WAY100635, ketanserin, ondansetron, GR110838) or
noradrenergic receptor antagonists (prazosin, yohimbine, and propranolol). To assess
the acute toxicity of CF3SePB, the mice were treated with a high dose of the compound
(300 mg/kg). CF3SePB exhibited antidepressant effects in both tests, related to the
modulation of the serotonergic system, especially the 5-HT1a and 5-HT3 receptors,
while noradrenergic antagonists did not prevent the antidepressant-like effect of
CFsSePB. The compound showed a low potential to induce acute toxicity in adult Swiss
female mice. In Manuscript 1, to investigate the involvement of the dopaminergic
system, mice were pre-treated with dopaminergic antagonists (haloperidol, SCH
23390, and sulpiride) before CF3SePB administration. Additionally, the in silico
pharmacokinetic profile of CF:SePB was evaluated. CF:SePB exhibited an anti-
immobility effect in the forced swim test, demonstrated by an increased latency to the
first episode of immobility and a reduction in total immobility of the mice. Pre-treatment
with haloperidol, SCH 23390, and sulpiride blocked these effects, suggesting that the
antidepressant effect of CFsSePB is related to the modulation of the dopaminergic
system, specifically the D1 and D2 receptors. Furthermore, the in silico
pharmacokinetic profile of CF3SePB indicated a low probability of inducing adverse
effects and the ability to cross the blood-brain barrier (BBB). In Manuscript 2, the
compound CF3:SePB was tested in a lipopolysaccharide (LPS)-induced depression
model, with pre-treatment of the mice with CF3SePB, fluoxetine, or vehicle, followed
by LPS administration. After 24 hours, behavioral tests were performed to assess
depressive symptoms and locomotor activity. CF:SePB was effective in reversing LPS-
induced depressive-like behaviors without affecting the locomotion of the mice. The
compound also prevented the increase in the expression of the pro-inflammatory
genes NF-kB, NLRP3, and COX-2, as well as the apoptotic genes caspase-1, caspase-
8, and BAX induced by LPS, suggesting its potential to act on inflammation and
neuronal death pathways. Additionally, CFsSePB reduced the levels of reactive
species and lipid peroxidation in the hippocampus induced by LPS, suggesting
neuroprotective effects. This study highlights the innovative potential of CF;SePB as a
novel compound with promising antidepressant and anti-inflammatory effects, which
could be considered in the development of new antidepressants.

Keywords: Depression. Monoaminergic system. Benzamide. Selenium.
Neuroinflammation. Mice.
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1 INTRODUCAO

O Transtorno Depressivo Maior (TDM) € uma condigéo clinica caracterizada
por sintomas de tristeza persistente, desanimo, falta de interesse e prazer em
atividades prazerosas (KUPFERBERG e HASLER, 2023; KWASNY et al., 2024). O
TDM também pode causar disturbios do sono, bem como cansaco, falta de
concentracéo e apetite (MORSSINKHOF et al., 2020; OPAS, 2024). Esse disturbio &
multifatorial, recorrente, crénico, com alta incidéncia na populacdo mundial e esta
presente entre os distlrbios mais debilitantes do mundo (McINTYRE et al., 2023).
Estima-se que mais de 300 milhdes de pessoas sofram deste distirbio em todo o
mundo (BALANZA-MARTINEZ e CERVERA-MARTINEZ, 2022; KWASNY et al.,
2024).

A depresséo pode causar grande sofrimento a pessoa acometida e levar a
disfuncdo em suas atividades diarias (GONG et al., 2020). Pode ser de intensidade
moderada ou grave e de longa duracéo, tornando-se uma condicao critica de saude
(OPAS, 2024). As causas da depressdo podem ser diferentes para cada individuo.
Alguns sugerem que a depressdo pode ser exclusivamente resultado de fatores
genéticos, enquanto outros sugerem que se deve a uma contribuicdo de fatores
genéticos e ambientais, como o0s principais estressores da vida (GOHAR et al., 2012;
BAJ et al., 2023; GUO et al., 2024). Ha evidéncias neurobiologicas que ajudam a
entender a depressdo, apesar de ainda ndao serem totalmente elucidadas (LI et al.,
2023).

A teoria monoaminérgica define que a via comum para a depressao é a
alteracao ou déficit de neurotransmissores no sistema nervoso central (SNC), como
serotonina (5-HT), dopamina (DA) e noradrenalina (NA) (SLIFIRSKI et al., 2021;
PASTIS et al., 2024). Apesar de a hipotese das monoaminas auxiliar no entendimento
da fisiopatologia da depressdo ao longo de varias décadas, esforcos tém sido
direcionados para identificar outros mecanismos que contribuem para os transtornos
depressivos (PASTIS et al., 2024). Entre as diversas teorias, a conexao entre o
sistema imunoldgico e o sistema nervoso central tem ganhado destaque (BURAS et
al., 2016; PASTIS et al., 2024). A integridade da barreira hematoencefélica (BHE)
pode ser prejudicada por respostas imunoldgicas inatas e adaptativas, permitindo que
sinais inflamatérios da periferia se propaguem para o SNC (BEUREL et al., 2022;
HASSAMAL, 2023).

Conforme a hipétese inflamatoria, a depressao pode ser desencadeada pela
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neuroinflamacéo, que envolve a ativagdo do sistema imunoldgico inato no sistema
nervoso central. Essa condicdo leva a um fendtipo depressivo, caracterizado por
sintomas graves e aumento da morbidade e mortalidade (DANESE et al., 2007;
HASSAMAL, 2023). A neuroinflamacéo persistente pode induzir comportamentos
semelhantes a depressédo ou acelerar o desenvolvimento do TDM. Além disso, 0s
antidepressivos atualmente disponiveis sdo eficazes na reducdo dos sintomas
depressivos em apenas 37% dos pacientes com TDM (RUSH et al., 2006; WON et
al., 2021; WU e ZHANG, 2023).

O selénio (Se) é um oligoelemento amplamente distribuido no corpo humano
e essencial para a manutencdo da vida, pois esta presente no aminoacido essencial
selenocisteina, na enzima glutationa peroxidase e na maioria dos tecidos do corpo
humano (SANTI e BAGNOLI, 2017; CHUAI et al., 2021; XU-XU et al., 2022; GU e
GAO et al., 2022; CHEN et al., 2024). A falta ou deficiéncia de Se tem sido associada
a transtornos de humor, como ansiedade e depressdo (WANG et al., 2018).
Considerando esses aspectos, 0s compostos organicos de Se demonstram muitas
propriedades farmacologicas, incluindo efeitos anti-inflamatérios, antioxidantes,
antinociceptivos e antidepressivos (BRUNING et al., 2015; OLIVEIRA et al., 2016;
BAMPI et al., 2020; BIRMANN et al., 2023; LEDEBUHR et al., 2024).

Alguns desses compostos que apresentam efeitos antidepressivos podem ser
considerados promissores para o desenvolvimento de novos tratamentos para o TDM
(SAVEGNAGO et al., 2007; BRUNING et al., 2015; BESCKOW et al, 2020). Outros
estudos sugerem gue compostos organicos contendo Se, quando utilizados como
tratamento potencial para o TDM e administrados a camundongos, foram eficazes na
prevencao de comportamentos depressivos nesses animais (CASARIL et al., 2019).
Além disso, a adicdo de Se a uma benzamida revelou propriedades antidepressivas.
A benzamida, uma molécula derivada da amina do acido carb6nico e do &cido
benzéico, tem exibido diversas propriedades terapéuticas, incluindo efeitos
anticonvulsivantes, analgésicos e antidepressivos (CHIRITA et al., 2010; BESCKOW
et al, 2020). Desta forma, este estudo avaliara o efeito do tipo antidepressivo do
composto organico de Se ligado a benzamida N-(3-((3-(trifluorometil)fenil)selenil)prop-
2-in-1-ilica) (CF3SePB, figura 1) em camundongos, além de investigar sua relacao

com o sistema monoaminérgico e neuroinflamacéao.
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Figura 1. Estrutura quimica da benzamida N-(3-((3-(trifluorometil)fenil)selenil)prop-2-
in-1-ilica) (CFsSePB).
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2 OBJETIVOS

2.1 Objetivo geral

Investigar o efeito do tipo antidepressivo da benzamida N-(3-((3-
(trifluorometil)fenil)selenil)prop-2-in-1-ilica) (CFsSePB) em camundongos, bem como

seu envolvimento com o sistema monoaminérgico e imune.

2.2 Objetivos especificos

Avaliar o efeito do tipo antidepressivo da CF;SePB nos testes do nado forcado

e suspensao da cauda em camundongos;

e Avaliar o mecanismo de acédo da CF;SePB atraveés da utilizacdo de antagonistas

de receptores serotoninérgicos, noradrenérgicos, dopaminérgicos;

e Avaliar a toxicidade do composto CF;SePB:

e Avaliar propriedades farmacologicas e toxicoldgicas in silico.

e Verificar se 0 composto CF3SePB apresentara efeito antidepressivo no modelo
de depressao induzida por LPS através do teste da suspensédo da cauda, teste

do nado forcado e teste de borrifagem de sacarose em camundongos;

e Investigar o mecanismo de acdo do composto através da modulacdo de

marcadores oxidativos e inflamatdérios em tecido cerebral de camundongos.
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3. REVISAO DE LITERATURA

3.1 TRANSTORNO DEPRESSIVO MAIOR

A depressdo € uma doenca mental que se apresenta na forma de humor
deprimido como sentimento de tristeza, choro e soliddo, por exemplo, além de perda
de prazer, sentimento de culpa, diminuicdo de energia, baixa autoestima, sono
perturbado ou falta de apetite e concentracédo (SAMPAIO et al., 2020; RIGA et al.,
2020; KUPFERBERG e HASLER, 2023; KWASNY et al., 2024). O TDM é uma
condicdo clinica que afeta mais de 300 milhdes de pessoas em todo o mundo
(KUPFERBERG e HASLER, 2023; TAYEB et al., 2023). Segundo a Organizacéo
Mundial da Saude (OMS), o TDM é uma das doencas mais incapacitantes da
atualidade, com uma prevaléncia em constante aumento (BALANZA-MARTINEZ e
CERVERA-MARTINEZ, 2022; TAYEB et al., 2023). A pandemia de Covid-19
contribuiu para esse crescimento, principalmente devido as medidas drasticas
implementadas para conter a disseminacdo do virus, como o isolamento social
(SANTOMAURO et al., 2021; KUPFERBERG e HASLER, 2023).

A combinacado de estresses decorrentes da pandemia pode ter intensificado
fatores de risco para condi¢cdes de saude mental, como a depressao (OMS, 2022;
CHAN et al.,, 2024). Em pacientes com depressao pré-existente, a priorizacéo
governamental no controle da depressao pode ter causado interrupcdo de servicos
nao emergenciais e deixado demandas de cuidado em saude mental sem atendimento
(OMS, 2022; CHAN et al., 2024). Um estudo estimou que, em 2020, surgiram 53
milhdes de novos casos de depressdo, com um aumento de 27,6% na prevaléncia
global (SANTOMAURO et al., 2021; CHAN et al., 2024). Esse aumento foi atribuido a
doencas relacionadas a COVID-19 e a reducédo da mobilidade, afetando pessoas de
todas as faixas etarias (HAWES et al., 2022; CHAN et al., 2024).

O perfil do individuo com TDM é descrito no Manual Diagndstico e Estatistico
de Transtornos Mentais, 52 edicdo (DSM-5) e na Classificacdo Internacional de
Doencas, 102 revisdo (CID-10) (AMERICAN PSYCHIATRIC ASSOCIATION, 2014;
BALANZA-MARTINEZ e CERVERA-MARTINEZ, 2022). De acordo com o0 DSM-5, o
paciente deve apresentar cinco dos nove sintomas listados por pelo menos duas
semanas (AMERICAN PSYCHIATRIC ASSOCIATION, 2014; OTTE et al., 2016;
TAYEB et al., 2023). J4 a CID-10 classifica os sintomas conforme a intensidade: leve,

moderada ou grave, e esses podem ocorrer de forma (nica ou recorrente,
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caracterizando a recidiva da doenca (JAKOBSEN et al., 2020; SLIFIRSKI et al., 2021).
O TDM exerce um impacto profundo na vida humana, sendo sua etiologia e
fisiopatologia ainda um desafio complexo. Tanto a psicoterapia quanto o tratamento
farmacolégico podem ser eficazes no manejo do TDM, contudo, cerca de 30% dos
pacientes ndo alcancam remissao, mesmo apés mdultiplas tentativas de tratamento
(OTTE et al., 2016).

Os inibidores seletivos da recaptacéo da serotonina (ISRSs) geralmente sao
as escolhas de primeira linha para o tratamento da depresséo. Entretanto, muitos
pacientes nao respondem a distintas op¢des ou possuem intolerancia aos efeitos
colaterais desses medicamentos (FAQUIH et al., 2019; ANDRADE et al., 2022). Os
demais tratamentos farmacoldgicos disponiveis atualmente para o TDM também
apresentam varias limitacbes, como a auséncia de resposta precoce, eficacia
reduzida, baixa taxa de remissao no primeiro tratamento com antidepressivos e efeitos
colaterais (HUTKA et al.,, 2021; KRYSTAL et al., 2024). Muitos pacientes com
depressdo nao respondem adequadamente aos tratamentos tradicionais, mesmo
apos multiplas tentativas com diferentes classes de medicamentos (SOARES et al.,
2024; KRYSTAL et al., 2024). A resisténcia aos antidepressivos convencionais € uma
preocupacao crescente no manejo do TDM, com uma parcela significativa de
pacientes nao respondendo adequadamente aos tratamentos iniciais, e alguns sendo
considerados resistentes, mesmo apds diversas tentativas com farmacos de
diferentes classes (OTTE et al., 2016; KRYSTAL et al., 2024).

Os efeitos da maioria dos antidepressivos, geralmente sé se manifestam apos
varias semanas de tratamento (OTTE et al.,, 2016). Em geral, a maioria dos
antidepressivos leva de quatro a seis semanas para mostrar efeitos terapéuticos
completos, expondo os pacientes ao risco de recaida ou agravamento dos sintomas
durante esse periodo (CRUZ et al., 2020). Assim, ha uma necessidade crescente de
desenvolver novos farmacos que possam tanto modular a resposta inflamatéria no
sistema nervoso central quanto regular a liberacdo ou recaptacdo de monoaminas
(OTTE et al., 2016; KRYSTAL et al., 2024). Portanto, € crucial continuar a pesquisa e
o desenvolvimento de novos medicamentos para o tratamento da depresséao, visando
maior eficacia e menos efeitos adversos (RECH et al., 2021; McINTYRE et al., 2023;
KRYSTAL et al., 2024).
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3.2 FISIOPATOLOGIA DA DEPRESSAO

Ha quase cinco décadas, a hipotese monoaminérgica tem sido uma das
principais teorias para explicar a patogénese da depresséo (JIANG et al., 2022). Ela
sugere que a doenca resulta da diminuigéo da disponibilidade de neurotransmissores
monoaminérgicos, como 5-HT, DA e NA no SNC (SLIFIRSKI et al., 2021; BAJ at al.,
2023; PASTIS et al., 2024; CUI et al., 2024). Essa teoria continua a fornecer uma base
neurobiologica significativa para a compreensdo da depressédo, influenciando o
desenvolvimento de terapias que visam aumentar 0s niveis desses

neurotransmissores no cérebro (JIANG et al., 2022; CUI et al, 2024).

A participagdo da 5-HT no mecanismo do desenvolvimento da depresséo tem
sido muito estudado nas ultimas décadas (CUI et al, 2024). A 5-HT desenvolve um
papel importante como neurotransmissor e o seu déficit pode induzir o estado ansioso,
obsessivo e compulsbes (SONG e KIM, 2021). A 5-HT & um neurotransmissor
sintetizado a partir do aminoacido precursor triptofano, nos nucleos da rafe com
projecdes para varias regides do SNC (LUCAS-OSMA et al., 2019; QUEVEDO e
IZQUIERDO, 2020; SONG e KIM, 2021; CUI et al, 2024). As ac¢0Oes intracelulares da
5-HT sdo mediadas atraves de 7 diferentes familias e 14 subfamilias de receptores
(CUl et al, 2024). As familias dos receptores serotoninérgicos compreendem de 5-HT;
até 5-HT7 (CUI et al, 2024). Cada receptor serotoninérgico é diferenciado de acordo
com a sua estrutura e origem da sinalizacdo. Todos 0s receptores serotoninérgicos
sdo acoplados a proteina G com excecdo do receptor 5-HTz que é um receptor
ionotrépico (CUI et al, 2024). O sistema serotoninérgico esta ligado a varias funcbes
como sono e vigilia, humor, apetite, ritmo circadiano, parte cognitiva como
aprendizagem e memaria além dos processos autonémicos envolvidos (SONG e KIM,
2021).

Na teoria monoaminérgica, a DA desenvolve seu papel como uma das
monoaminas participantes da neurobiologia da depressdo (CUI et al, 2024,
KARAHODA et al., 2024). A DA é um neurotransmissor pertencente ao grupo das
catecolaminas e tem predominio principalmente no cérebro controlando uma
variedade de fun¢des como a atividade locomotora, emocdes, prazer, concentracao,
regulacdo endocrina e consumo alimentar (MIZUNO et al., 2023; CUI et al, 2024;
KARAHODA et al., 2024). A sintese de DA ocorre nos neurbnios pré-sinapticos do
tronco cerebral a partir de dois aminoacidos: fenilalanina e tirosina (DINIZ et al., 2020).
A projecdo dos neurotransmissores dopaminérgicos se da pela via mesolimbica

cortical e pela via que se projeta da substancia negra para o estriado dorsal
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(QUEVEDO IZQUIERDO, 2020; SONG e KIM, 2021). Os efeitos da DA séo exercidos
nos neurbnios pdés-sinapticos a partir da interagdo com os receptores de dopamina.
Estes receptores sdo divididos em duas familias (D1 e D2) e 5 subfamilias (D1, D2, D3,
D. e Ds). (QUEVEDO I1ZQUIERDO, 2020; SONG e KIM, 2021).

A teoria monoaminérgica expde também que a NA € componente desta teoria
(CUI et al, 2024). A NA € um neurotransmissor pertencente ao grupo das
catecolaminas e é sintetizada a partir do aminoacido tirosina (KARAHODA et al.,
2024). Este neurotransmissor € amplamente distribuido pelo cérebro além de que
possui também distribuicdo periférica visto que a NA € o principal neurotransmissor
nos neurdnios pos-ganglionares do sistema nervoso autbnomo simpéatico (DINIZ et al.,
2020; BRETON-PROVENCHER et al., 2022). A norepinefrina liberada pelo locus
coeruleus (LC) pode estar envolvida na regulacdo de diversas funcdes neurais,
incluindo olfato, movimento e percepcao sensorial (BRETON-PROVENCHER et al.,
2022; CUl et al., 2022).

Outra teoria da depresséo € a que relaciona-se ao eixo hipotalamo-pituitaria-
adrenal (HPA), sugerindo que a disfuncao deste eixo de resposta ao estresse contribui
de forma significativa para a etiologia da depresséo (KELLER et al., 2017; HANTSOO
et al., 2023; MBIYDZENYUY e QULU, 2024). O eixo HPA tem como papel central a
resposta do corpo ao estresse e em condicdes normais, responde a estimulos
estressores ativando a liberacdo de cortisol pelas glandulas adrenais, ajudando o
organismo a lidar com situacdes de ameaca (KELLER et al., 2017; HANTSOO et al.,
2023). Porém, em individuos depressivos, o eixo HPA apresenta disfuncdes
caracterizadas com frequéncia pela hiperatividade do eixo HPA, além de niveis
elevados de cortisol (KELLER et al., 2017; HANTSOO et al., 2023; MBIYDZENYUY e
QULU, 2024). A hiperatividade do eixo HPA associa-se a diversas alteracoes
neuroquimicas em regides do cérebro como o hipocampo, cértex pré-frontal e
amigdala, sendo essenciais para a regulacdo do humor e das emocées (KELLER et
al., 2017; HANTSOO et al., 2023; MBIYDZENYUY e QULU, 2024).

Altos niveis de cortisol, decorrentes da desregulacdo do eixo HPA, causam
neurotoxicidade, principalmente ao hipocampo, levando a danos neuronais, causando
degeneracdo e comprometendo a neuroplasticidade, além de contribuir para a
perpetuacéo de sintomas depressivos (KELLER et al., 2017; HANTSOO et al., 2023,
MBIYDZENYUY e QULU, 2024). Outra consequéncia da hiperatividade do eixo HPA
€ a sua ativagado excessiva que aumenta a resposta inflamatoria, liberando citocinas

pré-inflamatérias que também causam danos neuronais (KELLER et al., 2017;
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MBIYDZENYUY e QULU, 2024). O processo inflamatério pode intensificar os
sintomas depressivos como perda de interesse, fadiga, alteracbes no apetite,
disturbios do sono, dentre outros (KELLER et al., 2017; MBIYDZENYUY e QULU,
2024). A teoria da depressao do eixo HPA destaca a importancia de compreendermos
a hiperatividade deste eixo e a inflamacé&o associada a ele, como potenciais alvos para
intervencdes terapéuticas para o tratamento da depresséo (KELLER et al., 2017;
HANTSOO et al., 2023; MBIYDZENYUY e QULU, 2024).

Tem-se também a hipétese glutamatérgica da depressdo que sugere que
disfuncdes no sistema glutamatérgico, como a hiperativacao destes neurdnios, estao
intimamente relacionadas a fisiopatologia da depressdo (MENG et al., 2024; CUI et
al., 2024). O glutamato, que € o principal neurotransmissor excitatorio do SNC,
desempenha papel essencial na manutencdo da homeostase cerebral e quando
ocorre uma disfuncdo na neurotransmissédo glutamatérgica, isto pode resultar em
hiperexcitabilidade neuronal contribuindo para a neurotoxicidade, perda sinaptica e
alteragbes estruturais em neurdnios e regides do cérebro como hipocampo e cortex
pré-frontal, estando associados ao surgimento de sintomas depressivos e déficits
cognitivos (MENG et al., 2024; CUI et al., 2024; BAEK et al., 2024).

Outro fator importante € a relacao do sistema glutamatérgico com a resposta
inflamatoria na depressédo, onde é proposto que a neuroinflamacao, causada por
fatores como estresse oxidativo e a ativacdo de células imunoldgicas do cérebro,
contribui significativamente para o surgimento da depresséao (CUI et al., 2024; BAEK
etal., 2024). A neuroinflamacéao afeta a funcéo do glutamato, pois as espécies reativas
de oxigénio (EROs) e as citocinas inflamatorias, como (IL)-18 e TNF-a, estimulam a
liberacdo excessiva deste neuotransmissor, aumentando o risco de excitacao
neuronal e contribuindo para a neurotoxicidade (CUI et al., 2024). Este ciclo leva a
ativacdo de vias inflamatorias e disfuncdo glutamatérgica, agravando os sintomas
depressivos e promovendo alteracfes estruturais e funcionais no SNC (CUI et al.,
2024).

H& muito tempo, grupos de pesquisa se dedicam ao estudo da fisiopatologia
do TDM mas sua etiologia ainda ndo é completamente compreendida (OTTE et al.,
2016). Diversas teorias tentam explicar a depressdo, incluindo a teoria
monoaminérgica e a teoria glutamatérgica. No entanto, a teoria inflamatoria sugere
gue processos inflamatérios, tanto periféricos quanto centrais, desempenham um
papel crucial no desenvolvimento e na manutencdo do TDM (GUO et al., 2024). Essa

teoria tem recebido crescente apoio a medida que pesquisas demonstram que muitos
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pacientes com depressdo apresentam niveis elevados de marcadores inflamatorios,
tanto no sangue quanto no sistema nervoso central (KOUBA et al., 2023; GUO et al.,
2024). Segundo a hipotese inflamatéria, a depressdo pode ser causada por
neuroinflamacéo (DANESE et al., 2007; HASSAMAL, 2023).

