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RESUMO

EFEITO DA MOXIDECTINA SOBRE O COMPORTAMENTO TIPO DEPRESSIVO E
ANSIOSO EM CAMUNDONGOS SWISS

AUTOR: Gregory Klein Schneider
ORIENTADORA: Profd. Dr2. Eliane Maria Zanchet
COORIENTADOR: Prof. Dr. Valério Valdetar Marques Portela Junior

O Transtorno Depressivo Maior (TDM) afeta cerca de 6% da populacdo, porém sua
patofisiologia e farmacoterapia permanecem mal elucidados. Antidepressivos
monoaminérgicos tém como principal mecanismo de acdo a interferéncia no metabolismo e
recaptacdo de monoaminas. Estes farmacos consistentemente diminuem sintomas graves em
pacientes, mas sua taxa de sucesso clinico é inferior a 67%. Além disso, esses medicamentos
levam semanas para apresentarem efeitos. Logo, a descoberta de novos alvos farmacoldgicos,
bem como novos possiveis tratamentos, tém sido explorados visando melhora prognostica.
Nesse contexto, a moxidectina, um farmaco originalmente endectocida, tem mostrado atividade
antidepressiva em ratos. Seu mecanismo de acdo, especula-se, esta relacionado a modulagéo
alostérica positiva de receptores GABAA ¢ ativagdo de receptores P2X4, nicotinicos a7 e
glicina. Assim, os objetivos deste estudo foram a escrita de uma revisdo bibliogréafica sobre a
literatura de 2013 a 2023 a respeito das caracteristicas da moxidectina como neuromodulador;
e investigar o potencial efeito antidepressivo e ansiolitico de uma Unica dose de moxidectina
(1,5 mg/kg) em camundongos Swiss machos, bem como seu efeito sobre marcadores oxidativos
e moleculares. A avaliacdo dos comportamentos tipo depressivo-ansioso foram efetuados pelos
testes de suspensdo da cauda (TST), splash (SPT), labirinto em cruz elevada (EPM) e campo
aberto (OFT), que revelaram diminui¢cdo do comportamento do tipo depressivo, representado
por menor tempo de imobilidade no TST e maior tempo de grooming no SPT, e ansiogénese,
representada por maior tempo no centro no OFT. Para melhor elucidar as bases bioldgicas das
mudancas comportamentais observadas, testes oxidativos demonstraram aumento da Glutationa
S-transferase (GST) e capacidade antioxidante total (TAC) no cortex pré-frontal e diminuicao
de GST no hipocampo dos animais, sem alteracdo de substancias reativas ao acido
tiobarbitdrico (TBARS). O rt-PCR demonstrou aumento de RNAm de Fator Neurotrofico
Derivado do Cérebro (BDNF) no cértex. Os resultados apresentados neste trabalho demonstram
que a literatura consistemente traz a moxidectina como capaz de induzir melhora em modelos
animais de neuropsicopatologias, possui perfil toxicoldgico favoravel e, em nosso protocolo,
uma unica dose de moxidectina foi capaz de reduzir o comportamento tipo-depressivo em
camundongos sem alterar os parametros oxidativos de forma deletéria, além de induzir aumento
de mRNA de BDNF no tecido neural. Sao resultados promissores que estimulam a continuidade
do estudo da moxidectina como um possivel novo composto no tratamento do TDM.

Palavras-chave: Depressdo. Reposicionamento Farmacoldgico. Moxidectina. Modulador
alostérico. BDNF.



ABSTRACT

THE EFFECT OF MOXIDECTIN ON THE DEPRESSIVE AND/OR ANXIOUS BEHAVIOR
OF SWISS MICE

AUTHOR: Gregory Klein Schneider
ADVISOR: Prof.2 Dr2 Eliane Maria Zanchet
CO-ADVISOR: Prof. Dr. Valério Valdetar Marques Portela Junior

Major Depressive Disorder (MDD) affects approximately 6% of the population, but its
pathophysiology and pharmacotherapy remain poorly elucidated. Monoaminergic
antidepressants have as their main mechanism of action interference with the metabolism and
reuptake of monoamines. These drugs consistently ameliorate severe symptoms in patients, but
their clinical success rate is less than 67%. Furthermore, these drugs may take weeks to show
effect. Therefore, the discovery of new pharmacological targets, as well as new possible
treatments, have been explored with the aim of improving prognosis. In this context,
moxidectin, an originally endectocidal drug, has shown antidepressant activity in rats. Its
mechanism of action is speculated to be related to the positive allosteric modulation of GABAA
receptors and activation of P2X4, nicotinic a7 and glycine receptors. Thus, the objectives of
this study are to compose a bibliographic review on the literature spanning 2013 to 2023
regarding the characteristics of moxidectin as a neuromodulator; and investigate the potential
antidepressant and anxiolytic effect of a single dose of moxidectin (1.5 mg/kg) in male Swiss
mice, as well as its effect on oxidative stress markers and molecular parameters. The assessment
of depressive-anxious-type behaviors was carried out using the tail suspension (TST), splash
(SPT), elevated plus maze (EPM) and open field (OFT) tests, which revealed a decrease in
depressive-type behavior, represented by shorter immobility time in TST and longer grooming
time in SPT, and anxiogenesis, represented by longer time spent in the center in OFT. To better
elucidate the biological basis of the observed behavioral changes, oxidative tests assays
demonstrated an increase in Glutathione S-transferase (GST) and total antioxidant capacity
(TAC) in the prefrontal cortex and a decrease in GST in the hippocampus of the animals,
without changes in substances reactive to the thiobarbituric acid (TBARS). rt-PCR
demonstrated an increase in Brain-Derived Neurotrophic Factor (BDNF) mRNA in the cortex.
The results presented in this work demonstrate that the literature consistently presents
moxidectin as capable of inducing improvement in the behavior of animal submitted to models
of neuropsychopathologies, has a favorable toxicological profile and, in our protocol, a single
dose of moxidectin was able to reduce depressive-like behavior in mice without negatively
impacting oxidative stress parameters, in addition to inducing an increase in BDNF mRNA in
neural tissue. These are promising results that encourage the continuation of the study of
moxidectin as a possible new compound in the treatment of MDD.

Keywords: Depression. Drug repurposing. Moxidectin. Allosteric Modulator. BDNF.



LISTA DE SIGLAS E ABREVIATURAS

5-HT Serotonina

ACTH Hormonio Adrenocorticotrofico

AMPA Acido a-amino-3-hidroxi-5-metilo-4-isoxazolpropi6nico
BDNF Fator Neurotrofico Derivado do Cérebro

CRH Horménio Liberador de Corticotrofina

EPM Teste de Labirinto em Cruz Elevado

ERN Espécie Reativa de Nitrogénio

ERO Espécie Reativa de Oxigénio

FDA Food and Drug Administration

GABA Acido gama-aminobutirico

GDNF Fator Neurotrofico Derivado de Células Gliais
GST Glutationa S-transferase

HPA Pituitaria-Hipotalamo-Adrenal

IL Interleucina

IMAO Inibidores da Monoamina Oxidase

IRSN Inibidores da Recaptacdo de Serotonina e Noradrenalina
ISRS Inibidores Seletivos da Recaptacdo de Serotonina
LPS Lipopolissacarideo

MAO-A Monoamino oxidase A

MAO-B Monoamino oxidase B

NGF Fator de Crescimento Neurotrofico

NMDA Receptor N-metilaspartato

OFT Teste de Campo Aberto

RNAM/mRNA  Acido Ribonucleico Mensageiro

rt-PCR Reacéo de Transcriptase Reversa Seguida de Reacdo em Cadeia da
Polimerase



SNC/CNS
SPT

TAC
TBARS
TDM/MDD
TGF
TNF-a

TST

Sistema Nervoso Central

Teste de Splash

Capacidade Antioxidante Total

Substancias Reativas ao Acido Tiobarbitdrico
Transtorno Depressivo Maior

Fator de Crescimento Transformativo

Fator de Necrose Tumoral alfa

Teste de Suspenséo da Cauda
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1 INTRODUCAO

A depressdo, denominada oficialmente Transtorno Depressivo Maior (TDM) é um
transtorno psiquiatrico devastador que afeta cerca de 3,8% da populagdo mundial. No Brasil,
o Rio Grande do Sul € o estado com a maior porcentagem de casos, 17,9% (BRITO et al., 2022).
E um transtorno afetivo ou do humor que envolve funcdes organicas, humor e pensamento,
sendo caracterizado, principalmente, por sentimentos de tristeza, ansiedade, culpa, baixa auto-
estima, distarbios do sono e do apetite, fadiga, dificuldade de concentracdo e outros sintomas
que podem durar semanas, meses ou anos (DEAN; KESHAVAN, 2017). E deletério no
somente ao paciente e seus entes queridos, mas também é reconhecido como problema de satde
publica (BRITO et al., 2022). O disturbio pode ser decorrente do consumo de drogas, condi¢des
clinicas, em resposta a estressores psicossociais ou até mesmo idiopatico. Varias hipdteses
tentam explicar os mecanismos moleculares e celulares da depressdo, incluindo a teoria
monoaminérgica, desregulacdo do eixo hipofise-pituitaria-adrenal, envolvimento do sistema
neurotrofico, imune/inflamatério, estresse oxidativo e a glutamatérgica (PLANCHEZ;
SURGET; BELZUNG, 2019; ZHAO et al., 2008). Mais recentemente a alteracdo da microbiota
intestinal, também conhecida como disbiose, tem se mostrado de suma importancia na sadde
mental. Diversas patologias neuropsiquiatricas, do desenvolvimento e neurodegenerativas ja
demonstraram alguma relacdo com a disbiose, como o TDM, doenca de Parkinson, transtorno
do espectro autista, esclerose lateral amiotrofica, doenca de Alzheimer e até mesmo alguns
canceres do sistema nervoso central, como o glioma (FAN et al., 2022b; IWANIAK; OWE-
LARSSON; URBANSKA, 2024; LI et al., 2023; NOOR EDDIN et al., 2024; PEDDINTI et al.,
2024).

Vérias linhas de evidéncia suportam a teoria de que ha correlacdo entre estresse e
sintomas depressivos (DANESE et al., 2007). Assim, alguns modelos animais expdem o0s
mesmos a situacdes de estresse agudo ou crdnico, como por exemplo os protocolos de estresse
crébnico moderado, estresse cronico de contengdo, estresse derrota social cronica, estresse
moderado imprevisivel crénico, estresse imprevisivel cronico, e modelos de separagdo materna.
Tais modelos induzem mudangas comportamentais, emocionais e cognitivas em animais que
mimetizam sintomas da depressdo em humanos (POCHWAT et al., 2022). Porém, alguns
modelos recapitulam outras possiveis causas para o transtorno, induzindo alteragdes que podem
participar da fisiopatologia da depressdo e, portanto, ao induzir tais alteracOes, € possivel
mimetizar o comportamento depressivo em animais. Tais modelos s@0 a exposicdo ao

lipopolissacarideo (LPS), corticosterona, modelos genéticos, manipula¢fes optogénicas e


https://paperpile.com/c/RU71VJ/nIHW
https://paperpile.com/c/RU71VJ/nPLn
https://paperpile.com/c/RU71VJ/43MN+t7Qb
https://paperpile.com/c/RU71VJ/43MN+t7Qb
https://paperpile.com/c/RU71VJ/rVA6+buhX+pl3k+QC4g+xWs8
https://paperpile.com/c/RU71VJ/rVA6+buhX+pl3k+QC4g+xWs8
https://paperpile.com/c/RU71VJ/rVA6+buhX+pl3k+QC4g+xWs8
https://paperpile.com/c/RU71VJ/IBPtO
https://paperpile.com/c/RU71VJ/63qq
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bulbectomia (BELZUNG; WILLNER; PHILIPPOT, 2015; PLANCHEZ; SURGET;
BELZUNG, 2019). A inducéo de dishbiose com antibi6ticos, como a clindamicina, e associagdes
de antibioticos também ¢é utilizada para inducdo do comportamento do tipo depressivo
(BIRMANN et al., 2023; FAN et al., 2022a, 2022b). Ndo incomum em literatura, também, séo
avaliaces pré-clinicas de farmacos antidepressivos sem a utilizacdo de qualquer estressor nos
animais (ELERSIC et al., 2024; HIROAKI-SATO et al., 2014; MALIKOWSKA-RACIA et al.,
2023; PIGNATARO et al., 2022).

Apesar da ampla gama de medicamentos antidepressivos disponiveis, 30 a 60% dos
pacientes ndo respondem ao tratamento. A taxa de remissdo é inferior a 50%, e a taxa de
recorréncia em 10 anos supera 85% (ROOHI; JAAFARI; HASHEMIAN, 2021). Estes numeros
demonstram a real necessidade de pesquisa ndo somente sobre a patofisiologia deste distarbio
como também sobre o desenvolvimento de hovos compostos antidepressivos.

Junto ao desenvolvimento de novos medicamentos e métodos de tratamento, o
reposicionamento de compostos de outros usos tém ganhado espaco na pesquisa farmacoldgica.
O reposicionamento de farmacos é muitas vezes mais rapido e barato do que o desenvolvimento
de novos compostos, pois sua farmacocinética e farmacodinamica ja é parcialmente conhecida
e 0 acesso aos compostos facilitado (JARADA; ROKNE; ALHAJJ, 2020). Na ultima década,
artigos vém apontando os efeitos positivos de lactonas macrociclicas, principalmente
moxidectina e ivermectina, sobre o transtorno de abuso do alcool e nicotina em ratos e
camundongos (HUYNH et al., 2017; YUNUSOGLU et al., 2021) e sobre os efeitos
antidepressivos da moxidectina em ratos Wistar-Kyoto (GETACHEW et al., 2019;
GETACHEW, TIZABI, 2019). Nestes estudos, a moxidectina apresentou acdo antidepressiva
demonstrada por menor tempo de imobilidade no teste de nado forcado além de ser capaz de
aumentar os niveis de BDNF e de reduzir a interleucina TNF-o no SNC dos animais em uma
unica dose, além de modular positivamente a biota gastrointestinal em protocolo de 7 dias.
Porém, o efeito antidepressivo da mesma ainda n&o foi estudado em camundongos, nem Seu
impacto em fatores oxidativos, o que pode estar envolvido na acéo antidepressiva da mesma.

Desta forma, neste projeto de pesquisa, primeiramente efetuamos uma revisdo
bibliografica sobre o conhecimento da agdo neuromoduladora da moxidectina publicado entre
2013 e 2023. Em seguida, avaliamos o efeito de uma unica dose da mesma sobre o
comportamento tipo depressivo e ansioso de camundongos Swiss, bem como seu efeito sobre

parametros oxidativos e moleculares.


https://paperpile.com/c/RU71VJ/43MN+7Uog
https://paperpile.com/c/RU71VJ/43MN+7Uog
https://paperpile.com/c/RU71VJ/vl2B+xWs8+9y9n
https://paperpile.com/c/RU71VJ/93cG+4rPq+YsLU+Rv7F
https://paperpile.com/c/RU71VJ/93cG+4rPq+YsLU+Rv7F
https://paperpile.com/c/RU71VJ/v1Rn
https://paperpile.com/c/RU71VJ/JvGv
https://paperpile.com/c/RU71VJ/CNx1+fKAl
https://paperpile.com/c/RU71VJ/RTwE+is75
https://paperpile.com/c/RU71VJ/RTwE+is75
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2 REVISAO DE LITERATURA
2.1 TRANSTORNO DEPRESSIVO MAIOR
2.1.1 Epidemiologia

O TDM ¢ a psicopatologia com maior impacto na quantidade de anos vividos sem
deficiéncias no mundo, superando doencas neuroldgicas e outros distlrbios como abuso de
substancias. As consequéncias deste distlrbio sem tratamento ou com tratamento precério sao
imensas para 0s pacientes e todos ao seu redor (MURROUGH; ABDALLAH; MATHEW,
2017).

