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RESUMO

Os transtornos de ansiedade sédo extremamente deletérios e causam impactos
significativos no individuo e na sociedade. Esses transtornos se estabelecem quando
ha um esgotamento, ou inadequacédo, da capacidade adaptativa do organismo em
resposta @ uma determinada demanda. Para essas condi¢bes sdo normalmente
utilizados ansioliticos que apresentam eficacia limitada e efeitos adversos
significativos. Nesse sentido, a busca por novos farmacos é evidente. Apesar da
limitacdo de evidéncias em relacdo ao receptor do peptideo semelhante ao glucagon
1 (GLP-1R) e transtornos mentais, estudos recentes sugerem que a modulacdo desse
sistema pode melhorar os sintomas dos transtornos relacionados ao estresse. O
objetivo dessa tese foi investigar os efeitos da liraglutida, um agonista sintético do
GLP-1R, sobre fenotipos neurocomportamentais e o status oxidativo no cérebro de
peixes-zebra adultos. A exposi¢cdo aguda a liraglutida mostrou efeitos semelhantes
aos ansioliticos no teste de claro/escuro, enquanto o tratamento crénico bloqueou o
impacto do estresse cronico imprevisivel sobre parametros comportamentais e
fisiolégicos. Os achados do nosso estudo demonstram, pela primeira vez, que a
liraglutida possui atividade no sistema nervoso central (SNC) de peixes-zebra e pode
bloquear os efeitos induzidos pelo estresse. Porém, mais estudos sdo necessarios
para elucidar o potencial de agonistas de GLP-1R nos transtornos mentais
relacionados ao estresse.



ABSTRACT

Anxiety disorders are extremely harmful and have significant impacts on the
individual and society. These disorders are established when there is an exhaustion,
or inadequacy, of the organism'’s adaptive capacity in response to a specific demand.
Anxiolytics are usually used for these conditions; however, they have limited efficacy
and significant adverse effects. In this sense, the research for new drugs is obvious.
Despite the limited evidence regarding the glucagon-like peptide receptor 1 (GLP-1R)
and mental disorders, recent studies suggest that modulation of this system can
improve symptoms of stress-related disorders. The purpose of this work was to
investigate the effects of liraglutide, a synthetic GLP-1R agonist, on neurobehavioral
phenotypes and the oxidative status in the adult zebrafish brain. Acute exposure to
liraglutide showed similar effects to anxiolytics in the light/dark test, while chronic
treatment blocked the impact of unpredictable chronic stress on behavioral and
physiological parameters. The findings of our study demonstrate, for the first time, that
liraglutide has activity in the zebrafish central nervous system and can block the effects
induced by stress. However, further studies are needed to elucidate the potential of
GLP-1R agonists in stress-related mental disorders.
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1 INTRODUCAO

1.1 Transtornos de ansiedade

Os transtornos de ansiedade sdo condi¢ces graves e de alta prevaléncia que
causam efeitos devastadores nos individuos e na sociedade. De acordo com o Manual
de Diagnostico e Estatistica de Transtornos Mentais 5° ed. (abreviacdo em inglés
DSM-5) estas condicoes podem ser divididas em: transtorno de ansiedade da
separacdo, mutismo seletivo, fobia especifica, transtorno de ansiedade social (fobia
social), transtorno do panico, agorafobia, transtorno de ansiedade generalizada,
transtorno de ansiedade induzida por substancia/medicamento e transtorno de
ansiedade devido a outra condicdo médica.

Segundo dados de um estudo realizado na regidao metropolitana de Sao Paulo
que faz parte da Pesquisa Mundial sobre Saude Mental, a prevaléncia de transtornos
mentais chega a quase 30%, sendo a mais alta entre os paises pesquisados. Em
segundo lugar aparece os Estados Unidos com pouco menos de 25%. Os transtornos
de ansiedade foram os que acometeram em maior proporc¢ao a populacao estudada,
afetando 19,9% dos avaliados na cidade brasileira. A razédo da alta prevaléncia, de
acordo o estudo, pode ser explicada pelo cruzamento de duas variaveis, a alta
urbanizacao e a privacdo social (ANDRADE et al., 2012).

A pandemia disseminada em 2020 pelo virus SARS-CoV-2 vem contribuindo
para aumentar consideravelmente as taxas de ansiedade na populagdo brasileira. Um
estudo realizado entre os meses de abril e maio de 2020 via web, com uma amostra
de 45161 participantes brasileiros de todas as regides, sexos e idades que variaram
de 18 a 60 anos ou mais, constatou que 52,6% dos entrevistados apresentaram
sintomas relacionados a ansiedade (BARROS et al., 2020). Outro estudo com a
participacdo de 1996 individuos, no formato de pesquisa online, realizado entre os
meses de maio e julho de 2020, mostrou que cerca de 80% dos entrevistados, disse
sentir-se ansioso (GOULARTE et al., 2021).