A relacao entre neuroinflamacéo e depressao tem se tornado um campo de
estudo de grande interesse, especialmente na busca por uma compreensdo mais
aprofundada das causas biologicas da depressdo e pelo desenvolvimento de
tratamentos mais eficazes (WU e ZHANG, 2023). A neuroinflamacéo é caracterizada
pela ativacdo do sistema imunoldgico inato central, resultando no desenvolvimento de
um fenotipo depressivo com sintomas intensos e aumento da morbidade e mortalidade
(DANESE et al., 2007; HASSAMAL, 2023). Embora a neuroinflamacdo seja uma
resposta natural a infeccdes ou lesdes, sua ativacéo crénica ou desregulada tem sido
associada a varias condi¢cdes neurologicas e psiquiatricas, incluindo a depressao
(PASTIS et al., 2024).

A neuroinflamacdo € mediada pela ativacdo das células da microglia que
ativam o fator nuclear kappa B (NF-kB) e induz a produgao de citocinas inflamatorias
(SUNESON et al., 2021; ZHENG et al., 2021). A sinalizacéo de citocinas desencadeia
uma série de efeitos biolégicos no monoaminérgico e estresse oxidativo (SUNESON
et al., 2021). O aumento dos niveis seéricos de citocinas inflamatérias, como
interleucina (IL)-1p3, IL-6 e fator de necrose tumoral-a (TNF-a) foram observados em
pacientes com transtorno depressivo (ZHENG et al., 2021; KOUBA et al., 2023). Essas
citocinas podem levar a danos neuronais, resultando no progresso da depresséo ou
outros transtornos de humor (SUNESON et al., 2021; ZHENG et al., 2021; KOUBA et
al., 2023). A neuroinflamacéo proporciona uma nova perspectiva para compreender e
tratar a depresséo, especialmente em casos cronicos e resistentes ao tratamento. Ela
afeta até 27% dos pacientes com TDM e estd associada a uma forma mais grave,
cronica e refrataria a terapia (HASSAMAL, 2023).

Os mecanismos moleculares da relacdo entre inflamacao e depresséo tém
sido extensivamente estudados em modelos animais de depressédo induzida pela
administracao periférica de LPS, para mimetizar infeccao bacteriana. A administracéao
periférica de LPS desencadeia a diminuicdo dos niveis do fator neurotrofico derivado
do cérebro (BDNF) no cérebro através de altas concentracdes de citocinas pro-
inflamatorias (DANTZER et al., 2011; KOHMAN e RHODES, 2013). Dessa forma, é
possivel notar que a inflamacao sistémica induzida pela inje¢éo periférica de LPS, um
componente importante da membrana externa de bactérias gram-negativas, ativa

significativamente o sistema imunoldgico induzindo a ativacdo da microglia que,
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consequentemente, produz respostas neuroinflamatorias (HOOGLAND et al., 2015;
GUAN et al., 2020). Portanto, o uso do LPS em modelo animal é amplamente aceito
para investigar a relacéo entre neuroinflamacéo e sintomas depressivos (ZHENG et
al., 2021).

A ativagdo crbnica do sistema imunologico no cérebro, um fendmeno também
observado em estados inflamatorios persistentes, pode desencadear uma série de
sintomas depressivos, incluindo déficits cognitivos e desregulacdo emocional
(HASSAMAL, 2023). Essa resposta inflamatéria é frequentemente vinculada ao
estresse oxidativo, a reducéo de fatores neurotroficos, como o BDNF e a apoptose,
0s quais sao apontados como fatores que contribuem para o desenvolvimento do TDM
(DWIVEDI, 2009; AFRIDI e SUK, 2021; LIU et al., 2022; ZHANG et al., 2023; TAYEB
et al., 2023). O estresse oxidativo ocorre quando ha um desequilibrio na geracdo de
radicais livres, e 0 organismo ndo consegue neutralizar essa producao de forma eficaz
(BARBOSA et al., 2010; SIES e JONES, 2020; TAYEB et al., 2023). Esse processo
prejudicial pode danificar células e tecidos cerebrais, agravando disfuncdes
neuroanatémicas que estdo fortemente ligadas ao desenvolvimento e a progressao
da depressao (TAYEB et al., 2023).

O acumulo de espécies reativas de oxigénio (ROS) pode causar danos a
lipidios, proteinas e DNA, resultando em leséo celular e apoptose (ZHANG et al., 2023;
TAYEB et al., 2023). Os danos provocados pelo estresse oxidativo sdo amplamente
reconhecidos na fisiopatologia do TDM (TAYEB et al., 2023). Pesquisadores sugerem
gue o estresse oxidativo no cérebro desempenha um papel importante nos transtornos
depressivos, uma vez que pode comprometer a funcéo neuronal e a neurotransmissao
(MAES et al.,, 2000). Esses achados sugerem que intervencfes terapéuticas
direcionadas para modular os processos inflamatorios pode ser essencial para a
melhoria das condi¢des clinicas de pacientes com TDM (LIU et al., 2022; ZHANG et
al., 2023; TAYEB et al., 2023).

A apoptose, ou morte celular programada, desempenha um papel importante
no contexto de distarbios neuroldgicos e psiquiatricos, como o TDM, especialmente
guando associada a neuroinflamacdo (NEWTON et al., 2024; YUAN e OFENGEIM,
2024; HALL et al., 2024). No TDM, estudos mostram que fatores inflamatérios, como
citocinas pro-inflamatérias, podem ativar a apoptose em células cerebrais,
especialmente neurdnios e células gliais (ZHENG et al., 2021; HASSAMAL, 2023;
KOUBA et al., 2023; CERQUEIRA et al., 2024; HALL et al., 2024). Isso leva a uma
reducdo da neuroplasticidade e neurogénese, causando a perda de células neurais

em areas do cérebro como o hipocampo por exemplo, que é essencial para a
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regulacdo do humor e da cogni¢éo, podendo agravar os sintomas depressivos (HALL
et al., 2024).
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3.3 CLASSES DE FARMACOS ANTIDEPRESSIVOS E PROBLEMAS QUE
APRESENTAM

Antidepressivos sdo medicamentos psicoativos empregados no tratamento de
transtornos mentais caracterizados por sintomas predominantemente depressivos
(SALWAN et al., 2022; ZHENG et al., 2023). Os antidepressivos séo frequentemente
utilizados no tratamento da depressédo e atuam de maneiras diferentes conforme a
classe em que se encontram direcionando-se a neurotransmissores especificos para
regular humor e comportamento (HARMER et al., 2017; SHEFFLER et al., 2024).
Acredita-se que a maioria dos antidepressivos existentes e aprovados atualmente,
aumentem os niveis dos neurotransmissores durante as sinapses e apesar de 0s
mecanismos para esse aumento variarem, a maioria dos antidepressivos agem
blogueando a recaptacdo desses neurotransmissores nos terminais nervosos
(HARMER et al., 2017; SHEFFLER et al., 2024).

Mais de 50 anos se passaram desde a descoberta da hipdtese
monoaminérgica da depressdo e mais de 60 anos desde o surgimento do primeiro
tratamento farmacologico para o TDM (ROSS e RENYI, 1969; HILLHOUSE e
PORTER, 2015). Embora varias classes de medicamentos baseados em monoaminas
tenham sido desenvolvidas e aprovadas para tratar o TDM, as taxas de remissao
permanecem baixas, havendo um periodo de laténcia até que se alcance a remissao
total dos sintomas depressivos (TIAN et al., 2022). Os antidepressivos atualmente
disponiveis para o tratamento farmacologico da depressdo estdo divididos em
algumas principais classes com base em seus mecanismos de acao (FASIPE, 2018).

Os antidepressivos classicos sdo representados pelos triciclicos (TCASs) e
pelos inibidores da monoamino-oxidase (IMAOs) (PENA et al., 2016; TIAN et al.,
2022). Os TCAs, foram desenvolvidos nos anos 1950 para melhorar o humor de
pacientes deprimidos e como mecanismo de acao, eles inibem a recaptacédo de NA e
5-HT, porém, interagem com receptores adrenérgicos, muscarinicos e histaminicos
sendo responsaveis principalmente pelos efeitos colaterais de tontura,
comprometimento da memoria e sonoléncia (PENA et al., 2016; TIAN et al., 2022). Os
IMAOS foram um dos primeiros antidepressivos licenciados para o tratamento da
depressao, agindo de forma a inibir a enzima monoamino-oxidase (MAQO), responsavel
pela degradacdo dos neurotransmissores monoaminérgicos e aumentando a
disponibilidade sinaptica de neurotransmissores como 5-HT, DA e NA (HILLHOUSE e
PORTER, 2015; PENA et al., 2016; TIAN et al., 2022). Entretanto, essa classe possuli

interagcdes medicamentosas e alimentares potencialmente perigosas, incluindo crises
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hipertensivas e sindrome serotoninérgica e dessa forma sao prescritos, como ultima
opc¢ao, apenas quando outros antidepressivos falham no tratamento da depressao
(HILLHOUSE e PORTER, 2015; PENA et al., 2016; TIAN et al., 2022).

Entre os antidepressivos ndo classicos estdo 0s mais prescritos, que sdo 0s
inibidores seletivos de recaptacéo de serotonina (ISRS), estes sdo 0s mais comuns
como antidepressivos de primeira linha para o tratamento da depresséo (FASIPE,
2018; TIAN et al., 2022). No final dos anos 1960, surgiram indicios apontando a
importancia da serotonina no TDM (HILLHOUSE e PORTER, 2015). O mecanismo de
acao desta classe envolve a inibicdo seletiva do transportador de serotonina (SERT),
aumentando a disponibilidade de 5-HT nas sinapses (FASIPE, 2018; TIAN et al.,
2022). Apesar de os ISRS serem mais seguros do que os TCAs e os IMAOs, eles
também apresentam efeitos adversos como insbnia, nauseas e disfungao sexual, bem
como o efeito terapéutico € retardado devido a dessensibilizacdo dos receptores 5-
HT1a quando o uso dos ISRS é prolongado (HILLHOUSE e PORTER, 2015; FASIPE,
2018; TIAN et al., 2022).

Outras classes de antidepressivos existentes sao os inibidores de recaptacéo
de serotonina e noradrenalina (IRSN), inibidores de recaptacdo de noradrenalina
(IRN) e os inibidores de recaptacdo de noradrenalina e dopamina (IRND) e
antidepressivos multimodais (AMMSs), tendo seus mecanismos de acao agindo sobre
0 sistema monoaminérgico, entretanto, apresentam efeitos colaterais como nauseas,
boca seca, insdnia, dentre outros Por fim, 0s agonistas/antagonistas inverso/agonista
parcial do receptor ibnico de N-metil-D-aspartato (NMDA)-glutamatérgico, agindo
diretamente sobre o sistema de neurotransmisséo glutamatérgica excitatoria e podem
causar efeitos colaterais como tontura, sedacdo, aumento da pressao arterial e
alteracao na percepcédo (HILLHOUSE e PORTER, 2015; FASIPE, 2018; TIAN et al.,
2022). Todos os antidepressivos disponiveis, apesar de sua eficicia, estédo
associados a uma variedade de efeitos colaterais, que impactam ndo s6 bem-estar
dos pacientes, mas também afetam a adesao ao tratamento. Dessa forma, a busca
por novas alternativas com maior eficacia e menores efeitos colaterais tem sido uma
constante, visando proporcionar opcdes de tratamento mais seguras e toleraveis,
otimizando os resultados terapéuticos e melhorando a qualidade de vida dos
pacientes (MOAGAR-POLADIAN et al., 2017; GRATTAN et al., 2019; CHUAI et al.,
2021).
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3.4BENZAMIDA

Entre 0os novos compostos com potencial terapéutico para o tratamento da
depressédo, as benzamidas se destacam devido a sua ampla gama de atividades
farmacoldgicas, incluindo efeitos anticonvulsivantes, anti-inflamatorios, analgésicos e
antidepressivos (RANA et al., 2008; SIDDIQUI et al., 2008; PERIN et al., 2018). A
benzamida € uma molécula derivada da amina do acido carbdnico, que por sua vez €
originaria do acido benzoico (Figura 2), descoberto por meio da simplificacdo
molecular da cocaina (CHIRITA et al., 2010; BESCKOW et al., 2020; LEDEBUHR et
al., 2024).

NH,

Figura 2. Estrutura quimica da benzamida.

Dependendo do composto, as benzamidas podem exibir atividades
antidepressiva, anticonvulsivante, anti-inflamatoria, analgésica, além de influenciar a
5-HT, e apresentar propriedades antitumorais e antimicrobianas (WANG et al., 2010;
SUCHETAN et al., 2016; CHIRITA et al., 2017). Sdo amplamente reconhecidas como
uma classe de agentes farmacologicos com varias aplicagcbes no tratamento de
distirbios neurolégicos e psiquiatricos. As atividades bioldgicas observadas em
estudos sobre estruturas organicas estdo diretamente associadas a classe das
benzamidas (CHIRITA etal., 2017).

Essas atividades geralmente sdo obtidas por meio de modificacdes na
estrutura quimica da benzamida. Muitas benzamidas substituidas demonstram
propriedades bioativas, o que as torna potenciais candidatos para desenvolvimento
farmacoldgico (CHIRITA et al., 2017). Moléculas que apresentam nucleo benzamida,
gue é caracterizado por uma estrutura de amida associada ao anel aromatico
benzénico, sdo cruciais devido ao seu potencial perfil farmacologico, o que favorece
sua aplicacdo como agentes antibacterianos, antifingicos, imunomoduladores,
antipsicoticos, entre outros (LEAL et al., 2009).

Um estudo apresentou uma série de moléculas sintetizadas contendo nucleo

benzamida e todas foram avaliadas quanto ao seu potencial como antipsicéticos
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multireceptores (YANG et al., 2016). As benzamidas sintetizadas foram desenvolvidas
para atuar nos receptores de dopamina D2 e serotonina 5-HTia € 5-HT2a, visando
tratar sintomas positivos, negativos e cognitivos da esquizofrenia com menor
incidéncia de efeitos colaterais (YANG et al., 2016). Das benzamidas sintetizadas para
este estudo, foram identificadas duas benzamidas com excelentes perfis
farmacolégicos (YANG et al., 2016).

Além disso, esses compostos reduziram a hiperatividade induzida por PCP
(um modelo para sintomas psic6ticos) em modelos animais sem provocar catalepsia,
0 que indica baixa propenséo a causar efeitos motores extrapiramidais (YANG et al.,
2016). Os resultados deste estudo sugeriram que esses NoOvos compostos tém
potencial para avancar em estudos pré-clinicos, oferecendo um perfil de seguranca e
eficacia promissor para o tratamento da esquizofrenia (YANG et al., 2016). Essas
caracteristicas sugerem um perfil favoravel para o uso como antipsicéticos, com
menos riscos de efeitos adversos motores, comparado a farmacos convencionais.

Em outro estudo, moléculas com nucleo benzamida foram descritas como
antagonistas do receptor de dopamina D2 com foco no tratamento de sintomas
neuropsiquiatricos, como isolamento social que € um sintoma comum em transtornos
como esquizofrenia e depressao (IKE et al.,, 2024). Um dos beneficios das
benzamidas, mostrados neste estudo, é o seu papel na modulacao do receptor D2 que
regula a liberacdo de dopamina impactando diretamente no comportamento social
(IKE et al., 2024). Ao inibir o receptor D2 essas moléculas contendo o nucleo
benzamida, promovem a liberacdo da dopamina aumentando a sociabilidade e
melhorando o isolamento social patologico (IKE et al., 2024).

Dessa forma, as benzamidas sdo investigadas como agentes promissores
para o tratamento de distlrbios que envolvem sintomas de retraimento social (IKE et
al., 2024). As benzamidas substituidas possuem a capacidade ampla de modular as
vias neuronais e esta classe possui diversos agentes antipsicéticos atipicos que
demonstraram eficacia no tratamento de sintomas negativos de esquizofrenia, devido
a combinacdo de efeitos antipsicoticos e antidepressivos (RACAGNI et al., 2004;
GRATTAN et al., 2019). Alias, as benzamidas substituidas apresentam boa
tolerabilidade, devido a sua menor propensdo de causarem efeitos extrapiramidais
guando comparado aos antipsicéticos tradicionais (RACAGNI et al., 2004; GRATTAN
et al., 2019).

Isso reforga o valor das moléculas sintetizadas contendo o ndcleo benzamida

como agentes complexos e com alto potencial terapéutico, oferecendo abordagens
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abrangentes para o tratamento de sintomas de transtornos depressivos, psiquiatricos,
dentre outros. Entretanto, a falta de tratamentos eficazes para varias doencas
psiquiatricas e a complexidade dos efeitos colaterais dos medicamentos disponiveis
ressaltam a necessidade de pesquisas para descobrir novas moléculas e alternativas,
sugerindo novas aplicabilidades de novos farmacos a partir de modificacdes
estruturais da benzamida (MOAGAR-POLADIAN et al., 2017, CHIRITZ\ et al., 2017;
GRATTAN et al., 2019).
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3.5 COMPOSTOS ORGANICOS DE SELENIO

O Se, um elemento quimico descoberto ha mais de 180 anos pelo sueco Jons
Jacob Berzelius, tem sido objeto de numerosos estudos sobre suas propriedades
guimicas e atividades biolégicas (SURAI, 2022). Durante muito tempo, acreditava-se
que a principal atividade biol6égica dos compostos de Se estava relacionada
exclusivamente a sua toxicidade, e algumas teorias até associavam eventos histéricos
a envenenamentos por Se (SANTI et al., 2017; SONEGO et al., 2023). No entanto, a
partir da década de 1950, embora estudos atuais confirmem que alguns distarbios em
animais e humanos sdo causados pela bioacumulacédo de Se, ficou claro que esse
elemento é essencial para a vida (SANTI e BAGNOLI, 2017; KIELISZEK e BANO,
2022; SONEGO et al., 2023).

Atualmente, reconhece-se 0 Se como um micronutriente essencial, cuja
presenca em determinadas selenoproteinas desempenha um papel crucial na
manutenc¢ao do equilibrio redox nos sistemas biologicos (SANTI e BAGNOLI, 2017;
CHUAI et al., 2021; XU-XU et al., 2022; GU e GAO et al., 2022; CHEN et al., 2024).
Dada a sua importancia no SNC, manter niveis adequados de Se é crucial para a
saude e o bem-estar geral, pois niveis baixos de Se tém sido associados a diversos
problemas como um aumento do risco de mortalidade, comprometimento da funcéo
imunoldgica e declinio cognitivo, bem como TDM (BAJ et al., 2023).

Estudos pré-clinicos em animais sugerem que o0 Se pode exercer efeitos
antidepressivos ao influenciar os sistemas dopaminérgico e serotoninérgico (ISLAM
et al., 2018; BAJ et al., 2023). Além disso, a relacdo entre o Se e os niveis do fator
neurotréfico derivado do cérebro (BDNF) pode impactar a neuroplasticidade e
desempenhar um papel na fisiopatologia da depresséao (SHIMIZU et al., 2003; BAJ et
al., 2023). Nesse contexto, 0s compostos organicos de Se vém despertando crescente
interesse devido ao seu potencial bioldgico e terapéutico (CHUAI et al., 2021; XU-XU
et al., 2022). Esses compostos possuem uma ampla gama de aplicacdes, muitas das
guais estdo associadas as suas propriedades farmacolégicas (BARBOSA et al.,
2017).

Os compostos organicos de Se tém se destacado devido a suas propriedades
terapéuticas promissoras, incluindo efeitos antidepressivos, anti-inflamatérios e
antinociceptivos (BRUNING et al., 2015; OLIVEIRA et al., 2016; BAMPI et al., 2020;
BESCKOW et al., 2020; BIRMANN et al., 2023; LEDEBUHR et al., 2024). Além disso,
tanto compostos naturais quanto sintéticos contendo Se demonstraram atividades

antitumorais, antioxidantes, antifibroliticas, antiparasitarias, antibacterianas, antivirais,
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antifangicas e neuroprotetoras (CHUAI et al., 2021). O Se desempenha também um
papel significativo na reducdo de inflamacgOes devido as suas propriedades anti-
inflamatdrias e imunomoduladoras importantes, atuando em diversos processos
celulares e auxiliando na regulacdo da resposta imunolégica (MAL'TSEVA et al.,
2022).

Compostos contendo Se tem sido associados a efeitos protetores contra o
estresse oxidativo e a inflamacédo (DUNTAS et al., 2009; MAL'TSEVA et al., 2022;
MAHMOODPOOR et al., 2022). Estes compostos conseguem reduzir a expressao de
citocinas pro-inflamatérias, como a IL-6 e TNF-a, e atenuar a ativagdo de vias de
sinalizacdo inflamatérias, como a NF-kB (DUNTAS et al., 2009; MAL'TSEVA et al.,
2022; MAHMOODPOOR et al., 2022). Assim, o Se contribui para a diminuicdo de
processos inflamatérios em condicdes patoldgicas, além de oferecer suporte ao
sistema imunoldégico frente a infec¢des, sendo considerado um elemento importante
para o controle da inflamacéo, além de ser um potencial agente adjuvante terapéutico
na prevencdo e tratamento de doengas associadas a processos inflamatorios
(DUNTAS et al., 2009; MAL'TSEVA et al., 2022; MAHMOODPOOR et al., 2022).

Um estudo mostrou um composto organico de selénio, contendo o
grupamento CFzem uma porc¢ao da molécula ((m-CFz-PhSe).), como um multialvo que
mostrou efeitos terapéuticos promissores na prevencdo de comportamentos
depressivos e hipersensibilidade a dor em modelos animais de dor e depressao
(BRUNING et al., 2011; BRUNING et al., 2015). Este trabalho indicou que a molécula
(m-CF3-PhSe)2 possui propriedades antinociceptivas e antidepressivas, associadas a
uma potente acdo anti-inflamatéria reduzindo niveis de citocinas pro-inflamatérias,
como TNF-a e IL-1B, além de modular a ativagao da proteina quinase p38 (p38 MAPK)
e normalizar o BDNF (BRUNING et al., 2015).

Nesta molécula, a presenca do grupamento CFz na estrutura da molécula
potencializou a acao deste composto, aumentando a sua lipofilicidade, permitindo-lhe
atravessar a BHE e elevando a biodisponibilidade no SNC (BRUNING et al., 2011;
BRUNING et al., 2015). Além disso, o grupamento CF3 contribuiu para a estabilidade
do composto, permitindo maior interacdo com os sistemas bioldgicos, ampliando sua
eficacia no aumento da disponibilidade de 5-HT na fenda sinaptica, o que é um
diferencial no tratamento de sintomas depressivos (BRUNING et al., 2011; BRUNING
et al., 2015). A combinacgéo de efeitos anti-inflamatorios e de regulagdo do sistema
serotoninérgico e glutamatérgico tornou esta molécula promissora para o tratamento
da dor neuropatica associada a depressdo (BRUNING et al., 2015).

No entanto, h& poucos estudos que exploram o desempenho biolégico e o
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mecanismo de acdo de compostos que combinam benzamidas e Se. Assim, o
desenvolvimento de moléculas que integram essas estruturas representa uma
estratégia promissora no tratamento de pacientes com TDM, oferecendo potencial
terapéutico significativo (SIDDIQUI et al., 2008; CHUAI et al., 2021).
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4. RESULTADOS

Os resultados desta tese de doutorado sao apresentados sob a forma de um
artigo cientifico e dois manuscritos. Os itens dos materiais e métodos, resultados,
discussdo e referéncias estdo incluidos nos préprios artigos, os quais foram
estruturados conforme as normas das revistas onde o artigo foi publicado e os dois
manuscritos submetidos para publicacdo. Em anexo a esta tese, encontram-se as
aprovacoes dos projetos de pesquisa pela Comisséo de Etica no Uso de Animais
(CEUA) da Universidade Federal de Pelotas.
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Abstract

Rationale Major Depressive Disorder (MDD) significantly impairs the quality of life for those affected. While the exact
causes of MDD are not fully understood. the deficit of monoamines, especially serotonin and noradrenaline, is widely
accepted. Resistance to long-term treatments and adverse effects are often observed. highlighting the need for new pharma-
cological therapies. Synthetic organic compounds containing selenium have exhibited pharmacological properties. including
potential antidepressant effects.