O TDM afeta mais o sexo feminino, numa proporcao de duas a trés vezes maior do que
0 sexo masculino. Também é um dos transtornos mentais com maior risco de suicidio (DEAN;
KESHAVAN, 2017; SEEDAT et al., 2009). No mundo, mais de 700 mil pessoas perecem ao
suicidio por ano, e grande parte destes se deve a problemas de saude mental (WHO, 2024a).

Atualmente, estima-se que 3,8% da populagcdo mundial experiencie alguma forma de
depressdo, cerca de 5% da populacdo adulta e 5,7% da populagdo com mais de 60 anos,
totalizando cerca de 280 milhdes de pessoas. Mais de 75% destes, principalmente residentes de
paises de baixa e média renda, ndo recebem qualquer tipo de tratamento ou acompanhamento
médico (WHO, 2024b).

Uma pesquisa sobre a prevaléncia de depressdo autorreferida no Brasil em 2019
reportou que um em cada 10 adultos referiu ja ter recebido o diagnéstico de depressdo na vida.
O Rio Grande do Sul foi 0 estado campedo em taxa de adultos deprimidos, com estimada 17,9%
da populacdo, em contraste com o Para, que apresentou 4,1%. Em dados nacionais, 14,7% das
mulheres reportaram ja ter recebido diagndstico, em comparacdo a 5,1% dos homens. O
distdrbio parece afetar mais os brancos, 12,5%, do que pretos e pardos, com 8,6%. Pessoas em
areas urbanas também reportaram maiores taxas de depressdo do que moradores de areas rurais,
10,7% e 7,6%. Quanto a nivel de instrucdo, pessoas com Superior Completo apresentaram a
maior taxa, 12,2% (BRITO et al., 2022). Este estudo, porém, sugere que estes dados nédo
necessariamente refletem a real salde mental dos entrevistados, mas possam estar relacionados
ao acesso a salde, pois areas com menor acesso a atendimento médico e menor
desenvolvimento socioecondmico consistentemente possuiam menores taxas de diagnostico.
Ademais, grande parte dos pacientes que relataram possuir diagndstico de depressdao o

adquiriram em estabelecimentos de saude privados, demonstrando novamente a alta fragilidade


https://paperpile.com/c/RU71VJ/cjKe
https://paperpile.com/c/RU71VJ/cjKe
https://paperpile.com/c/RU71VJ/nPLn+OKXG
https://paperpile.com/c/RU71VJ/nPLn+OKXG
https://paperpile.com/c/RU71VJ/HAMs
https://paperpile.com/c/RU71VJ/sAry
https://paperpile.com/c/RU71VJ/nIHW
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ao acesso equitativo a servicos de saude mental disponiveis a populagdo nacional (BRITO et
al., 2022).

2.1.2. Diagnostico

Segundo 0 DSM-5-TR (Manual Diagnostico e Estatistico de Distarbios Mentais, quinta
edicdo, revisdo textual, 2022) os critérios diagnosticos para 0 TDM sdo cinco ou mais dos
sintomas presentes consistentemente durante duas ou mais semanas de forma que representem
mudancas ao estado prévio do paciente. Um dos sintomas deve obrigatoriamente ser humor
deprimido e/ou anedonia, a perda de prazer e/ou interesse em prazer. Notadamente, ndo se deve
incluir sintomas desencadeados por outras patologias comorbidas. Os sintomas devem ser
clinicamente relevantes e/ou atrapalhar a vida do paciente no ambito profissional, social ou
ocupacional. A seguir serdo citados estes sintomas:

1. Humor deprimido o dia todo ou em maior parte dele

2. Marcada diminuicdo ou interesse em prazer em quase todas as atividades diarias
quase todos os dias
Significativo ganho ou perda de peso sem intencionalidade
Ins6nia ou hipersonia todos ou quase todos os dias
Agitacdo ou retardo psicomotor
Fatiga ou baixa energia
Sentimentos de baixa auto estima e culpa excessiva ou inapropriada

Dificuldades em concentracdo e em fazer escolhas

© © N o g bk~ o

Recorrentes pensamentos sobre morte e ideacdo suicida, com ou sem planos

Deve-se considerar que eventos adversos na vida, como perda de entes queridos,
desastres naturais ou de natureza financeira podem levar a comportamentos semelhantes. Cabe
ao clinico saber diferenciar. Para caracterizar-se 0 TDM, deve-se obrigatoriamente ndo haver
ocorrido episédio maniaco ou hipomaniaco anteriormente, salvo quando desencadeado por
medicamentos ou outras patologias.

O TDM néo possui codigo de diagnostico unico. Este varia de acordo com a recorréncia
ou ndao do mesmo, intensidade dos sintomas, presenca de caracteristicas psicoticas e status de
remissdo. Algumas subcategorias séo: leve, moderado, intenso, em remissao parcial ou total,

associado a ansiedade, com caracteristicas melancolicas, caracteristicas atipicas, caracteristicas


https://paperpile.com/c/RU71VJ/nIHW
https://paperpile.com/c/RU71VJ/nIHW
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psicéticas congruentes ou ndo com o humor, com catatonia, periparto, sazonal, recorrente, entre

outros.

2.1.3 Fisiopatologia do TDM

O TDM é um disturbio multifacetado e heterogéneo. Também é altamente comorbido a
outras patologias, como transtornos de ansiedade, diabetes tipo 2, doengas neurologicas como
doenca de Parkinson, epilepsia e deméncia, sindrome do intestino irritavel, cancer e outros
(YANG etal., 2015).

Sua patofisiologia, no entanto, ainda € altamente elusiva. Diversas hipoteses sao
propostas para 0 entendimento do TDM, onde diferentes sistemas neurais parecem estar
envolvidos na neurobiologia e neuroquimica deste transtorno. Nota-se que estas hipoteses ndo
devem ser tomadas como opositivas e sim complementares. Muitos autores desestimulam a
procura de uma “teoria unificada” do TDM, assim como genuinos “genes da depressdo”
também nédo foram identificados até 0 momento (KRISHNAN; NESTLER, 2008). Especula-se
que o TDM pode também estar sendo utilizado como termo generalista para algumas patologias
hoje em dia agrupadas pela semelhanca sintomatica, como SUNESON et al., 2021, por
exemplo, discute sobre a “depressdo inflamatoria”, o TDM com marcado papel do sistema
imune. Este perfil, porém, ndo é universal. Ha a possibilidade do TDM ser futuramente
subdividido em diversos subtipos, potencialmente causados por etiologias distintas,
possibilitando tratamentos mais personalizados aos pacientes (LYNCH; GUNNING; LISTON,
2020).

Abaixo discutiremos as principais hipoteses sobre a patofisiologia do TDM.

2.1.3.1 Hipo6tese Monoaminérgica

Como monoaminas, entende-se quatro compostos essenciais para o funcionamento
adequado do SNC: adrenalina (A), noradrenalina (NA), serotonina (5-HT) e dopamina (DA).
Em meados de 1950, foi observado que farmacos que depletam estas monoaminas como a
reserpina, um farmaco antipsicético e anti-hipertensivo, causavam sintomas similares a
depressdo (SCHILDKRAUT, 1965). Em 1957 a iproniazida, um inibidor da enzima
monoaminoxidase utilizada no tratamento da tuberculose, é relatada como tendo levado a
melhora de desordens mentais de 11 dos 13 pacientes tratados (CRANE, 1957). A primeira

hipbtese sobre a patofisiologia do TDM foi popularizada por Schildkraut em 1965, onde postula
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“A ‘hipdtese catecolaminérgica de afecgdes afetivas’ propde que algumas, sendo todas,
depressbes estdo associadas com a absoluta ou relativa diminuicdo de catecolaminas,
particularmente noradrenalina, disponivel nos receptores adrenérgicos centrais™'. Apesar de
Schildkraut na mesma publicagdo reconhecer que “ndo ¢ possivel definitivamente confirmar ou

991

rejeitar esta hipotese com base nos dados atualmente disponiveis™, esta teoria ganhou marcada
disseminacdo popular a ponto de que, quando Moncrieff, 2023, afirmou “Nao ha evidéncia
convincente que a depressdo € causada por, ou associada a, diminuida concentracdo ou
atividade serotoninérgica™. Seu artigo ganhou a midia popular, sendo publicado em jornais
voltados ao publico, como The Guardian, The Times, Independent, Sky News, The Telegraph
e outros, como sendo altamente impactante na pesquisa neuropsiquiatrica. Portanto, como
revisado por Moncrieff, ndo existem evidéncias empiricas convincentes que correlacionam os
niveis de monoaminas cerebrais a o TDM. A deplecdo monoaminérgica experimental em
humanos ja foi demonstrada como capaz de levar a leve piora do humor em pacientes
deprimidos, mas ndo causou alteracdes em controles saudaveis (KRISHNAN; NESTLER,
2008).

Mesmo assim, a teoria monoaminérgica ainda € a base da maior parte do tratamento
farmacoldgico contemporaneo dos transtornos de humor. A alta taxa de recorréncia e baixa taxa
de sucesso deste tipo de tratamento sugere que a teoria monoaminérgica € no minimo
incompleta. N&o seria prudente descartar completamente esta hipétese, pois cerca de 70% dos
pacientes apresentam algum tipo de resposta, mesmo que insatisfatdria, a este tipo de terapia
(ADZIC et al., 2018).

O tratamento de reposicionamento monoaminérgico (ver mais em 2.2.1) leva ao
aumento imediato dos niveis de monoaminas. Porém, efeitos comportamentais s6 sao
observados ap6s semanas de tratamento. Esta laténcia entre o inicio do tratamento e
aparecimento de melhora clinica é explicada por outros autores como devida a interferéncia nos
mecanismos auto reguladores preé-sinapticos presentes nos neurénios monoaminérgicos e por
outras alteracGes no circuito neural pds-sinaptico. O tratamento agudo leva a retroalimentagéo
inibitoria aguda por meio da ativacdo dos auto-receptores nos neur6nios serotoninérgicos e
noradrenérgicos. Isso leva a diminuicdo aguda da sintese e liberagdo desses neurotransmissores,
possivelmente explicando a aparicdo de efeitos colaterais antes da resposta clinica. A longo

prazo estes auto-receptores sofrem dessensibilizacdo, levando ao aumento da transmissao

! Traducdo nossa.
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serotoninérgica e noradrenérgica, levando a melhora clinica (GOLAN, 2012; KRISHNAN;
NESTLER, 2008).

2.1.3.2 Hipotese do Eixo HPA

Eventos estressantes parecem estar altamente associados ao inicio dos sintomas do
TDM. Estes efeitos, teoriza-se, podem estar associados a disfuncdo do eixo hipotalamo-
pituitaria-adrenal (HPA), responsaveis pelo controle do cortisol sérico (Figura 1). O nivel de
cortisol, corticosterona em murinos, é agudamente responsivo a estressores psicossociais,
porém, espera-se que em um individuo sdo estes niveis retornem a homeostase ap0s o0 evento,
0 que ndo € observado em alguns pacientes com TDM e sindrome do estresse pds traumatico
(YANG etal., 2015).

Figura 1. Eixo HPA
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Fonte: Adaptado de CHOPRA, KUMAR e KUHAD (2011)


https://paperpile.com/c/RU71VJ/yaxH
https://paperpile.com/c/RU71VJ/1pIh
https://paperpile.com/c/RU71VJ/1pIh
https://paperpile.com/c/RU71VJ/dDdA

19

AlteracGes nos niveis basais de corticosterona e alteragdes no padréo de liberacdo do
hormdnio secundario a stress parecem estar altamente correlacionados com a susceptibilidade
ou resiliéncia de camundongos a desenvolverem comportamentos do tipo depressivo (KIM et
al., 2013). Observa-se, também, maior predisposicdo ao TDM em pacientes expostos a fatores
adversos durante o desenvolvimento neuronal, como in utero (MINA; REYNOLDS, 2014) e
na infincia e adolescéncia, levando a “hipotese de vulnerabilidade”, que predispde estes
individuos a desenvolverem o transtorno em segundo momento (LUPIEN et al., 2018).
Ademais, alteracdes nos niveis circulantes de cortisol seja por doencas crénicas como Sindrome
de Cushing ou por farmacoterapia a outras patologias, como a utilizacdo prolongada de
corticoides para doencas autoimunes, por exemplo, o que pode também levar a Sindrome de
Cushing iatrogénica, predispde pacientes ao TDM (BRAS et al., 2022).

Outro fator que fortalece esta teoria, € a caracteristica de neurotoxicidade dos
glicocorticéides. Estudos demonstram que exposicao cronica a estes compostos leva a déficits
de memoria e performance cognitiva, principalmente em tarefas dependentes do hipocampo,
como testes de memoria espacial (BORCEL et al., 2008). Ja foi demonstrado, também, que
exposicdo cronica a estes compostos leva a diminuicdo do volume, atrofia dendritica e perda
neuronal no hipocampo, area do encéfalo com alta prevaléncia de receptores glicocorticéides
(LUPIEN et al., 2018). A diminuicéo de volume do hipocampo é observada frequentemente em
pacientes com TDM (DUMAN; SANACORA; KRYSTAL, 2019). A exposi¢do cronica do
tecido neuronal a glicocorticéides pode aumentar a liberacdo de radicais livres, diminuir o
transporte de glicose e diminuir a producdo de BDNF. Na hipercortisolemia, a atividade da
enzima monoaminoxidase-A é aumentada, que secundariamente diminui a disponibilidade de
noradrenalina e serotonina na fenda sinaptica, (CHOPRA; KUMAR; KUHAD, 2011). Todos
estes estudos sugerem que a disfuncdo do eixo HPA, assim como altos niveis de

glicocorticéides, desempenham um papel importante na fisiopatologia do TDM.

2.1.3.3 Hipotese inflamatoria

A hipotese inflamatoria postula sobre o envolvimento de agentes imunes, como
interleucinas e citocinas, na fisiopatologia do TDM. Rang e Dale, 2020, caracterizam citocinas
como mediadores protéicos ou polipeptideos produzidos e liberados por células do sistema
imunologico que tem como objetivo a sinalizacdo e coordenagéo do inicio e do fim de respostas
inflamatdrias. Algumas citocinas sdo denominadas pro-inflamatorias como as interleucinas (IL)

IL-1B, IL-6 e TNF-a (fator de necrose tumoral alfa) e outras anti-inflamatérias como IL-4, IL-
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10 e fator de crescimento transformativo (TGF), que tem o objetivo de promover cessagédo da
resposta inflamatdria, reparo celular e reconstrucao extracelular (TROUBAT et al., 2021).

Segundo Rang e Dale, 2020, a inflamacéo é essencial para a defesa de criaturas contra
agentes infecciosos, assim como promove a cicatrizacdo e restauracdo da funcdo normal de
tecidos ap0ds eventos lesivos. No geral, a resposta imune € benéfica, mas ocasionalmente
apresenta falhas que podem levar a um espectro de doengas. No sistema nervoso central a
resposta imune é mediada principalmente por células gliais.

A inflamacdo crénica, de fonte cerebral ou sistémica, aumenta os niveis de marcadores
inflamatorios circulantes, ativando vias de sinalizacdo pré-inflamatdrias e pro-apoptéticas de
diversas células do SNC. Estas vias estdo altamente relacionadas a deplecdo de serotonina,
desregulacdo do eixo HPA e alteracdo da neurogénese adulta no giro dentado do hipocampo,
fatores ja relacionados com humor deprimido. Varios estudos ja demonstraram correlacGes
entre niveis de citocinas inflamatérias e comportamento deprimido em humanos e animais,
tanto no sangue quanto no encéfalo (SUNESON et al., 2021; TROUBAT et al., 2021). Ademais,
estressores psicossociais ja foram demonstrados como capazes de levar a inflamacéo. Animais
susceptiveis e responsivos a estressores psicossociais tém demonstrado aumento de
interleucinas pré-inflamatorias circulantes, como a IL-1p, IL-6 e TNF-a (HASSAMAL, 2023).