A ansiedade é uma doenca multifatorial que pode acometer o individuo ao
longo de todas as fases da vida (KESSLER et al., 2009), sendo resultado de uma
demanda que supera as capacidades adaptativas do organismo (MCEWEN, 2000,

2004). Sua etiologia é complexa e ainda nao esta totalmente esclarecida. A
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neurobiologia da doenca € heterogénea e complexa, entretanto, sabe-se que regides
encefalicas como as amigdalas, o hipocampo e o cortex pré-frontal estao relacionados
aos sintomas (CRASKE et al., 2017). Além disso, podem ocorrer a desregulacédo do
eixo hipotalamo-pituitaria-adrenal (HPA) e também alteracbes em sistemas de
neurotransmissores (CUMMINGS; ZHONG, 2006; MILLER; RAISON, 2016). Fatores
genéticos, ambientais e o género também estdo relacionados a etiologia desse
transtorno (CHANG et al., 2018).
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cortex \
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cortex

. A ' .
Ventromedial J Amygdala

L—_,{ >—Insular cortex
Yvy

; —a
H|ppocampus40 ‘

Figura 1. Regides cerebrais envolvidas nos transtornos de ansiedade. Adaptada de (CRASKE et al.,
2017).

Evidéncias sugerem que o0s sistemas mostrados na Figura 1 podem se
apresentar comprometidos funcionalmente, superativados no caso das amigdalas ou
subativado como acontece em algumas regiées do cortex pré-frontal (FONZO et al.,
2016; TEICHER et al., 2016). No caso do eixo HPA, a busca por biomarcadores que
possam estar intimamente ligados aos transtornos de ansiedade como niveis de
cortisol e hipersensibilidade a glicocorticoides tem sido uma estratégia para gerar
padrées mensuraveis como objetivo de aprimorar o diagndstico, sabendo que a
literatura tem mostrado uma hiperatividade do eixo em modelos de ansiedade e
estresse (DASKALAKIS et al., 2016; ZANNAS; BINDER, 2014).

Alguns estudos mostram que o sexo feminino tem duas vezes mais chances de

desenvolver transtornos de ansiedade (COVER et al.,, 2014). Esse fato pode ser
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explicado, pois, quando comparadas aos homens, a formacdo e extingdo das
memoérias de medo se comportam de maneira diferenciada nas mulheres, e, além
disso, os hormonios gonodais, como estrogénios, podem influenciar a neurogénese,
a plasticidade sinaptica e a expressao de receptores que sao substratos essenciais
para a memoéria e aprendizagem (LEBRON-MILAD; MILAD, 2012; MAENG; MILAD,
2015). A expressao receptores de estrogénio em neurbnios do cortex pré-frontal
medial, hipocampo e amigdalas, o aumento dos niveis de estrogénio durante a
extincdo da memaria de aprendizagem em roedores fémeas (que esta ligado a um
aumento na ativacdo do cértex pré-frontal, hipocampo e amigdalas), sdo alguns dos
indicios de que a resposta comportamental frente a agentes estressores pode ser
distinta (HWANG et al., 2015; MENDOZA-GARCES et al., 2011).

Outro fato que esta presente em individuos com ansiedade é a ativacéo de vias
imunoinflamatérias, ou seja, 0os pacientes podem apresentar leucocitose, elevacao de
proteina C reativa (PCR), além de um aumento nos niveis de citocinas pro-
inflamatorias, tais como a interleucina 6 (IL-6) e o fator de necrose tumoral alfa (TNF-
alfa) e ativacdo microglial (CAPURON; MILLER, 2011; KIECOLT-GLASER; DERRY;
FAGUNDES, 2015; KRAMER et al., 2019; REUS et al., 2015). Tais disfuncbes s&o
também comuns em pacientes com doencas crénicas como hipertensao e diabetes.
Dessa forma, pacientes com doencas de fundo metabdlico, por exemplo, apresentam
maiores chances de desenvolver ansiedade/depressao, fato favorecido pela elevagao
de marcadores inflamatérios (MELO; SANTOS; FERREIRA, 2019; REUS et al., 2019).