Objective To evaluate the antidepressant-like effect of N-(3-((3-(trifluoromethyl)phenyl)selenyl)prop-2-yn-1-y1) benzamide
(CF;SePB) in mice and the involvement of the serotonergic and noradrenergic systems.

Methods Male Swiss mice were treated with CF;SePB (1-50 mg/kg. i.g.) and 30 min later the forced swimming test (FST)
or tail suspension test (TST) was performed. To investigate the involvement of the serotonergic and noradrenergic systems
in the antidepressant-like effect of CF;SePB. mice were pre-treated with p-CPA (a 5-HT depletor, 100 mg/kg. i.p.) or the
receptor antagonists WAY100635 (0.1 mg/kg. s.c., a 5-HT;, receptor antagonist), ketanserin (1 mg/kg. i.p., a 5-HT55,¢
receptor antagonist), ondansetron (1 mg/kg. i.p.. a 5-HT; receptor antagonist). GR110838 (0.1 mg/kg. i.p.. a 5-HT, receptor
antagonist), prazosin (1 mg/kg. 1.p.. an ¢,-adrenergic receptor antagonist). yohimbine (1 mg/kg. 1.p.. an o,-adrenergic recep-
tor antagonist) and propranolol (2 mg/kg. i.p.. a non-selective beta-adrenergic receptor antagonist) at specific times before
CF,;SePB (50 mg/kg. 1.g.). and after 30 min of CF,;SePB administration the FST was performed.

Results CF;SePB showed an antidepressant-like effect in both FST and TST and this effect was related to the modulation
of the serotonergic system. specially the 5-HT, 4 and 5-HT; receptors. None of the noradrenergic antagonists prevented the
antidepressant-like effect of CF;SePB. The compound exhibited a low potential for inducing acute toxicity in adult female
Swiss mice.

Conclusion This study pointed a new compound with antidepressant-like effect, and it could be considered for the develop-
ment of new antidepressants.

Keywords Depression - Serotonergic system - Noradrenergic system - Benzamide - Selenium - Mice
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Introduction

Major Depressive Disorder (MDD) is a clinical condition
characterized by symptoms of persistent sadness. discour-
agement, and lack of interest in pleasurable activities. MDD
can also cause sleep disturbances. tiredness and lack of con-
centrafion and appetite (WHO 2022) as well a great distress
to the affected person and lead to dysfunction in their daily
activities (Gong et al. 2020). It can be of moderate or severe
intensity and of long duration, becoming a critical health
condition (OPAS 2021). Some studies suggest that depres-
sion may have a genetic cause, while others suggest that it is
due to a contribution of genetic and environmental factors,
such as major life stressors (Gohar et al. 2012).

There is neurobiological evidence that helps to under-
stand depression. The monoaminergic theory is currently the
most accepted one to explain the etiology of this disorder.
This theory defines that the common pathway for depres-
sion is the deficit of neurotransmitters in the central nervous
system (CNS). mainly serotonin (5-hydroxytryptamine,
(5-HT) and noradrenaline (NA) (Coppen 1967), and most
of currently available antidepressants act on one or more
mechanisms compatible with the monoamine hypothesis.
The subfamilies of serotonin receptors assist in regulating
physiological functions, mood changes, emotions, memory,
among others. Besides, NA is also implicated in the regula-
tion of emotions (Moret and Briley 2011: Herrmann et al.
2004: Kandemir 2023).

The effectiveness of current antidepressants is limited
for many people with MDD. This limitation predominantly
arises from inadequate adherence to treatment due to the
presence of adverse effects or concerns about tolerability.
Moreover, the delayed commencement of therapeutic ben-
efits, typically manifesting only during the second to fourth,
or subsequent weeks of usage. adds to the diminished impact
of these medications (Faquih et al. 2019). Consequently, it
becomes imperative to explore novel pharmaceutical solu-
tions that not only yield improved results but also come with
fewer accompanying side effects for the purpose of treating
depression.

Selenium is a frace element widely distributed in the
human body. This element is essential for the maintenance
of the human life because it is present in the essential ami-
noacid selenocysteine. in the enzyme glutathione peroxi-
dase, and in most tissues of human body with the function
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Fig.1 Chemical structure of N-(3-((3-(trifluoromethyl)phenyl)selanyl)
prop-2-yn-1-yl)benzamide (CF;SePB)
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of catalyzing the breakdown of hydrogen peroxide from the
highly reactive metabolite (Steinbrenner and Sies 2013).
Interestingly, organic compounds containing selenium
demonstrate many pharmacological properties such as anti-
inflanunatory, antioxidant, antinociceptive, and antidepres-
sant (Besckow et al. 2020: Nogueira and Rocha 2011: da
Silva Teixeira Rech et al. 2021; Birmann et al. 2023; Ang-
hinoni et al. 2023). In addition, benzamide is a molecule
derived by from carbonic acid amine that is derived by from
benzoic acid. Many compounds that have benzamide in
their molecules have shown many properties such as anti-
convulsivant, analgesic, and antidepressant (Besckow et al.
2020; Chirita et al. 2010).

Thus. this study evaluated the antidepressant-like
effect of N-(3-((3-(trifluoromethyl)phenyl)selanyl)prop-
2-yn-1-yl)benzamide (CF;SePB) (Fig. 1). an organosele-
nium compound containing benzamide, in mice. As some
organoselenium compounds or compounds containing ben-
zamide showed pharmacological properties via modulation
of the serotonergic and noradrenergic systems (Asif 2016:
Briining et al. 2014; Briining et al. 2011: Tully and Donohue
2017; da Silva Teixeira Rech et al. 2021: Ledebubr et al.
2024), the involvement of these systems in the antidepres-
sant effect of CF;SePB was also investigated.

Methodology
Animals

Adult Swiss mice (25-30 g) from the Central Biotery of the
Federal University of Pelotas were used in this study. All the
behavioral tests were performed with male mice, using them
only once in each test (# =7 to 12 animals/group, totalizing
374 male mice). with exception of open-field test (OFT),
that was performed before the tail suspension test (TST) or
the forced swimming test (FST) with the same animals. For
the toxicity test, 6 female Swiss mice were used per group,
totalizing 12 female mice. The animals were maintained at
a temperature of 2242 °C with a 12 h light/12 hour dark
cycle, and light at 7 a.m. The mice were placed in separate
boxes (20x30x 13, 5 animals per cage) with diet ad libi-
tum that consisted of commercial feed and fresh water. The
animals did not receive food during the experimental proto-
col. The animals spent 1 h acclimatizing before starting the
experiment. All tests were timed and watched by a blinded
observer. The experiments were done in accordance with
the rules of the Ethics Committee on Animal Experimen-
tation at UFPel (CEEA 28.792—2020) and is according to
the National Institutes of Health Guide for the care and use
of laboratory animals (NIH publications N° 8023, revised



Psychopharmacology

38

1978). All efforts were made to minimize the number of ani-
mals used and to alleviate animal suffering.

Drugs

The synthesis of the CF;SePB (Fig. 1) occurred in the
Nucleus of Synthesis and Application of Organic and Inor-
ganic Compounds (NUSAACOI). from the Federal Univer-
sity of Fronteira Sul (UFFS).

According to Balbom et al. (2019), the analysis of 13C
and 'H NMR spectra revealed that the analytical and spec-
troscopic data were in complete agreement with the assigned
structure. Additionally. the chemical purity of CF;SePB
was determined using GC/MS. Initially, the CF,;SePB
was solubilized in canola oil for intragastric administra-
tion at doses of 1. 10 and 50 mg/kg. Fluoxetine was used
intraperitoneally (i.p.) at a dose of 20 mg/kg as a positive
control to validate the data obtained in the behavioral tests
assessing antidepressant-like effects. Other drugs used
were N-[2-[4-(2-methoxyphenyl)-1-piperazinyl|ethyl]-
N-2pyridinylcyclohexanecarboxamide (WAY'100635),
1-[2-[(methylsulfonyl)-amino]ethyl]-4-piperidinylJmethyl-
1-methyl-1H-indole-3-carboxylate (GR113808), ketanserin
(+)-tartrate salt. ondansetron hydrochloride, p-chlorophe-
nylalanine methyl ester (p-CPA). prazosin. yohimbine, an
propranolol. The drug WAY 100635 was administered sub-
cutaneously (s.c.) and the other drugs were administered
infraperitoneally (i.p.). Fluoxetine, p-CPA. and the antag-
onists WAY100635, ketanserin, ondansetron, prazosin,
yohimbine, and propranolol were diluted in 0.9% saline.
The antagonist GR113808 was suspended in 0.5% carboxy-
methyl cellulose (CMC) with 0.1% tween 80. All drugs
were administered to mice in a constant volume of 10 mL/
kg of body weight and obtained from Sigma-Aldrich (St.
Louis. MO, USA). Fluoxetine was purchased locally.

Experimental design

Dose-response curve of the antidepressant-like effect of
CF;SePB in mice

To obtain the dose-response curve of the antidepressant-
like action of CF;SePB. mice were treated with CF;SePB at
doses of 1, 10 and 50 mg/kg (i.g.). fluoxetine 20 mg/kg (i.p.)
or canola oil (control. 10 mL/kg. i.g.) 30 min before TST or
FST. The open-field test (OFT) was performed 4 min before
the TST with the same animals that underwent the TST. The
doses were selected according to previous studies on the
antidepressant-like action of organic selenium compounds
(Besckow et al. 2020: Gall et al. 2020; da Rocha etal. 2023;
Presa et al. 2023). Fluoxetine was used as the reference

antidepressant drug to validate the behavioral tests (Shakiba
et al. 2019).

The TST and FST are commonly used tests for screen-
ing of new drugs with antidepressant-like effect (Cryan and
Slattery 2007; Chatterjee et al. 2012). The OFT is used to
analyze the exploratory and locomotor activity of mice that
are used ahead of the administration of new drugs (Valvas-
sori et al. 2017). ruling out non-specific effects in screening
tests of antidepressant-like action.

Evaluation of the involvement of the serotonergic system in
the antidepressant-like effect of CF;SePB

To evaluate the hypothesis that the antidepressant-like effect
of CF;SePB is related to the modulation of the serotonergic
system. FST and the dose of 50 mg/kg of CF;SePB were cho-
sen. Multiple depression phenotypes can be replicated and
assessed in animals (Hasler ef al. 2004). An animal model of
depression should closely resemble clinical symptoms (face
validity). In this regard. one of the most frequently utilized
tests for evaluating depressive-like behavior in rodents is
the FST test (Steru et al. 1985).

Animals were pre-treated with p-CPA (100 mg/kg. i.p.)
or saline, a selective inhibitor of the enzyme tryptophan
hydroxylase that causes depletion of 5-HT, or vehicle once a
day. for 4 consecutive days. Twenty-four hours after the last
p-CPA injection. mice were treated with CF,SePB (50 mg/
ke. 1.g.) or canola oil (vehicle, 10 ml/kg. i.g.) and. 30 min
later, passed through the FST. Four minutes before the FST,
the same animals performed the OFT (Besckow et al. 2020;
Gall et al. 2020).

To assess the hypothesis that the antidepressant-like
effect of CF;SePB is involved with specific receptors of
the serotonergic system. male mice were pretreated with
WAY100635 (0.1 mg/kg. s.c.. a 5-HT;, recepfor antago-
nist). ketanserin (1 mg/kg. ip.. a 5-HT,,,c receptor
antagonist), ondansetron (1 mg/kg, i.p.. a 5-HT; receptor
antagonist), or GR113808 (0.1 mg/kg, i.p.. a 5-HT, recep-
tor antagonist). Animals were then treated with CF;SePB
(50 mg/kg, i.g.) or canola oil (vehicle, 10 mlkg, i.g.) after
15 min of administration with the antagonists WAY 100635,
ketanserin, and ondansetron or 30 min after administration
with GR113808. After 30 min following the administration
of the compound or vehicle, the animals were subjected to
FST for 6 min. The OFT was performed 4 min before the
FST with the same animals to check the locomotor activity.
The doses and times chosen for treatment with serotonergic
receptor antagonists were in accordance with previous stud-
ies (Jesse et al. 2010; Castello et al. 2018; Gall et al. 2020).
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Evaluation of the involvement of the noradrenergic system
in the antidepressant-like effect of CF;SePB

To evaluate the hypothesis that the antidepressant-like effect
of CF;SePB is related to the modulation of the noradrener-
gic system, FST and the dose of 50 mg/kg of CF;SePB were
also chosen. Mice were pretreated with prazosin (1 mg/
kg, ip.. an uy-adrenergic receptor antagonist). yohimbine
(1 mg/kg, ip.. an u,-adrenergic receptor antagonist), and
propranolol (2 mg/kg. i.p., a non-selective beta-adrenergic
receptor antagonist) (da Silva Teixeira Rech et al. 2021),
and after 15 min they were treated with CF;SePB (50 mg/
kg, i.g.) or canola oil (vehicle, 10 ml/kg, i.g.). After 30 min
following the administration of the compound or vehicle,
the animals were subjected to FST for 6 min. To check the
locomotor activity of the animal, OFT was performed for
4 min before the FST with the same animals (Besckow et al.
2020: Gall et al. 2020).

Behavioral tests
Open field test

To assess whether there was any possible change in the loco-
motor and exploratory activity of the animals, the mice were
placed individually in the center of a wooden box (30 cm x
40 cm x 40 cm) with nine squares of the same size. Each
mouse was observed for 4 min. During that period. it was
counting the number of crossings among the squares and the
number of elevations of animals on the two paws (rearing)
(Walsh and Cummins 1976). At the end of each test, the box
was cleaned with 20% alcohol to receive the next animal
and leave no olfactory traces.

Tail suspension test

The animals were suspended by the fail and fixed with the
aid of an adhesive tape in an apparatus 50 cm high. The
mice were observed over a 6-minute period. In this fime,
immobility time and latency to the first episode of immo-
bility were determined (Steru et al. 1985). Animals were
considered immobile when they only hung motionless, indi-
cating an absence of attempt-to-snap behavior escape. The
longer the animals remain immobile, the greater the depres-
sive-like behavior.

Forced swimming test
In this test, the animal is directly exposed to stress without
the possibility of escape (Berton et al. 2021). The animals

are placed in a 29 cm high cylindrical container contain-
ing 1.5 L of water at 25 +1 °C for 6 min. During this time,
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the latency to the first episode of immobility and the total
immobility time were determined. The mice, when placed in
the cylinder with water, try to escape this unfavorable situa-
tion by opting for swimming or floating. The longer the ani-
mals are floating, the greater the depressive-like behavior.

Acute oral toxicity

To assess toxicity in female mice, CF;SePB was adminis-
tered in 3 oral doses of 100 mg/kg. reaching the dose of
300 mg/kg, or vehicle, as indicated by Organization for
Economic Cooperation and Development Guidelines
(OECD 423, December 17, 2001). Females were fasted for
4 h before administration and with a maximum variation of
20% of body weight, as recommended by the OECD. Ani-
mals were observed every 30 min for the first 4 h and peri-
odically during the first 24 h, and then daily for 14 days
(OECD) to determine the lethal potential of benzamide.
Food and water intake were monitored in the 2 cages/group
containing 3 animals in each cage. On the 14th day. the OFT
was performed to assess the locomotor activity of mice.
After the OFT. the mice were anesthetized for the cardiac
puncture procedure and the blood was collected in tubes
containing heparin. Plasma was obtained after centrifuga-
tion and used for biochemical assays using commercial Kits.
Aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT) activities in plasma were used as indicators of
liver function (Reitman and Frankel 1957). Renal function
was assessed by plasma urea levels (Mackay and Mackay
1927). Hemolyzed samples were discarded.

Statistical analysis

Experimental data are expressed as mean =+ standard error
of mean (S.E.M.). The normal distribution of data was
evaluated by the D’Agostino and Pearson test. Compari-
sons between the experimental groups were performed
using one-way (CF;SePB dose-response curves) or two-
way ANOVA (experiments with p-CPA and the antago-
nists) analysis of variance. followed by the Newman-Keuls
post hoc test. After the two-way ANOVA, the post hoc test
was performed only if there was a significant interaction
between CF;SePB and the antagonist. The unpaired t test
was used to analyze the toxicity tests. Values of p lower than
0.05 (p<0.05) were considered as statistically significant.
All analyzes were performed using the GraphPad Software
(GraphPad, San Diego, CA, USA).
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Fig. 2 Effect of CF;SePB (1. 10 and 50 mg/kg. i.g.) and fluoxetine
(20 mg/kg. i.p.) treatments on TST in mice. (A) Latency time for the
first episode of immobility and (B) total immobility time. Fluoxetine
was used as a reference drug. Values were expressed as the mean + stan-
dard error of the mean (S.E.M.) (n=10-12 animals/group). (*) p<0.5

Table 1 Effect of CF3SePB administration on the OFT

Groups Number of crossings Number of rearings
Vehicle (canola oil) 64.5+4.1 26.5+1.9
CF;5e¢PB 1 mg/kg 79.3+23 334421
CF;3SePB 10 mg/kg 70.1+3.2 306423
CF3SePB 50 mg/ke  72.544.7 29.9+2.6
Fluoxetine 20 mg’kg 74.8+54 30.14+3.3

Results
Antidepressant-like effect of CF;SePB on TST

CF,SePB demonstrated an antidepressant-like effect in
mice on TST. The doses of 1, 10 and 50 mg/kg (i.g.) of
CF;SePB did not promote significant changes in relation
to the control group in the latency to the first episode of
immobility (F4,=3.212, p=0.0203. Fig. 2A). How-
ever, the immobility time of the animals in the TST was
significantly reduced when CF,;SePB was administered at
all doses. compared with the control group (Fy 49,=3.473.
p=0.0142, Fig. 2B). Fluoxetine, used as a positive control,
promoted a reduction in immobility time and an increase
in latency time, validating the results that demonstrate an
antidepressant-like effect of the compound on TST in mice
(Fig. 2). No change in locomotor activity was observed in
OFT on crossing (F (4 49) =0.8250. p=0.5155) and rearing
(F (4.49)=0.1922, p=0.9414) (Table 1).

The results represent the means + standard error of the
mean (S.EM.) (n=10-12 animals/group). Data analyses
were conducted through one-way ANOVA. Abbreviation:
CF;SePB:  N-(3-((3-(trifluoromethyl)phenyl)selanyl)prop-
2-yn-1-yl)benzamide; OFT: Open field test.
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when compared with the control group. Abbreviations: CF;SePB:
N-(3-((3-(trifluoromethyl)phenyl)selanyl)prop-2-yn-1-yl)benzamide:
C: control: FLX: fluoxetine; i.g.: intragastric; i.p.: intraperitoneally:
TST: tail suspension test

Antidepressant-like effect of CF;SePB on FST

The antidepressant-like effect of the CF;SePB compound in
mice was also evaluated in the FST. The doses of 10 and
50 mg/kg of CF;SePB significantly increased the latency
time to the first episode of immobility (F(435)=7.973.
p=0.0001. Fig. 3A) and all doses reduced the immobility
time (F(,35)=15.19, P<0.0001, Fig. 3B) when compared
with the control group. Fluoxetine, used as a positive con-
trol at a dose of 20 mg/kg. generated a reduction in immo-
bility time and caused an increase in latency time when
compared with the control group. In this way. it validated
the results that showed an antidepressant-like effect of the
compound (Fig. 3).

5-HT depletion blocked the effect of CF,SePB

The impacts of 5-HT depletion through p-CPA treatment on
the antidepressant-like effect of the CF,SePB in mice are
showed in the Fig. 4. Two-way ANOVA was performed
to evaluate the interaction of CF;SePB treatment on the
latency time for the first episode of immobility (Fig. 4A,
F135=9.191. p=0.0044) and on the total immobility time
(Fig. 4B. F(35=7.985. p=0.0075) of the animal in the
FST. The treatment with the serotonin depletor p-CPA pre-
vented the antidepressant-like effect of CF;SePB, adminis-
tered at a dose of 50 mg/kg in the FST.

According to Table 2, when the animals were treated
with p-CPA and CF;SePB. no changes were observed in the
number of crossings and rearings in the OFT.
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Fig.3 Effect of CF;SePB (1.10e 50 mg/kg. i.g.) and fluoxetine (20 mg/
kg. i.p.) treatments on FST in mice. (A) Latency time for the first epi-
sode of immobility and (B) total immobility time. Fluoxetine was used
as a reference drug. Values were expressed as the mean + standard
error of the mean (S.E.M.) (n=8 animals/group). (*) p<0.05. (**)
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Fig.4 Effect of pretreatment with p-CPA (100 mg/kg. i.p) on the anti-
depressant-like effect of CF3SePB (50 mg/ke. 1.g.) in the mouse FST.
(A) Latency to first episode of immobility and (B) total immobility
time. Values were expressed as the mean + standard error of the mean
(S.E.M.) (n=10-11 animals/group). Data were analyzed by two-way

Involvement of serotonergic receptors in the
CF;SePB antidepressant-like effect in mice
subjected to the FST

The results shown in Figs. 5to 8 show the analysis of the
involvement of the serotonergic receptors in the antidepres-
sant-like effect of CF;SePB in mice on FST. From the data
obtained in the FST. CF,;SePB demonstrated an antidepres-
sant-like effect in mice at all doses tested. However. at the
dose of 50 mg/kg, the effect was more significant. Thus. this
was the dose chosen to perform the tests with anfagonists of
the serotonergic system.

Figures 5 A and 5B show that pre-treatment with
WAY'100635, which is a selective 5-HT , receptor antago-
nist, blocked the effect of CF;SePB (50 mg/kg, i.g.). Data
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p<0.01 and (***) p<0.001 when compared with the control group.
Abbreviations: CF3SePB: N-(3-((3-(trifluoromethyl)phenyl)selanyl)
prop-2-yn-1-yl)benzamide; C: control; FLX: fluoxetine; FST: forced
swim test
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Analysis of Variance (ANOVA) followed by the Newman-Keuls test.
(*) p<0.05. compared with the control group: (¥#) p<0.05 and (#%)
p<0.01 compared with the CF;SePB group. Abbreviations: CF;SePB:
N-(3-((3-(trifluoromethyl)phenyl)selanyl)prop-2-yn-1-yl)benzamide:
p-CPA: p-chlorophenylalanine: FST: Forced swim test

analysis showed that WAY 100635 blocked the antidepres-
sant-like effect of CF;SePB as shown in the latency time for
the first episode of immobility (F(; 37)=9.332, p=0.0042)
and in the total immobility time (F(; 37,=6.017. p=0.0190)
of the mice. The number of crossings as well as the number
of rearings in the OFT were not altered by treatment with
the compound CF;SePB and/or WAY 100635 (Table 2)

On the other hand, in the pre-treatment of mice with the
5-HT,4 ¢ receptor antagonist ketanserin, the increase in the
latency time (Fig. 6A) and the reduction in the total immo-
bility time (Fig. 6B) induced by CF;SePB (50 mg/kg. i.g.) in
the FST were not blocked by this antagonist. In the two-way
ANOVA. the main effect of the CF;SePB compound it was
verified in the latency time for the first episode of immobil-
ity (F(1.28=21.66. p<0.0001) and in the total immobility
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Fig. 5 Effect of pretreatment with WAY 100635 (0.1 mg/kg. s.c.) on
the antidepressant-like effect of CF3SePB (50 mg/ke. i.g.) in mice on
FST. (A) Latency to first episode of immobility and (B) total immobil-
ity time. Values were expressed as the mean +standard error of the
mean (S.E.M.) (n=10-11 animals/group). Data were analyzed by two-

Fig.6 Effect of pretreatment A
with ketanserin (1 mg/kg. i.p.) on
the antidepressant-like effect of
CF3SePB (50 mg/kg, i.g.) in mice
on FST. (A) Latency to first epi-
sode of immobility and (B) total
immobility time. Values were
expressed as the mean + stan-
dard error of the mean (S.E.M.)
(n=8 animals/group). Data were
analyzed by two-way Analysis

of Variance (ANOVA). Abbre-
viations: CF;SePB: N-(3-((3-
(trifluoromethyl)phenyl)selanyl)
prop-2-yn-1-yl)benzamide: FST:
Forced swim test
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time (Fj 55,=16.38, p=0.0004). As seen in Table 2. the
treatment with ketanserin and/or CF;SePB did not produce
any change in the number of crossings and rearings of mice
in the OFT.