As citocinas também sensibilizam o eixo HPA, levando a uma desregulacédo do feedback
negativo do mesmo, propiciando a propagacdo de mais reacOes inflamatérias (HASSAMAL,
2023).

Além disso, medicamentos pré-inflamatorios, como por exemplo o Interferon alfa, um
antiviral, estdo altamente relacionados com altas taxas de TDM (HOYO-BECERRA,;
SCHLAAK; HERMANN, 2014). Igualmente, varios medicamento anti-inflamatérios, como
anti-inflamatorios ndo esteroidais, minociclina, ustekinumab, adalimumab, ixekizumab,
etanercept, glicocorticdides e muitos outros, estdo associados a melhora da sintomatologia
depressiva (TROUBAT et al., 2021). Esta teoria também ¢ fortalecida pela alta comorbidade
do TDM com patologias inflamatorias sistémicas, como o diabetes, artrite reumatdide,
obesidade e infec¢Ges como hepatite (YANG et al., 2015).

Outro fator importante é a emergente relacdo entre patologias gastrintestinais e
neuropsiquiatricas, com énfase na disbiose intestinal. A dishiose é caracterizada pela flora
gastrintestinal andbmala, composta pela diminuicéo da flora residente e/ou aumento de espécies
patologicas, o que leva a uma alteragdo da permeabilidade intestinal e possibilita que patdgenos

ou partes deles ganhem a circulagdo e ativem o sistema imunoldgico (SUNESON et al., 2021).
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Diversos fatores sdo importantes na disbiose, como estilo de vida, dieta, tabagismo e até
mesmo atividade fisica. Ademais, o humor deprimido tende a levar pacientes a adotar um estilo
de vida menos saudavel, como pela diminui¢éo da atividade fisica e piores escolhas alimentares,
0 que leva a um ciclo de retroalimentacéo positiva (SUNESON et al., 2021). A relacdo entre a

disbiose e a inflamacéo esta ilustrada na Figura 2.

Figura 2 - Eixo Intestino-Cérebro
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2.1.3.4 Hipotese Neurotréfica

Neurotrofinas sdo proteinas sintetizadas por neurdnios e células da glia, responsaveis
pela modulagdo da replicacdo, plasticidade, maturacdo e sobrevivéncia celular e sinaptica,
processos essenciais na memdria e aprendizado. As principais neurotrofinas sao GDNF (fator
neurotrofico derivado de celulas gliais), NGF (fator de crescimento nervoso neurotréfico) e
BDNF (fator neurotrofico derivado do encéfalo) (ALLEN et al., 2013). Estudos em animais e
humanos mostram relagdo positiva entre niveis de BDNF e escores de humor. Em casos de

humor deprimido observa-se baixos niveis de BDNF, assim como ha aumento do mesmo


https://paperpile.com/c/RU71VJ/3scs
https://paperpile.com/c/RU71VJ/qqia

22

subsequente a tratamento eficaz com antidepressivos, principalmente no cdrtex e hipocampo
(YU; CHEN, 2011). Além disso o BDNF tem sido estudado devido & modulagdo de sua
expressao por estresse e por farmacos antidepressivos e, por isso, surge como uma neurotrofina
com importante papel no TDM (KAUFMAN et al., 2006). Em contraste, 0 estresse causa uma
diminuicdo nos niveis de BDNF e das vias intracelulares que séo ativados por esta neurotrofina,
contribuindo assim para a atrofia das estruturas limbicas e menor atividade das mesmas
(CASTREN; RANTAMAKI, 2010; KAUFMAN et al., 2006).

A administracdo intracerebral de BDNF demonstrou potencial antidepressivo e
protetivo contra stress oxidativo em modelos murinos de mania (VALVASSORI et al., 2015).
Outras neurotrofinas também ja foram analisadas como farmacos em neuropsicopatologias,
como doencas de Parkinson, Mal de Alzheimer e Huntington. Porém, estas moléculas
demonstram dificuldades terapéuticas pela baixa taxa de penetracdo pela barreira hemato-
encefélica, dificultando o acesso a seus receptores no SNC. Em contraposto, outras formas de
administracdo, como por vetores virais, transporte ativo, implantacdo direta de células
secretoras ou infusdo direta no SNC tém sido exploradas, assim como a tentativa de
desenvolvimento de moléculas menores e/ou mais lipofilicas que possam atuar diretamente nos
receptores destas neurotrofinas (ALLEN et al., 2013). Nota-se, no entanto, que 0 BDNF possui
efeito antidepressivo quando infundido diretamente no hipocampo murino. Também observa-
se aumento de BDNF causado por estressores cronicos no Nucleo Accumbens e, igualmente, a
infusdo de BDNF neste local leva a comportamento do tipo depressivo em murinos. O BDNF
parece estar intimamente relacionado em respostas neuroplasticas, mas seu efeito no humor é
dependente da regido cerebral (KRISHNAN; NESTLER, 2008).

2.1.3.5 Hipotese do Estresse Oxidativo

O estresse oxidativo é definido como um imbalanco entre os niveis fisiologicos de
agentes antioxidantes e radicais livres, também conhecidos como espécies reativas,
principalmente de oxigénio (EROS) e nitrogénio (ERNs), mas também de enxofre e carbono,
produzidos constantemente pelo processo de respiracdo celular. Niveis moderados de radicais
livres s@o essenciais para o funcionamento adequado das células, pois agem como sinalizadores
celulares (BARNHAM; MASTERS; BUSH, 2004).

A disfuncdo mitocondrial e de respiracdo celular esta associada a diversas patologias,
muitas delas neurologicas. O processo de queima de calorias e respiracdo celular é

extremamente prevalente no SNC, conferindo ao tecido extrema vulnerabilidade a estresse


https://paperpile.com/c/RU71VJ/zd9U
https://paperpile.com/c/RU71VJ/B1DC
https://paperpile.com/c/RU71VJ/TF25+B1DC
https://paperpile.com/c/RU71VJ/xqDn
https://paperpile.com/c/RU71VJ/qqia
https://paperpile.com/c/RU71VJ/1pIh
https://paperpile.com/c/RU71VJ/fzbv

23

oxidativo. Pacientes com TDM parecem apresentar niveis aumentados de espécies reativas de
oxigénio e nitrogénio e diminui¢do de defesas antioxidantes (BLACK et al., 2015). Também
existem evidéncias de estresse oxidativo em doencas neurodegenerativas como Doenca de
Alzheimer, Mal de Parkinson, Huntington e Esclerose Lateral Amiotrofica (BARNHAM;
MASTERS; BUSH, 2004).

O adequado balanco entre EROs (peréxido de hidrogénio (H20-), radical hidroxila
(OH®*), oxigénio singleto (*02), e ERNs (6xido nitrico (NO), peroxinitrito (ONOOQ®) e didxido
de nitrogénio (NO2)) e as defesas antioxidantes, que incluem glutationa peroxidase (GPx), a
superoxido dismutase (SOD) e a catalase (CAT) e as ndo enzimaticas que compreendem
antioxidantes tiélicos, como a glutationa reduzida (GSH), bem como as vitaminas C e E, 0
composto carotenodide B-caroteno (L1U etal., 2015; VALKO et al., 2007) é de suma importancia
em todo o organismo, pois radicais livres sdo capazes de danificar estruturas celulares, como
proteinas e os fosfolipidios presentes na membrana plasmatica celular e até mesmo danificar o
DNA diretamente. Estas moléculas também possuem papel sinalizador intracelular e s&o
capazes de modular a expressdo génica levando a, por exemplo, hipoativacado de receptores
NMDA, inibicdo do recaptador de glutamato tipo 1, inibicdo da bomba de sdédio/potéassio,
inibicdo de transportadores de glicose tipo 3, estimula a cascata apoptética, atrapalha a
sinalizacdo de célcio intracelular (fator altamente relacionado com doencas
neurodegenerativas) (BARNHAM; MASTERS; BUSH, 2004). Também leva ao aumento da
expressao de genes pré-inflamatorios e a producéo de citocinas pro-inflamatérias, assim como
altera o padrdo de ativacdo de interneurdnios gabaérgicos, degrada neurénios dopaminérgicos
e altera o balango do eixo HPA (BHATT; NAGAPPA; PATIL, 2020).

2.1.3.6 Hipotese Glutamatérgica

O glutamato é o principal neurotransmissor excitatorio no sistema nervoso central. Se
liga a diversos receptores, como o0s ionotropicos NMDA, AMPA e cainato, responsaveis pelo
influxo de cations no neurdnio, e os metabotropicos ou mGIluRs (RITTER ET AL., 2020). O
glutamato esta intimamente relacionado com processos de memoria e aprendizado, regulacao
do humor e mecanismo de recompensa cerebral. Ja& foi também relacionado com dor
neuropatica, epilepsia, transtorno de abuso de substancias, TDM e distarbios de ansiedade.
Portanto, é um alvo altamente explorado na pesquisa neuropsiquiatrica, porém, sua modulacéo
demonstra potenciais riscos pela possibilidade de induzir convulsdes e outros fatores
relacionados a tolerancia ao tratamento (MURROUGH; ABDALLAH; MATHEW, 2017).
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Os receptores AMPA e NMDA sdo permedaveis a sodio e possuem papel essencial na
plasticidade neuronal, fator imprescindivel na memoria e aprendizado. A ativacao de receptores
NMDA pode promover tanto processos neurotroficos como neurotoxicos dependendo da
intensidade e duracdo de sua ativacdo, localizacdo do receptor e outros fatores ambientais no
momento de sua ativacdo. Niveis de ativacdo moderados levam a comportamento neurotréfico,
como a producdo de BDNF, por exemplo. Ja a ativacdo excessiva leva a um fenémeno
conhecido como excitotoxicidade, que leva a atrofia dendritica e até mesmo morte neuronal
(MURROUGH; ABDALLAH; MATHEW, 2017). Alguns estudos também j& demonstraram
que existem alteraces nos subtipos de receptores glutamatérgicos em pacientes com TDM
(DUMAN; SANACORA; KRYSTAL, 2019).

O estresse agudo parece aumentar os niveis de glutamato extracelulares no cortex pré-
frontal e hipocampo. Estudos morfolégicos mostram que exposi¢édo cronica ao estresse diminui
a ramificacdo e tamanho de dendritos hipocampais e corticais, potencialmente explicando a
reducdo em volume destas areas em pacientes deprimidos. Também existem evidéncias de que
estresse cronico leva a hipertrofia da amigdala cerebelosa, principalmente do tamanho e
complexidade dos neurdnios glutamatérgicos no ndcleo basolateral. Esta area esta altamente
relacionada com a regulagdo de emogdes (DUMAN; SANACORA; KRYSTAL, 2019). Isto
novamente demonstra a alta complexidade do transtorno e como o encéfalo ndao pode ser
estudado como 6rgéo Unico de resposta homogénea.

Existe também uma correlacdo positiva entre os niveis plasmaticos de glutamato e a
gravidade dos sintomas depressivos em pacientes com TDM (MITANI et al., 2006). Juntas,
essas descobertas sugerem que anormalidades no ciclo de glutamato no cérebro provavelmente
estdo envolvidos na fisiopatologia do TDM.

A ketamina, um antagonista NMDA, tem se mostrado potente como antidepressivo de
rapida acdo, potencialmente ndo sé pela modulacdo da sinalizacdo glutamatérgica como
também por seu efeito no aumento temporario do metabolismo glutamatérgico no cortex pre-
frontal (CHOWDHURY et al., 2017). A ketamina sera discutida mais profundamente em
2.2.4.1.

2.1.3.7 Alteracdo da modulacéo alostérica positiva de GABAA

O acido gama-aminobutirico (GABA) é um dos principais neurotransmissores
inibitérios. Age principalmente em dois receptores, GABAAa, ionotropico e GABAg,

metabotrépico. O receptor GABAA é um receptor pentamérico formado de diferentes
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combinagGes de subunidades, com 19 tipos de subunidades distintas ja identificadas.
Receptores de subtipos diferentes parecem popular diferentes &reas do neurénio, onde, por
exemplo, receptores que expressam a subunidade gama estdo presentes principalmente nas
sinapses e receptores delta em areas extra sinapticas. Diferentes combinagdes de subunidades
garantem aos receptores caracteristicas especificas, como a sensibilidade aos
benzodiazepinicos, conferida pela presenca da subunidade gama junto a certas subunidades
alfa. Receptores GABAA tem como principal funcdo a abertura de canais de cloro, levando a
hiperpolarizacdo celular, resultando em correntes pos-sinapticas inibitorias (ZORUMSKI et al.,
2013).

Rang & Dale: Farmacologia, 2020, define moduladores alostéricos como farmacos que
se ligam a um local do receptor diferente dos agonistas ‘tradicionais’ (nos dias atuais,
frequentemente referidos como agonistas ‘ortostéricos’). Estes podem modificar a atividade do
receptor por (i) alteracdo da afinidade do agonista, (ii) alteracdo da eficacia do agonista ou (iii)
desencadeando eles mesmos, diretamente, a resposta.

Grande parte da modulacéo farmacoldgica GABAérgica moderna se da por modulagédo
alostérica. Alguns exemplos destes compostos sdo o etanol, barbitdricos, benzodiazepinicos,
ndo-benzodiazepinicos (ou drogas Z) e muitos outros. Ha também modulacdo alostérica
positiva de GABAa enddgena, como por neuroesterdides, tendo como exemplo a
alopregnanolona (Allo), um metabdlito da progesterona (ZORUMSKI et al., 2013). A
diminuicdo deste neuroesterdide parece estar altamente relacionado a depressdo pos parto e sua
reposicdo por meio de infusdo continua por 60h, sob 0 nome de brexanolona, em testes duplo-
cego tem mostrado resultados promissores ndo somente pela marcada diminui¢do dos escores
depressivos, mas também pelo mais rapido inicio de efeito quando comparados ao tratamento
com antidepressivos moduladores monoaminérgicos (PATTERSON et al., 2024), como
ilustrado na Figura 3.

Ademais, um transtorno denominado Sindrome Pds-Finasterida, farmaco inibidor da
enzima 5-alfa-redutase, é caracterizado por afeccOes sexuais e psiquicas, como depresséo,
ansiedade e ideacdo suicida, durante e persistentes apos o tratamento, principalmente em
homens. Ainda é um transtorno disputado pela comunidade médica e ndo possui diretrizes de
tratamento. Alguns artigos negam a existéncia do transtorno e caracterizam o0s pacientes que
relatam o0s sintomas como psicoticos ou delirantes. Outros, apesar de reconhecerem 0s
sintomas, o tratam como tdo raro que o faria insignificante. Porém, uma meta-analise recente
mostrou que a taxa de ocorréncia desta sindrome parece estar entre 3 e 5% dos homens e, por

ser um farmaco extremamente popular, colocaria o nimero de homens sofrendo deste disturbio
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entre 900 mil a um milhdo e meio de pessoas (TRAISH, 2020). Como demonstrado pela Figura
3, a enzima 5-alfa-redutase é necessaria para a producdo de alopregnanolona, potencialmente

justificando um dos mecanismos de acao deste transtorno.
Portanto, a modulacgéo alostérica positiva de GABAAa parece ser um alvo promissor no

tratamento de afec¢des neuropsicologicas.