Além das alteragcbes em sistemas de neurotransmissores e ativacdo de
cascatas imunoinflamatdérias, a formacédo de espécies reativas de oxigénio (ROS) e
nitrogénio € observada em diversos estudos. Estudos pré-clinicos tém sido
extremamente Uteis para esclarecer o papel do estresse oxidativo na ansiedade
(SANTIAGO SANTANA et al., 2021). Hovatta e colaboradores (2010) foram os
primeiros a demonstrar a relacao entre a expressao de genes do sistema de defesa
antioxidante no cérebro e o comportamento de tipo ansiedade em seis diferentes
linhagens de camundongos (HOVATTA,; JUHILA; DONNER, 2010). Berry et al. (2008)
demonstraram que a delecdo do gene p66Shc, responsavel pela regulacdo de
algumas espécies reativas de oxigénio, resulta em niveis menores de estresse

oxidativo e reduz o comportamento tipo ansiedade em camundongos.
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Além disso, animais expostos a dieta altamente palatavel (enriquecida com
sacarose) apresentam aumento na oxidacdo de proteinas no cortex frontal e isso
parece estar relacionado ao aumento de ansiedade em ratos (SOUZA et al., 2007).
Outro estudo demonstrou que a inibicdo da sintese de GSH pela administracao de L-
butionina-sulfoximina no hipocampo de camundongos induz um comportamento
semelhante a ansiedade (MASOOD et al., 2008). Em resumo, vérios estudos com
modelos animais sugerem que manipulacdes genéticas ou farmacologicas do
equilibrio redox produzem mudancgas comportamentais relacionadas a transtornos de
ansiedade. O uso de antioxidantes pode prevenir muitos desses efeitos (MOCELIN et
al., 2015; NAGAHARA et al., 2013; PATKI et al., 2015).

1.2 Reposicionamento de farmacos

Além das dificuldades do correto diagndstico dos transtornos de ansiedade, o
tempo que o paciente leva para procurar atendimento, que pode chegar até 30 anos
segundo dados da Pesquisa Mundial de Saude Mental (CRASKE et al., 2017), a
correta adesao ao tratamento e fatores adjacentes que agravam ainda mais o quadro
clinico, temos as limitacbes dos tratamentos farmacoldgicos que geram amplas
discussdes dentro da comunidade cientifica, bem como dificuldades na escolha
correta de qual ou quais farmacos irdo auxiliar no manejo da doenca gerando assim
uma resposta insatisfatéria (RAMIC et al., 2020; REICHENPFADER et al., 2014;
SOLMI et al., 2020; WENZEL-SEIFERT; WITTMANN; HAEN, 2011).

Dentre as terapias disponiveis para melhoria da qualidade de vida dos
pacientes com transtorno de ansiedade generalizada (TAG) ha intervencfes néo-
farmacolbégicas como a terapia cognitivo-comportamental (TCC) que consite em
compreender os fatores que levaram o paciente a desenvolver a patologia através do
dialogo direto profissional/paciente (ANDRADE et al., 2012; KESSLER et al., 2009).
As intervencdes farmacologicas auxiliam no reparo de desequilibrios neuroquimicos
envolvidos na ansiedade. Ambas as intervengdes podem ser utilizada individualmente
ou em conjunto (CUIJPERS et al.,, 2016; HOFMANN; WU; BOETTCHER, 2014,
KEEFE et al., 2014; MURROUGH et al., 2015). Ainda ndo temos literatura que
comparem diretamente a eficacia da TCC versus a terapia farmacologica, porém

estudos randomizados indicam que o beneficio da medicacao (inibidores seletivos da
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recaptacdo da serotonina) e da TCC sao aproximadamente equivalentes (MITTE,
2005).

A terapia farmacologica apresenta diversas limitacdes, podendo desencadear
efeitos indesejaveis, como por exemplo, agravar a ansiedade. Os antidepressivos séo
os farmacos de primeira escolha para o tratamento dos transtornos de ansiedade,
apresentando seguranca e baixo potencial de abuso (MURROUGH et al., 2015;
RAVINDRAN; STEIN, 2010). Entre eles podemos citar os inibidores seletivos da
recaptacdo da serotonina (5-HT) (ISRS), incluindo o citalopram, a sertralina e a
fluoxetina e os inibidores seletivos da recaptacdo da serotonina e da noradrenalina
(ISRSN) como a venlafaxina (BANDELOW,; MICHAELIS; WEDEKIND, 2017,
SARTORI; SINGEWALD, 2019). Os efeitos colaterais dos ISRS e dos ISRSN incluem
nervosismo no inicio da terapia, embotamento emocional, problemas
gastrointestinais, insonia, disfuncdo sexual e também pode ocorrer um aumento do
risco de ideac&o suicida (STUBNER et al., 2018). Os antidepressivos triciclicos (TCAS)
e os inibidores da monoaminoxidase (IMAO) apresentam eficacia razoavel, porém,
geralmente sdo utilizados no tratamento de segunda linha devido a seguranca e
tolerabilidade. Os benzodiazepinicos (BZD) como o alprazolam, diazepam e
clonazepam geralmente séo utilizados em interveng¢des agudas ou adjunto aos ISRS,
ISRSN, TCA e IMAO, porém, a longo prazo, podem causar dependéncia, abstinéncia,
prejuizos cognitivos e até mesmo a morte por overdose (AGARWAL; LANDON, 2019;
BAANDRUP et al., 2018; GOMEZ; BARTHEL; HOFMANN, 2018).