Figure 7A and B describe the results that were obtained
from the pre-treatment with the 5-HT; receptor antago-
nist ondansetron and the compound CF;SePB. Ondanse-
tron administration blocked the antidepressant-like effect
of CF;S8ePB (50 mg/kg, i.g.) on FST in mice. Two-way
ANOVA analysis showed the interaction between CF;SePB
and ondansetron pre-treatment on latency time for the first
episode of immobility (F33y=4.830, p=0.0351) and on
total immobility time (F ; 53,=13.62. p=0.0008) in FST.
In the OFT, no differences were observed in the number of
crossings and rearings in mice that received treatment with
ondansetron and CF,;SePB (Table 2).

The pretreatment with GR113808. a 5-HT, recep-
tor antagonist, shown in Fig. 8A and B. did not prevent
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way Analysis of Variance (ANOVA) followed by the Newman-Keuls
test. (**) p<0.01 compared with the control group: (##) p<0.01
compared with the CF3SePB group. Abbreviations: CF;SePB: N-(3-
((3-(trifluoromethyl)phenyl)selanyl)prop-2-yn-1-yl)benzamide: FST:
Forced swim test
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the antidepressant-like action of the CF;SePB (50 mg/kg,
1.g.). Two-way ANOVA showed main effect of CF;SePB
on latency to the first immobility episode (F; 34,=28.28,
p<0.0001) and total immobility time (Fj3y=21.34
2<0.0001) in FST in mice. In the OFT. the number of
crossings and rearings were not altered in animals that were
treated with GR 113.808 and/or CF;SePB (Table 2).

The results represent the means + standard error of the
mean (S.E.M.) (n=8-11 animals/group). Data analyses
were conducted through two-way ANOVA. Abbrevia-
tions: CF;SePB: N-(3-((3-(trifluoromethyl)phenyl)selanyl)
prop-2-yn-1-yl)benzamide; p-CPA: p-chlorophenylalanine;
CMC: carboxymethylcellulose; OFT: open field test.

@ Springer



43

Psychopharmacology

A
200—- Saline mm Ondansetron

)

2 150-

£ *
=]

E

E 100

o

g 50

5

0-

Vehicle

CF,SePB

Fig. 7 Effect of pretreatment with ondansetron (1 mg/kg. i.p.) on the
antidepressant-like effect of CF;SePB (50 mg/kg. i.g.) in mice on FST.
(A) Latency to first episode of immobility and (B) total immobility
time. Values were expressed as the mean + standard error of the mean
(S.EM.) (n=9-10 animals/group). Data were analyzed by two-way

Fig. 8 Effect of pretreatment with A
GR113808 (0.1 mg/kg. i.p.) on
the antidepressant-like effect of
CF;SePB (50 mg/kg. i.g.) in mice
on FST. (A) Latency to first epi-
sode of immobility and (B) total
immobility time. Values were
expressed as the mean + stan-
dard error of the mean (S.E.M.)
(n=9-10 animals/group). Data
were analyzed by two-way
Analysis of Variance (ANOVA).
Abbreviations: CF3SePB: N-(3-
((3-(trifluoromethyl)phenyl)sela-
nyl)prop-2-yn-1-yl)benzamide;
FST: Forced swim test
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Noradrenergic receptors are hotinvolved in
the CF;SePB antidepressant-like effect in mice
subjected to the FST

The results shown in Figs. 9, 10 and 11 show the analysis of
the involvement of the noradrenergic receptors in the anti-
depressant-like effect of CF;SePB in mice on FST. Based
on the data acquired from the FST, the dose of 50 mg/kg
for the compound CF;SePB was also selected to conduct
tests involving antagonists of the noradrenergic sysfem.
Figure 9 shows that pre-treatment with prazosin, which is
a selective o;-adrenergic receptor antagonist. did not block
the anti-immobility effect of CF;SePB (50 mg/kg. i.g.) in
the FST. Two-way ANOVA showed main effect of CF;SePB
in the latency time for the first episode of immobility
(F1.25)=5.544, p=0.0267) (Fig. 9A) and in the total immo-
bility time (F(; ,5,=7.46, p=0.0114) (Fig. 9B) of the mice.
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Analysis of Variance (ANOVA) followed by the Newman-Keuls test.

(*) p<0.05 and (***) p<0.001 compared with the control group:

(#) p<0.05 and (###) p<0.001 compared with the CF;SePB group.
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The number of crossings as well as the number of rearings
in the OF T were not altered by treatment with the compound
CF,SePB and/or prazosin (Table 3).

The pretreatment with yohimbine, an «,-adrenergic
receptor antagonist, shown in Fig. 10, did not prevent the
antidepressant-like action of the CF;SePB (50 mg/kg. 1.g.).
Two-way ANOVA showed main effect of CF;SePB on
latency to the first episode of immobility (F 5g)=23.10,
p<0.0001) (Fig. 10A) and total immobility time
(F1.05y=18.88. p=0.0002) (Fig. 10B) n FST in mice. In the
OFT. the number of crossings were not altered in animals
that were treated with yohimbine and/or CF;SePB (Table 3).

Pre-treatment of mice with the non-selective beta-adren-
ergic receptor antagonist. propranolol. did not prevented the
anti-immobility effect of CF;SePB (50 mg/kg. i.g.) in the
FST (Fig. 11). The two-way ANOVA showed a main effect
of CF;SePB in the latency to immobility (F 55y=4.268,
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Table 2 Effect of CF3SePB. and/or 5-HT antagonists or p-CPA admin-
istration on the OFT behavioral parameters in mice

Experiment  Groups Num- Number
ber of of rearing
crossing

p-CPA Vehicle 739+64 249+2.1

p-CPA (100 mg/kg) 78.4+6.6 243+3.0
CF;SePB (50 mg/kg) 67.34+3.3 253+3.1
p-CPA+CF;3SePB 76.2+6.6 26.7+3.2

WAY100635 Vehicle 748+7.9 350+3.6

WAY100635 (0.1 mg/kg) 74.8+6.0 352428
CF35ePB (50 mg/kg) 742445 34718
WAY100635 4+ CF3SePB 754455 33.7+2.9
Ketanserin Wehicle 759495 200455
Ketanserin (1 mg/kg) 75.6+6.5 27.7+1.09
CF;SePB (50 mg/kg) §52+51 309+39
Ketansem’n+CF3$ePB 69.6+6.5 26.5+2.7
Ondansetron Vehicle 732450 332429
Ondansetron (1 mg/kg) 69.8+4.0 324439
CF;SePB (50 mg/kg) 691+47 343+28
Ondansetron+ CF3SePB 75.0+8.0 33.0+3.9
GR 113808  Vehicle 81.9+58 341+24
GR113808 (0.1 mg/kg) 713450 32.8+19
CF;SePB (50 mg/kg) 609+44 357437
GR113808 +CF3SePB 69.6+53 34.7+4.0

p=0.04) and in the total immobility time (F ,5= 14.66.
p=0.0008). The treatment with propranolol and/or CF;SePB
did not produce any change in the number of crossings and
rearings of mice in the OFT (Table 3).

CF;SePB has low potential to cause acute toxicity in
mice

The administration of CF;SePB (300 mg/kg. i.g.) did not
cause any death during the 14 days in which the experimen-
tal protocol was performed and did not induce other signs of
general toxicity (salivation. diarrhea. piloerection. lethargy.

Fig.9 Effect of pretreatment
with prazosin (1 mg/kg. i.p.) on
the antidepressant-like effect of
CF;SePB (50 mg/kg. i.g.) in mice
on FST. (A) Latency to first epi-
sode of immobility and (B) total
immobility time. Values were
expressed as the mean + stan-
dard error of the mean (S.E.M.)
(n=7-8 animals/group). Data
were analyzed by two-way
Analysis of Variance (ANOVA).
Abbreviations: CF3SePB: N-(3-
((3-(trifluoromethyl)phenyl)sela-
nyl)prop-2-yn-1-yl)benzamide;
FST: Forced swim test

>

Latency to immobility (s)

Vehicle

200— ™= Saline mm Prazosin

CF3$9PB

ptosis, and tremors/seizures) within the first 24 h after treat-
ment. In relation to food consumption (Fig. 12A, df=2,
t=2.037. p=0.1786) and water consumption (Fig. 12B,
df=2. t=1.550. p=0.2612). there were no statistical dif-
ferences between vehicle and CF;SePB treated animals.
Both vehicle and the CF;SePB treated group gained weight
(Fig. 12C, df=10. t=1.217. p=0.2516). The number of
crossings (Fig. 12D. df=10. t=0.199. p=0.8460) and
rearings (Fig. 12E. df=10. t=1.841. p=0.0955) were not
altered by CF;SePB in relation to vehicle group. The treat-
ment with CF;SePB (300 mg/kg. i.g.) did not alter any of
the enzymatic activities of AST (Fig. 12F, df=10, t=1.422,
p=0.1855) and AIT (Fig. 12G. df=10, t=0.3391.
p=0.7416) and plasma urea levels (Fig. 12H. df=10,
t=1.984, p=0.0753) compared to the vehicle group.

Discussion

In the present study, selenopropargyl benzamide CF;SePB
demonstrated a significant antidepressant-like effect in male
Swiss mice. This activity was shown to be dependent on
the interaction with the serotonergic system through the
involvement of 5-HT, , and 5-HT, receptors and not related
to modulation of a;-, o,-. and P-adrenergic receptors. In
addition. the treatment did not change the locomotor and
exploratory activities of the animals when they were sub-
jected to the OFT.

The antidepressant effect of CF;SePB was verified
through the FST and the TST, where the parameters evalu-
ated were the total time in which the animals were immobile
and the latency time to the first episode of immobility. Those
tests are largely used in preclinical screening to identify the
efficacy of new compounds with antidepressant properties
and have strong predictive validity with a wide applicabil-
ity to different compounds (Steru et al. 1985; Wang et al.
2017: Hao et al. 2019; Domingues et al. 2022). FST has a
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- e
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Fig. 10 Effect of pretreatment
with yohimbine (1 mg/kg. i.p.) on
the antidepressant-like effect of
CF;SePB (50 mg/kg. i.g.) in mice
on FST. (A) Latency to first epi-
sode of immobility and (B) total
immobility time. Values were
expressed as the mean + stan-
dard error of the mean (S.E.M.)
(n=28 animals/group). Data were
analyzed by two-way Analysis

of Variance (ANOVA). Abbre-
viations: CF3SePB: N-(3-((3-
(trifluoromethyl)phenyl)selanyl)
prop-2-yn-1-yl)benzamide: FST:
Forced swim test

200+

150

Latency to immobility (s)

Vehicle

Fig. 11 Effect of pretreatment A
with propranolol (2 mg/kg. i.p.)
on the antidepressant-like effect
of CF;SePB (50 mg/kg. 1.g.)

in mice on FST. (A) Latency

to first episode of immobil-

ity and (B) total immobility
time. Values were expressed

as the mean + standard error

of the mean (S.EM.) (n=7-8
animals/group). Data were
analyzed by two-way Analysis
of Variance (ANOVA). Abbre-
viations: CF3SePB: N-(3-((3-
(trifluoromethyl)phenyl)selanyl)
prop-2-yn-1-yl)benzamide: FST:
Forced swim test

Latency to immobility (s)
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Table 3 Effect of CF;SePB. and/or 5-HT antagonists administration on
the OFT behavioral parameters in mice

mm Saline mm Yohimbine

CF;SePB

200— == Saline mm Propranolol

CF,SePB

Experiment Groups Number of Number
crossing of rearing
Prazosin Vehicle 60.7£52 287x39
Prazosin (1 mg/kg) 595+£57 214+%27
CF;SePB (50 mg/kg) 62.5+58 31.2+46
Prazosin+ CF;SePB 62.1+47 28.6%+34
Yohimbine Vehicle 736453 347126
Yohimbine (1 mg/kg) 65.0+4.6 307124
CF;SePB (50 mg/kg) 79.0+£49 343+28
Yohimbine 4+ CF;SePB T0.6+2.7 35.3+3.0
Propranolol Wehicle 781436 43.8+2.7
Propranolol (2 mg/kg) 784+20 43.1+138
CF;SePB (50 mg/kg) 827456 435+24
Propranolol+C‘F3SePB 79.5+7.6 448425
The results represent the means + standard error of the mean (S.E.M.)
(n=7-8 animals/group). Data analyses were conducted through two-

way ANOVA. Abbreviations: CF;SePB: N-(3-((3-(trifluoromethyl)
phenyl)selanyl)prop-2-yn-1-yl)benzamide; OFT: open field test
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broad-spectrum for testing the efficiency of antidepressants
and TST has been considered a supplementary method for
FST. Considering the importance of researching new treat-
ments for major depressive disorder. an effective reversal of
the immobility state of the animals is sought, since the anti-
depressant effect is reflected by the low immobility behavior
of the mice. In this work. CF;SePB presented antidepres-
sant-like in both tests, from the dose of 1 mg/kg.

Selenium is an element distributed throughout the human
body and is essential for the maintenance of human life,
presenfing several health benefits. Selenium is part of the
selenoproteins that protect against oxidative stress, in addi-
tion to improving thyroid and immune functions, helping to
improve mental illnesses and mood disorders (Steinbrenner
and Sies 2013; Hossain et al. 2021). Interestingly, the lack
or deficiency of selenium has been linked to mood disorders
such as anxiety and depression (Pasco et al. 2012). Previ-
ous studies have demonstrated pharmacological properties
of selenium-containing compounds, including antidepres-
sant-like effects (Briining et al. 2014, 2015; Birmann et
al. 2019; Gall et al. 2020; Besckow et al. 2020: da Silva
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Fig. 12 Effect of CF;SePB treatment (300 mg/kg. i.g.) on acute oral
toxicity parameters in female mice. (A) Food and (B) water intake for
14 days mean for 2 cages per group (3 animals per cage) and (C) per-
centage of weight gain. (D) Number of crossings and (E) rearings in
the OFT. Activities of (F) AST and (G) ALT. and (H) urea levels in the
plasma (n=6 animals/group). Values were expressed as mean =+ stan-

Teixeira Rech et al. 2021: Ramli et al. 2022: Veloso et al.
2021). Furthermore, many compounds that have benzamide
in their structure have shown various properties such as
anticonvulsant, analgesic. and antidepressant (Chirita et al.
2010). Therefore, the combination of these molecules in a
single compound has potential pharmacological advantages
that need to be investigated and CF,SePB is consistent with
the compounds studied by our research group, which have
already demonstrated antidepressant properties (Gall et al.
2020: Besckow et al. 2020: da Silva Teixeira Rech et al.
2021).

Serotonin is a neurotransmitter synthesized from the
precursor amino acid tryptophan in the raphe nuclei with
projections to various regions of the CNS (Quevedo and
Izquierdo 2020). The serotonergic system is linked to vari-
ous functions such as sleep and wakefulness, mood, appe-
tite, circadian thythm, and cognitive parts such as learning
and memory. in addition to the autonomic processes (Jona-
than. Sherin and Nemeroff 2011). Serotonin deficit has been
related to the development of pathologies such as anxi-
ety. eating and depressive disorders. The participation of

c D
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dard error of mean (S.E.M.). Data were analyzed by the unpaired t
test. Abbreviations: V: vehicle; CF;SePB: N-(3-((3-(trifluoromethyl)
phenyl)selanyl)prop-2-yn-1-yl)benzamide: AST: aspartate amino-
transferase; ALT: alanine aminotransferase: BW: body weight. OFT:
open field test

serotonin and its derivatives in the mechanism of depression
development has been extensively studied in recent decades
(Galecki and Talarowska 2018) and despite the high num-
ber of MDD cases. the pathophysiology of this disease is
still not fully understood (Malhi and Man 2018). However,
the development of resistance to long-term treatments is
increasingly frequent (Akil et al. 2018). which demon-
strates the need to seek new pharmacological therapies for
this pathology. In general. antidepressants that act through
the serotonergic system seek to increase the extracellular
concentrations of serotonin, acting on different subtypes of
serotonergic receptors, via the reuptake of the neurotrans-
mitter in the synaptic cleft or its degradation (Hao et al.
2019).

To verity the influence of the serotonergic system on the
activity of the CF;SePB compound, a protocol was imple-
mented in which serotonin was depleted in the animals’
brains, inhibiting its synthesis with p-CPA. Tryptophan
hydroxylase is the enzyme responsible for serotonin synthe-
sis in the CNS and p-CPA is an irreversible inhibitor of this
enzyme, which drastically reduces the level of serotonin in

@ Springer
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the noradrenergic system, more specifically o;-, d,-, and
[-adrenergic receptors.

In this study. the acute oral toxicity of CF;SePB at a high
dose (300 mg/kg) in female mice was also evaluated and it
was evidenced that there was no animal mortality or signs
of general toxicifty. The locomotor activity of mice was not
altered. as evidenced by the number of crossings and rear-
ings in the OFT. The activities of AST and ALT, as well
as the plasma levels of urea, were not significantly altered,
demonstrating that CF;SePB did not cause acute hepatic or
renal toxicity. In addition to these parameters. water and
food intake were not significantly altered, although they
tended to be reduced in mice that received CF;SePB com-
pared to control animals. These results show that CF;SePB
has a low potential to induce toxic effects. Despite of this,
considering that antidepressant drugs are usually adminis-
tered chronically. the toxicity of CF;SePB should be also
evaluated during chronic administration in furture studies.

Conclusion

Overall, the results reported in this study showed for the
first time the antidepressant-like effect of oral administra-
tion of CF;SePB in mice. We also illustrate the involvement
of the serotonergic system in this effect. specifically the
modulation of 5-HT, , and 5-HT; receptors and no involve-
ment with the noradrenergic system. The findings of this
study may contribute to the development of new strategies
in the treatment of depression. However, further studies are
needed to understand other mechanisms of action involved
in the antidepressant-like effect of CF;SePB.
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supplementary material available at https://doi.org/10.1007/500213-
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Abstract

Major Depressive Disorder (MDD) directly impacts the lives of countless individuals worldwide, yet its causes
remain incompletely understood. However, it is recognized that a deficiency in monoamines, including dopamine,
may contribute to this disorder. N-(3-((3-(trifluoromethyl)phenyl)selenyl)prop-2-yn-1-yl) (CFs;SePB) is an
organoselenium compound that presented antidepressant-like effect in mice related to modulation of serotonergic,
but not noradrenergic system. To expand the knowledge about CFsSePB mechanisms of action, this study aimed
to evaluate the involvement of dopaminergic system in its antidepressant-like effect. Male Swiss mice were pre-
treated with the haloperidol (0.05 mg/kg, i.p., a non-selective dopaminergic receptor antagonist), SCH 23390 (0.01
mg/kg, s.c., a Dy receptor antagonist), and sulpiride (50 mg/kg, i.p., a D2 receptor antagonist) 15 min before
CF3SePB (50 mg/kg, i.g.), and after 30 min of CFsSePB administration the forced swimming test (FST) was
performed. CF3;SePB presented an anti-immobility effect in the FST, demonstrated by increase in the latency to
first episode of immobility and reduction of total immobility of mice, and the pre-treatment of mice with
haloperidol, SCH 23390 and sulpiride prevented these effects, showing that the antidepressant-like effect of
CF3SePB is related to the modulation of the dopaminergic system, specifically the D, and D, receptors. In addition,
in silico pharmacokinetic profiling of CF;SePB predicted its low likelihood of inducing adverse effects and
potential to cross the blood-brain barrier. These results expand the understanting of CF3SePB mechanisms for its
antidepressant-like effect, reinforcing the potential of this organonoselenium compound for the development of a

new antidepressants.

Keywords: Depression. Dopaminergic system. Benzamide. Selenium. Forced swimming test. Mice.
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1. Introduction

Major depressive disorder (MDD) is characterized as a chronic psychiatric disorder where the bearer has
depressed mood, cognitive dysfunction, inability to feel pleasure, anhedonia, guilt, decreased energy, low self-
esteem, disturbed sleep or lack of appetite and concentration (Rehm and Shield, 2019; Sampaio et al., 2020; Riga
et al., 2020). This disorder not only presents high morbidity but also a significant recurrence rate, making its
management challenging. Additionally, studies suggest that depression may have a genetic basis, while others
propose that depression has biological, psychosocial, personality-based, among other, playing important roles in
the development of this disorder (Gohar et al., 2012; Shao and Zhu, 2020). A comprehensive understanding of
these factors is essential for an effective approach to the treatment and prevention of major depressive disorder.

Despite the fact that the pathophysiological mechanisms underlying depression have not yet been fully
elucidated (Pitsillou et al., 2020), the monoaminergic theory of depression is one of the most influential explanatory
perspectives for understanding the pathophysiology of this psychiatric disorder. This theory suggests that
depression is related to imbalances in monoaminergic neurotransmitters, particularly dopamine (DA), serotonin
(5-HT), and noradrenaline (NA), in the brain, thereby triggering the signs and symptoms of depressive disorders
(Delmondes et al., 2023). Given the complexity of the pathological mechanism of MDD, many antidepressant
medications, precise diagnostic options, and pharmacological therapeutic strategies are quite restricted in terms of
their selectivity and therapeutic efficacy (Cui et al., 2024; Delmondes et al., 2023).

The adequate presence of selenium, a trace element, is crucial for the well-being and proper functioning
of the human body; its insufficiency or absence has been associated with mood disorders such as anxiety and
depression (Pasco et al., 2012; Wang etal., 2018). Recent studies have highlighted the potential of synthetic organic
selenium compounds in animal tests and depression models (Gall et al., 2020; Besckow et al., 2020; Rech et al.,
2021; Birmann et al., 2023), which has sparked greater interest due to their pharmacological properties (Nogueira
et al., 2004; Nogueira and Rocha, 2011, Anghinoni et al., 2023) such as anticonvulsant, analgesic, and
antidepressant (Besckow et al., 2020; Ledebuhr et al., 2024; Chirita et al., 2010). A previous study demonstrated
that CF3sSePB exhibited an antidepressant-like effect in male Swiss mice through modulation of the serotonergic
system, but not the noradrenergic system. Additionally, the compound at a high dose did not cause acute toxicity
in female mice (Pires et al., 2024). Thus, the aim of this study was to broaden the understanding of the mechanism
of action of CF3;SePB (Figure 1) by assessing the involvement of the dopaminergic system in the antidepressant-
like effect exhibited by CF3;SePB in mice. Additionally, the potential toxicity and pharmacokinetic profile of

CF3;SePB were assessed through in silico ADMET analysis.
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Fig. 1. Chemical structure of N-(3-((3-(trifluoromethyl)phenyl)selanyl)prop-2-yn-1-yl)benzamide

3

(CFsSePB)

2. Materials and methods
2.1 Animals

In this study, adult male Swiss mice (25-30 g) from the Central Biotery of the Federal University of
Pelotas were used. All behavioral tests were conducted with each animal used only once in each test (n = 8 to 10
animals/group, totaling 135 male mice), except for the open field test (OFT), which was performed before the
forced swimming test (FST) with the same animals. The animals were maintained at a temperature of 22 + 2 °C
with a 12-hour light/12-hour dark cycle, with lights on at 7 a.m. Housed in separate cages (20 x 30 x 13, 5 animals
per cage), the mice had access to commercial feed and fresh water ad libitum, without receiving food during the
experimental protocol. After one hour of acclimatization, the tests were initiated and monitored by a blinded
observer. The study followed the guidelines of the Ethics Committee on Animal Experimentation at UFPel (CEUA
28,792 - 2020), which are in accordance with the Guide for the Care and Use of Laboratory Animals by the National
Institutes of Health (NIH Publications No. 8023, revised in 1978), aimed at minimizing the number of animals

used and mitigating animal suffering.