Figura 3 - Brexanolona
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2.2 FARMACOTERAPIA

2.2.1 Modulagdo Monoaminérgica

A primeira geracdo de antidepressivos desenvolvidos foram os inibidores da

monoamino oxidase (IMAO), uma enzima enddgena responsavel pela degradacdo de


https://paperpile.com/c/RU71VJ/h8JR

27

monoaminas. A inibicdo da mesma, portanto, confere & monoaminas maior tempo de meia
vida e, portanto, maior tempo de agdo na sinapse (PEREZ-CABALLERO et al., 2019). Os
IMAO séo classificados com base em sua especificidade para as isoenzimas MAO-A e MAO-
B, e de acordo com a reversibilidade ou irreversibilidade de sua ligacdo. Os IMAO como
iproniazida, fenelzina e isocarboxazida, sdo ndo seletivos e inibidores irreversiveis da MAO.
Os IMAO mais recentes, como moclobemida, befloxatona e brofaromina, sdo seletivos para a
MAO-A e ligam-se de modo reversivel. A selegilina, um inibidor seletivo da MAO-B em baixas
doses, também coibe a MAO-A em doses mais altas. Os farmacos IMAOs possuem diversos
efeitos colaterais, interacdes farmacoldgicas extensas e restricdes alimentares, principalmente
de alimentos com altos niveis de tiramina, como vinhos, algumas conservas, derivados da soja
e queijos envelhecidos. Portanto, ndo sdo mais considerados medicamentos de primeira linha
(CANTILINO; MONTEIRO, 2016; VAN DEN EYNDE; GILLMAN; BLACKWELL, 2022).

Outra classe, denominada antidepressivos triciclicos (ATC), inibem a recaptacao de 5-
HT e NA do espaco extracelular por meio do bloqueio dos transportadores de recaptacéo da 5-
HT e da NA, respectivamente. Os ATC sdo a imipramina, amitriptilina, desipramina,
nortriptilina e clomipramina (um agente de primeira linha para o transtorno obsessivo-
compulsivo). Também sdo capazes de se ligar a diversos receptores, e possuem a¢ao antagonista
nos receptores histaminérgicos, acetilcolinérgicos e noradrenérgicos (HILAL-DANDAN;
BRUNTON, 2015), o que leva a efeitos colaterais como boca seca, retencdo urinaria,
constipacdo, sonoléncia, hipotensao ortostatica e tonturas. Também pode interagir com canais
de sddio sensiveis a voltagem cardiacos e cerebrais, levando a possibilidade de complicacdes,
principalmente em pacientes com patologias comérbidas (CANTILINO; MONTEIRO, 2016).
Possuem potencial letalidade em casos de overdose, os tornando menos atrativos para o
tratamento domiciliar de pacientes com risco de suicidio (FEIGHNER, 1999). Estes farmacos
também sdo utilizados em pacientes que apresentam sindromes dolorosas, como dor
neuropatica, dores somaticas, enxaqueca e fadiga crénica em doses sub-antidepressivas
(GOLAN, 2012). Na sequéncia foram desenvolvidos os antidepressivos tetraciclicos, como a
maprotilina, que sdo pouco utilizados.

A busca por medicamentos mais especificos e seguros levou ao desenvolvimento de
inibidores seletivos da recaptacdo de serotonina (ISRS), como a fluoxetina, paroxetina,
sertralina, citalopram, escitalopram e fluvoxamina; Inibidores seletivos da recaptacdo de
noradrenalina, como desipramina; e inibidores de recaptagéo de serotonina e noradrenalina
(IRSN), como a venlafaxina, desvenlafaxina e duloxetina. Estes farmacos possuem taxas de

sucesso similares aos ATC, mas possuem menor risco de letalidade em casos de superdosagem
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e menor taxa de efeitos adversos (GOLAN, 2012). Todos estes medicamentos agem inibindo a
recaptacdo desses neurotransmissores para dentro da célula, permitindo que passem mais tempo
na fenda sinéptica e, portanto, estimulem seus respectivos receptores por maior tempo (PEREZ-
CABALLERO et al., 2019). Medicamentos destas classes sdo geralmente mais bem tolerados
pelos pacientes do que os antidepressivos triciclicos ou IMAOSs, mas também possuem efeitos
colaterais. Estes possuem alta variabilidade entre individuos e até entre farmacos, mesmo que
pertencam a mesma classe. Os mais comuns sao disfuncao sexual, sonoléncia, ganho de peso,
ansiedade e cefaléia. Por serem farmacos mais seguros do que os anteriormente citados no caso
de superdosagem, sdo mais interessantes para o tratamento domiciliar de pacientes com
potencial suicida (CANTILINO; MONTEIRO, 2016). Os IRSNs duloxetina e milnaciprana
também sdo indicados para sindromes dolorosas, como for neuropatica e fibromialgia,
principalmente em pacientes com complicacdes clinicas e fragilidades que contra-indiquem
ATCs (GOLAN, 2012).

Denomina-se moduladores de serotonina a viladozona e trazodona, sendo a trazodona
muito mais popular. Agem como antagonistas serotoninérgicos nos receptores 5-HT2A e 5-
HT2C, inibidores da recaptacdo de serotonina e norepinefrina e também interagem com
receptores alfa-1-adrenérgicos e histaminérgicos Hi, possuindo efeito ansiolitico e hipnético
(CANTILINO; MONTEIRO, 2016; FEIGHNER, 1999). O antagonismo dos receptores
serotoninérgicos citados € bem-vinda, pois estes receptores estdo associados a alguns dos
efeitos colaterais dos ISRS, como a ins6nia, ansiedade e disfuncdo sexual. A sedacdo observada
no uso destes farmacos € um fator que deve ser considerado, pois pode ser um empecilho ou
bonus dependendo dos sintomas do paciente. Pode ser utilizado concomitantemente com outros
antidepressivos por sua fungdo como hipnético em pacientes com insdnia ou sono demasiado
leve (CANTILINO; MONTEIRO, 2016).

Também existem compostos que nao possuem classe bem delimitada, chamados de
atipicos, como a bupropiona e mirtazapina (FEIGHNER, 1999). A mirtazapina atua bloqueando
receptores alfa-2-adrenérgicos pos-sinapticos, o0 bloqueio destes receptores propicia maior
liberacdo de noradrenalina, que atinge receptores alfa-1-adrenérgicos dos neurdnios
serotoninérgicos e finalmente estimula a producdo e liberacdo de serotonina pelos mesmos.
Possui afinidade por receptores de histamina, onde seu antagonismo leva a sonoléncia e
sedacdo. Também é comumente observado ganho de peso por aumento do apetite
(CANTILINO; MONTEIRO, 2016). A bupropiona é um farmaco utilizado parao TDM e como

auxiliar na cessacdo do tabagismo. E boa alternativa especialmente nos pacientes que tém
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baixos niveis de energia e anedonia intensa, porém pode aumentar a ansiedade. Age como
inibidor dos transportadores de dopamina e noradrenalina (CANTILINO; MONTEIRO, 2016).
Como observado, estes antidepressivos contemporaneos interagem com a homeostase
monoaminérgica. Seus niveis de sucesso e reincidéncia sdo pobres, apenas 30 a 45% dos
pacientes atingem remissdo (ADZIC et al., 2018). Apesar da ampla gama de medicamentos
ansioliticos e antidepressivos disponiveis, 0s mesmos nao séo eficazes para todos os pacientes,
possuem lento inicio de acdo (aproximadamente seis semanas), diversos efeitos adversos, e,
consequentemente, baixa adesao ao tratamento (KATZMAN et al., 2014; SULAKHIYA et al.,
2016). Um sumario dos principais medicamentos e suas classes esta disposto no Quadro 1.

Desta forma, a pesquisa sobre novas possibilidades terapéuticas é essencial.

Quadro 1 — Farmacos Antidepressivos

Classe Farmacos

IMAO Isocarboxazida, Moclobemida, Fenelzina,
Selegilina, Tranilcipromina, Befloxatona e

Brofaromina

Triciclicos Imipramina, Amitriptilina, Desipramida,

Nortriptilina e Clomipramina

Inibidores Seletivos da Recaptacdo de | Fluoxetina, Paroxetina, Sertralina,

Serotonina Citalopram e Escitalopram

Inibidores de Recaptagdo de Serotonina e | Venlafaxina, Desvenlafaxina e Duloxetina

Noradrenalina

Moduladores de serotonina Viladozona e Trazodona

Atipicos Bupropiona e Mirtazapina

Fonte: FEIGHNER, 1999; CANTILINO e MONTEIRO, 2017; PEREZ-CABALLERO et al, 2019

2.2.2 Novas Terapias
2.2.2.1 Ketamina

Em 1970 a ketamina foi aprovada pela FDA como anestésico para humanos. Tem efeitos
eficientes como sedativo e analgésico até em doses sub anestésicas e € considerada por alguns
autores um dos agentes anestésicos mais seguros disponiveis (ALSHAMMARI, 2020). Em

1975, Sofia e Harakal publicaram um artigo demonstrando o efeito antidepressivo da ketamina
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em alguns modelos murinos, onde afirmam “O cloreto de ketamina possui significante atividade
em ampla gama de doses por via oral”.

Na virada do milénio, dois artigos em humanos se destacam: Berman et al., 2000, onde
pacientes deprimidos receberam ketamina intravenosa (0,5 mg/kg) em teste duplo cego e houve
melhora significativa nos pacientes que receberam ketamina quando comparados ao grupo
controle no escore de Hamilton 72 horas ap6s a infusdo; e Kudoh et al., 2002, onde pacientes
deprimidos submetidos a cirurgias ortopédicas receberam ou ndo 1 mg/kg de ketamina como
parte do protocolo anestésico. Os pacientes que receberam ketamina reportaram melhora do
quadro depressivo e menores escores de dor pds-operatdria do que o grupo que ndo recebeu
ketamina.

Pacientes com TDM submetidos a dois tratamentos distintos ou acréscimos sem sucesso
sdo denominados pacientes com transtorno depressivo resistente ao tratamento. Nestes
pacientes, tentativas subsequentes de tratamento com antidepressivos monoaminérgicos
possuem taxas de remisséo inferiores a 15% (KVERNO; MANGANO, 2021). A maior parte
dos estudos com ketamina se ddo em pacientes com este perfil.

A ketamina age em receptores NMDA presentes em interneurénios GABAEérgicos, onde
atua como antagonista ndo competitivo. Interneurénios GABAEérgicos possuem como principal
funcdo a inibicdo de neurbnios piramidais. Portanto, a inibi¢do de neurdnios GABAérgicos, que
possuem como funcdo a inibicdo de neurdnios piramidais, leva indiretamente a excitacdo de
neurdnios piramidais (HOMAYOUN; MOGHADDAM, 2007; MCINTYRE et al., 2021).
Neurdnios piramidais recebem este nome pelo formato piramidal de seu corpo celular e
representam aproximadamente dois ter¢os de todo o cortex mamifero. Também podem ser
encontrados no hipocampo e amigdala cerebelosa. Estes neur6nios estdo envolvidos no
processamento de informacGes avancadas, como em estruturas dedicadas aos sentidos e
controle motor. Sdo excitados pelo glutamato (ELSTON, 2003; SPRUSTON, 2008). Ja que 0s
receptores NMDA p0s-sinapticos nos neurénios piramidais também estdo blogueados pela
ketamina, o excesso de glutamato na fenda sinaptica ativa receptores AMPA, desencadeando a
ativacgdo de cascatas intracelulares que levam ao aumento de BDNF e estimulagéo da via AKT-
mMTOR. Esta via parece ser necessaria para o efeito antidepressivo da ketamina, ja que pré-
tratamento com antagonistas AMPA atenuam a resposta da ketamina (MCINTYRE et al.,
2021). A ketamina também possui efeitos menos potentes em diversos outros receptores do
sistema nervoso central, como agonista nos receptores opidides MOP, KOP e DOP
(ALSHAMMARI, 2020). Estudos animais mostram que esta via é necessaria, porém nao

suficiente, para os efeitos antidepressivos da mesma. Pré-tratamento com naltrexona em adultos
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atenuou a poténcia da ketamina como antidepressivo e anti ideacdo suicida (MCINTYRE et al.,
2021).

Recentemente, diversos estudos pre-clinicos consistemente demonstraram a efetividade
do enantidmero S da ketamina, a esketamina. Em 2019 a FDA aprovou a molécula para uso no
tratamento de pacientes com transtorno depressivo resistente ao tratamento (MCINTYRE et al.,
2021). O spray nasal de esketamina (56 ou 84 mg), pode ser administrado duas vezes por
semana por quatro semanas, uma vez por semana por 4 semanas e subsequentemente uma vez
por semana ou em semanas alternadas. A maior parte dos estudos comparou grupos de pacientes
com TDM resistente ao tratamento iniciando seu terceiro (ou mais) modulador monoaminérgico
acompanhado de esketamina ou placebo. Apesar de observar-se melhora no grupo controle
guando os dados foram analisados ao longo do tempo, ainda assim o grupo esketamina
demonstrou melhora significativa. O tratamento concomitante de anti-depressivo
monoaminérgico e esketamina diminuiu o risco de relapso em 51% nos pacientes em remissdo

estavel e 70% nos pacientes com resposta estavel (MCINTYRE et al., 2021).

2.2.2.2 Psicodélicos

O termo “Psychedelic”, psicodélico, foi inventado em 1956. Deriva do grego,
significando manifestado da mente. Séo diversos farmacos/compostos, naturais e sintéticos, que
tem como efeitos distor¢des da percepcao (similares a alucinacgdes, dai o termo alucindgeno,
um sindnimo), experiéncias psicologicas e humor mutavel. Alguns exemplos s&o a dietilamida
do &cido lisérgico (LSD), dimetiltriptamina (DMT), 3,4-metilenodioximetanfetamina (MDMA,
popular ecstasy), mescalina e psilocibina (KWAN et al., 2022). Nota-se que todos estes
compostos, com excecdo do MDMA, séo agonistas do receptor 5SHT-2a (KO et al., 2023).

Apo6s muitos anos sob ilegalidade, o que dificultou que estes compostos/farmaco
fossem estudados, a terapia com psicodélicos finalmente tem passado por um renascimento (
em escala experimental) na psiquiatria, principalmente no tratamento do TDM, transtornos de
ansiedade, abuso de substancias e sindrome do stress pds-traumatico. Seu uso em outras
patologias como dor de cabeca cronica em salvas e dor do membro fantasma tambem tem sido
avaliadas (KO et al., 2023).

Em 2016 uma meta-analise publicada por Rucker et al. analisou estudos publicados com
humanos com TDM entre os anos de 1949 e 1973. O principal farmaco utilizado foi o LSD,
com alguns casos associando mescalina. No total, 423 pacientes foram levados em

consideracdo. A metodologia entre os estudos e doses foi extremamente variada; doses de LSD
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variaram entre 20 e 1500 pg e as sessdes de uso entre 1 e 58. O resultado final demonstrou que
79,2% dos pacientes mostraram algum grau de melhora clinica, com resultados sendo mais
promissores quando os farmacos foram administrados em doses mais elevadas e/ou a
administracao foi acompanhada por psicoterapia ou apoio psicologico (RUCKER et al., 2016).

Desde entdo, novos estudos tém sido elaborados com maior rigor metodoldgico,
incluindo grupos placebo e controle, por exemplo, e tém consistentemente mostrado
significativos resultados positivos em varias psicopatologias, como as citadas anteriormente e
também no transtorno obsessivo-compulsivo e outros distarbios de estresse ligados a doencas
cronicas ou terminais. Os compostos mais estudados no momento séo a psilocibina, DMT e
LSD (KO et al., 2023).

A Psilocibina € um composto encontrado em mais de 100 tipos de cogumelos,
principalmente os pertencentes ao género Psilocybe. A psilocibina é metabolizada em psilocina,
composto psicoativo. A psilocina é estruturalmente semelhante a serotonina e possui forte
agonismo nos receptores 5-HT2a, porém ndo é seletiva. Ja foi demonstrado que pacientes com
alto escore depressivo, neurdtico e comportamento suicida possuem maior concentracdo de
receptores 5-HT2a corticais. O composto ndo apresenta potencial de abuso por causar
dessensibilizacdo dos receptores 5-HT2a, levando a rapida tolerancia, especialmente com uso
diario (LINARTEVICHI et al., 2021).