O reposicionamento de farmacos € uma estratégia para mudar paradigmas das
abordagens tradicionais do desenvolvimento de novos farmacos. A definigdo comum
deste processo ainda ndo esta acordada na comunidade cientifica, para International
Union of Pure and Applied Chemistry (IUPAC) a definacdo seria a seguinte:
“Estratégia que busca descobrir novas aplicaces para um farmaco existente, que nao
foram previamente referenciadas e que, atualmente, ndo sao prescritas ou
investigadas”. A organizacdo também considera os termos drug repurposing, drug
repositioning, drug reprofiling como sindnimos, ja que todos parecem ser usados de
forma intercambiavel dentro da literatura cientifica (BUCKLE et al., 2013).

A estratégia de pesquisa e desenvolvimento de farmacos comumente utilizada
tem alto custo e demanda longos periodos, além de diversos imprevistos durante o

processo (SIROTA et al., 2011). O desenvolvimento de um Unico medicamento novo
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pode custar mais de um bilh&o de dolares (COLLIER, 2009). A estimativa de duracéo
de um ciclo tradicional de pesquisa e desenvolvimento de novas entidades quimicas
pode levar até quinze anos, sendo que mais de 90% dos candidatos falha antes de
chegar aos estudos clinicos de primeira fase (KUBICK et al., 2020). A estratégia de
reposicionar farmacos € extremamente promissora, pois as propriedades
farmacocinéticas/farmacodinadmicas ja foram determinadas, bem como o perfil de
efeitos adversos e a toxicidade. Isso tudo corrobora com o encurtamento para a

aprovacao de sua nova indicacdo terapéutica.

1.3 Agonistas de GLP-1: Liraglutida

Os analogos do peptideo semelhante ao glucagon (GLP-1) séo representantes
sintéticos desse horménio da familia das incretinas (as incretinas sao liberadas ap6s
as refeicdes, cuja principal funcao € estimular a producéo de insulina) e fazem parte
de uma nova geracdo de compostos para o tratamento da diabetes mellitus tipo 2
(DM2). A liraglutida e a exenatida sdo os principais representantes dessa classe que,
além do efeito antidiabético, apresentam efeitos neuroprotetor e anti-inflamatério. O
GLP-1 sofre rapida clivagem pela enzima dipeptidil peptidase 4 (DPP-4) que
rapidamente elimina o peptideo de circulacdo. Estes farmacos apresentam como
principal vantagem um tempo de meia-vida prolongado — o GLP-1 enddgeno possui
cerca de 1,5-5 min, enquanto a liraglutida chega a 13 h (HOU et al., 2012; ISACSON
et al., 2011; KRASNER et al., 2014). Tais efeitos tém sido explorados no tratamento
de doencas neurodegenerativas como a doenga de Parkinson (AVILES-OLMOS et al.,
2013; KIM et al., 2017). Evidéncias mostram que os receptores de GLP-1 (GLP-1R)
(Figura 1), além de estarem presentes em células pancreaticas, podem ser
encontrados no SNC em estruturas como hipotalamo, bulbo olfatério e rombencéfalo
(DANIELS; MIETLICKI-BAASE, 2019). Apesar disso, estudos que explorem os efeitos
de agonistas de GLP-1 em transtornos mentais s&o escassos.