2.2 Drugs

The compound CF3SePB (Fig. 1) was synthesized at the Nucleus of Synthesis and Application of Organic
and Inorganic Compounds (NUSAACOI) at the Federal University of Fronteira Sul (UFFS). The 3C and *H NMR
spectra were consistent with the assigned structure when analytical and spectroscopic data were analyzed (Balbom
et al., 2019). The chemical purity of the compound was verified using GC/MS. Canola oil was used to dissolve
CF3SePB for subsequent intragastric administration at a dose of 50 mg/kg. Other drugs used included haloperidol
(0.05 mg/kg, intraperitoneal), SCH 23390 (0.01 mg/kg, subcutaneous) and sulpiride (50 mg/kg, intraperitoneal).
Haloperidol and SCH 23390 were dissolved in saline solution. Sulpiride was dissolved in saline solution plus 5%
DMSO. All drugs were administered to mice at a constant volume of 10 mL/kg of body weight and were acquired

from Sigma-Aldrich (St. Louis, MO, USA).
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2.3 Experimental design
2.3.1 Evaluation of the involvement of the dopaminergic system in the antidepressant-like effect of
CF3SePB
To evaluate the hypothesis that the antidepressant effect of CF;SePB is related to the modulation of the
dopaminergic system, the forced swim test (FST) was conducted using a dose of 50 mg/kg of CF3;SePB (Pires et
al., 2024). The FST is frequently used for screening new compounds with potential antidepressant properties
(Yankelevitch-Yahav et al., 2015; Armario, 2021). Male mice were pre-treated with haloperidol (0.05 mg/kg, i.p.,
a non-selective dopaminergic receptor antagonist), SCH 23390 (0.01 mg/kg, s.c., a D; receptor antagonist) and
sulpiride (50 mg/kg, i.p., a D, receptor antagonist) to assess involvement with specific receptors of the
dopaminergic system. Fifteen minutes after the administration of the antagonists, CFsSePB (50mg/kg, i.g.) or
vehicle was administered. Thirty minutes after the administration of the compound or vehicle, the animals
underwent the FST for 6 minutes, and the open field test (OFT) was conducted 4 minutes prior (Figure 2). The
timing and doses of the dopaminergic antagonists used in the animal treatments were chosen in accordance with

previous studies (Donato et al., 2013; da Silva Teixeira Rech et al., 2021).

0 min 15 min 41 min 45 min

Haloperidol (0.05mg/kg, i.p.) CF3SePB OFT FST
SCH23390 (0.01 mg/kg, s.c.) (50 mg/kg, i.g.)
Sulpiride (50 mg/kg, i.p.)

B

Fig. 2. Experimental design for evaluating the involvelment of the dopaminergic system in the antodepressant-like

effect of CF3SePB.

2.3.2 Behavioral tests
2.3.2.1 Open field test (OFT)

In this test, mice were individually placed in the center of a wooden box (30 cm x 40 cm x 40 ¢cm) divided
into nine equally sized squares to investigate potential alterations in the animals' locomotor and exploratory
activity. Each animal was observed for 4 minutes, during which the number of crossings between squares and the
number of times the animals reared up on their hind legs (rearing posture) were recorded (Walsh and Cummins,
1976). After each test, the box was sanitized with 20% alcohol to eliminate any olfactory traces and prepare it for

the next animal.
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2.3.2.2 Forced Swim Test (FST)

In the Forced Swim Test (FST), animals were placed in a cylindrical container measuring 29 cm in height
containing 1.5 L of water at 25 = 1 °C for 6 minutes, subjecting them to a stressful situation from which they cannot
escape (Yankelevitch-Yahav et al., 2015; Berton et al., 2021). During the time they were inside the cylindrical
container, the latency to the first episode of immobility and the total time of immaobility were recorded, and the
mice attempt to escape from this unfavorable situation by swimming or floating. The longer the animals remain

floating without trying to escape, the greater the depressive-like behavior.

2.3 The Pharmacokinetics and Toxicity Prediction

In accordance with the methodology proposed by Pires, Blundell, and Ascher (2015), an in silico
prediction of absorption, distribution, metabolism, excretion, and toxicity (ADMET) was conducted for CF3;SePB.
To begin, the two-dimensional structure of CF;SePB was drawn using ChemDraw 19.0.0 software and then
converted into a SMILE sequence. The SMILES codes were then loaded into the pkCSM software

(<http://biosig.unimelb.edu.au/pkcsm>) to predict the ADMET parameters.

2.4 Statistical analysis

The experimental data are presented as mean + standard error of the mean (SEM). The normality of data
was assessed using the D'Agostino and Pearson test. Comparisons among experimental groups were conducted
using two-way analysis of variance, followed by the Newman-Keuls post hoc test. p-values less than 0.05 (p <
0.05) were considered statistically significant. All analyses were conducted using GraphPad Software (GraphPad,

San Diego, CA, USA).

3. Results
3.1 Involvement of dopaminergic receptors in the CF3SePB antidepressant-like effect in mice subjected
to the FST
The results of the involvement of dopaminergic receptors in the antidepressant-like effect of the
compound CF3;SePB in mice in the FST are shown in Figures 3, 4, and 5. The data obtained in the FST indicated
the antidepressant-like effect of the compound CF3;SePB in mice at the tested dose. Figures 3A and 3B show that
pretreatment with haloperidol, a non selective dopaminergic receptor antagonist, blocked the effect of CF;SePB
(50 mg/kg, i.g.) as demonstrated by the latency time for the first episode of immobility (F, 34 = 11.99, p = 0.0015)

and the total immobility time (F, 34 = 4.332, p = 0.0450) of the mice. The number of crossings as well as the
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number of rearings in the OFT were not altered by treatment with the compound CF:SePB and/or haloperidol

(Table 1).
A . . B . .
200 ™= Saline mm Haloperidol 250 ™= Saline mm Haloperidol
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Fig. 3 Effect of pretreatment with haloperidol (0.05 mg/kg, i.p.) on the antidepressant-like effect of CF3;SePB (50
mg/kg, i.g.) in mice on FST. (A) Latency to first episode of immobility and (B) total immobility time. Values were
expressed as the mean + standard error of the mean (S.E.M.) (n = 10-11 animals/group). Data were analyzed by
two-way Analysis of Variance (ANOVA) followed by the Newman-Keuls test. (*) p < 0.05 and (***) p < 0.001
compared with the control group; (#) p < 0.05 and (###) p < 0.001 compared with the CFs;SePB group.
Abbreviations: CF3SePB: N-(3-((3-(trifluoromethyl)phenyl)selanyl)prop-2-yn-1-yl)benzamide; FST: Forced swim

test.

The data analysis also showed that SCH 23390, a D; receptor antagonist, blocked the increase in latency
time for the first episode of immobility (Figure 4A, F, 33 = 7.843, p = 0.0085) and the reduction in total immobility
time of mice in the FST after treatment with CFsSePB (Figure 4B, Fq 33 = 6.875, p = 0.0131). The locomotor

activity of the animals, as well as exploratory activity, in the OFT, were not altered by CF3;SePB treatment (Table

1).
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Fig. 4 Effect of pretreatment with SCH 23390 (0.01 mg/kg, s.c.) on the antidepressant-like effect of CF3SePB (50
mg/kg, i.g.) in mice on FST. (A) Latency to first episode of immobility and (B) total immobility time. Values were
expressed as the mean * standard error of the mean (S.E.M.) (n = 10-11 animals/group). Data were analyzed by
two-way Analysis of Variance (ANOVA) followed by the Newman-Keuls test. (*) p < 0.05 and (**) p < 0.01
compared with the control group; (#) p <0.05 and (##) p < 0.01 compared with the CF3SePB group. Abbreviations:

CF3SePB: N-(3-((3-(trifluoromethyl)phenyl)selanyl)prop-2-yn-1-yl)benzamide; FST: Forced swim test.

The pre-treatment with sulpiride, a D, receptor antagonist, prevented the antidepressant-like action of the
CF3SePB (50 mg/kg, i.g.) (Figures 5A and 5B). Two-way ANOVA showed interaction of CF;SePB and sulpiride
on latency to the first immobility episode (F 36 = 9.426, p = 0.0041) and total immobility time (F( 3 = 9.667, p
=0.0037) in FST in mice. In the OFT, the number of crossings and rearings were not altered in animals that were

treated with sulpiride and/or CF;SePB (Table 1).
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Fig. 5 Effect of pretreatment with sulpiride (50 mg/kg, i.p.) on the antidepressant-like effect of CF;SePB (50
mg/kg, i.g.) in mice on FST. (A) Latency to first episode of immobility and (B) total immobility time. Values were
expressed as the mean + standard error of the mean (S.E.M.) (n =10 animals/group). Data were analyzed by two-
way Analysis of Variance (ANOVA) followed by the Newman-Keuls test. Abbreviations: CF3SePB: N-(3-((3-

(trifluoromethyl)phenyl)selanyl)prop-2-yn-1-yl)benzamide; FST: Forced swim test.

Table 1: Effect of CF3SePB, and/or dopaminergic antagonists on the OFT behavioral parameters in mice.

Experiment Groups Number of Number of

crossing rearing
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Haloperidol Vehicle 742+35 30.1+23
Haloperidol (0.05 mg/kg) 73.3+1.8 28.6+2.5
CF3SePB (50 mg/kg) 70.7+4.7 29.9+1.38
Haloperidol + CF3;SePB 70.8+6.3 28.9+2.7
SCH-23390 Vehicle 824+4.1 326x2.0
SCH-23390 (0.01 mg/kg) 83.2+3.8 33.2+1.8
CF3SePB (50 mg/kg) 81.2+35 343+2.1
SCH-23390 + CF3SePB 83.31£2.6 335%+13
Sulpiride Vehicle 63.2+2.1 285+29
Sulpiride (50 mg/kg) 66.2+ 2.6 29.4+2.2
CF3SePB (50 mg/kg) 71.0+2.8 342+24
Sulpiride + CF;SePB 70.5+25 33831

The results represent the means + standard error of the mean (S.E.M.) (n = 10-11 animals/group). Data analyses
were conducted through two-way ANOVA. Abbreviations: CF3SePB: N-(3-((3-

(trifluoromethyl)phenyl)selanyl)prop-2-yn-1-yl)benzamide; OFT: open field test.

3.2 The Pharmacokinetics and Toxicity Prediction

The application of in silico techniques to predict ADMET and bioavailability parameters using software
is advantageous for assessing the pharmacokinetic and toxicological profiles of synthetic compounds (Pires et al.,
2015). Table 2 presents the outcomes of the pkCSM platform's predictions for ADMET and bioavailability

parameters.

Table 2. In Silico ADMET parameters of CF;SePB

Parameters CF3SePB results Unit
Absorption
Water solubility -4.72 Numeric (log mol/L)
Caco2 permeability 1.305 Numeric (log Papp in 1076 cm/s)
Intestinal absorption 94.068 Numeric (%Absorbed)

P-glycoprotein substrate No Categorical (Yes/No)
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P-glycoprotein I inhibitor Yes Categorical (Yes/No)
P-glycoprotein Il inhibitor No Categorical (Yes/No)
Distribution

VDssa 0.093 Numeric (log L/kg)
BBB permeability 0.548 Numeric (log BB)
Metabolism

CYP2D6 substrate No Categorical (Yes/No)
CYP3A4 substrate Yes Categorical (Yes/No)
CYP1A2 inhibitor Yes Categorical (Yes/No)
CYP2C19 inhibitor Yes Categorical (Yes/No)
CYP2C9 inhibitor Yes Categorical (Yes/No)
CYP2D6 inhibitor No Categorical (Yes/No)
CYP3A4 inhibitor No Categorical (Yes/No)
Excretion

Total clearance 1.934 Numeric (log mL/min/kg)
Toxicity

AMES toxicity No Categorical (Yes/No)
Maximum tolerated dose 0.284 Numeric (log mg/kg/day)
hERG I inhibitor No Categorical (Yes/No)
hERG Il inhibitor Yes Categorical (Yes/No)
Hepatotoxicity Yes Categorical (Yes/No)
T. Pyriformis toxicity 1.755 Numeric (log pg/L)
Minnow toxicity -0.325 Numeric (log mM)

Regarding water solubility, CFs;SePB had a value of -4.72, indicating low solubility in water (Bergstrom
& Larsson, 2018). Caco-2 cell permeability (human colorectal adenocarcinoma cells) and intestinal absorption
values indicated that CF3SePB has moderate intestinal permeability. The results suggest that CF3SePB does not
interact with P-glycoprotein, but demonstrates the potential to inhibit one of its isoforms, P-glycoprotein I.

In relation to the distribution of the compound, the value of the volume of distribution (VDss) of CF;SePB
was 0.093, indicating a better distribution in the tissues (Pires et al., 2015). Furthermore, the value of 0.48 for the
permeability in the blood-brain barrier (BBB) suggests that the compound has the potential to easily cross this
barrier (Suenderhauf, Hammann, & Huwyler, 2012).

Regarding metabolism, CF;SePB appears to act as a substrate for the CYP3A4 enzyme and has inhibitory
potential on the activities of CYP1A2, CYP2C19, and CYP2C9 enzymes. Concerning excretion, CF3;SePB had a

low total clearance value, suggesting that the compound may have a slow elimination rate.
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The in silico toxicological results for CF;SePB indicated non-mutagenic characteristics, suggesting low
toxicity. These observations obtained through computational simulations indicate the promising potential of

CF3SePB as a new pharmaceutical candidate.

4. Discussion

The results obtained in this work showed that the dopaminergic system is involved in the antidepressant-
like effect of the selenopropargyl benzamide CFsSePB in mice, in addition to the modulation of the serotonergic
system but not the noradrenergic system observed in a previous study (Pires et al., 2024). The non-selective
dopaminergic antagonist haloperidol, and the selective antagonists of D, and D, receptors, SCH 23390 and
sulpiride, respectivey, prevented the anti-immobility effect of CFsSePB in the FST without alteration of locomotor
activity in the OFT. The FST is one of the most widely used animal models for evaluating the activity of
compounds with potential antidepressant properties (Porsolt et al, 1978).

The dysfunctions in the monoaminergic neurotransmitters, including DA, has been considered a crucial
element in the pathophysiology of depression (Wang et al., 2019). DA is a neurotransmitter belonging to the
catecholamine group and is predominantly present in the brain, where it regulates a variety of functions, including
locomotor activity, emotions, pleasure, concentration, endocrine regulation, and food intake. The synthesis of DA
occurs in the presynaptic neurons of the brainstem, from two amino acids: phenylalanine and tyrosine (Diniz,
Nevez, Vieira, 2020). The projection of dopaminergic neurotransmitters occurs through two distinct pathways.
The first is the mesolimbic cortical pathway, which extends from the ventral tegmental area to the nucleus
accumbens. The second pathway projects from the substantia nigra to the dorsal striatum (Quevedo, Izquierdo,
2020). The effects of DA are manifested in postsynaptic neurons through interaction with dopamine receptors,
which are classified into two families, D1 and D (Diniz, Nevez, Vieira, 2020).

The modulation of the monoamines, including DA, is the main mechanism of action of many
antidepressants (Wang et al., 2019). Drugs that modulate the dopaminergic system exhibit antidepressant profiles
in animal models of depression (Muscat et al., 1992; Wang et al., 2019) and have shown efficacy in treating
depression in humans (Wang et al., 2019). Dopamine receptor agonists have been shown to augment
antidepressant-like effects observed in animal behavioral despair models, while dopamine receptor antagonists
have been shown to reverse them (Renard et al., 2001; Joca et al., 2000). Pharmacological experiments suggest
that D1/D; receptors play a key role in the response to biological antidepressant treatments (Jesse et al., 2010).

This study demonstrated that the antidepressant-like effect of CF;SePB is dependent on the
modulation of the D, receptor, as the antagonist of this receptor, SCH 23390, as well as haloperidol, a non-selective

antagonist of dopaminergic receptors, blocked the anti-immobility effect of CF;SePB in the FST. Animal studies
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have shown that manipulation of dopamine D1 receptors can affect depression-related behavior, where D1 receptor
agonists can induce antidepressant-like effects in rodents (Desormeaux, et al., 2020). Impaired social interaction
is a prominent feature of various psychiatric disorders, including MDD. The D1 receptor has been associated with
social behavior in such a way that activating this receptor increases social behavior (Plavén-Sigray et al., 2014).
Many findings indicate that D; receptor agonists may represent promising targets for the

development of new antidepressant treatments. Activation of the D, receptor also contributes to other beneficial
effects, including improved learning and memory in rodents (Puig et al., 2014; Hansen and Manahan-Vaughan
2014; Caragea et al, 2024). D receptors are linked to cognitive function and are involved in the regulation of
depression- and anxiety-like behaviors (Goldman-Rakic et al., 2004; McNab et al., 2009; Hare and Duman, 2020;
Tong et al, 2023).

It has also been shown that the antidepressant-like effect of CF3SePB depends on the modulation of the
D receptor, as the antagonist of this receptor, sulpiride, blocked the anti-immobility effect of CF3SePB in the FST.
The results obtained from this study indicate that the dopaminergic system is involved in the antidepressant-like
effect of the compound CFs;SePB in the FST. Drugs that activate D, dopamine receptors help reduce symptoms
produced in depression, such as anhedonia and apathy, which are seen as primary social symptoms (Bonci and
Hopf, 2005). Clinical investigations have suggested the use of D, receptor agonists for the treatment of depression
(Waehrens and Gerlach, 1981; Abbasi-Maleki and Mousavi, 2017). The sensitization of D, dopamine receptors in
the mesolimbic dopaminergic system may represent a pathway in antidepressant action (Willner et al, 2005).
Studies have shown that when activated, the D, receptor mediates motivational behaviors and counteracts
anhedonia (Amiri et al., 2016). Thus, the behavioral changes observed in animals induced by the compound are
consistent with previous studies demonstrating the antidepressant action of other organoselenium compounds
(Pires et al., 2024). Therefore, we hypothesize that CF;SePB could facilitate dopaminergic neurotransmission,
leading to activation of dopamine receptors in the brains of mice.

Lastly, this research performed a projection of pharmacokinetic parameters and bioavailability of
CF3SePB using the pkCSM software. For satisfactory absorption, a compound must be water-soluble and have
intestinal permeability. CF3;SePB has a solubility value of -4.72, which indicates low solubility in water (Bergstrom
& Larsson, 2018); however, our in vivo results indicate that this does not hinder the absorption of the compound.
Furthermore, CF3;SePB showed high intestinal absorption (94,068%) and appeared to be permeable to the blood-
brain barrier, which is a critical pharmacokinetic characteristic for the evaluation and development of
antidepressant drugs (Suenderhauf et al., 2012). Cytochrome P450 enzymes play a fundamental role in the
metabolism of a wide range of drugs (Zhao et al. 2021). Co-administration of drugs that are substrates, inducers,

or inhibitors of these enzymes can cause significant changes in the plasma concentrations of the compounds,
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resulting in decreased or increased therapeutic effects, in addition to possible adverse events (McDonnell & Dang,
2013). The knowledge that CF3;SePB acts as a substrate for the CYP3A4 enzyme and has inhibitory potential on
the activities of CYP1A2, CYP2C19, and CYP2C9 allows for a better understanding of the possible interactions
that may arise when this compound is used in conjunction with other drugs. In relation to excretion, a low total
clearance value was recorded, implying a slow elimination rate for the compound. The in silico toxicological
results of CFsSePB indicate that the compound does not exhibit mutagenic properties but suggests hepatotoxicity.
Nevertheless, an acute toxicity protocol conducted with the compound did not reveal hepatotoxicity (Pires et al.,
2024). This discrepancy may be attributable to the fact that the computational analyses did not account for the dose
of the compound in their evaluation. The findings from computational simulations indicate that the CF;SePB

compound exhibits low toxicity, suggesting its potential as a promising candidate for a novel therapeutic agent.

5. Conclusion

The findings of this study demonstrated the involvement of the dopaminergic system in the
antidepressant-like effect presented by CF3SePB, as specified by the modulation of D; and D- receptors.
Additionally, CFs;SePB demonstrated a low likelihood of inducing adverse effects. In silico ADMET predictions
suggested high intestinal absorptivity and the capacity to cross the blood-brain barrier. The results of this study
encourage us to continue investigating the therapeutic potential of the compound CF3sSePB, a better understanding
of other mechanisms of action and to contribute to the development of new therapies and strategies for the treatment

of depression.
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Abstract

The organoselenium compound CF3SePB has previously shown promise as an antidepressant due to its
modulation of the serotonergic system. This study aimed to investigate the potential of CF3;SePB to ameliorate
depressive-like behaviors induced by lipopolysaccharide (LPS) in mice. Male Swiss mice were pretreated with
CF3SePB (10 mg/kg, i.g.), vehicle (10 mg/kg, i.p.), or fluoxetine (10 mg/kg, i.p.), and 30 minutes later, they were
treated with LPS (0.83 mg/kg, i.p.) or vehicle (10 mg/kg, i.g.). Twenty-four hours after LPS treatment, the
behavioral tests tail suspension test, sucrose splash test, and forced swim test were conducted to assess depressive-
like behaviors and open-field test was conducted to evaluate the locomotor activity of mice. Additionally, mice
were euthanized, and the hippocampal tissue was removed and analyzed for biochemical parameters and gene
expression. CFsSePB effectively reversed LPS-induced depressive-like behaviors without affecting locomotion.
Furthermore, CFsSePB prevented the increase in the expression of the pro-inflammatory genes nuclear factor
kappa B (NF-xB), NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome, and
cyclooxygenase-2 (COX-2) and the apoptotic genes caspase-1, caspase-8, and BCL-2-Associated X Protein (BAX)
induced by LPS, indicating its potential to target inflammation and neuronal death pathways. It also reduced
reactive species (RS) and lipid peroxidation levels in hippocampus induced by LPS, suggesting neuroprotective
effects. These findings highlight the potential of CF3SePB as a novel therapeutic agent for depression, particularly

in models involving inflammation-mediated mechanismes.

Keywords: Depression. Lipopolysaccharide. Benzamide. Selenium. Mice. Neuroinflammation
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INTRODUCTION

The compound N-(3-((3-(trifluoromethyl)phenyl)selanyl)prop-2-yn-1-yl) benzamide (CF3;SePB, Figure
1) is a synthetic organic compound containing a selenium atom and a benzamide core in its structure (Balbom et
al., 2019; Pires et al., 2024). Organic selenium compounds exhibit various pharmacological properties such as
anticonvulsant, anti-inflammatory, analgesic, and antidepressant-like effects (Caliendo et al., 2001; Chirita et al.,
2010; Birmann et al., 2023; Ledebuhr et al., 2024). CF;SePB demonstrated antidepressant-like effects via
modulation of the serotonergic system, but not the noradrenergic system, when tested in mice. Additionally, at
high doses, it exhibited a low potential to induce acute toxicity in female mice (Pires et al., 2024).

Major Depressive Disorder (MDD) is a psychiatric disorder affecting approximately 300 million people
worldwide, with its prevalence steadily increasing. The World Health Organization (WHO) predicts that MDD
will become the leading psychiatric disorder by 2030 (Cui et al., 2024). Many patients with MDD find limited
efficacy in current antidepressant medications (Hutka et al., 2021; Krystal et al, 2024). Furthermore, therapeutic
benefits often emerge gradually, typically within two to six weeks of treatment initiation, due to potential decreases
in adherence caused by side effects and low tolerability. Consequently, there is a pressing need for research
exploring novel therapeutic alternatives that can enhance the pharmacological treatment of depression by not only
minimizing side effects but also demonstrating promising outcomes (Rech et al., 2021; Mclintyre et al., 2023;
Krystal et al., 2024).