Agonismo do receptor 5-HT2a é comum a todos os psicodélicos. Pré-tratamento com
um antagonista diminui a acdo destes compostos e a quantidade de receptores ocupados esta
diretamente relacionada com a poténcia do efeito psicodélico, porém, nem todo agonista 5-
HT2a é psicoativo. O exato mecanismo de agdo destes farmacos ainda ndo é bem elucidado,
mas parece ser ao menos mediado pela ativacao do receptor 5-HT2a (KWAN et al., 2022).

A psilocibina apresenta inicio de efeito rapido e duracdo de até seis meses. As principais
mudancas observadas nos pacientes sdo diminuicdo do neuroticismo e aumento do pensamento
positivo sobre si mesmo. A psilocibina também mostrou efeitos positivos em transtornos de
ansiedade, cessacdo de vicios, muito bem demonstrado no tabagismo e alcoolismo, e no
transtorno obsessivo-compulsivo (LINARTEVICHI et al., 2021).

Atualmente um estudo clinico em fase Ill, identificacdo NCT05624268, esta sendo
desenvolvido nos Estados Unidos utilizando COMP360, uma formulacdo sintética de
psilocibina desenvolvida pela COMPASS Pathways em pacientes acima de 18 anos com TDM
resistente ao tratamento. O estudo objetiva utilizar 255 participantes, € duplo cego e com
controle-placebo. Os pacientes receberdo 25 mg de COMP360 via intraperitoneal ou placebo,

seguido de suporte psicoldgico e reavaliados em seis semanas. Em segundo momento, alguns
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pacientes receberdo outra dose para avaliagdo da eficicia e seguranca a longo prazo.
Finalmente, 26 semanas de estudo open-label. Mais detalhes podem ser encontrados em <
https://clinicaltrials.gov/study/NCT05624268>.

Além disso, outro estudo de fase 11 foi finalizado recentemente utilizando 40 a 180 mg

de MDMA como auxiliar na psicoterapia de pacientes com sindrome do estresse pos-traumatico
severo. O MDMA demonstrou alta eficacia e foi seguro e bem tolerado em pacientes séos e
com comorbidades (MITCHELL et al., 2021). Em 3 de fevereiro de 2023 o mesmo foi liberado
para uso por alguns psiquiatras na Australia (TAC, 2024).

2.2.3 Reposicionamento Farmacoldgico

Como observado, a patofisiologia da TDM é altamente disputada e multifacetada.
Apesar de a maior parte dos antidepressivos disponiveis modularem a transmissdo
monoaminérgica, novos alvos moleculares tém sido explorados na tentativa de dar a este
transtorno um prognostico mais favoravel.

Define-se como reposicionamento farmacoldgico o ato de utilizar um farmaco ja
conhecido para uma fungdo em outra. O menor custo e menor tempo para aprovagdo em
agéncias de vigilancia o tornam atrativo na pesquisa biomédica, porém deve-se levar em
consideracdo que muitas vezes a dose e/ou via de administracdo sdo alteradas (DAS, 2020).
Alguns exemplos de drogas reposicionadas séo a sildenafila, popular Viagra, originalmente
envisionada para o tratamento de angina, agora utilizada na disfuncdo erétil; e aspirina,
originalmente utilizada como anti-inflamatorio, agora utilizada no tratamento de céancer
colorretal e isquemia cardiaca (DAS, 2020).

O reposicionamento farmacoldgico pode ser uma alternativa interessante na pesquisa
neuropsiquiatrica, ndo somente por seu menor valor como também pela agilidade garantida pelo
mais facil acesso aos compostos e menor burocracia no estabelecimento de estudos. Ademais,
a ketamina, por exemplo, ja é considerada um farmaco reposicionado para a neuropsiquiatria,
de sua original utilizacdo como auxiliar anestésico (DAS, 2020; JARADA; ROKNE; ALHAJJ,
2020).

2.2.4 Lactonas Macrociclicas

As Lactonas Macrociclicas (LM) sdo um grupo de endectocidas, utilizadas
principalmente no controle de parasitas externos na criagcdo de gado bovino. Atualmente seu

uso ndo é restrito a esta espécie, sao utilizadas na medicina de pequenos animais, animais de


https://clinicaltrials.gov/study/NCT05624268
https://paperpile.com/c/RU71VJ/Afe8
https://paperpile.com/c/RU71VJ/fe4N
https://paperpile.com/c/RU71VJ/05uD
https://paperpile.com/c/RU71VJ/05uD
https://paperpile.com/c/RU71VJ/JvGv+05uD
https://paperpile.com/c/RU71VJ/JvGv+05uD
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producdo e humana. Alguns exemplos s&o ivermectina, moxidectina, eprinomectina e
doramectina (SPINOSA, 2023).

As LMs tém como principal mecanismo de acdo a ativacdo dos canais glutamatérgicos
de cloro, um canal ionotropico, essencial para o controle muscular de invertebrados. Esta
ativagdo leva a paralisia flacida dos parasitas e eventual morte. Esses canais ndo sdo
encontrados em mamiferos, portanto, s8o0 compostos antiparasitarios interessantes por
apresentarem efeitos colaterais minimos aos seus usuarios, enquanto mantém efeito potente
sobre invertebrados (RODRIGUES-ALVES et al., 2008).

No entanto, novos estudos demonstraram a sua capacidade de se ligar alostericamente
e modular os receptores ionotrépicos do sistema nervoso dos mamiferos, como por exemplo 0s
receptores purinérgicos P2Xs, GABAA, glicina e nicotinicos a-7 (SPAMPANATO; GIBSON;
DUDEK, 2018). Esses efeitos raramente sao observados clinicamente quando o medicamento
é utilizado em sua dose endectocida padréo de 50p/kg.

A historia e os efeitos da moxidectina sobre 0 SNC serdo discutidos mais profudamente
nos Manuscritos 1 e 2.

Assim sendo, visto a abrangéncia mundial do TDM, seu custo social, sua complexidade
e eficacia relativa de seu tratamento, o reposicionamento farmacoldgico da moxidectina pode

ser uma nova alternativa terapéutica e merece um estudo aprofundado e continuo.


https://paperpile.com/c/RU71VJ/K5z3
https://paperpile.com/c/RU71VJ/FmxM
https://paperpile.com/c/RU71VJ/FmxM
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3 OBJETIVOS
3.2 OBJETIVO GERAL

e Elaboracdo de um artigo de revisdo bibliografica sobre o efeito neuromodulador da
moxidectina e na sequéncia avaliar o efeito da mesma sobre o comportamento tipo
depressivo e ansioso de camundongos jovens, bem como seus efeitos no sistema

nervoso central no ambito oxidativo e molecular.

3.3 OBJETIVOS ESPECIFICOS

e Desenvolver uma revisdo de literatura que sintetize os achados dos ultimos 10 anos
(2013-2023) de exploracéo dos efeitos da moxidectina como neuromodulador.

e Auvaliar o efeito da moxidectina sobre o comportamento do tipo depressivo e ansioso
em camundongos Swiss machos jovens através dos testes de suspensdo da cauda, campo
aberto, splash e labirinto em cruz elevado.

e Auvaliar o efeito da moxidectina sobre o estresse oxidativo de areas do SNC (cortex,
hipocampo) dos animais, avaliando TBARS, TAC e GST.

e Auvaliar o efeito da moxidectina sobre a expresséo génica de BDNF, TNF-a ¢ IL-6 sobre

0 cértex e hipocampo dos animais.
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4 MANUSCRITO
4.1 MANUSCRITO 1

O manuscrito apresentado a seguir € a revisdo bibliografica efetuada e inclui as se¢des
“Introducao”, “Discussao”, “Conclusao” ¢ “Referéncias”. Esta formatado de acordo com as

normas de submissdo da revista Behavioral Neuroscience, a que foi submetido.
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Abstract

Very little is known about the pathophysiology of mood and alcohol use disorders and
their treatment is equally lackluster. Consequently, new molecular targets are often being
explored. The development of novel drugs poses significant challenges, prompting the
investigation of already established compounds in different therapeutic areas as an interesting
alternative. One of such new targets in depression is the positive allosteric modulation of
GABA-A receptors, which has recently had a new drug approved by the FDA for the treatment
of postpartum depression, brexanolone. Moxidectin, an antiparasitic drug, has the capability to
modulate mammalian GABA-A and P2X4 purinergic receptors in doses above the standard
endectocidal. Due to this capability and its favorable safety profile, it has been tested as a
neuromodulator in murine models of depression, alcohol use disorder, and Parkinson's disease
in recent years. This review aims to synthesize the findings of papers published between 2012
and 2022 on the neuromodulatory and neuropharmacological properties and effects of
moxidectin. All papers consistently showed moxidectin as possessing promise in the treatment
of alcohol use disorder and depression and anxiety disorders in mice models with a favorable
safety profile. The in vitro studies corroborated these findings and better elucidated the

mechanism of action of this compound.

Keywords: alcohol use disorder, depression, drug repositioning, macrocyclic lactones,

GABA-A
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Moxidectin as a Neuromodulator, a Review

In 1938 a gram-positive bacterium named Streptomyces cyaneogriseus noncyanogenus
was isolated from Australian red sand by scientists of the Glaxo Group from England and
scientists of American Cyanamid from the USA. The bacterium produced a chemical named
Nemadectin. After undergoing modifications in its structure, the semisynthetic compound now
known as Moxidectin (MOX) was created. It was first marketed in 1990 as an injectable
endectocide for cattle (Campbell, 2012). Moxidectin is the most popular Milbemycin, a
subgroup of the Macrocyclic Lactones (ML). The ML are a group of pharmaceuticals used
mainly for external and internal parasite control. For its wide use and success in human and
animal medicine its developers were awarded the Nobel Prize in Physiology or Medicine in

2015.

Moxidectin was approved for human use by the FDA in 2018 for onchocerciasis,
popularly known as “River Blindness” (FDA, 2023). In veterinary practice it is commonly used
as an endectocide in livestock and in the prevention of Dirofilaria immitis in dogs (Ménez et

al., 2012).

Another widely known ML is lvermectin (IVM), part of the Avermectins (AVM)
subgroup. IVM is derived from Streptomyces avermectinius, a Japanese soil dwelling
bacterium (Spampanato et al., 2018). We highlight the existence of AVM because MOX and
IVM research often goes hand in hand and, even though we focus this paper on the former, the

latter will appear often as a point of reference or comparison.

ML have as their main mechanism of action the targeting of glutamate-activated
chloride channels, an ionotropic channel, essential for muscular control of invertebrates. This

activation leads to flaccid paralysis of the parasites and eventual death. These channels are not
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found in mammals (Rodrigues-Alves et al., 2008). Therefore, they are interesting antiparasitic
compounds for their minimal side effects to their users while maintaining potent effect on
invertebrates. However, new studies have demonstrated their ability to allosterically bind and
modulate mammalian nervous system ionotropic receptors, namely the y-aminobutyric acid
type A (GABA-A), glycine, nicotinic a7 and P2X4 purinergic receptors (Spampanato et al.,
2018). These effects are rarely observed when the drug is utilized in its standard endectocidal

dose.

The intricacies of the brain remain a mystery. Very little is known about its functioning
and even less about the pathophysiology of some disorders that affect it. Major depressive and
alcohol use disorders have in common their high toll on public health and relative inefficacy of
treatment (Getachew & Tizabi, 2019; Huynh et al., 2017). As for Major Depressive Disorder
(MDD), the main theory, monoaminergic imbalance or of low serotonin, remains influential as
an explanation of its pathophysiology and represents the basis of the most common treatment
option: serotonin replacement therapy, utilizing SSRIs and other associated classes, although
there is no empirical evidence to support that MDD is linked to or caused by serotonin depletion
(Moncrieff et al., 2023). Currently, other targets are being explored in the attempt to develop

new, more efficient, therapies.

Drug development is a lengthy, costly, and therefore risky, process. Finding new uses
for already established compounds, known as drug repositioning, is an alternative to speed up

the exploration and development of new therapeutic strategies (Jarada et al., 2020).

ML are currently being explored as neuromodulators in mammals in various murine
models of disorders utilizing doses many times higher than the endectocidal. In this paper, we

have selected articles that explore the effects and profile of moxidectin as a neuromodulator.
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The search prompt “(moxidectin) AND (neur* OR depression OR anxiety OR brain OR
behavior OR alcohol use disorder)” was inputted into PubMed, with the timeframe set between
2012 and 2022, resulting in 185 studies. Four (4) studies were excluded for quoting MOX but
not experimenting on or exploring it; twenty-four (24) studies used MOX as an agent for some
other disorder not in the scope of this study, such as an antitumor agent, or analyzed its
toxicology profile in a way that was not deemed relevant to this study; in one hundred and
thirty-five (135) studies the MOX was analyzed as an endectocide; fifteen (15) studies explored
its effects on wildlife, food and environmental contamination. After applying the eligibility and

exclusion criteria, seven (7) papers were selected and included in this review.

Discussion

Pharmacological profile

P-glycoprotein (P-gp), coded by the MDR1/ABCBL1 gene, is a plasma membrane efflux
pump belonging to the ATPbinding cassette (ABC) transporters family (Ménez et al., 2012). It
can be found in the small intestine, blood-brain barrier (BBB), hepatocytes, kidney proximal
tubule (International Transporter Consortium et al., 2010) and at low levels in the myocardium
(Couture et al., 2006). It performs functions of aiding in absorption, such as in the small
intestine; excretion, such as in the production of bile and urine (Wessler et al., 2013); and
protective, as in the BBB, where it efficiently restricts the entry and actively disposes of
compounds, being vital for homeostasis and protecting the Central Nervous System (CNS) from
harmful compounds (Ménez et al., 2012). P-gp is a semi-specific protein, however, with the

capability of affecting some compounds but not others (Ménez et al., 2012).



42

Tests with equimolar doses of IVM and MOX in P-gp deficient mice show that these
compounds tend to accumulate in the CNS, with IVM possessing a higher ratio of brain-to-

blood concentration than MOX in all times tested (Ménez et al., 2012).

To exert any effect, therapeutic or toxic, a compound has to reach its target. Since MLs
tend to accumulate in the CNS, efflux pumps are vital to hinder toxic effects (Spampanato et
al., 2018). P-gp, which has affinity to IVM, is one of these pumps. IVM overdoses in humans
are mainly characterized by extended coma and hypotension (Chung et al., 1999). Severe signs
of neurotoxicity and potential lethality can be observed in P-gp deficient dogs with a standard
therapeutic dose (0.2 mg/kg). This polymorphism is rare in humans, but very common on
Collie-like dog breeds. Interestingly, MOX is not toxic to these animals and showed less affinity

(10-fold) to P-gp than IVM (Ménez et al., 2012).

Models of P-gp deficient mice show that the s.c. LD50 for IVM is 0.40 mg/kg or 0.46
umol/kg, with literature depicting 27—-34 umol/kg for wild-type mice. For MOX, the LD50 was
1.47 mg/kg or 2.3 umol/kg in P-gp deficient mice, with literature depicting 70-131 pmol/kg in
wild-type mice. The onset of toxicological signs started at 6 h for IVM and 4 h for MOX. The
lethality for both compounds happened between 8 and 12 h post administration (Ménez et al.,
2012). These above stated LD50 differences between wild-type and P-gp deficient animals
indicate that, although MOX possesses less affinity to P-gp, there still is some level of efflux.
Furthermore, the concentration of these compounds in the CNS does not seem to be directly
correlated to their toxicity. At the LD50 the concentration of MOX in the brain was 830 versus
IVM’s 270 pmol/g. Assuming the toxicity is GABA-A mediated, this suggests that these

compounds show different GABA-A activation profiles (Ménez et al., 2012).