A liraglutida é aprovada para o tratamento de DM2 e também para a obesidade.
Seus efeitos terapéuticos sédo associados a estimulacédo da secrecéo de insulina e a
inibicdo da secrecdo de glucagon pelo péancreas, bem como ao retardo do
esvaziamento gastrico e reducdo do apetite. Outra linha de estudo demostra a

capacidade desse farmaco em aumentar a sensacdo de saciedade e possivel
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diminuicdo da ansiedade, sendo utilizado em terapias para a reducdo de peso
(PAJECKI et al., 2013; PI-SUNYER et al., 2015). Além desses efeitos metabdlicos, a
liraglutida apresenta efeito tipo-ansiolitico, anti-inflamatérios e neuroprotetor, tanto in
vitro  (PANAGAKI; MICHAEL; HOLSCHER, 2017) como in vivo em roedores
(HARKAVYI et al., 2008; MCCLEAN et al., 2011). Administrac&o crbnica de liraglutida
em roedores geneticamente modificados (APP/PS1) foi capaz de reverter os efeitos
comportamentais e neuroquimicos em um modelo animal de doenca de Alzheimer
(MCCLEAN; HOLSCHER, 2014). Em outro estudo, tanto a administragdo aguda como
crbnica de liraglutida induziu efeito tipo-ansiolitico em camundongos no teste de
labirinto em cruz elevado (SHARMA et al., 2015). Recentemente, Liu et al. (2019)
avaliaram o efeito da exposicdo cronica a liraglutida em um modelo de depressao
induzido por administracao crénica de corticosterona em camundongos. A liraglutida
demonstrou efeito tipo-ansiolitico e tipo-antidepressivo, aumentando a densidade
celular de neurbnios imaturos na regiao subgranular do giro denteado do hipocampo.
Além disso, o liraglutida aumentou o nivel de GSK3 fosforilada no hipocampo, o que
pode ser fundamental para a atividade tipo-antidepressiva. Além dos efeitos em
modelos animais relacionados a depressao/ansiedade, a liraglutida preveniu os
efeitos deletérios induzidos por pentilenotetrazol (PTZ, um agente pro-convulsivante)
sobre parametros comportamentais e lipoperoxidagéo (DE SOUZA et al., 2019).

O mecanismo de acao desse farmaco em transtornos mentais ainda nao foi
totalmente esclarecido. Sabe-se que o GLP-1 (agonista enddgeno), ao atravessar a
barreira hematoencefélica, € capaz de modular processos celulares como a
sinaptogénese, resposta inflamatdria, estresse oxidativo e a formacdo de memoria.
Ainda, esse mediador é produzido em pequenas quantidades no SNC e é liberado
pelos ndcleos hipotalamicos, regulando fungdes neuroendocrinas e autbnomas do
SNC (ATHAUDA; FOLTYNIE, 2016; DANIELS; MIETLICKI-BAASE, 2019; HEPPNER
et al., 2015; HUNOT et al., 1997). Portanto, 0 mecanismo de acao da liraglutida pode
estar relacionado & modulacdo dessas vias citadas e ter, consequentemente,

implicagdes no tratamento de transtornos mentais (Figura 2).



22

; 2 aae Brain ’Jﬁﬁﬁ(\\ Heart n _"1@
f Neuroprotect\on 40 t Myocardial contractility
/ t Neurogenesis | t Heart rate
= Z t Myocardial glucose  / 1 ]

\ - Liver t Memory
| 1 Glycogen storage uptake

4 Ischemia-induced

\ <\ DPP4 { myocardial damage
{,
OOOOOT:
v%
\%

W

GLP-1 PO
> Pancreas
Fat cells /1 (\ \ 3=

! e
s / _£S I [~ t New p-cell formation
t Glucose uptake \ \ S) 4 \\ 33 | p-cell apoptosis
1 Lipolysis p ¥ - Q EXL t Insulin biosynthesis
K
¢
EEOEWOY KG‘\

. /
/ | Kidney Skeletal muscle
4
a

2\/-\1 Natriuresis t Glucose uptake

l—
W/ |

- Blood vessel
Loy
g‘" 2\t Endothelium-dependent

% £)
—&_uug vasodilation

Figura 2. Os efeitos pleiotropicos relacionados aos agonistas do receptor GLP-1 (MEIER, 2012).