The pathophysiological mechanisms of depression are not yet fully understood; however, the
monoaminergic theory suggests that depression may be caused by deficits in the neurotransmitters serotonin (5-
HT), dopamine (DA), and norepinephrine (NA) in the brain, leading to depressive symptoms (Pastis et al., 2024).
In recent years, efforts have been made to identify other mechanisms involved in depressive disorders. Among
various theories, the connection between the immune system and the central nervous system is increasingly
highlighted (Buras et al., 2016). The integrity of the blood-brain barrier (BBB) can become compromised by innate
and adaptive responses, leading to the propagation of inflammatory signals from the periphery to the central
nervous system (CNS) (Medina-Rodriguez and Beurel, 2022; Hassamal, 2023).

Chronic activation of the immune system in the brain can lead to depressive symptoms, including
cognitive impairments and emotional dysregulation (Hassamal, 2023). This inflammatory response is often
associated with oxidative stress (Liu et al., 2022), decreased neurotrophic factors, such as brain-derived
neurotrophic factor (BDNF) (Dwivedi, 2009), and apoptosis (Zhang et al., 2023), which are suggested as
contributing factors to the occurrence of MDD (Dwivedi, 2009; Afridi and Suk, 2021; Liu et al., 2022).

Oxidative stress occurs when there is an imbalance during the production of free radicals, and the human

body is unable to neutralize this production (Barbosa et al., 2010; Sies and Jones, 2020). The excess of reactive
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oxygen species damages lipids, proteins, and DNA, potentially leading to cellular damage and death (apoptosis).
Some researchers consider oxidative stress in the brain to be a significant contributor to depressive disorders, as it
can disrupt neuronal function and neurotransmission (Maes et al., 2000).

BDNF is the most abundant neurotrophin in the CNS, with high concentrations in the hippocampus
(Trombetta et al., 2020). BDNF plays a crucial role in maintaining synaptic plasticity and hippocampal
neurogenesis, a region essential for memory acquisition and consolidation (Martinho Jr et al., 2012; Trombetta et
al., 2020). Studies have indicated that low levels of BDNF may lead to a reduction in hippocampal volume and are
considered a potential cause of memory deficits and depression (Syafrita et al., 2020).

These elements together provide a broad understanding of the mechanisms that may underlie neurological
and psychiatric disorders, particularly depression. Understanding these connections and identifying drugs that can
effectively modulate them could contribute to the development of more effective therapeutic strategies for treating
depression. Therefore, this study aims to investigate the antidepressant efficacy of the compound CF3sSePB in a

neuroinflammatory model of depression induced by lipopolysaccharide (LPS) in mice.
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Figure 1. Chemical structure of N-(3-((3-(trifluoromethyl)phenyl)selanyl)prop-2-yn-1-yl)benzamide (CF3;SePB)

RESULTS AND DISCUSSION

To mimic a neuroinflammatory condition, the LPS-induced depression model was used. The animals were
pretreated with CF3SePB or fluoxetine and then with LPS. Fluoxetine, a selective serotonin reuptake inhibitor
(SSRI), was used to validate the behavioral tests. The depressive behavior induced by LPS was evaluated by
measuring the duration of immobility in mice during the tail suspension test (TST) and the forced swim test (FST).
The locomotor activity of the animals was assessed using the open field test (OFT), and grooming behavior and
motivation were evaluated using the sucrose splash test (ST). After the behavioral tests, the mice were euthanized,
and the hippocampus was removed for biochemical analysis and expression of genes related to neuroinflammation,
apoptosis and neurogenesis.

In Figure 2A, the results showed that the treatments with CF3SePB and/or LPS injection did not cause

any changes in the the number of crossings of mice (Fu,ss5) = 0.5578, p = 0.6942). Similarly, as showed in the
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Figure 2B, the treatments with CF3SePB and/or LPS did not alter the number of rearings (F, ss) = 0.3260, p =
0.8594). These results show that the administration of CFsSePB and/or LPS did not cause changes in the animals'
locomotor activity, excluding any interference of locomotor alterations in behavioral tests accesing the depressive
phenotype. The administration of fluoxetine also did not cause any changes in the locomotor activity of the mice

compared to control group.
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Figure 2. Effect of pre-treatment with LPS (0.83 mg/kg, i.p.) and CFsSePB (10 mg/kg, i.g.) in (A) number of
crossings and (B) rearings of mice in the OFT. Fluoxetine was used as the reference medication. The results
represent the means + standard error of the mean (S.E.M.) (n = 12 animals/group). Data analyses were conducted
using one-way ANOVA.  Abbreviations: LPS: Lipopolysaccharide; CF3SePB: N-(3-((3-
(trifluoromethyl)phenyl)selanyl)prop-2-yn-1-yl)benzamide; C: Control; FLX: Fluoxetine; i.g.: Intragastric; i.p.:

Intraperitoneal; OFT: Open field test.

In the FST (Figure 3A), the results showed that the latency time to the first immobility episode in animals
treated with LPS was significantly reduced compared to the control group. The pretreatment with CF;SePB
prevented this reduction (Fu, 55 = 7.885, p < 0.0001). The administration of fluoxetine also prevented the effect of
LPS, leading to an increase in the latency time to the first immobility episode in mice compared to the LPS group.
In Figure 3B, the LPS group showed a significant increase in the total immobility time compared to the control
group, and the pre-treatment with CF;SePB prevented this effect (Fu, 55y = 8.498, p < 0.0001). The administration
of fluoxetine also prevented the increase in the immobility time caused by LPS.

FST is a behavioral method used to assess the efficacy of new antidepressant compounds in rodents
(Yankelevitch-Yahav et al., 2015; Armario, 2021). In this behavioral method, it is assumed that when placing the

animal in a cylinder with water, it will attempt to escape from the unpleasant situation and will eventually exhibit
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immobility. This can be considered a behavior of despair, leading to stress in the animals, and indicating a
predisposition to major depression (Yankelevitch-Yahav et al., 2015; Armario, 2021). The compound CF3;SePB

prevented the increase in immobility time induced by LPS in the FST, showing an antidepressant-like effect.
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Figure 3. Effect of treatment with LPS (0.83 mg/kg, i.p.) and CF3SePB (10 mg/kg, i.g.) on the FST in mice. (A)
Latency time to the first episode of immobility and (B) total immaobility time. Fluoxetine was used as a reference
drug. Values are expressed as mean + standard error of the mean (S.E.M.) (n = 12 animals/group). (***) p < 0.001
compared to the control group. (##) p < 0.01 and (###) p < 0.001 compared to the LPS group. Abbreviations: LPS:
Lipopolysaccharide; CF3SePB: N-(3-((3-(trifluoromethyl)phenyl)selenyl)prop-2-yn-1-yl)benzamide; C: Control;

FLX: Fluoxetine; i.g.: Intragastric; i.p.: Intraperitoneal; FST: Forced swim test.

The compound CF3;SePB demonstrated an antidepressant-like effect in mice in the TST against LPS. In
figure 4A, the results showed that LPS injection significantly reduced the latency time to the first immobility
episode in the animals compared to the control group, while the compound CF3SePB prevented this effect (Fa, ss)
= 3.654, p = 0.0104). Pretreatment with fluoxetine also prevented the effect of LPS, increasing the latency time to
the first episode of immobility in mice compared to the LPS group. In Figure 4B, there was a significant increase
in the total immobility time of the LPS group compared to the control group, and the pre-treatment with CF;SePB
significantly reduced the total immobility time of the mice compared to the LPS group (F, 55 = 8.498, p < 0.0001),
showing its protective effect against LPS-induced depression-like behavior. The administration of fluoxetine also
reduced the effect of LPS when compared to the LPS group.

The TST is based on the time the animal remains immobile in an environment from which it cannot
escape. This immobility time in mice reflects despair-like behavior, which is an indicator of depressive
psychomotor retardation within a depression framework (Unal and Canbeyli, 2019; Yin et al., 2023). The TST has

strong predictive validity and wide applicability for different compounds when conducting preclinical screening
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of new compounds with antidepressant properties (Abelaira et al., 2013). The increase in immobility time in
animals induced by LPS was prevented by the compound CF3;SePB in the TST, showing an antidepressant-like

effect in this test.
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Figure 4. Effect of treatments with LPS (0.83 mg/kg, i.p.) and/or CF3SePB (10 mg/kg, i.g.) in the TST in mice.
(A) Latency time to the first immobility episode and (B) total immobility time. Fluoxetine was used as a
reference drug. Values are expressed as mean + standard error of the mean (S.E.M.) (n = 12 animals/group). (*) p
< 0.05, (**) p < 0.01 compared to the control group. (#) p < 0.05 and (###) p < 0.001 compared to the LPS
group. Abbreviations: LPS: Lipopolysaccharide; CF3SePB: N-(3-((3-(trifluoromethyl)phenyl)selenyl)prop-2-in-

1-yhbenzamide; C: Control; FLX: Fluoxetine; i.g.: Intragastric; i.p.: Intraperitoneal; TST: Tail suspension test.

The results of the ST are shown in figure 5. In Figure 5A, the latency time to the first grooming episode
in mice treated with LPS was increased compared to the control group. Pre-treatment with the compound CF;SePB
significantly decreased the latency time to the first grooming episode in the animals compared to the LPS group
(Fa,55 =5.270, p = 0.0011). The injection of fluoxetine also reduced the latency time to the first grooming episode
in the animals compared to the LPS group.

In figure 5B, mice pre-treated with LPS showed a reduction in the total grooming time compared to the
control group, and the group pre-treated with CFs;SePB showed a significant increase in total grooming time
compared to the LPS group (F,s5 = 9.118, p < 0.0001). The administration of fluoxetine significantly reversed
the effect of LPS on the total grooming time in mice when compared to the LPS group.

ST is a valid marker of apathy behavior and self-care in depressed mice, being used in depression models
(Yin et al., 2023). In rodents, signs of apathy manifest, among other things, through dishevelment due to lack of

self-care, being considered a depressive phenotype (Cathomas et al., 2015; Becker et al., 2021). In the ST, when a
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10% sucrose solution is sprayed on the animal's back, it forms a viscous layer that mimics dirt and triggers the
rodent's desire to clean its fur through licking or scratching (Becker et al., 2021). The delay in starting the fur
cleaning process or the decrease in the frequency of cleaning is considered reduced self-care behavior, being
associated with the depressive phenotype (Planchez et al., 2019). The compound CF3sSePB increased the self-care

time of animals treated with LPS, with can also be considered an antidepressant-like effect.
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Figure 5. Effect of treatments with LPS (0.83 mg/kg, i.p.) and CF3SePB (10 mg/kg, i.g.) on the ST in mice. (A)
Latency time to the first cleaning episode and (B) total cleaning time of the mice. Fluoxetine was used as a reference
drug. Values are expressed as mean + standard error of the mean (S.E.M.) (n = 12 animals/group). (**) p < 0.01
and (***) p <0.001 compared to the control group. (##) p < 0.01 and (###) p < 0.001 compared to the LPS group.
Abbreviations: LPS: Lipopolysaccharide; CF3;SePB: N-(3-((3-(trifluoromethyl)phenyl)selenyl)prop-2-yn-1-

yl)benzamide; C: control; FLX: fluoxetine; i.g.: intragastric; i.p.: intraperitoneal; ST: splash test.

LPS administration significantly increased the expression of the pro-inflammatory gene nuclear factor
kappa B (NF-«xB) (Figure 6A), which is closely involved in the pathogenesis of depression (Glezer et al., 2000).
CF3SePB effectively counteracted LPS-induced NF-xB upregulation in the hippocampus of mice (F, 10 = 29.71,
p < 0.0001). NF-xB regulates the expression of genes involved in inflammation, cell survival, and development.
Activation of NF-xB by LPS from gram-negative bacteria can lead to structural and functional changes in the
brain, such as altered neuroplasticity, synaptic function, and impaired neurogenesis, all of which are associated
with depression (Glezer et al., 2000; Koo and Duman, 2008; Caviedes et al., 2017). Studies indicate that
antidepressants, including SSRIs and other types, can decrease NF-xf activity, thereby reducing brain
inflammation and, consequently, improving depressive symptoms (Capuron et al., 2002; Wang et al., 2009). The

modulation of NF-«kB expression may be related to the antidepressant-like effect of the CF3SePB compound.
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Figure 6. Effect of treatments with LPS (0.83 mg/kg, i.p.) and/or CF3SePB (10 mg/kg, i.g.) on the gene expression
of (A) NF-kB, (B) NLRP3 inflammasome, (C) COX-2, (D) BCL-2, (E) caspase-1, (F) caspase-8, (G) BAX, and
(H) BDNF. Values are expressed as mean + standard error of the mean (S.E.M.) (n = 3-4 animals/group). (*) p <
0.05, (**) p < 0.01 and (***) p < 0.001 compared to the control group. (#) p < 0.05, (##) p < 0.01 and (##H) p <
0.001 compared to the LPS group. Abbreviations: LPS: Lipopolysaccharide; CF3SePB: N-(3-((3-

(trifluoromethyl)phenyl)selenyl)prop-2-yn-1-yl)benzamide; C: control; i.g.: intragastric; i.p.: intraperitoneal.

LPS significantly increased NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome
expression in the hippocampus, and CFsSePB pretreatment prevented this effect (F, 11) = 14.83, p = 0.0004). The
NLRP3 inflammasome is a multiprotein complex closely involved in neuroinflammation. Activation of the NLRP3
inflammasome can lead to caspase-1-dependent release of inflammatory cytokines (Alcocer-Gémez, 2014; Kouba
et al., 2023). NLRP3 inflammasome activation, driven by neuroinflammation linked to peripheral inflammation,
is closely associated with the severity of MDD (Kouba et al., 2023). Studies revealed that mRNA levels of NLRP3
were significantly elevated in patients with MDD compared to healthy controls, while antidepressants reduce
NLRP3 levels (Alcocer-Gomez, 2014; Inserra et al., 2019). In this context, the antidepressant-like effect of
CF3SePB observed in the LPS-model may be linked to the modulation of NLRP3 expression in the hippocampus
of the animals.

As shown in Figure 6C, LPS significantly increased the expression of cyclooxygenase-2 (COX-2), a key

enzyme involved in the production of inflammatory prostaglandins (Miller et al., 2006; Strekalova et al., 2022).
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CF3SePB pretreatment effectively prevented LPS-induced COX-2 upregulation (F, 11y = 9.988, p = 0.0018). COX-
2 is typically expressed at low levels in healthy tissues but can be induced by inflammatory stimuli (Mdller et al.,
2006). Depression has been linked to increased COX-2 expression in the brain, particularly in the hippocampus,
where it plays a crucial role in synaptic activity and memory consolidation (Miiller et al., 2006; Guo et al., 2009;
Strekalova et al., 2022). Some studies suggest that COX-2 inhibitors may have antidepressant effects by reducing
neuroinflammation (Miller et al., 2006; Majd et al., 2015). The modulation of COX-2 activity has been explored
as a potential target for the treatment of depression, especially in cases where inflammation is a significant factor
(Maller et al., 2006; Majd et al., 2015). The observed inhibition of COX-2 expression by CF3;SePB in the
hippocampus of mice may contribute to its antidepressant-like effects.

The BCL-2 protein is a key regulator of apoptosis (programmed cell death) and is involved in controlling
the balance between cell survival and death (Arantes-Gongalves and Coelho, 2006). From a pharmacological
perspective, the expression of BCL-2 can be upregulated by antidepressant medications, which is specifically
related to the response to depression treatment. This fact underscores the potential role of BCL-2 in the etiology
of depression and positive outcomes in antidepressant treatment (Kosten et al., 2008; Zhang et al., 2014). Studies
have shown that many antidepressants can increase BCL-2 expression in the hippocampus (Yucel et al., 2016).
This is relevant because, by increasing BCL-2, antidepressants help protect neurons from apoptosis and promote
neuronal survival (Yucel et al., 2016; Kubera et al., 2011). Antidepressant treatment can reverse hippocampal
volume reduction and improve neuroplasticity by increasing BCL-2 expression and other neurotrophic factors
(Kubera et al., 2011). These effects may contribute to the recovery of neuronal function and the improvement of
depressive symptoms (Yucel et al., 2016). In this study, BCL-2 expression was not significantly altered by any
treatment (F, 11) = 2.382, p = 0.1251). However, the treatment with CF;SePB, alone and in combination with LPS,
showed a strong tendency to increase the levels of this anti-apoptotic gene, which could be associated with the
antidepressant-like effect of CF;SePB.

Caspase-1 and caspase-8 are proteolytic enzymes involved in the processes of apoptosis and
inflammation, and they have been studied in relation to depression. Caspase-1 is particularly involved in the
activation of pro-inflammatory cytokines, such as IL-1p and IL-18, through the inflammasome (Roy et al., 2023).
The activation of caspase-1 in the brain can lead to chronic inflammation, which is associated with neuronal
dysfunction and reduced neuroplasticity, common features in depression (Franchi et al., 2009; Inserra et al., 2019).
Some studies suggest that antidepressants may modulate caspase-1 activity, thereby reducing brain inflammation
and improving depressive symptoms (Li et al., 2018). Inhibition of caspase-1 is seen as a potential therapeutic
pathway for treating depression (Roy et al., 2023). LPS administration induced a significant increase in caspase-1

expression in the hippocampus of mice and CFsSePB prevented this effect (F, 12) = 6.556, p = 0.0071) (Figure
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6E), in accordance with the expression profile of NLRP3 inflammasome (Figure 6B). This effect of CF3SePB in
the LPS-induced caspase-1 upregulation could be also closely related with its antidepressant-like effect observed
in the behavioral tests.

LPS also induced a significant increase in caspase-8 expression (Figure 6F). This protein is a key enzyme
in the extrinsic pathway of apoptosis, initiating the process of cell death in response to extracellular signals, such
as death ligands (TNF-a) (Luchs and Pantaledo, 2010; Orning and Lien, 2021; Jiang et al, 2021). Caspase-8
activation is also a central part of the inflammatory response, and the dysregulation of caspase-8 has been
implicated in several diseases, including the development of depressive symptoms (Inserra et al., 2019), making it
a promising target for therapeutic intervention. CF;SePB pretreatment prevented LPS-induced hippocampal
caspase-8 expression in this study (Fe, 12) = 11.68, p = 0.0007) (Figure 6F), suggesting that the modulation of
caspase-8 is part of the mechanism of action of this organoselenium compound.

The BCL-2-associated X protein (BAX) is a pro-apoptotic protein crucial in regulating apoptosis, or
programmed cell death (Hamnér et al., 1999; Luchs and Pantaledo, 2010). As part of the BCL-2 protein family,
which includes both pro- and anti-apoptotic members, BAX facilitates the release of cytochrome C from the
mitochondria, leading to the activation of caspases that initiate the apoptotic process (Luchs and Pantaledo, 2010).
In depression, there is evidence that the balance between pro-apoptotic proteins like BAX and anti-apoptotic
proteins like BCL-2 may be disrupted, resulting in increased vulnerability to cell death in brain regions associated
with mood regulation, such as the hippocampus (Deckwerth et al., 1996; Kosten et al., 2008). Studies show that
BAX expression may be increased in depression, suggesting that a heightened propensity for apoptosis could
contribute to the neurodegeneration observed in these states (Kosten et al., 2008). Dysregulation in the balance
between BAX and BCL-2 can lead to the loss of neurons, particularly in the hippocampus, a crucial area for mood
regulation and memory (Deckwerth et al., 1996; Kosten et al., 2008). Some studies indicate that antidepressant
treatment may modulate BAX activity and reduce BAX expression, potentially helping to restore apoptotic
balance, reduce cellular damage, and thereby promote neuronal survival (Kosten et al., 2008). Hippocampal BAX
expression was significantly increased by LPS treatment in this study, and the pre-treatment with CF;SePB
prevented this alteration (Fs, 11y = 4.718, p = 0.0237) (Figure 6G), which probably account for its antidepressant-
like effect.

BDNF is a critical neurotrophin for brain development and function. In the CNS, BDNF plays a pivotal
role in neurodevelopment, neural network formation, and neuronal plasticity (Martinho Jr et al., 2012). BDNF is
particularly important for structural plasticity in the hippocampus. It promotes the growth and branching of
developing neurons and regulates the morphology of mature neurons (Ji et al., 2010; Yang et al., 2020). Reduced

levels of BDNF in the hippocampus have been linked to depression (Woelfer et al., 2018). Additionally, BDNF
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may increase the expression of the antiapoptotic protein BCL-2, involved in cell survival (Arantes-Gongalves and
Coelho, 2006). Many antidepressants have been shown to increase BDNF levels in the brain. This increase is
considered one of the mechanisms through which these medications alleviate depressive symptoms (Arantes-
Gongalves and Coelho, 2006; Banasr et al., 2011). In this study, no significant alterations were observed in
hippocampal BDNF expression among the groups (F, 11) = 2.096, p = 0.1589) (Figure 6H). However, LPS showed
a slight tendency to reduce BDNF expression, and the pre-treatment with CF;SePB showed a tendency in prevent
this effect. CFsSePB alone also showed a tendency in increase BDNF expression in relation to control group.
The administration of LPS also increased the levels of reactive species (RS) and lipid peroxidation,
demonstrated by thiobarbituric acid reactive substances (TBARS) levels, in the mice hippocampus (Figure 7).
Oxidative stress results from an imbalance between the production of RS and the antioxidant defense system
(Barbosa et al., 2010). This imbalance generates highly reactive molecules that damage cellular structures, cause
DNA breakage, and harm cell membranes, such as through lipid peroxidation (Stocker and Keaney, 2004; Dringen
et al., 2005). Lipid peroxidation can be described as a sequence of biochemical events that leads to the oxidation
of polyunsaturated lipids in cell membranes, making them an easy target for reactive oxygen species (Urso and
Clarkson, 2003). Lipid peroxidation causes changes in membrane structure and permeability, which can lead to
the destruction of the membrane's integrity and even cell death (Dal-Pizzol et al., 2000). The actions of RS destroy
neurons and are closely associated with psychiatric disorders (Maes et al., 2000; Tsuboi et al., 2006; Valko et al.,
2007). The brain is rich in polyunsaturated fatty acids, making it particularly susceptible to damage caused by RS
(Valko et al., 2007; Mangialasche et al, 2009). Regions of the limbic system, such as the hippocampus, which are
involved in the pathophysiology of depression, are affected by this imbalance, playing a crucial role in the
pathogenesis of depression (Frodl et al., 2002). CF3;SePB pretreatment effectively prevented LPS-induced
hippocampal increase of RS (Fs, 28) = 5.459, p = 0.0044) and lipoperoxidation (F, 44) = 11.13, p < 0.0001) in this
study (Figure 7), showing an antioxidant effect. This propertie could be, at in least in part, responsible for its

antidepressant-like effect.
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Figure 7: Effect of treatments with LPS (0.83 mg/kg, i.p.) and/or CF3SePB (10 mg/kg, i.g.) on (A) RS and (B)
TBARS levels. Values are expressed as mean + standard error of the mean (S.E.M.) (n = 8-12 animals/group). (**)
p < 0.01 compared to the control group. (##) p < 0.01 and (###) p < 0.001 compared to the LPS group.
Abbreviations: LPS: Lipopolysaccharide; CFsSePB: N-(3-((3-(trifluoromethyl)phenyl)selenyl)prop-2-yn-1-

yl)benzamide; C: control; i.g.: intragastric; i.p.: intraperitoneal.

Conclusion

This study demonstrates the protective effects of the organoselenium compound CF3;SePB against depressive-
like behaviors induced by LPS, as well as its anti-inflammatory effect. The antidepressant-like effects of CF;SePB
were mediated, in part, by modulating the expression of the pro-inflammatory genes NF-xB, NLRP3
inflammasome, and COX-2, and the expression of the apoptotic genes caspase-1, caspase-8, and BAX.
Additionally, CFsSePB reduced RS levels and lipid peroxidation, suggesting a neuroprotective role. While further
research is required to fully elucidate the underlying mechanisms, the findings of this study provide compelling
evidence for the potential of CF;SePB as a novel therapeutic approach for depression, particularly in models

involving inflammation-mediated mechanisms.