The gamma-aminobutyric acid is one of the main inhibitory neurotransmitters. It acts

mainly on two receptors, GABA-A, ionotropic and GABA-B, metabotropic. The GABA-A
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receptor is a pentameric receptor composed of varying combinations of subunits, with 19
different types of subunits already identified (a1-6, p1-3, y1-3, 9, €, 0, = and p1-3) (Farrant &

Nusser, 2005).

Most GABA-A receptors are found at the synaptic junction; however, they have also
been encountered throughout the neuronal surface independent of synaptic contact, both by
electron microscopy and electrophysiological tests. Their concentration, however, diminishes

the further away the site is from a GABA-releasing site (Nusser et al., 1995).

Receptors of different subtypes, i.e. composed of different combinations of subunits,
seem to populate different areas of the neuron, where, for example, receptors expressing the
gamma subunit are present mainly in synapses and delta-containing receptors in extra synaptic
areas. Different combinations of subunits give specific characteristics to the receptor, such as
sensitivity to benzodiazepines, conferred by the presence of the gamma subunit with certain
alpha subunits. GABA-A receptors' main function is to open chloride channels, leading to
chloride influx and cellular hyperpolarization, resulting in inhibitory postsynaptic currents

(Zorumski et al., 2013).

Trying to better understand the different effects MOX and IVM have over mammalian
GABA-A receptors, Xenopus laevis oocytes expressing rat alf32y2 GABA-A receptors were
exposed to saline containing 0.05 uM-1 mM GABA and the tested compounds. The results
showed that at low receptor occupancy (EC10) both IVM and MOX were able to potentiate
GABA receptors demonstrating that both compounds can act as positive allosteric modulators
of the mammalian GABA-A receptor. At a concentration averaging 0.5 uM, however, IVM
caused almost twice the maximal potentiation of the GABA-A receptor than MOX, indicating
that IVM’s potentiating response is much greater than MOX’s at that concentration (Ménez et

al., 2012).
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The shape of the GABA-potentiation curves was also different between the compounds,
with IVM having a Hill slope of 1.52+0.45 and MOX of 0.34+0.56. “A Hill coefficient greater
than one for IVM suggests positive cooperativity, i.e., once one molecule is bound to the
receptor, the affinity of the receptor for the molecule increases”, while a coefficient under one
suggests negative cooperativity. This data indicates that at sublethal concentrations, IVM’s
action can potentiate GABA-A receptors at a greater extent than MOX, contributing to its

higher toxicity (Ménez et al., 2012).

IVM has a higher and faster penetration rate into the brain and lower toxicity threshold
than MOX. Both compounds are able to allosterically modulate GABA-A receptors; but at
higher concentrations MOX is less potent than IVM (Ménez et al., 2012). Moxidectin, then,
possesses lower neurotoxicity and a more favorable margin of safety over IVM, especially at
higher concentrations. This would contribute to a safer long-term use of MOX over IVM for
preventing accumulation of the compound in the CNS, both in healthy and in p-gp deficient
patients, leading to a diminished likelihood of coma due to the overstimulation of GABA-A

receptors (Huynh et al., 2017).

It is of note that the concomitant use of two or more pharmaceuticals that depend on P-
gp for removal from the brain may lead to an exhaustion of the protein. Therefore, MOX seems
to again be safer in comparison to IVM in multi-drug scenarios due to its lower dependence on
P-gp for removal from the CNS, diminishing the likelihood of adverse effects and/or

intoxication (Huynh et al., 2017).

Live CAL hippocampal pyramidal neurons from brain slices of young-adult male and
female Sprague-Dawley rats and CD-1 mice’s miniature inhibitory postsynaptic currents
(mIPSCs) were recorded with a whole cell patch-clamp configuration. Statistical differences on

tonic currents were observed in the concentrations of 100 nM, 300 nM, and 1 uM of MOX,
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while the concentration of 10 nM presented no such differences. No effect was found in phasic
currents in any of the concentrations tested. The EC50 for tonic currents found was 152nM

(Spampanato et al., 2018).

The study suggests that the effect of moxidectin on the profile of observed phasic and
tonic currents is by direct potentiation of GABA-activated currents at the extra and peri synaptic

GABA-A receptors and not by a presynaptic mechanism (Spampanato et al., 2018).

It is important to highlight that phasic and tonic currents seem to be mediated by
different subtypes of the GABA-A receptor. Phasic currents are short-duration high-intensity
currents which result from synaptic release of GABA, where tonic currents are non-inactivating
and longer-lasting, more associated with the activation of extra and peri synaptic GABA-A
receptors which, in CA1 pyramidal neurons, contain the subunit o5. Previous studies showed
that MLs have a fivefold increase in selectivity for 3-containing receptors, subunits that
naturally pair with a5 subunits (Spampanato et al., 2018). MOX could specifically potentiate
tonic GABA currents through a5B3-containing receptors, more commonly found at the extra
and peri synaptic spaces (Spampanato et al., 2018), but it is capable of modulating rat a1p2y2

GABA-A receptors as well (Ménez et al., 2012).

The estimated concentration of MOX 24h after a standard endectocidal dose of
0.2mg/kg in wild-type mice is around 9nM, well below the EC50 found. This concentration,
however, would be higher in animals with low or non-functional p-gp and/or higher doses
(Spampanato et al., 2018). This finding corroborates the many years in which this compound

was used as an endectocide with little to no behavioral effects observed.

Alcohol Use Disorder
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P2X4 receptors are one of the most sensitive purinergic receptors, capable of identifying
ATP at nanomolar concentrations. They’re widely expressed in central and peripheric neurons
and microglia, but are also present in the epithelium and endothelium. The P2X family of
receptors is involved in a myriad of functions such as synaptic transmission, muscle contraction,
platelet aggregation, inflammation, macrophage activation, cell differentiation and proliferation
and neuropathic and inflammatory pain. P2X4, however, is mainly responsible for
neurotransmission and has been associated with alcohol-induced responses of microglia,

inflammation and neuropathic pain (Suurvéli et al., 2017).

Avermectins, such as IVM, have been successful as pharmacotherapeutic drugs in
lowering the intake of ethanol in different drinking paradigms in male and female mice.
Ivermectin is speculated to be helpful in animal models of Alcohol Use Disorder (AUD) due to
its ability to significantly reduce or eliminate the inhibitory effects of ethanol on P2X4 receptors
(P2X4R). This effect was observed in vitro and is a common mechanism utilized for the
screening of potentially useful drugs for AUD. When P2X4R’s effect is reduced or eliminated

in animals a significant decrease in alcohol intake is observed (Huynh et al., 2017).

MOX was observed as potent in decreasing the intake of alcohol in both sexes in a dose
dependent manner. Doses starting from 1.25 mg/kg were effective, but 2.5 mg/kg MOX was
the lowest dose that caused the maximum reduction in ethanol intake, that being a 44% decrease
in females and 55% in males. The effect of a single administration lasted between 1 and 2 days,
with behavioral effects starting at 4 hours. Doses of 5mg/kg and above impaired food intake,

but did not cause significant changes in body weight during the time tested (Huynh et al., 2017).

In a five-day treatment with 2.5 mg/kg, MOX was effective in lowering the ethanol
consumption of female mice. There was no interaction between treatment and time, however,

meaning the effect found at the first day of treatment remained constant throughout the
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experiment. There was no impact on water, food intake or body weight in these animals. A
drinking-in-the-dark paradigm showed that MOX administration consistently reduced ethanol

intake across the testing period. (Huynh et al., 2017).

The effects of 0.5 and 1 puM concentration of MOX were tested in Xenopus oocytes
injected with rat P2ZRX4 gene accompanied by “behaviorally relevant concentrations of ethanol
(25 and 50 mM)”. As expected, both doses of ethanol significantly inhibited ATP-gated P2X4R
currents. Both doses of MOX produced a comparable degree of potentiation of P2X4R activity.
The lower concentration of MOX, however, was only capable of significantly reducing the
inhibitory effect of the lower concentration of ethanol. The dose of 1 uM of MOX was capable
of eliminating the inhibitory effect of ethanol at both concentrations. Therefore, the
concentration of 1 uM of MOX was capable of antagonizing the effects of ethanol on P2X4

receptors (Huynh et al., 2017).

More studies analyzed the effects of MOX on different drinking paradigms, such as
adult male Swiss mice, divided into four groups: the control group (saline + saline); alcohol
group (saline + alcohol) and moxidectin treatment groups (moxidectin (5 and 10 mg/kg, i.p.) +
alcohol respectively) with 10 and 20 mg/kg of moxidectin administered i.p. in the conditioning
phase 30 min before the alcohol injections showed significant effect of time, treatment and time
X treatment. Post-hoc analysis indicated that MOX at the dose of 10 mg/kg is successful in
decreasing the time in the drug-associated chamber, but 5 mg/kg is not (Ekici et al., 2022). One
limitation of this study is the short window between MOX and alcohol injections. As one of the
previous papers cited, MOX may take 4 hours to reach effect (Huynh et al., 2017), possibly

explaining the ample difference between the needed doses to reach efficacy between the studies.

The conditioned place preference test is based on Pavlov’s discoveries, where a strong

association is formed between contextual stimuli and a psychoactive drug. In the test the animal
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is repeatedly placed in one of two distinct environments when under effect of a psychoactive
and in another environment after receiving none or an inert substance. In a second moment
animals are given the chance to move freely between environments. Then, the amount of time
spent on each environment is an indicator of the animal’s preference for the psychoactive or
drug-free state. Animals that spend more time in the drug-associated chamber are said to have
acquired incentive salience, reflecting the rewarding properties of the pharmaceutical.
Therefore, this test is commonly used to study drug reward processes in rodents and substance

addiction as a whole (Napier et al., 2013).

Moxidectin at the dose of 10 mg/kg is successful not only in inhibiting the acquisition
of Conditioned Place Preference (CPP), but also in extinguishing and preventing the
reinstatement of alcohol induced CPP following a low priming dose of ethanol in mice. GABA
agonists (such as sodium oxybate, baclofen, gabapentin, pregabalin and tiagabine) have been
shown as capable of reducing alcohol dependance, and that is one of the suggested mechanisms

by which MOX could decrease the ethanol-induced CPP (Ekici et al., 2022).

P2X4 (Huynh et al., 2017), GABA-ARs (Ménez et al., 2012), glycine, and nAChRs
(Wolstenholme & Rogers, 2005) receptors are all targets ML have been shown to interact with.
Notably, all these receptors have been linked to the modulation of the mesolimbic dopamine
activity and regulation of ethanol consumption behavior. The effects observed by the
administration of MOX should not be read as exclusive to GABA-A or P2X4 receptors, but by

cumulative effect on those and possibly others more (Huynh et al., 2017).

Major Depressive Disorder

Male adult Wistar-Kyoto rats receiving daily doses of either saline or 2.5 mg/kg of

MOX i.p. for seven days showed significant differences on multiple species of bacteria in their
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gut microbiome. The gut bacteria associated with mood enhancement (e.g. Bifidobacterium and
Lactobacillus) were increased, while those associated with inflammation (e.g. Ruminoccus)

were decreased (Getachew et al., 2019).

Inflammatory pathologies, such as diabetes, obesity and infections have high
comorbidity with Major Depressive Disorder (MDD). Many clinical and preclinical studies
have shown increased levels of pro-inflammatory cytokines in patients with MDD and animals
with depressive-like behaviors. Also, treatments that involve pro-inflammatory medication,
such as Interferon alpha, have as a side effect high probabilities of developing MDD (Troubat
etal., 2021). A factor highly correlated to increased systemic levels of inflammatory cytokines
is a “leaky gut”, an increase of intestinal permeability, allowing bacteria or parts of them to
cross the intestinal barrier and reach the bloodstream. This is often secondary to an imbalance
of the native flora, or dyshiosis (Suneson et al., 2021). Therefore, the increase of gut bacteria
associated with mood enhancement and a decrease of inflammation-linked species could
explain one of the potential pathways through which MOX produces its antidepressant effect

(Getachew et al., 2019).

MOX has been shown as capable of direct modulation of the CNS, however, therefore
further studies were developed to investigate these effects. Adult male Wistar-Kyoto rats who
received 2.5 mg/kg MOX i.p. in a single dose showed decreased immobility time in the forced
swim test at the 24 hour and 7-day marks when compared to rats that received saline, indicating
lower depressive-like behavior. The test was performed again at the 14-day mark, but the results
were no longer statistically significant. There was no impact on locomotor activity (Getachew

& Tizabi, 2019).
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Brains of adult male Wistar-Kyoto rats who received 2.5 mg/kg MOX i.p. 24 hours
before tissue collection showed a statistically significant increase of BDNF and decrease of

TNF-a in western blot analysis in both cortex and hippocampus (Getachew & Tizabi, 2019).

TNF-a, an inflammatory cytokine, has been previously shown to be increased in patients
with MDD and associated with depressive-like behavior in mice (Cheng et al., 2018; Liu et al.,

2012).

BDNF, or brain-derived neurotrophic factor, is a neurotrophin that mediates adult
hippocampal neurogenesis, neuronal differentiation, growth, plasticity and synaptic
development and influences dopaminergic and serotoninergic neurotransmission (Colucci-
D’Amato et al., 2020). It has also been associated with MDD, in which patients and animals
with depressed mood express less of this protein, while successful treatment tends to rescue it

to normal levels (Troubat et al., 2021).

Another factor not discussed by these papers is the previously shown GABA-A
modulation of MOX. A new drug called Brexanolone has been approved by the FDA for
treatment of postpartum depression (Azhar & Din, 2023). It is a form of a naturally occurring
neurosteroid, allopregnanolone, that has been consistently shown to be decreased in postpartum
depression, MDD and post-traumatic stress disorder patients in serum and cerebrospinal fluid.

It acts as a positive allosteric modulator of GABA-A (Pinna et al., 2022).

We speculate that the positive allosteric modulation of GABA-A receptors may be one

of the pathways through which MOX exerts its antidepressive effect.

Parkinson’s Disease:
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The degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc)
and the ventral tegmental area, results in dopamine depletion in the basal ganglia and its
circuitry, leading to Parkinson’s disease (PD). All the current pharmacological approaches aim
to reestablish the dopamine deficit, be it via inhibition of its decarboxylase, supplementation of
its precursors or dopaminergic agonists. There is no cure for PD and this line of treatment still

has many limitations (Warnecke et al., 2020).

P2XRs are one potential system which could potentially modulate endogenous
dopamine levels. The P2X4R subtype is expressed throughout the CNS, including co-
localization with the aforementioned dopaminergic neurons in the SNpc and with GABA
containing projection neurons in the striatum. P2X4Rs are capable of regulating dopamine
release, increasing the expression of dopamine receptors and transporter, and increasing its
biosynthesis via tyrosine hydroxylase (Warnecke et al., 2020). There are no selective P2X4R
agonists, but MOX and IVM have been shown to be positive modulators, for example on

alcohol drinking preference modulated by P2X4Rs (Huynh et al., 2017).

C57BL/6J mice of both sexes submitted to stereotaxic surgery with unilateral lesioning
with 6-hydroxydopamine (6-OHDA) and receiving IVM associated with L-DOPA showed
statistically significant increases in rotational behavior, therefore a potential treatment option.
MOX, also associated with L-DOPA, did not present statistically significant results in either
sex in doses of 2.5 and 5 mg/kg. IVM and MOX have been previously reported as possessing

no effect on this model when used by themselves (Warnecke et al., 2020).
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al., 2012

Receptor/Cell type

Live neurons from
brain slices of CAl
pyramidal neurons
of the dorsal

hippocampus

Oocytes injected
with rat P2X4R

gene

Oocytes expressing
rat alp2y2
GABA-A receptors

Concentration

10nM to 1pM

0.5and 1 pM
concentration
of MOX

25 and 50 mM
of ethanol

0.0001 to 10
Y
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Results

No effect on phasic currents
All but 10nM yielded results on
tonic currents

EC50 for tonic currents was
152nM

Both doses of MOX produced a
comparable degree of potentiation
of P2X4R activity.