O peixe-zebra (Danio rerio), conhecido mundialmente como zebrafish, &
amplamente utilizado como organismo modelo na pesquisa neurocomportamental
(KALUEFF; STEWART; GERLAI, 2014, 2014; STEWART et al., 2014), pois apresenta
um rico repertorio comportamental e respostas neuroquimicas e fisiologicas ao
estresse semelhantes aos mamiferos (MOCELIN et al., 2015; PAVLIDIS;
THEODORIDI; TSALAFOUTA, 2015; PIATO et al., 2011a). Por exemplo, o sistema de
resposta ao estresse através da ativacado do eixo hipotalamo-pituitaria-interrenal (HPI)
em peixes-zebra é semelhante ao observado nos humanos (PIATO et al., 2011a). O
efeito de farmacos nessa espécie também possui correlatos ao observado em
roedores e humanos ja que os sistemas de neurotransmissores e neuromoduladores
sdo conservados (KALUEFF; STEWART; GERLAI, 2014; MARCON et al., 2016). Em
relacdo ao comportamento, diversos protocolos experimentais ja foram padronizados
nessa espécie, a grande maioria analogos aos testes realizados em roedores. Os
testes comportamentais do tanque novo e claro/escuro ja foram validados para essa
espécie e sdo de vasta utilidade quando se busca ampliar o conhecimento a respeito
dos efeitos de farmacos/drogas com potencial utilizagdo no tratamento de transtornos
de humor e ansiedade (GEBAUER et al., 2011; GIACOMINI et al., 2016; MARCON et
al., 2016; SINYAKOVA et al., 2018). Apesar de diferencas funcionais entre o GLP-1
de peixes e mamiferos quando se diz respeito ao metabolismo da glicose, eles
parecem ser intercambidveis em suas fun¢cdes (MOMMSEN; ANDREWS;
PLISETSKAYA, 1987; PLISETSKAYA; MOMMSEN, 1996; PLISETSKAYA, 1993).

Além disso, o receptor de GLP-1 (GLP-1R) foi clonado e se liga com uma afinidade
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semelhante do GLP-1 humano ao peixe-zebra (MOJSOV, 2000). Ainda mais
relevante, os papéis fisiolégicos do GLP-1 no cérebro de peixes teleGsteos parecem
ser analogos aos descritos para mamiferos, fatos que favorecem a escolha do modelo
para o desenvolvimento deste trabalho (MOJSOV, 2000; MOMMSEN; MOJSOV,
1998; PLISETSKAYA; MOMMSEN, 1996; SILVERSTEIN et al., 2001) .

Portanto, considerando que (a) as bases neurobioldgicas dos transtornos
mentais envolvem alteracfes neuroinflamatorias e desequilibrio do status oxidativo;
(b) a farmacoterapia para tais condicdes € limitada e (c) a liraglutida potencialmente
modula alvos relevantes para a fisiopatologia de transtornos mentais, a hipétese
desse trabalho € que esse farmaco possui atividade tipo-ansiolitica em peixes-zebra

gue ocorre provavelmente através da modulacao do status oxidativo.
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2 OBJETIVOS

2.1 Objetivo Geral
Avaliar o efeito da liraglutida, um agonista de receptores GLP-1, sobre

pardmetros comportamentais e bioguimicos em peixes-zebra adultos.

2.2 Objetivos Especificos

Avaliar o efeito de administracdo aguda de liraglutida sobre:

a) parametros comportamentais nos testes de tanque novo e claro/escuro;

b) parametros comportamentais e bioquimicos em um modelo de estresse
agudo por contencao.

Avaliar o efeito de administracao cronica (7 dias) de liraglutida no modelo de
estresse crénico imprevisivel (ECI) sobre:

a) parametros comportamentais (testes de tanque aberto, de interacéo social e
de tanque novo);

b) parametro fisiolégico de peso;

c) parametros bioquimicos relacionados ao status oxidativo e glicemia.
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3 RESULTADOS

3.1 Anti-stress effects of the glucagon-like peptide-1 receptor agonist liraglutide

in zebrafish
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ABSTRACT

Stress-related disorders are extremely harmful and cause significant impacts on the
individual and society. Despite the lack of evidence on glucagon-like peptide-1 receptor (GLP-
1R) and mental disorders, a few clinical and preclinical studies suggest that modulating this
system could improve symptoms of stress-related disorders. This study aimed to investigate
the effects of liraglutide, a GLP-1R agonist, on neurobehavioral phenotypes and brain
oxidative status in adult zebrafish. Acute liraglutide promoted anxiolytic-like effects in the
light/dark test, while chronic treatment blocked the impact of unpredictable chronic stress on
behavioral and physiological parameters. Taken together, our study demonstrates that
liraglutide is active on zebrafish brain and may counteract some of the effects induced by
stress. More studies are warranted to further elucidate the potential of GLP-1R agonists for

the management of brain disorders.