MATERIAL AND METHODS
Animals

For this study, adult male Swiss mice (25-30 g) from the Central Animal Facility of the Federal University of
Pelotas were used. Each test was conducted in such a way that each animal was used only once per test (n = 12

animals/group, totaling 120 animals), except for the OFT, which was performed before the FST or the TST using
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the same animals. The animals were maintained on a 12-hour light/12-hour dark cycle, with lights on at 7 a.m. The
ambient temperature was 22 + 2 °C. The mice were housed in separate cages (20 x 30 x 13, 5 animals per cage)
with access to commercial feed and fresh water ad libitum, without receiving food during the experimental
protocol. After one hour of acclimatization, the tests were initiated and monitored by a blinded observer. The study
followed the guidelines of the Ethics Committee on Animal Experimentation at UFPel (CEUA
23110.021022/2022-85), which are in accordance with the Guide for the Care and Use of Laboratory Animals by
the National Institutes of Health (NIH Publications No. 8023, revised in 1978), aimed at minimizing the number

of animals used and mitigating animal suffering.

Drugs

The synthesis of the CF3SePB (Fig. 1) occurred in the Nucleus of Synthesis and Application of Organic and
Inorganic Compounds (NUSAACOI), from the Federal University of Fronteira Sul (UFFS) (Balbom et al, 2019).
CF3SePB was solubilized in canola oil for intragastric administration at dose of 10 mg/kg. Fluoxetine was
purchased locally and used intraperitoneally (i.p.) at a dose of 20 mg/kg as a positive control to validate the data
obtained in the behavioral tests assessing antidepressant-like effects. The LPS from Escherichia coli, L-3129,
serotype 0127:B8, was purchased from Sigma-Aldrich., St Louis, USA. LPS was dissolved in saline and

administered at a dose of 0.83 mg/kg intraperitoneally (i.p.).

Experimental design

The experimental design for the compound CF3SePB used to evaluate the antidepressant-like effect in a
preclinical model of LPS-induced depression in mice is shown in figure 9. The animals were divided into two sets,
and in both, at time zero, they were pretreated with the CF3;SePB at a dose of 10 mg/kg (i.g.), vehicle (saline (10
mL/kg, i.p.)), or fluoxetine (20 mg/kg, i.p.). After 30 minutes, 0.83 mg/kg of LPS or vehicle (canola oil (10 mL/kg,
i.g.)) was administered intraperitoneally. Behavioral tests were conducted 24 hours after LPS injection. A positive
control group was included with the administration of fluoxetine (20 mg/kg, i.p.) and LPS (0.83 mg/kg, i.p.) to
validate the experimental protocol.

The behavioral tests performed with the animals in the first set were the TST, followed by the sucrose splash test
(SST). For the second set, the behavioral tests conducted were the OFT, followed by the FST. After the behavioral
tests of both sets, the mice were euthanized. For the animals in the first set, before euthanasia, cardiac puncture
was performed to collect blood for analysis of plasma corticosterone levels, and after euthanasia, the hippocampus
was removed for evaluation of lipid peroxidation. For the animals in the second set, after euthanasia, the

hippocampus was removed for qRT-PCR analysis.
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Figure 8: Experimental design for mechanism elucidation related to the antidepressant effect of the compound

CF3SePB in a model of depression induced by LPS in mice.

Behavioral tests
Open Field Test (OFT)

In the OFT, the mice were individually placed in the center of a wooden box (30 cm x 40 cm x 40 cm)
divided into nine equally sized squares to investigate potential changes in locomotor and exploratory activity. Each
animal was observed for 4 minutes, during which the number of crossings between the squares and the number of
times they reared up on their hind legs (rearing posture) were recorded (Walsh and Cummins, 1976). After each

test, the box was sanitized with 20% alcohol to eliminate any olfactory traces and prepare it for the next animal.

Forced Swimming Test (FST)

In this test, animals were placed in a cylinder measuring 29 cm in height filled with 1.5 L of water at 25
+ 1 °C for 6 minutes, exposing them to a stressful situation from which they could not escape (Yankelevitch-Yahav
et al., 2015; Berton et al., 2021). During this period, the latency to the first episode of immobility and the total
immobility time were recorded as the mice attempted to escape by swimming or floating. The longer the animals

floated without attempting to escape, the greater the behavior resembling depression.

Tail suspension test (TST)

The animals were suspended by the tail and secured with adhesive tape to a 50 cm high device. The mice
were observed over a 6-minute period. During this time, immobility time and latency to the first immobility episode
were recorded (Steru et al., 1985). The animals were considered immobile when they hung motionless, indicating
an absence of escape attempt behavior. The longer the animals remained immobile, the more pronounced the

depressive-like behavior.
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Splash Test (ST)

The ST assesses self-grooming behavior as an indicator of motivational behavior, following the protocol
used in other studies (Birmann et al., 2020; Liu et al., 2018). This method involves spraying a 10% sucrose solution
onto the dorsal coat of mice in their cages. Due to the viscosity of this solution, the sucrose adheres to the mice's
fur, triggering grooming behavior. The test lasts a total of 5 minutes, during which the latency time and total

grooming time are recorded. The observer will be blinded to the different treatment groups.

Biochemical assays

Quantitative real-time PCR

Total MRNA was extracted from the prefrontal cortex and hippocampus using TRIzol followed by mRNA
quantification. The cDNA synthesis was performed using a High Capacity cDNA Reverse Transcription kit
according to the manufacturer’s protocol. The amplification was made with the GoTaq® qPCR Master Mix using
the Stratagene Mx3005P real-time PCR. Gene expressions were normalized using GAPDH primer as a reference

gene. The following genes were analyzed:

Table 1: Primer sequences used in the real-time PCR analysis.

Gene Sequence 5°-3°
GAPDH F: GGGTGAGGCCGGTGCTGAG

R: TGGGGGTAGGAACACGGAAGG
BAX F: CCACCAGCTCTGAACAGATC

R: CAGCTTCTTGGTGGACGCAT
BCL2 F: TGGGATGCCTTTGTGGAACT

R: GAGACAGCCAGGAGAAATCA
BDNF F: TAACGGCGGCAGACAAAAAGACT

R:

GTGTCTATCCTTATGAATCACCAGCCAA
COX-2 F: TGGGTGTGAAAGGAAATAAGGA

R: GAAGTGCTGGGCAAAGAATG
CASP-1 F: CGTCTTGCCCTCATTATCTG

R: TCACCTCTTTCACCATCTCC
CASP-8 F: CTCCGAAAAATGAAGGACAGA

R: CGTGGGATAGGATACAGCAGA
NFkB F: GCTTTCGCAGGAGCATTAAC

R: CCGAAGCAGGAGCTATCAAC
NRLP3 F: GGTCCTCTTTACCATGTGCTTC

R: AAGTCATGTGGCTGAAGCTGTA

Reactive Species (RS) Measurement
RS levels in mouse hippocampi were quantified using according to Loetchutinat et al. (2005). Briefly,
homogenate samples were incubated with Tris-HCI buffer (10 mM, pH 7.4) and dichloro-dihydro-fluorescein

diacetate (DCHF-DA, 0.0033 mM). RS-mediated oxidation of DCHF-DA to fluorescent 2',7'-dichlorofluorescein
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(DCF) was monitored spectrophotometrically at an excitation wavelength of 488 nm and an emission wavelength

of 520 nm. Results were expressed as units (U) of fluorescence per milligram of protein.

Evaluation of lipid peroxidation

Lipid peroxidation in the hippocampus of mice was measured by the formation of malondialdehyde (MDA)
using the thiobarbituric acid reactive substances (TBARS) technique. An aliquot of the homogenized supernatant
was incubated with 8.1% sodium dodecyl sulfate (SDS), 0.8% thiobarbituric acid (TBA), and acetic acid/HCI (pH
3.4) at 95 °C for 1 hour. TBARS levels was measured by spectrophotometry at a wavelength of 532 nm. The results

were expressed as nmol TBARS/mg of protein (Ohkawa et al., 1979).

Protein determination
The protein level of the samples was determined according to the methodology of Bradford (1976), which

uses bovine serum albumin as a standard (1 mg/mL).

Statistical analysis

Experimental data are presented as mean * standard error of the mean (S.E.M.). Data normality was
evaluated using the D'Agostino and Pearson test. Comparisons between experimental groups were performed using
one-way ANOVA, followed by the Newman-Keuls post hoc test. Values of p less than 0.05 (p < 0.05) were
considered statistically significant. All analyses were conducted using GraphPad software (GraphPad, San Diego,

CA, USA).

Acknowledgments

We thank the Federal University of Pelotas (UFPEL), Coordenacédo de Aperfeicoamento Pessoal de Nivel Superior
- Brasil (CAPES) - Finance Code 001, Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq,
grant numbers 405655/2023-1, 305626/2022-1, 305113/2022-4, and 404471/2023-4), and Fundacdo de Amparo a
Pesquisa do Estado do Rio Grande do Sul (FAPERGS, grant numbers 21/2551-0000728-1 and 21/2551-0000614-

5).

References

Abelaira HM, Réus GZ, Quevedo J. (2013) Animal models as tools to study the pathophysiology of depression.
Braz J Psychiatry. 35 Suppl 2:5112-20. doi: 10.1590/1516-4446-2013-1098.

Afridi R, Suk K. (2021) Neuroinflammatory Basis of Depression: Learning From Experimental Models. Front Cell
Neurosci. 2;15:691067. doi: 10.3389/fncel.2021.691067.



87

Alcocer-Gémez E, de Miguel M, Casas-Barquero N, NUfiez-Vasco J, Sanchez-Alcazar JA, Fernandez-Rodriguez
A, Cordero MD. (2014) NLRP3 inflammasome is activated in mononuclear blood cells from patients with major
depressive disorder. Brain Behav Immun. 36:111-7. doi: 10.1016/j.bbi.2013.10.017. PMID: 24513871.
Arantes-Goncalves F, Coelho R. (2006) Depresséo e tratamento. Apoptose, Neuroplasticidade e Antidepressivos.
Acta Med Port 19: 9-20

Armario A. (2021) The forced swim test: Historical, conceptual and methodological considerations and its
relationship ~ with  individual  behavioral traits. Neurosci  Biobehav  Rev. 128:74-86. doi:
10.1016/j.neubiorev.2021.06.014.

Balbom EB, Gritzenco F, Speranca A, Godoi M, Alves D, Barcellos T, Godoi B (2019) Copper-catalyzed Csp-
chalcogen bond formation: versatile approach to N-(3-(organochalcogenyl)prop-2-yn-1-yl)amides. Tetrahedron
75:4017-4023. https://doi.org/10.1016/j.tet.2019.06.031

Banasr M, Dwyer JM, Duman RS. (2011) Cell atrophy and loss in depression: reversal by antidepressant treatment.
Curr Opin Cell Biol. 23(6):730-7. doi: 10.1016/j.ceb.2011.09.002.

Barbosa KBF, Costa NMB, Alfenas RCG, De Paula SO, Minim VPR, Bressan J. (2010) Oxidative stress: concept,
implications and modulating factors. Comunicacéo Rev. Nutr. 23 (4) doi.org/10.1590/S1415-52732010000400013

Becker M, Pinhasov A, Ornoy A. (2021) Animal Models of Depression: What Can They Teach Us about the
Human Disease? Diagnostics. 11(1):123. https://doi.org/10.3390/diagnostics11010123

Berton J., Ferreira TN., Santos NP., Ferro MM., Favero GM (2021) Evaluation of Depressive and Anxious
Behavior with the Use of Propranolol in Melanoma-Bearing Mice. Braz. Arch. Biol. Technol. 64.
https://doi.org/10.1590/1678-4324-2021200428

Birmann PT, Casaril AM, Abenante L, Penteado F, Brining CA, Savegnago L, Lenarddo EJ. (2023)
Neuropharmacology of Organoselenium Compounds in Mental Disorders and Degenerative Diseases. Curr Med
Chem. 30(21):2357-2395. doi: 10.2174/0929867329666220615124412.

Birmann PT, Casaril AM, Hartwig D. Jacob RG, Seixas FK, Collares T, Savegnago L. (2020). A novel pyrazole-
containing selenium compound modulates the oxidative and nitrergic pathways to reverse the depression-pain
syndrome in mice. Brain Res. 1741:146880. doi.org/10.1016/j.brainres.2020.146880

Bradford MM. (1976) A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal Biochem. 72:248-54. doi: 10.1006/ahi0.1976.9999.

Buras A., Waszkiewicz N, Szulc A. (2016). Depression and inflammation in rheumatic diseases. Postepy Hig Med
Dosw 2016; 70 : 162-168. doi: 10.5604/17322693.1196386

Caliendo G, Santagada V, Perissutti E, Severino B, Fiorino F, Warner TD, Wallace JL, Ifa DR, Antunes E, Cirino
G, de Nucci G (2001) Synthesis of substituted benzamides as anti-inflammatory agents that inhibit preferentially
cyclooxygenase 1 but do not cause gastric damage. Eur J Med Chem 36: 517-30. https://doi.org/10.1016/S0223-
5234(01)01251-X

Capuron L, Gumnick JF, Musselman DL, Lawson DH, Reemsnyder A, Nemeroff CB, Miller AH. (2002)
Neurobehavioral effects of interferon-alpha in cancer patients: phenomenology and paroxetine responsiveness of
symptom dimensions. Neuropsychopharmacology. May;26(5):643-52. doi: 10.1016/S0893-133X(01)00407-9.

Cathomas F, Hartmann MN, Seifritz E, Pryce CR, Kaiser S. (2015) The translational study of apathy-an ecological
approach. Front Behav Neurosci. 9;9:241. doi: 10.3389/fnbeh.2015.00241.

Caviedes A, Lafourcade C, Soto C, Wyneken U. (2017) BDNF/NF-kB Signaling in the Neurobiology of
Depression. Curr Pharm Des. 23(21):3154-3163. doi: 10.2174/1381612823666170111141915.


https://doi.org/10.1016/S0223-5234(01)01251-X
https://doi.org/10.1016/S0223-5234(01)01251-X

88

Chirita C, Cristea AN, Negres S, Zbarcea CE, Marineci CE (2010) Antidepressant effect after acute and subacute
administration of novel n-substituted benzamides on reserpine-induced depression in mice. Farmacia 58:218-227
Cui L, Li S, Wang S, Wu X, Liu Y, Yu W, Wang Y, Tang Y, Xia M, Li B. (2024) Major depressive disorder:
hypothesis, mechanism, prevention and treatment. Signal Transduct Target Ther. 9;9(1):30. doi: 10.1038/s41392-
024-01738-y.

Dal-Pizzol F, Klamt F, Vianna MM, Schriéder N, Quevedo J, Benfato MS, Moreira JC, Walz R. (2000) Lipid
peroxidation in hippocampus early and late after status epilepticus induced by pilocarpine or kainic acid in Wistar
rats. Neurosci Lett. 291(3):179-82. doi: 10.1016/s0304-3940(00)01409-9.

Deckwerth TL, Elliott JL, Knudson CM, Johnson EM Jr, Snider WD, Korsmeyer SJ. (1996) BAX is required for
neuronal death after trophic factor deprivation and during development. Neuron. 17(3):401-11. doi:
10.1016/s0896-6273(00)80173-7.

Dringen R, Pawlowski PG, Hirrlinger J. (2005) Peroxide detoxification by brain cells. J Neurosci Res. 79(1-2):157-
65. doi: 10.1002/jnr.20280.

Dwivedi Y. (2009) Brain-derived neurotrophic factor: role in depression and suicide. Neuropsychiatr Dis Treat.
5:433-49. doi: 10.2147/ndt.s5700.

Franchi L, Eigenbrod T, Mufioz-Planillo R, Nufiez G. (2009) The inflammasome: a caspase-1-activation platform
that regulates immune responses and disease pathogenesis. Nat Immunol.;10(3):241-7. doi: 10.1038/ni.1703.
Frodl T, Meisenzahl EM, Zetzsche T, Born C, Groll C, Jager M, Leinsinger G, Bottlender R, Hahn K, Méller HJ.
(2002) Hippocampal changes in patients with a first episode of major depression. Am J Psychiatry. 159(7):1112-
8. doi: 10.1176/appi.ajp.159.7.1112.

Glezer I, Marcourakis T, Avellar MCW, Gorenstein C, Scavone C. (2000) The role of the transcription factor NF-
kB in the molecular mechanisms of action of psychoactive drugs. Braz. J. Psychiatry 22
(1) https://doi.org/10.1590/S1516-44462000000100008

Guo JY, Li CY, Ruan YP, Sun M, Qi XL, Zhao BS, Luo F. (2009) Chronic treatment with celecoxib reverses
chronic unpredictable stress-induced depressive-like behavior via reducing cyclooxygenase-2 expression in rat
brain. Eur J Pharmacol. 2009 Jun 10;612(1-3):54-60. doi: 10.1016/j.ejphar.2009.03.076.

Hamnér S, Skoglésa Y, Lindholm D. (1999) Differential expression of bcl-w and bcl-x messenger RNA in the
developing and adult rat nervous system. Neuroscience. 91(2):673-84. doi: 10.1016/s0306-4522(98)00642-3.
Hassamal S. (2023) Chronic stress, neuroinflammation, and depression: an overview of pathophysiological
mechanisms  and  emerging  anti-inflammatories. Front Psychiatry. 11;14:1130989. doi:
10.3389/fpsyt.2023.1130989.

Hutka P, Krivosova M, Muchova Z, Tonhajzerova |, Hamrakova A, Mlyncekova Z, Mokry J, Ondrejka I. (2021)
Association of Sleep Architecture and Physiology with Depressive Disorder and Antidepressants Treatment. Int J
Mol Sci. 22(3):1333. doi: 10.3390/ijms22031333.

Inserra A, Mastronardi CA, Rogers G, Licinio J, Wong ML. (2019) Neuroimmunomodulation in Major Depressive
Disorder: Focus on Caspase 1, Inducible Nitric Oxide Synthase, and Interferon-Gamma. Mol Neurobiol.
56(6):4288-4305. doi: 10.1007/s12035-018-1359-3.

Ji, Y., Lu, Y., Yang, F., Shen, W,, Tang, T. T., Feng, L., et al. (2010). Acute and gradual increases in BDNF
concentration elicit distinct signaling and functions in neurons. Nat. Neurosci. 13, 302-309. doi: 10.1038/nn.2505
Jiang M, Qi L, Li L, Wu Y, Song D, Li Y. (2021) Caspase-8: A key protein of cross-talk signal way in



89

"PANoptosis" in cancer. Int J Cancer. ;149(7):1408-1420. doi: 10.1002/ijc.33698.
Koo JW, Duman RS. (2008) IL-1beta is an essential mediator of the antineurogenic and anhedonic effects of stress.
Proceedings of the National Academy of Sciences, 105(2), 751-756. doi:10.1073/pnas.0708092105.

Kosten TA, Galloway MP, Duman RS, Russell DS, D'Sa C. (2008) Repeated unpredictable stress and
antidepressants differentially regulate expression of the BCL-2 family of apoptotic genes in rat cortical,
hippocampal, and limbic  brain  structures.  Neuropsychopharmacology.  33(7):1545-58.  doi:
10.1038/sj.npp.1301527.

Kouba BR, Gil-Mohapel J, S Rodrigues AL. (2023) NLRP3 Inflammasome: From Pathophysiology to Therapeutic
Target in Major Depressive Disorder. Int J Mol Sci. 21;24(1):133. doi: 10.3390/ijms24010133.

Krystal JH, Kavalali ET, Monteggia LM. (2024) Ketamine and rapid antidepressant action: new treatments and
novel synaptic signaling mechanisms. Neuropsychopharmacology. 49(1):41-50. doi: 10.1038/s41386-023-01629-
W.

Kubera M, Obuchowicz E, Goehler L, Brzeszcz J, Maes M. (2011) In animal models, psychosocial stress-induced
(neuro)inflammation, apoptosis and reduced neurogenesis are associated to the onset of depression. Prog
Neuropsychopharmacol Biol Psychiatry. 29;35(3):744-59. doi: 10.1016/j.pnpbp.2010.08.026.

Ledebuhr KNB, D’avila Nunes G, Presa MH, Hartmann CM, Godoi B, Bortolatto CF, Briining CA (2024) Role of
noradrenergic and dopaminergic systems in the antinociceptive effect of N-(3-(phenylselanyl)prop-2-yn-1-
yl)benzamide in mice. Toxicol Applies Pharmacol 484:116881. https://doi.org/10.1016/j.taap.2024.116881

Li MX, Zheng HL, Luo Y, He JG, Wang W, Han J, Zhang, L, Wang X, Ni L, Zhou HY, Hu ZL, Wu PF, Jon Y,
Long LH, Zhang H, Hu G, Chen JG, Wang F. (2018) Gene deficiency and pharmacological inhibition of caspase-
1 confers resilience to chronic social defeat stress via regulating the stability of surface AMPARs. Mol
Psychiatry 23, 556-568 https://doi.org/10.1038/mp.2017.76

Liu H, Liu LL, Chen J, Chen YW, Chai Y, Liu QS, Cheng Y. (2022) Muscone with Attenuation of
Neuroinflammation and Oxidative Stress Exerts Antidepressant-Like Effect in Mouse Model of Chronic Restraint
Stress. Oxid Med Cell Longev. 30;2022:3322535. doi: 10.1155/2022/3322535.

Liu MY, Yin CY, Zhu LJ, Zhu XH, Xu C, Luo CX, Chen H, Zhu DY, Zhou QG. (2018) Sucrose preference test
for measurement of stress-induced anhedonia in mice. Nat Protoc. 13(7):1686-1698. doi: 10.1038/s41596-018-
0011-z.

Loetchutinat, C., Kothan, S., Dechsupa, S., Meesungnoen, J., Jay-Gerin, J-P., Mankhetkorn, S.J.R.P. (2005)
Spectrofluorometric determination of intracellular levels of reactive oxygen species in drug-sensitive and drug-
resistant cancer cells using the 2’, 7'-dichlorofluorescein diacetate assay. Chemistry. 72, 323-331.
https://doi.org/10.1016/j.radphyschem.2004.06.011

Luchs A, Pantaledo C. (2010) Apoptose e modelos in vivo para estudo das moléculas relacionadas a este fendémeno.
Revendo Ciéncias Basicas Einstein (Sdo Paulo) 8 (4) https://doi.org/10.1590/S1679-45082010RB1685

Maes M, De Vos N, Pioli R, Demedts P, Wauters A, Neels H, Christophe A. (2000) Lower serum vitamin E
concentrations in major depression. Another marker of lowered antioxidant defenses in that illness. Journal of
Affective Disorders 58(3):241- 6

Majd M, Hashemian F, Hosseini SM, Vahdat Shariatpanahi M, Sharifi A. (2015) A Randomized, Double-blind,
Placebo-controlled Trial of Celecoxib Augmentation of Sertraline in Treatment of Drug-naive Depressed Women:
A Pilot Study. Iran J Pharm Res. Summer;14(3):891-9.

Mangialasche F, Polidori MC, Monastero R, Ercolani S, Camarda C, Cecchetti R, Mecocci P. (2009) Biomarkers



90

of oxidative and nitrosative damage in Alzheimer's disease and mild cognitive impairment. Ageing Res Ver.
8(4):285-305. doi: 10.1016/j.arr.2009.04.002.