But the lower concentration of
MOX was only capable of
significantly reducing the
inhibitory effect of the lower

concentration of ethanol.

MOX possesses a Hill coefficient
of 0.34+0.56 in rat alp2y2 GABA
channels expressed in Xenopus

oocytes



Summary of results found on In Vivo studies:

Study

Ekici et al.,
2022

Huynh et al.,
2017

Ménez et al.,
2012

Warnecke et
al., 2020

Getachew et
al., 2018

Getachew
and Tizabi,

2019

Animals

Swiss mice,

male

C57BL/6J

mice

Mdrlab (-/-)

mice

C57BL/6J

Wistar-Kyoto

rats, male

Wistar-Kyoto

rats, male

Dose(s)

5and
10mg/kg

From 0.65
to 10mg/kg

2.5and
5mg/kg

2.5 mg/kg,

7d

Single dose,
2.5 mg/kg

Pathophys.

Model

AUD

AUD

P-gp
deficiency

Parkinson's

Disease

MDD

MDD

Tests

Conditioned
Place

Preference

Two Bottle

Choice,

Drinking in the

Dark

LD50

6-OHDA
unilateral

lesioning

Stool bacterial

DNA analysis

Forced Swim
Test
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Main Results

10 mg/kg dose was effective
in reverting CPP, 5 mg/kg

was not

Doses of 1.25 mg/kg and
higher were effective in
acute treatment in a dose
dependent manner.

The dose of 2.5 mg/kg was
the lowest dose that
achieved the maximum
result.

Dose of 2.5 mg/kg was
tested in a 5-day model and

was effective

LD50 of 1.47 mg/kg, or 2.3
umol/kg. The literature
LD50 for wild-type mice is
70 to 131 umol/kg

No effect by itself or when
associated with L-DOPA

MOX positively affected the

gut microbiome

MOX lowered the
immobility time in the FST
test at the 24 h and 7 d mark.
Also increased BDNF and
decreased TNF-a
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Conclusion

Alcohol use and mood disorders remain elusive in their pathophysiology. The
monoaminergic theory of depression, which had been the most accepted for the last decades,
has been losing traction not only by the limited results found in its replacement therapy, but
also by recent reviews which show that there is no high quality or convincing evidence that
depression is associated with, or caused by, lower serotonin concentrations or activity
(Moncrieff et al., 2023). Therefore, while no new breakthroughs in its pathophysiology are
discovered, new targets and compounds for treatments of this and other mood disorders are

urgently needed.

And there we may find moxidectin. The results presented in this paper show the
compound as quite safe, by its wide therapeutic margin and under-one Hill coefficient, shows
quick effectiveness; especially when compared to standard antidepressants such as SSRISs,
which may take up to six weeks to reach maximum effect (Pinna et al., 2022). It is effective in
most of the paradigms tested, potentially possessing dual action in mood disorders by direct

modulation of the CNS as well as the gut microbiome (Getachew et al., 2019).

Very few studies were found about this subject. This was surprising to our team given
how positive the results were. We stimulate further research on this compound as a

neuromodulator in more diverse depression-like and drug abuse-like paradigms.
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Neuroscience, a que foi submetido.
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Abstract

Major depressive disorder is a reality to an increasing number of individuals worldwide, yet, it
is still poorly understood and its treatment remains lackluster. Due to the subpar success rates
of traditional monoaminergic pharmacotherapy, new targets have been explored. Here, the
behavioral effects of a single dose of moxidectin (MOX) (1.5 mg/kg, s.c.), a drug capable of
allosterically modulating GABAA channels, was evaluated in male Swiss mice by the tail
suspension (TST), splash (SPT), open field and elevated plus maze tests. MOX was capable of
significantly decreasing the immobility time in TST and increasing grooming time in SPT,
suggesting an antidepressant effect. To further explain the molecular pathways underlying
MOX's observed behavioral changes, neurotrophic factors and oxidative stress biomarkers were
identified. An increase in brain-derived neurotrophic factor (Bdnf) mRNA was observed,
possibly explaining the behavioral changes. An increase in total antioxidant capacity and
glutathione S-transferase (GST) in the prefrontal cortex and a decrease of GST in the
hippocampus of MOX-treated animals may have also contributed to these results. To our
knowledge, this is the first study demonstrating the antidepressant-like effect of MOX in mice.
While these results are preliminary, they’re promising. The utilization of GABAa modulators
is an emerging and interesting new avenue to be explored in the treatment of neuropsychiatric
ailments.

Keywords: depression, antiparasitic, BDNF, GABAA,, behavioral testing
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Antidepressant Exploration of Moxidectin: Effects on Behavior, Neurotrophic Factors
and Oxidative Stress Biomarkers in Mice

Depression affects around 5% of the world’s adult population (WHO, 2024). According
to the DSM-5-TR, Major Depressive Disorder (MDD) is characterized by a depressed mood
and/or anhedonia plus five other criteria that involve changes in weight, sleep, energy levels,
low self-esteem, suicidal ideation, and others in a manner that disturbs or interferes with the
person’s day to day life. Data on the overall efficacy of antidepressants is highly variable. One
of the most complete and extensive studies to date relates a rate of remission of 36.8% on the
first treatment attempt, with subsequent attempts reaching lower success rates, with an overall
cumulative remission rate of 67%, leaving 33% of patients with unsatisfactory outcomes. Even
when remission is achieved, MDD has very high relapse and recurrence rates (Rush et al.,
2006).

Given the still unelucidated pathophysiology of MDD and the current lackluster
performance of the monoaminergic therapy for its low success rates, various side effects,
delayed onset and limited efficacy, new targets have been explored, such as the NMDA receptor
and its antagonist esketamine, which has already been approved as an antidepressant by the
FDA (FDA, 2020). Another promising pharmacological target is the GABA receptor, namely
via allopregnanolone (Allo). Allo is an endogenous neuroactive steroid, a progesterone
metabolite, capable of positive allosteric modulation of the GABAA receptor. It has been
observed that Allo is lower in patients with MDD, both in serum and cerebrospinal fluid in a
symptom-related ratio, with levels rescued after successful treatment (Zorumski et al., 2013).
Two compounds derived from Allo, brexanolone and zuranolone, have already been approved
by the FDA as treatments for postpartum depression (PPD) (FDA, 2019). Another positive

allosteric modulator of GABAA is moxidectin (MOX), an originally antiparasitic compound
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widely used in veterinary medicine (Ménez et al., 2012; Spampanato et al., 2018), which
recently has been shown to possess antidepressant effects in rats (Getachew & Tizabi, 2019).

The current research aims to investigate the antidepressant potential of a single dose of
MOX in male mice and identify some underlying molecular pathways, including neurotrophic
factors and oxidative stress biomarkers.

Materials and Methods

Animals:

36 male Swiss mice, aged between 6 and 8 weeks old, weighing 30 to 40g were utilized.
Animals were purchased from UFSM’s central vivarium. The animals acclimatized to our
vivarium for 6 days before the beginning of the experimental protocol. Animals were housed
in standard shoebox cages with wood chip bedding and food and water ad libitum without any
environmental enrichment. Standard vivarium humidity and temperature conditions with a 12-
hour light/dark cycle. All administrations, manipulations and tests were performed under the
light cycle, between 13:00 and 17:00 h. The animals were manipulated as little as possible.
Experimental design:

Animals were randomly divided in 3 groups of 11 animals. Groups consisted of MOX,
fluoxetine (FLX) (positive control), or control (naive). 24 hours after administering the
compounds the open field test (OFT) and splash test (SPT) were carried out. On the following
day, elevated plus maze test (EPM) and tail suspension test (TST), the last behavioral tests,
were performed. On the next day, the animals were euthanized.

Drugs:

The MOX utilized was Cydectin 1% (Part.: 007/21, Zoetis, Brazil). It was diluted in
10% hydroalcoholic solution in a concentration that allowed the administration of 0.1 mL of
solution for every 10g of weight. Animals received 1.5 mg/kg of body weight, s.c. The FLX
utilized was Daforin 20 mg/mL (L2R9960, EMS, Brazil), diluted in saline in a concentration

that allowed the administration of 0.1mL of solution for every 10g of weight. Animals received
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10 mg/kg of body weight via gavage. Mice from the control group did not receive any
administration.

Euthanasia was performed by isoflurane sedation followed by exsanguination via
intraventricular blood draw. The animals were then decapitated, prefrontal cortex and
hippocampus collected and frozen at - 80 °C until analysis.The entire protocol was approved
and overseen by our institution’s Committee of Ethics on Animal Experimentation
(CEUA/UFSM: 3435310322). All possible measures were taken to minimize animal suffering.
Behavioral tests:

OFT was performed for 5 min, in which animals were recorded while alone in a room
inside a circular 30 cm diameter apparatus (Prut & Belzung, 2003). The time spent in the middle
of the apparatus or in the external zone was determined by ANY-Maze software. The inner 15
cm diameter was considered the central zone, the following 5 cm a neutral zone, and the outer
5 cm the periphery zone. The software was configured to account for the entire body with a
head bias.

Immediately after, each animal underwent the SPT, adapted from Haj-Mirzaian et al.
(2015). Animals were picked up, their back fur brushed with a finger against the grain once and
a solution of 10% sucrose at room temperature sprayed, with a standard cleaning spray nozzle,
on their backs four times. This was done to ensure the animals were properly soaked, given the
hydrophobic nature of mice fur. They were reallocated to the same apparatus in which they
underwent the OFT and were again left alone in the room while being recorded for 5 min. The
time spent grooming was determined manually. After the test, the animals were gently washed
with warm water and towel-dried before being returned to their cages. We adopted this protocol
for the SPT so that the animals were already familiar with the environment and would spend
less time exploring. After the SPT, the apparatus was cleaned with ethanol 30% before receiving

the next animal.


https://paperpile.com/c/Ja5ICM/CoOxi
https://paperpile.com/c/Ja5ICM/81F4i
https://paperpile.com/c/Ja5ICM/81F4i

66

The EPM test (Donatti et al., 2017) was performed in a standard mice elevated plus
maze, each arm measuring 30 cm, in which the animals were left alone in a room while being
recorded. Checks in the middle of the 5 min were quickly performed to ensure no animal had
jumped from the apparatus. ANY-Maze software evaluated the total distance traveled, time
spent in the neutral zone, open arms or closed arms, and number of entries in each zone. After
the test ended the apparatus was cleaned with ethanol 30% to receive the next animal.

After all animals underwent the EPM, the TST was carried out (Steru et al., 1985).
Animals were hung by their tails in a horizontal wooden rod using adhesive tape leaving 1 to 2
cm of tail above the tape. They were recorded while alone in a room, with a quick check in the
middle to ensure no animal had fallen or climbed their tail. Animals who had were repositioned
and the clock restarted. The test lasted 6 min, with the first two being discarded. Total
immobility time was evaluated manually.

Assays:

Thiobarbituric acid reactive substances (TBARS) determination was performed by
homogenizing tissue samples with ice-cold 1.1% phosphoric acid and centrifuging at 1000 g
for 5 min at 4 °C. The supernatants were used in the assay. It was performed by the addition of
sample aliquots to tubes containing 7% phosphoric acid and a solution composed of 0.4%
thiobarbituric acid, 20 mM NaOH, and 40 uM butylated hydroxytoluene. The tubes were heated
in a boiling-water bath for 45 min. They were rapidly cooled on ice and then butanol was added.
Finally, the tubes were vortexed and centrifuged at 1000 g for 5 min at RT. The organic layer
was removed and placed in a cuvette. The absorbance was measured at 532 nm. The TBARS
levels were expressed as nmol/g tissue using € = 156 mM—1 cm—1 (Hermes-Lima et al., 1995).

For the total antioxidant capacity (TAC) evaluation, a solution containing 5 mM 2,2'-
azobis (2-amidinopropane) dihydrochloride (AAPH) and 0.15 mM 2,2'-azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) in 20 mM phosphate buffer pH 7.0 was
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incubated for 50 min at 45°C. The resulting solution was afterwards rapidly cooled on ice and
kept at 4°C until use. The assay was carried out by the addition of sample aliquots to plates
containing the ABTS/APPH solution at 22°C. The absorbance was recorded at 734 nm for 1
min. TAC was calibrated against ascorbic acid standards and expressed as umol/g tissue (Cao
& Prior, 1998).

Glutathione S-transferase (GST) was measured according to Habig et al. (1974). Results
are expressed as nmol/min/g tissue.
Nucleic acid extraction and gRT-PCR:

Prefrontal cortex and hippocampus samples were collected, immersed in TRIzol
(ThermoFisher), and frozen at -80 °C until analysis. All cited products were utilized as
instructed by the manufacturer. The samples were extracted in TRIzol, followed by purification
utilizing PureLink RNA MiniKit. Sample’s quality and quantity were analyzed by the
NanoDrop-1000 Spectrophotometer (Thermo Scientific). Invitrogen’s Superscript III was
utilized for cONA synthesis. Real-time gPCR was performed using SYBR fluorophore GoTagl
Green Master Mix (Promega Corporation). All samples were run in duplicates with negative
controls. Housekeeping genes utilized were B-actin (Li et al., 2017) and HPRT (Peres et al.,
2021). The genes tested were TNF-a (Peres et al., 2021), brain-derived neurotrophic factor
(Bdnf) (Ubhi et al., 2012), and IL-6 (Chao et al., 2009). IL-6 and TNF-o samples did not
replicate and therefore are not shown. B-actin was chosen as the control gene.

Statistical Analysis:

All data is expressed as mean £ SEM and were analyzed and graphed using GraphPad
Prism (version 9.0.0, San Diego, USA). The Shapiro-Wilk normality test was utilized, and
points considered non-normal were removed. All data were analyzed using one-way ANOVA
followed by Dunnett’s post hoc test, with p < 0.05 considered significant.

Results

Behavioral Tests:
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Single Moxidectin dose’s Effect on Mice Behavior:

The behavioral response of mice exposed to MOX in the OFT demonstrated that in both
groups, MOX and FLX, mice spent less time in the center (Fig. 1B), with p values of 0.0100
and 0.0430, respectively. No difference was observed in the total distance traveled (Fig. 1A) or
time spent in the peripheral zone (Fig. 1C) when compared to the CON group. Regarding the
SPT, MOX and FLX-treated animals spent significantly more time grooming than the CON
group, with p values of 0.0441 and 0.0158 respectively (Fig. 2A) Moreover, MOX decreased
the immobility time in the TST, with a p-value of 0.0130, whereas FLX had no effect on it (p
value of 0.3377) (Fig. 2B). Finally, in EPM, no significant changes were observed in relation

to the CON group (Fig. 3).



Figure 1

Effects of MOX on behavior: open field test
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Results are presented as mean + SEM, n=8~11/group, * p < 0.05. (A) Total distance traveled,

(B) Time spent in the central zone (C) Time spent in the outer zone. FLX was used as positive

control. Abbreviations: CON, control group; FLX, fluoxetine; MOX, moxidectin.
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Figure 2

Effects of MOX on behavior: splash and tail suspension tests
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Results are presented as mean £ SEM, n=8~11/group, * p < 0.05. (A) Time spent grooming on
the SPT; (B) Time spent immobile in the TST. FLX was used as positive control.
Abbreviations: CON, control group; FLX, fluoxetine; MOX, moxidectin; SPT, splash test;

TST, tail suspension test.
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Figure 3

Effects of MOX on behavior: elevated plus maze test
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Results are presented as mean = SEM, n=8~11/group, * p < 0.05. (A) Time spent in closed
arms; (B) Time spent in open arms. FLX was used as positive control. Abbreviations: CON,

control group; FLX, fluoxetine; MOX, moxidectin.