Keywords: GLP-1, acute stress, chronic stress, oxidative damage, mental disorders.
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1. INTRODUCTION

Glucagon-like peptide-1 (GLP-1) is an incretin hormone that plays an essential role in
regulating blood glucose levels and insulin sensitivity. It is secreted by L-cells in the gut
epithelium in response to nutrients, promoting glucose homeostasis (KAHN; HULL;
UTZSCHNEIDER, 2006). GLP-1 exerts its physiological actions by binding to the GLP-1 receptor
(GLP-1R), which is expressed in abundance in peripheral and central tissues, enabling
metabolic, endocrine, behavioral, and cardiovascular regulation in response to homeostatic
signals (HOLT; TRAPP, 2016; KRASNER et al., 2014; RUSSELL-JONES, 2009). Studies have also
shown the production of GLP-1 in the brain of mammals, where it may play a role in stress
regulation by modulating the hypothalamic-pituitary-adrenal (HPA) axis and the autonomic
nervous system (LOPEZ—FERRERAS et al., 2018; ULRICH-LAI; HERMAN, 2009).

GLP-1R agonists are a new drug class developed for glycemic control in diabetic
patients. The GLP-1R agonists currently approved for type-2 diabetes mellitus (T2DM) include
albiglutide, dulaglutide, exenatide, liraglutide, lixisenatide, and semaglutide. Liraglutide has
97% homology to the human GLP-1 and was approved by the FDA in 2010. Like other GLP-1R
agonists, it stimulates insulin secretion and inhibits glucagon release by the pancreas, delays
gastric emptying, and reduces appetite (LIM et al., 2009; LOPEZ-FERRERAS et al., 2018;
MQJSOV, 2000; WHICHER et al., 2019). Due to its weight loss properties, liraglutide was
repurposed by the Food and Drug Administration (FDA) in 2014 as a treatment for obesity.

The presence of GLP-1Rs in the brain prompted studies on the central effects of GLP-
1R agonists, which revealed improvement in cognitive functions, protection against oxidative
stress, neuroinflammation, increased synaptic plasticity, up-regulation of brain-derived
neurotrophic factor (BDNF), and reduction in apoptosis signaling molecules in rodents
(CITRARO et al., 2019; HAN et al., 2020; KRASS et al., 2015; LIU et al., 2019; TAUCHI et al.,
2008; WEINA et al., 2018; YAN et al., 2019; ZHANG et al., 2020, 2009, 2019). GLP-1R agonists
were also tested in preclinical models of anxiety and depression, including unpredictable
chronic stress (UCS) and corticosterone exposure. These studies demonstrated the effects of
GLP-1R agonists on forced swimming, tail suspension, elevated plus maze, open field, and
light-dark tests, showing antidepressant/anxiolytic proprieties, as well as antioxidant effects
in rodents (ABDELAZIZ et al., 2019; CHAVES FILHO et al., 2020; DE SOUZA et al., 2019; HAN et
al., 2020; KRASS et al., 2015; LIU et al., 2019; WEINA et al., 2018). However, the effects of GLP-
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1R agonists and their potential mechanism of action in stress-related mental disorders in
zebrafish remains unknown.

Zebrafish has been progressively used in pharmacological and neuroscience studies
because of the high similarities in physiology and metabolism compared to mammals. Despite
the functional differences between fish and mammalian GLP-1s regarding glucose
metabolism, they seem to be interchangeable in their functions (MOMMSEN; ANDREWS;
PLISETSKAYA, 1987; PLISETSKAYA; MOMMSEN, 1996; PLISETSKAYA, 1993). Furthermore, the
zebrafish GLP-1R has been cloned and found to bind with a similar affinity to both zebrafish
and human GLP-1 (MOJSOV, 2000). Even more relevant to our study, the physiological roles
of GLP-1 in the brain of teleost fish seem to be analogous to those described for mammals
(MOJSoV, 2000; MOMMSEN; MOJSOV, 1998; PLISETSKAYA; MOMMSEN, 1996; SILVERSTEIN
et al., 2001). We thus aimed to investigate the effects of liraglutide on stress-related outcomes
relevant to anxiety and mood disorders on behavioral and neurochemical assays in zebrafish.
More specifically, we examined the effects of liraglutide on behavior and oxidative status

parameters altered by acute and chronic stress in adult zebrafish.

2. MATERIAL AND METHODS
2.1. Animals and housing conditions
A total of 474 adult zebrafish of the outbred wild-type short-fin phenotype (Danio
rerio, F. Hamilton 1822, 6-month-old, 3-4 cm long) of both sexes (50:50 male:female ratio)
were obtained from a commercial supplier (Delphis, RS, Brazil). The animals were maintained
in our facility (Altamar, SP, Brazil) according to established protocols (WESTERFIELD, 2007).
After the quarantine period (30 days), animals were transferred to 16-L home tanks (40 x 20 x
24 cm) with non-chlorinated water kept under constant mechanical, biological and chemical
filtration, where they acclimated for another five days before testing. Fish were fed three
times a day with brine shrimp (Artemia salina) and commercial flake fish food (Poytara®, SP,
Brazil). The Ethics Committee of the Universidade Federal do Rio Grande do Sul approved all
protocols (#32485/2017). The manipulation and animal care were conducted according to the
National Institute of Health Guide for Care and Use of Laboratory Animals and aimed to

minimize the discomfort, suffering, and the number of animals used.
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2.2.  Drug administration