Martinho Jr E, Michelon L, Ayres AM, Scazufca M, Menezes PR, Schaufelberger MS, Murray RM, Rushe TM,
Vallada H, Filho GB. (2012) Polimorfismo do gene do BDNF, cognicéo e gravidade dos sintomas em uma amostra
de base populacional brasileira de individuos apresentando o primeiro episddio psicético. Braz. J. Psychiatry 34
(suppl 2) https://doi.org/10.1016/j.rbp.2012.06.004

Mclintyre RS, Alsuwaidan M, Baune BT, Berk M, Demyttenaere K, Goldberg JF, Gorwood P, Ho R, Kasper S,
Kennedy SH, Ly-Uson J, Mansur RB, McAllister-Williams RH, Murrough JW, Nemeroff CB, Nierenberg AA,
Rosenblat JD, Sanacora G, Schatzberg AF, Shelton R, Stahl SM, Trivedi MH, Vieta E, Vinberg M, Williams N,
Young AH, Maj M. (2023) Treatment-resistant depression: definition, prevalence, detection, management, and
investigational interventions. World Psychiatry. 22(3):394-412. doi: 10.1002/wps.21120.

Medina-Rodriguez EM, Beurel E. (2022) Barreira hematoencefalica e inflamacédo na depressdo. Neurobiol Dis.
175:105926. doi: 10.1016/j.nbd.2022.105926

Mauller N, Schwarz MJ, Dehning S, Douhe A, Cerovecki A, Goldstein-Miller B, Spellmann I, Hetzel G, Maino K,
Kleindienst N, Mdéller HJ, Arolt V, Riedel M. (2006) The cyclooxygenase-2 inhibitor celecoxib has therapeutic
effects in major depression: results of a double-blind, randomized, placebo controlled, add-on pilot study to
reboxetine. Mol Psychiatry. 11(7):680-4. doi: 10.1038/sj.mp.4001805.

Ohkawa H, Ohishi N, Yagi K. (1979) Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction.
Anal Biochem. 95(2):351-8.

Orning P, Lien E. (2021) Multiple roles of caspase-8 in cell death, inflammation, and innate immunity. J Leukoc
Biol. 109(1):121-141. doi: 10.1002/JLB.3MR0420-305R.

Pastis I, Santos MG, Paruchuri A. (2024) Exploring the role of inflammation in major depressive disorder: beyond
the monoamine hypothesis. Front Behav Neurosci. 17:1282242. doi: 10.3389/fnbeh.2023.1282242.

Pires CS, da Rocha MJ, Presa MH, Zuge NP, Kuntz NEB, Godoi B, Bortolatto CF, Briining CA. (2024) N-(3-((3-
(trifluoromethyl)phenyl)selanyl)prop-2-yn-1-yl) benzamide induces antidepressant-like effect in mice:
involvement of the serotonergic system. Psychopharmacology (Berl). doi: 10.1007/s00213-024-06588-8.
Planchez, B., Surget, A., Belzung, C. (2019) Animal models of major depression: drawbacks and challenges. J
Neural Transm 126, 1383-1408. https://doi.org/10.1007/s00702-019-02084-y

Rech TST, Gongalves Alves A, Nornberg Strelow D, Devantier Kriiger L, Carraro Junior LR, Dos Santos Neto JS,
Braga AL, Briining CA, Folharini Bortolatto C. (2021) 2-Phenyl-3-(phenylselanyl)benzofuran elicits acute
antidepressant-like action in male Swiss mice mediated by modulation of the dopaminergic system and reveals
therapeutic efficacy in both sexes. Psychopharmacology (Berl). 238(10):3013-3024. doi: 10.1007/s00213-021-
05921-9.

Roy S, Ansari MA, Choudhary K, Singh SS. (2023) NLRP3 inflammasome in depression: A review. International
Immunopharmacology, 117:109916. doi.org/10.1016/j.intimp.2023.109916.

Sies H, Jones DP. (2020) Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat Rev
Mol Cell Biol 21, 363-383. https://doi.org/10.1038/s41580-020-0230-3

Steru L, Chermat R, Thierry B, Simon P. (1985) The tail suspension test: a new method for screening
antidepressants in mice. Psychopharmacology (Berl). 85(3):367-70. doi: 10.1007/BF00428203.

Stocker R, Keaney JF Jr. (2004) Role of oxidative modifications in atherosclerosis. Physiol Rev. 84(4):1381-478.
doi: 10.1152/physrev.00047.2003.


https://doi.org/10.1007/s00702-019-02084-y

91

Strekalova T, Pavlov D, Trofimov A, Anthony DC, Svistunov A, Proshin A, Umriukhin A, Lyundup A, Lesch KP,
Cespuglio R. (2022) Hippocampal Over-Expression of Cyclooxygenase-2 (COX-2) Is Associated with
Susceptibility to Stress-Induced Anhedonia in Mice. Int J Mol Sci. 13;23(4):2061. doi: 10.3390/ijms23042061.
Syafrita Y, Amir D, Restu Susanti R, Fadhilah 1. (2020) Relationship of brain-derived neurotrophic factor,
malondialdehyde, and 8-Hydroxy 2-Deoxyguanosine with post-ischemic stroke depression. Dement.
neuropsychol. 14 (1) https://doi.org/10.1590/1980-57642020dn14-010007

Trombetta IC, DeMoura JR, Alves CR, Carbonari-Brito R, Cepeda FX, Lemos JR Jr. (2020) Serum Levels of
BDNF in Cardiovascular Protection and in Response to Exercise. Arq Bras Cardiol. 115(2):263-269. English,
Portuguese. doi: 10.36660/abc.20190368.

Tsuboi H, Tatsumi A, Yamamoto K, Kobayashi F, Shimoi K, Kinae N. (2006) Possible connections among job
stress, depressive symptoms, lipid modulation and antioxidants. J Affect Disord. 91(1):63-70. doi:
10.1016/j.jad.2005.12.010.

Unal G, Canbeyli R. (2019) Psychomotor retardation in depression: a critical measure of the forced swim test.
Behav Brain Res 372:112047. doi: 10.1016/j.bbr.2019.112047

Urso ML, Clarkson PM. (2003) Oxidative stress, exercise, and antioxidant supplementation. Toxicology. 189(1-
2):41-54. doi: 10.1016/s0300-483x(03)00151-3.

Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J. (2007) Free radicals and antioxidants in normal
physiological functions and human disease. Int J Biochem Cell Biol. 39(1):44-84. doi:
10.1016/j.biocel.2006.07.001.

Walsh RN, Cummins RA (1976) The Open-Field Test: a critical review. Psychol Bull 83(3):482-504
Wang J, Zhang X, Wang M. (2009) The Antidepressant Effect of Selective Serotonin Reuptake Inhibitors is
Associated with Inhibition of NF-kB Activation in the Brain. Neuropharmacology, vol. 56, no. 1, pp. 133-138.

Woelfer M, Kasties V, Kahlfuss S, Walter M. (2019) The Role of Depressive Subtypes within the
Neuroinflammation Hypothesis of Major Depressive Disorder. Neuroscience. 2019 403:93-110. doi:
10.1016/j.neuroscience.2018.03.034.

Yang T, Nie Z, Shu H, Kuang Y, Chen X, Cheng J, Yu S, Liu H. (2020) The Role of BDNF on Neural Plasticity
in Depression. Front Cell Neurosci. 82. doi: 10.3389/fncel.2020.00082.

Yankelevitch-Yahav R, Franko M, Huly A, Doron R. (2015) The forced swim test as a model of depressive-like
behavior. J Vis Exp. (97):52587. doi: 10.3791/52587.

Yin R, Zhang K, Li Y, Tang Z, Zheng R, Ma Y, Chen Z, Lei N, Xiong L, Guo P, Li G, Xie Y. (2023)
Lipopolysaccharide-induced depression-like model in mice: meta-analysis and systematic evaluation. Front
Immunol. 8;14:1181973. doi: 10.3389/fimmu.2023.1181973.

Yucel A, Yucel NN, Ozkanlar SS, Polat E, Kara A, Ozcan H, Gulec, M. (2016) Efeito da agomelatina na apoptose
e neurogénese do hipocampo adulto usando o modelo de estresse de ratos. Acta Histochemica 118:3 pages 299-
304. doi.org/10.1016/j.acthis.2016.02.007

Zhang J, He H, Qiao Y, Zhou T, He H, Yi S, Zhang L, Mo L, Li Y, Jiang W, You Z. (2023) Priming of microglia
with IFN-y impairs adult hippocampal neurogenesis and leads to depression-like behaviors and cognitive defects.
Glia. 68(12):2674-2692. doi: 10.1002/glia.23878.

Zhang, C., Wu, Z., Hong, W., Wang, Z., Peng, D., Chen, J., Fang, Y. (2014). Influéncia do gene BCL2 na


https://doi.org/10.1016/j.acthis.2016.02.007

92

suscetibilidade a depressdo maior e no resultado do tratamento antidepressivo. Journal of Affective Disorders, 155,
288-294. doi:10.1016/j.jad.2013.11.010



93

5. DISCUSSAO

O TDM é uma condicao psiquiétrica crénica caracterizada por sintomas como
humor deprimido, disfuncdo cognitiva, anedonia, sentimentos de culpa, fadiga, baixa
autoestima, distarbios no sono, perda de apetite, dificuldade de concentracdo, entre
outros (SLIFIRSKI et al., 2021; BAJ at al., 2023; PASTIS et al., 2024; CUI et al., 2024).
Embora os mecanismos fisiopatoldgicos subjacentes a depressdo ainda ndo sejam
totalmente esclarecidos, a teoria monoaminérgica € amplamente aceita como uma das
principais explicacdes para sua fisiopatologia (PASTIS et al., 2024; CUI et al., 2024).
Segundo essa teoria, a depressao decorre de desequilibrios nos neurotransmissores
monoaminérgicos, como DA, 5-HT e NA, no SNC, causando os sintomas tipicos do
transtorno (DELMONDES et al.,, 2023). Dada a complexidade dos mecanismos
patolégicos do TDM, as opcdes terapéuticas e diagnosticas disponiveis atualmente
apresentam limitacbes em termos de seletividade e eficacia (DELMONDES et al.,
2023; CUl et al., 2024).

Este estudo revela que a benzamida CF3SePB, um composto organico de Se
inédito, exibe efeito do tipo antidepressivo significativo em camundongos. Os
resultados mostrados no artigo sdo associados principalmente a interacdo com o
sistema serotoninérgico, especificamente através dos receptores 5-HT1a € 5-HTs. A
serotonina foi inicialmente o primeiro neurotransmissor associado a depressao na
pesquisa (BREMSHEY et al., 2023). A eficacia antidepressiva do CF3SePB foi
validada por meio do TNF e TSC, métodos amplamente aceitos na triagem pré-clinica
de novos antidepressivos (YANKELEVITCH-YAHAV et al., 2015; ARMARIO, 2021).
Ambos os testes demonstraram que o CF3SePB reduz o tempo de imobilidade dos
camundongos, evidenciando seu potencial antidepressivo. A deplecéo de serotonina
no cérebro dos camundongos, induzida pelo p-CPA, blogueou o efeito antidepressivo
do CFsSePB, sugerindo que a presenca funcional da serotonina é crucial para a
manifestacao dos efeitos antidepressivos do composto.

Adicionalmente, o antagonista do receptor 5-HT1a, WAY100635, bloqueou o
efeito antidepressivo do CFz:SePB, reforgando a ideia de que a modulagédo desse
receptor é essencial para o efeito observado. O papel do Se e de compostos que 0
incorporam na modulacdo do humor e da depressédo também é relevante, uma vez
gue a deficiéncia de Se tem sido associada a disturbios de humor e a presenca de
compostos contendo Se tem mostrado propriedades antidepressivas em diversos

estudos (WANG et al., 2018). A combinacdo do Se com outras estruturas quimicas,
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como a benzamida, pode potencializar essas propriedades, conforme sugerido pelo
CFsSePB. A avaliacdo da toxicidade aguda do CF3SePB demonstra que, apesar de
sua eficicia antidepressiva, o0 composto tem um baixo potencial para induzir efeitos
toxicos a altas doses, conforme evidenciado pela auséncia de mortalidade e pela
manutenc¢do das funcbes hepaticas e renais normais nos camundongos.

Interessantemente, o composto CFsSePB mostrou que seu efeito do tipo
antidepressivo em camundongos estd envolvido na modulacdo do sistema
dopaminérgico, descrito no manuscrito 1, além da modulacdo do sistema
serotoninérgico observada no artigo. Os antagonistas nao seletivos dopaminérgicos,
como o haloperidol, e os antagonistas seletivos dos receptores D1 e D2, SCH 23390 e
sulpirida, respectivamente, impediram o efeito anti-imobilidade do CF3SePB no TNF,
sem alterar a atividade locomotora dos animais no TCA. O TNF & amplamente
utilizado para avaliar a atividade de compostos com potencial antidepressivo
(YANKELEVITCH-YAHAV et al., 2015; ARMARIO, 2021). Esses achados corroboram
a eficacia do TNF como um modelo para avaliar compostos com potenciais
propriedades antidepressivas, além de destacar a importancia do sistema
dopaminérgico na mediacdo dos efeitos antidepressivos do CF3SePB. Isso sugere
que o efeito antidepressivo do CF3SePB pode estar associado a interagdo com o
sistema dopaminérgico, além da sua relacdo com o sistema serotoninérgico.

A DA desempenha um papel fundamental na fisiopatologia da depresséo,
influenciando varias funcdes cerebrais, incluindo emocfes, prazer e atividade
locomotora (MIZUNO et al.,, 2023). A disfuncdo nos neurotransmissores
monoaminérgicos, como a DA, é uma caracteristica critica da depressdo (WANG et
al., 2019). O estudo confirma que a modulacédo dos receptores D; e D2 € essencial
para o efeito antidepressivo do CF3SePB, reforcando a hipotese de que a DA
influencia significativamente a resposta a tratamentos antidepressivos. A baixa
solubilidade em agua do CF3SePB, embora nédo afete negativamente a absorgéo, junto
com a alta absorcéo intestinal e a permeabilidade a BHE, indica que o composto
possui caracteristicas farmacocinéticas favoraveis. Apesar da indicacdo de
hepatotoxicidade nos resultados in silico, a auséncia de hepatotoxicidade em estudos
agudos sugere que o CF3SePB é um candidato promissor para o desenvolvimento de
novos antidepressivos, apresentando baixa toxicidade e potencial para uso clinico.

A interagdo entre o sistema imunoldgico e o0 SNC tem ganhado destaque
crescente, sendo que a ativacdo do sistema imunologico pode desencadear
alteracbes no cérebro que afetam o humor, o comportamento e influenciam
diretamente os circuitos neurais (BURAS et al., 2016; HASSAMAL, 2023; WU e
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ZHANG, 2023). Essa conexdo é apoiada pela teoria inflamatéria da depressao, que
sugere que processos inflamatdérios crénicos ou agudos podem contribuir para o
desenvolvimento e manutencdo dos sintomas depressivos (GUO et al., 2024). A
inflamacéo sistémica, que é a ativacdo do sistema imunoldgico periférico, pode
contribuir para o desenvolvimento da depressdo, de forma que as respostas imunes
inatas e adaptativas podem comprometer a integridade da BHE propagando os sinais
inflamatérios para o SNC, causando a neuroinflamacdo (LIU et al., 2022,
RICHARDSON et al., 2022; GUO et al., 2024).

Colaborando com os achados do artigo e do manuscrito 1, no manuscrito 2
foi demonstrado o efeito do tipo antidepressivo do composto CF3SePB a partir da
indugdo de depressdo por LPS. O CFs3SePB foi eficaz na reversdo dos
comportamentos depressivos induzidos por LPS no TSC, TNF e TBS, sem afetar a
locomocéo dos camundongos no TCA. Esse achado é relevante, pois sugere que o
CFsSePB pode atuar especificamente em mecanismos relacionados a depressao sem
causar efeitos adversos sobre a mobilidade, o que € um aspecto crucial em
tratamentos para transtornos depressivos (ABELAIRA et al., 2013; CATHOMAS et al.,
2015; BECKER et al., 2021; YIN et al., 2023). Além disso, o CF3SePB impediu o
aumento na expressdo dos genes pro-inflamatérios, incluindo o NF-kB, NLRP3 e
COX-2, assim como dos genes apoptoticos caspase-1, caspase-8 e BAX induzidos
pelo LPS. Esses resultados indicam o potencial do CF3SePB para modular vias
inflamatorias e de morte neuronal, fatores amplamente reconhecidos por seu papel na
fisiopatologia da depressdo (GLEZER et al., 2000; KOO e DUMAN, 2008; YUCEL et
al., 2016; CAVIEDES et al., 2017; INSERRA et al., 2019; STREKALOVA et al., 2022;
KOUBA et al., 2023). O controle da expresséo desses genes sugere que o CF;SePB
pode reduzir a neuroinflamacdo, um componente critico na depressao induzida por
estresse inflamatorio.

O tratamento também reduziu os niveis de ROS e a peroxidacéo lipidica no
hipocampo induzidos pelo LPS, sugerindo efeitos neuroprotetores. O estresse
oxidativo e a peroxidacdo lipidica sdo conhecidos por contribuir para a disfuncao
neuronal e a morte celular, e sua reducéo sugere que o CF3SePB pode proteger contra
danos celulares que frequentemente acompanham a depresséo (FRODL et al., 2002).
Os achados deste trabalho evidenciam o potencial inovador do CF3zSePB como um
novo agente terapéutico para a depressdo. O composto ndo causou toxicidade nos
animais e demonstrou eficacia na modulacdo dos sistemas serotoninérgico e
dopaminérgico, além de agir em modelos que envolvem mecanismos mediados por

inflamacédo. Esses resultados sugerem que o CF3:SePB pode oferecer uma
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abordagem terapéutica promissora, abordando multiplos mecanismos associados a
depressdo sem provocar efeitos adversos significativos, destacando seu potencial
para o desenvolvimento de novas estratégias no tratamento desse transtorno.

A benzamida CF3SePB, uma molécula inédita com efeito antidepressivo e
anti-inflamatoério, envolvida na modulacdo do sistema serotoninérgico e
dopaminérgico, mostrou-se promissora no tratamento da depressdo em
camundongos, devido a sua capacidade de atuar sobre o0s sistemas serotoninérgico,
dopaminérgico e mostrar seu potencial efeito anti-inflamatério, mecanismos chave no

desenvolvimento e progressao do transtorno depressivo.
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6. CONCLUSAO

Este estudo forneceu evidéncias inéditas sobre o efeito do tipo antidepressivo
do composto CF3;SePB em camundongos, destacando a modulacdo do sistema
serotoninérgico, especialmente os receptores 5-HTia € 5-HT3, e a auséncia de
interacdo com o sistema noradrenérgico. A participacdo do sistema dopaminérgico
também foi evidenciada através da modulacdo dos receptores D1 e Da.
Adicionalmente, o CF;SePB apresentou um baixo potencial para induzir efeitos
adversos e mostrou alta absorcao intestinal e capacidade de atravessar a barreira
hematoencefalica, conforme previsto pelas andlises in silico de ADMET.

Os efeitos protetores do CF:;SePB contra comportamentos depressivos
induzidos por LPS foram associados a modulacdo da expressdo de genes pro-
inflamatorios e apoptéticos, além da reducdo de espécies reativas e peroxidacéo
lipidica, sugerindo um efeito neuroprotetor. Esses resultados ndo apenas reforcam o
potencial terapéutico inovador do composto CFs;SePB para o tratamento da depressao,
particularmente em modelos que envolvem mecanismos inflamatorios, mas também
destacam a necessidade de mais estudos para explorar plenamente os mecanismos
subjacentes e desenvolver novas estratégias terapéuticas para a depressdo. Como
perspectivas futuras, o composto CF3SePB sera testado em outros modelos clinicos
abrangendo outros sistemas, a fim de avaliar sua eficacia terapéutica e identificar

potenciais interacdes com outros sistemas do SNC.
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8. ANEXOS

ANEXO A - Aprovacdo do Comité de Etica

PARECER N° 146/2020/CEEA/REITORIA
PROCESSO N° 23110.028792/2020-97
Certificado

Certificamos que a proposta intitulada “AVALIAGAO DO EFEITO DO TIPO ANTIDEPRESSIVO
DE BENZAMIDAS SELENOPROPARGILICAS SUBSTITUIDAS EM CAMUNDONGOS",
registrada com o n° 23110.028792/2020-97, sob a responsabilidade de César Augusto
Briining - que envolve a produgdo, manutencéo ou utilizagdo de animais pertencentes ao filo
Chordata, subfilo Vertebrata (exceto humanos), para fins de pesquisa cientifica (ou ensino) —
encontra-se de acordo com os preceitos da Lei n® 11.794, de 8 de outubro de 2008, do Decreto
n? 6.899, de 15 de julho de 2009, e com as normas editadas pelo Conselho Nacional de
Controle de Experimentacéo Animal (CONCEA), e recebeu parecer FAVORAVEL a sua
execugao pela Comissao de Etica em Experimentagdo Animal, em reunido de 08 de dezembro

de 2020.
Finalidade (x) Pesquisa ( ) Ensino
Vigéncia da autorizagao 01/02/2021 a 01/02/2024
Especie/linhagem/raca Mus musculus/Swiss
N° de animais 690
Idade 60 dias
Sexo 684 machos e 6 fémeas
Origem Biotério Central - UFPel
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Cédigo para cadastro n? CEEA 28792-2020

M.V. Dra. Anelize de Oliveira Campello Felix

Presidente da CEEA

Documento assinado eletronicamente por ANELIZE DE OLIVEIRA
CAMPELLO FELIX, Médico Veterinario, em 11/12/2020, as 11:09,
conforme horério oficial de Brasilia, com fundamento no art. 62, § 12, do
Decreto n2 8.539, de 8 de outubro de 2015.

il
Sel
assinatura
eletrénica

A autenticidade deste documento pode ser conferida no site

= http://sei.ufpel.edu.br/sei/controlador_externo.php?

acao=documento_conferir&id_orgao_acesso_externo=0, informando o cédigo
verificador 1152458 e o cédigo CRC 179052FA.

Referéncia: Processo n2 23110.028792/2020-97 SEIn2 1152458
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ANEXO B - Aprovacio do Comité de Etica

PARECER N° 170/2022/CEUA/REITORIA
PROCESSO N° 23110.021022/2022-85
Certificado

Certificamos que a proposta intitulada “Avaliacio do efeito de uma benzamida
selenopropargilica substituida em modelo de depressio induzida por lipopolissacarideo em
camundongos'', registrada com o n° 23110.021022/2022-85, sob a responsabilidade de César Augusto
Briining - que envolve a produgdo, manutengio ou utilizagao de animais pertencentes ao filo Chordata,
subfilo Vertebrata (exceto humanos), para fins de pesquisa cientifica (ou ensino) — encontra-se de acordo
com os preceitos da Lein® 11.794, de 8 de outubro de 2008, do Decreto n® 6.899, de 15 de julho de 2009,
e com as normas editadas pelo Conselho Nacional de Controle de Experimentacdo Animal (CONCEA), e
recebeu parecer FAVORAVEL a sua execugio pela Comissio de Etica no Uso de Animais da
Universidade Federal de Pelotas, em reuniao de 30/10/2022.

Finalidade (x) Pesquisa ( ) Ensino
Vigéncia da autorizagao Inicio: 01/10/2022 Término: 15/12/2024
Espécie/linhagem/raca Mus musculus / Swiss
N° de animais 182
ldade 2 meses
Sexo Machos
Origem Biotério Central - UFPel

Cddigo para cadastro n? CEUA 021022/2022-85
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Priscila Marques Moura de Leon

Coordenadora da CEUA

Documento assinado eletronicamente por PRISCILA MARQUES MOURA DE
LEON, Professor do Magistério Superior, em 11/10/2022, as 15:25,
conforme horario oficial de Brasilia, com fundamento no art. 42, § 39, do
Decreto n? 10.543, de 13 de novembro de 2020.

il
Sel o
ﬂ&ilﬂalulﬂ
eletrénica

A autenticidade deste documento pode ser conferida no site
= http://sei.ufpel.edu.br/sei/controlador_externo.php?

Il acao=documento_conferir&id_orgao_acesso_externo=0, informando o cédigo
a5 verificador 1897533 e o cddigo CRC 9D30B1D6.

Referéncia: Processo n? 23110.021022/2022-85 SFIn2 1897533