Single Moxidectin Dose’s Effect on Oxidative Stress Biomarkers in the CNS:

Regarding the prefrontal cortex, no significant changes were observed in TBARS levels
between groups (MOX p = 0.1430, FLX p=0.4109) (Fig 4A). Furthermore, MOX increased
TAC levels (p =0.0300) (Fig 4B) and GST activity (p =0.0192) (Fig 4C) FLX-treated animals
exhibited no significant changes in any of the analyzed biomarkers when compared to the CON
group.

In the hippocampus, TBARS levels did not differ in any of the treated groups (MOX p

= 0.4699, FLX p = 0.2685) (Fig 4D). Moreover, MOX (p = 0.6322) or FLX (p = 0.0617) did
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not change TAC levels (Fig 4E); treatment with either compound was linked to the decrease

of GST activity in the hippocampus (MOX p = 0.0226, FLX p = 0.0130) (Fig. 4F).

Figure 4

Effects of MOX on the oxidative stress biomarkers of the CNS
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Results are presented as mean + SEM, n=4~5/group, * p < 0.05. FLX was used as positive
control. Abbreviations: CON, control group; FLX, fluoxetine; GST, glutathione S-transferase;
MOX, moxidectin; TAC, total antioxidant capacity; TBARS, thiobarbituric acid reactive

substances.
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Single Moxidectin dose’s Effect on mRNA levels of Bdnf:

Bdnf mRNA levels were upregulated in the prefrontal cortex of the MOX-treated mice
(p = 0.015) (Fig 5). Its levels did not change significantly in the FLX group when compared to
the CON group (p = 0.8811). No changes were seen in Bdnf mMRNA levels in the hippocampus

(MOX p = 0.8745, FLX p = 0.7698) (Fig 5).

Figure 5

Effects of MOX on Bdnf mRNA abundance in the CNS
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Results are presented as mean + SEM, n=3~5/group, * p < 0.05. FLX was used as positive
control. Abbreviations: Bdnf, brain-derived neurotrophic factor; CON, control group; FLX,

fluoxetine; MOX, moxidectin.
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Discussion

The current treatment of depressive disorders consists of psychotherapy and
pharmacotherapy with compounds such as selective serotonin reuptake inhibitors (SSRIs) and
serotonin-norepinephrine reuptake inhibitors, molecules that intervene with the metabolism of
serotonin and other biogenic amines (Park & Zarate, 2019). Even with the myriads of available
compounds, treatment success rates are unsatisfactory, with up to 33% of patients not
responding to four different treatment options (Rush et al., 2006).

This could perhaps be due to the still unelucidated pathophysiology of depressive
disorders, which have been long theorized to be associated with a depletion of biogenic amines,
but this notion has been recently called into question, with some authors stating that there is no
direct correlation between depressive disorders and serotonin (Moncrieff et al., 2023).
Therefore, new targets have been explored. One of which is the recently approved compound
for the treatment of PPD brexanolone, a GABAA positive allosteric modulator (Patterson et al.,
2024).

A compound that acts as a positive allosteric modulator of GABAa is MOX. Originally
an antiparasitic, it was first marketed as an injectable for cattle in 1990, but it is nowadays
widely utilized in most species in veterinary medicine (Spampanato et al., 2018) and is
approved for human use by the FDA for onchocerciasis (FDA, 2018). It acts by targeting the
parasite’s glutamate-activated chloride channels, leading to paralysis and eventual death. These
channels are not found in mammals, however, which contributes to little to no side-effects to
its users. In doses above the standard endectocidal, however, the compound can interact with
mammalian ionotropic channels, such as the aforementioned GABAA (Spampanato et al.,
2018). MOX has also shown promise in animal models of alcohol abuse disorder (Huynh et al.,

2017).


https://paperpile.com/c/Ja5ICM/btS58
https://paperpile.com/c/Ja5ICM/mWIRs
https://paperpile.com/c/Ja5ICM/fjcho
https://paperpile.com/c/Ja5ICM/khgDE
https://paperpile.com/c/Ja5ICM/khgDE
https://paperpile.com/c/Ja5ICM/SaITp
https://paperpile.com/c/Ja5ICM/SaITp
https://paperpile.com/c/Ja5ICM/SaITp
https://paperpile.com/c/Ja5ICM/YGLOX
https://paperpile.com/c/Ja5ICM/YGLOX

75

In this paper, we show that a single dose of MOX was able to significantly decrease the
immobility time in the TST and increase grooming time in the SPT, suggesting an
antidepressant effect.

The TST is useful for assessing the behavioral effects of antidepressant compounds and
other pharmacological and genetic manipulations relevant to depression (Cryan et al., 2005).
Higher immobility times are associated with a depressed mood, where this immobility may be
analogous to the clinical observations that depressed patients often lack sustained expenditure
of effort (Weingartner & Silberman, 1982). Therefore, decreased immobility time appoints to
a compound's antidepressant potential. MOX, in a single dose of 1.5 mg/kg, significantly
decreased the immobility time in the TST. Our findings are congruent with data published by
(Getachew & Tizabi, 2019), which demonstrated that MOX in a single dose induced a 30%
decrease in immobility in the forced swim test in rats at the dose of 2.5 mg/kg.

Anhedonia is a behavior defined as the inability to feel pleasure or the lack of pleasure-
seeking behaviors, a hallmark of depressive disorders. In animals, this behavior can be
evaluated by the SPT. The number of sprays, test location, time of testing, or even variable
analyzed in the splash test is not always consistent throughout the literature, but the consensus
is that decreased number of grooming bouts and/or decreased total grooming time in rodents is
correlated with anhedonic behavior (Bijani et al., 2024; Kalueff & Tuohimaa, 2005). Our results
show that a single dose of MOX could lower the anhedonic behavior of mice within 24 h. We
observed increased grooming time for both compounds, corroborating literature where FLX has
been reported as capable of increasing grooming in mice (Isingrini et al., 2010).

Depressive disorders are often accompanied by anxiety. Therefore, the EPM test was
performed to evaluate the anxiety levels of the treated animals. Albeit no significance was
reached on either group, both showed tendencies to spend less time in open arms and more time

in closed arms, an indication of anxiety. A review showed that FLX administration on naive
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animals can have an anxiogenic effect, often shown by decreased time spent in open arms in
the EPM (Kryst et al., 2022).

The OFT is another popular test to measure animal anxiety-like behavior. Our results
showed that both compounds were anxiogenic. MOX has been tested in rats in the OFT, but
only the locomotor activity was reported as unchanged (Getachew & Tizabi, 2019), this
corroborates our findings. Changes in locomotion, observed as increased total travel distance
and/or number of crossings in the open field test, can indicate altered neurological processes or
abnormal brain function (Kraeuter et al., 2019), therefore, the unaltered results found in the
MOX group appoint to no deleterious effects on the observed mice. FLX has been shown
consistently as having little to no effect on locomotion in mice (Kryst et al., 2022). Even though
there are no reports of MOX’s effect on the time spent on each zone in the OFT, there is weak
evidence that allopregnanolone, another positive allosteric modulator of GABAA,, can cause an
increase in anxious behavior in the OFT (Czlonkowska et al., 1999).

To our knowledge, this is the first work of literature that evaluates animal response to
MOX in the SPT, TST and EPM and the first to evaluate time spent in different zones in the
OFT.As shown, MOX had similar effects to FLX in most behavioral parameters. The increased
grooming time in the splash tests appoints to diminished anhedonia and therefore diminished
depressive-like behavior, as does the decreased immobility time in the tail suspension test. These
findings agree with the reports of Getachew (2019) in the forced swim test in Wistar-Kyoto
rats. With the intent of explaining the molecular basis of this behavioral change, Getachew also
reported increased levels of BDNF in the central nervous system of these animals via Western
Blot.

BDNF is one of the main proteins of the neurotrophin family. Neurotrophins are proteins
synthesized by neurons and glial cells, responsible for modulating cellular and synaptic

replication, maturation, and survival, vital processes for memory and learning (Allen et al.,
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2013). Animal and human studies show a positive correlation between BDNF levels and mood
scores, mainly in the cortex and hippocampus (Yu & Chen, 2011). Furthermore, BDNF mRNA
abundance is modulated by stress, therefore, this seems to be a molecule with an important role
in MDD (Kaufman et al., 2006). Stress causes a decrease in BDNF levels and interferes with
the intracellular pathways activated by this neurotrophin, thus contributing to the atrophy and
reduced activity of limbic structures (Castrén & Rantaméki, 2010).

The present study shows that MOX increases mMRNA levels of Bdnf in the prefrontal
cortex, but not hippocampus, of treated mice, 72 h after administration. (Getachew & Tizabi,
2019)), showed, via Western Blot, that a single MOX dose (2.5 mg/kg) was capable of
increasing the BDNF protein levels in the frontal cortex and hippocampus of rats at the 24 h
mark. This rapid effect of MOX may constitute an important mechanism for fast-acting
antidepressants, a current weakness of traditional ones.

Another factor involved in neuropsychiatric disorders is oxidative stress. Oxidative
stress is defined as the biologically damaging effects of free radicals such as reactive oxygen
species (ROS). The presence of these molecules is normal and necessary for proper cellular
functioning. However, when found in excess they may lead to cellular damage and even cellular
death (Valko et al., 2007). Mitochondrial dysfunction has been observed in many disorders,
some of which are neuropsychiatric (Black et al., 2015).

Some neuroactive compounds increase oxidative stress markers in the Central Nervous
System (Malacarne et al., 2021) while others, such as FLX and other antidepressants, tend to
decrease it (Abdel Salam et al., 2013; Chakraborty et al., 2009; da Silva et al., 2014). Therefore,
we sought to evaluate the oxidative stress biomarkers in prefrontal cortex and hippocampus of
mice treated with MOX to further analyze its potential as a neuromodulator.

TBARS, is widely utilized as a generic metric of lipid peroxidation in biological fluids,

often considered a good indicator of the levels of oxidative stress within a biological sample
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(Aguilar Diaz De Leon & Borges, 2020). The non-significant results found in both tissues are
a positive result, since they indicate that the compounds did not negatively affect the CNS of
the animals. Another commonly utilized tool in the evaluation of the antioxidant capacity of
tissues is TAC. Our results showed MOX as capable of increasing the TAC of the mice’s
prefrontal cortex.

We observed a MOX-induced increase in cortical GST levels. The GSTs are a protein
family of antioxidant enzymes that regulate stress-induced signaling pathways (Singh & Reindl,
2021). An isoform of GST, GST Mu, was found to be significantly decreased in the cortex of
postmortem patients with MDD, schizophrenia and untreated bipolar disorder (Gawryluk et al.,
2011), the MOX-induced increase found on our animals may be an early indicator of a potential
drug candidate to for the treatment of these ailments. Once more, to our knowledge, these are
the first reported effects of MOX on the oxidative stress parameters in the CNS of mice.

The utilization of FLX, a well-established compound in the treatment of MDD, as a
positive control gives these results a more solid basis for understanding the behavioral effects
of MOX. Albeit most behavioral results were similar, the mechanism of action of these
compounds differs greatly. While FLX is a SSRI (Gram, 1994), this effect has not been
demonstrated for MOX. MOX is a potent GABAA positive allosteric modulator (Spampanato
et al., 2018), as well as a P2X4R modulator (Huynh et al., 2017).

Looking to further understand MOX’s role in behavior, it is important to note that the
dysregulation of the hippocampus-pituitary-adrenal (HPA) axis has been implicated to play a
crucial role in the pathophysiology of MDD. Changes in basal levels and in the pattern of release
of corticosterone secondary to stress appear to be highly correlated with the susceptibility or
resilience to depressive-like behaviors in mice (Kim et al., 2013). Excess glucocorticoids have

been shown to be neurotoxic, especially in the hippocampus, where apoptosis can be triggered
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by the activation of glucocorticoid receptors (Crochemore et al., 2005). These events can
contribute to the loss of hippocampal volume observed in MDD (Chopra et al., 2011).

The corticotropin releasing hormone neurons receive input from a myriad of brain
regions, with their activity ultimately regulated by GABAergic inhibition (Mody & Maguire,
2011), it is estimated that a third of all inputs to that region are GABAergic (Miklos & Kovacs,
2002). In practice, microinjections of GABA antagonists into that area have shown to activate
the HPA axis, while agonists decrease the circulating levels of stress hormones (Cullinan et al.,
2008; Sarkar et al., 2011).

Furthermore, as commented previously, GABAA receptors are allosterically modulated
by endogenous neurosteroids, such as allopregnanolone (Allo), a progesterone metabolite.
Reduced levels of Allo and other neurosteroids have been observed and implicated to play a
role in the pathophysiology of MDD, anxiety, Post Traumatic Stress Disorder and other
neuropsychiatric ailments, while successful SSRI treatment rescues endogenous Allo levels
(Chen et al., 2021; Schile et al., 2014). Direct GABAA modulation is an emerging field in the
treatment of neuropsychiatric disorders. It has gained traction mostly as a treatment for PPD
with representatives such as brexanolone, the first FDA approved treatment specific for PPD
(Azhar & Din, 2023; Patterson et al., 2024).

Limitations of this study include the lack of monitoring of corticosterone levels, which
could potentially confirm if MOX is capable of interfering in this pathway, and the use of only
male mice. Future studies should address these limitations and explore the effects of MOX in
female mice and other neuropsychiatric disease models.

Conclusion

In summary, a single dose of MOX showed promising antidepressant effect in male
Swiss mice, demonstrated by decreased immobility time in TST and increased grooming time
in the SPT. MOX also stimulated the antioxidant responses in the prefrontal cortex and

increased Bdnf mRNA levels, indicating a potential for rapid antidepressant action. However,
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more studies are necessary to fully understand its mechanisms and efficacy in broader contexts

and to confirm if this compound possesses clinical relevance.
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5 CONCLUSOES

A moxidectina induziu diminuicdo do comportamento tipo-depressivo e ansiogénese
pareada ao controle positivo em camundongos Swiss machos jovens. Estes achados séo

corroborados pela literatura.

A revisdo de literatura efetuada nos esclareceu a farmacodindmica deste composto nas
doses supra-endectocidas, onde foi observado marcada modulacdo alostérica positiva de
receptores GABA(A), assim como agonismo em outros receptores ionotropicos, como o P2X4.
Mostrou-se teoricamente mais segura do que a ivermectina em casos de superdosagem pelo
reduzido coeficiente de Hill e menor dependéncia na glicoproteina-p para remocdo do SNC.
Também mostrou impactos positivos em modelos de abuso de alcool, melhora da disbiose e

efeitos antidepressivos em dose Unica.

Em segundo momento, o artigo cientifico desenvolvido nos mostrou que uma Gnica dose
de moxidectina (1,5 mg/kg), foi capaz de reduzir comportamentos do tipo depressivo nos testes
comportamentais efetuados, caracterizado pelo diminuido tempo de imobilidade no teste de
suspensdo da cauda e aumento do tempo de grooming no teste de splash. Também foi observada

ansiogénese no teste de campo aberto, comportamento pareado ao controle positivo.

A moxidectina também foi capaz de aumentar agudamente a expressdo de RNAm de
BDNF no cortex dos animais, além de aumentar a capacidade antioxidante total do tecido

neuronal, sem impactos negativos nos niveis de TBARS.

Apesar destes dados serem extremamente preliminares, sdo promissores. A modulacao
alostérica de GABA(A) é uma emergente classe de farmacos antidepressivos e a moxidectina

pode acabar se tornando uma nova molécula nesta classe.
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