Liraglutide (LIR, Victoza®, Novo Nordisk, Denmark) and 0.9% sodium chloride solution
(saline, ADV Farma, SP, Brazil) were acquired from a commercial supplier. Tricaine (MS-222,
CAS #886-86-2) was acquired from Sigma-Aldrich. Drug solutions were prepared daily based
on previous studies and a pilot study (unpublished data). Intraperitoneal (i.p.) injections were
applied using a Hamilton Microliter™ Syringe (701N 10 pL SYR 26s/2"/2) x Epidurakatheter
0.45 x 0.85 mm (Perifix®-Katheter, Braun, Germany) x Gingival Needle 30G/0.3 x 21 mm (GN
injecta, SP, Brazil). The injection volume was 1 uL/100 mg of animal weight. The animals of the
control group received the same volume of saline solution (0.9% NaCl). The animals were
anesthetized by immersion in a solution of tricaine (300 mg/L) until loss of motor coordination
and reduced respiratory rate. The anesthetized fish were gently placed in a sponge soaked in
water submerged in a petri dish, with the abdomen facing up and the fish's head positioned
on the sponge hinge. The needle was inserted parallel to the spine in the abdomen's midline
posterior to the pectoral fins. This procedure was conducted in approximately 10 seconds. For
acute experiments, the time between injection and the behavioral tests was 120 minutes. For

chronic experiments, behavioral tests took place 24 hours after the last injection.

2.3.  Study design
The experimental design is shown in Figure 1. In all experiments, fish were randomly
allocated into the experimental groups using a computerized random number generator
(www.random.org). Behavioral and biochemical assays were conducted and analyzed by
investigators blind to the experimental groups (each tank was coded by a researcher who did
not participate in the experiments). The codes of experimental groups were revealed only
during data analysis. Each experimental group originated from two identical home tanks, and

no tank effects were observed in the analysis, so data were pooled together.
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Experiment 1

: i

Recovery (120 min) Novel tank test (6 min)

CTRL

LIR 50 pg/kg
LIR 100 pg/kg
LIR 200 pg/kg

Experiment 2

Experiment 3

Experiment 4

Fig. 1. Outline of the study design.

Experiments 1 and 2: The animals were anesthetized and injected with either saline
(CTRL) or liraglutide (LIR; 50, 100, or 200 pg/kg). After injection, fish were placed into recovery
tanks (18 x 18 x 18 cm) for 120 minutes. Following recovery, fish were gently transferred to
the novel tank test (NTT) in experiment 1 or to the light/dark test (LDT) in experiment 2
(MOCELIN et al., 2015; REIS et al., 2019).

Experiment 3: The acute restraint stress (ARS) protocol has been detailed in previous
studies (DAL SANTO et al., 2014; GHISLENI et al., 2012; PIATO et al., 2011b; REIS et al., 2019).
Briefly, fish were anesthetized and treated with saline (CTRL) or 200 pg/kg LIR (this dose was
chosen based on the anxiolytic-like effect observed in the LDT). After injection, fish were
placed into recovery tanks (18 x 18 x 18 cm) for 30 min. Then, fish were allocated to stressed
(ARS) or non-stressed groups. Fish in the stressed group were gently placed into 1.8-mL

cryogenic tubes (Corning®) with openings at both ends (to allow adequate water circulation)
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in a 16-L tank for 90 min. Non-stressed groups were transferred to a 16-L tank for 90 min. The
animals were then individually transferred to the NTT, and behavioral parameters were
quantified. After the NTT, the fish were cryoeuthanized and the brain dissected and
homogenized for oxidative status biochemical assays.

Experiment 4: The unpredictable chronic stress (UCS) protocol was carried out based
on previous studies by our group (MARCON et al., 2019; MOCELIN et al., 2019b; PIATO et al.,
2011a). Schedule and stressors are detailed in the supplementary material (Table S1). Initially,
fish were divided into control (non-stressed group, S-) and UCS (stressed group, S+). After
seven days, the experimental groups were subdivided into vehicle (0.9% saline) and 50 pg/kg
LIR (this dose was chosen because it did not alter behavior and metabolic parameters after
daily injections for 7 days (Fig. S1). The animals were anesthetized daily and injected at 08:00
a.m., and then returned to the housing tanks. After UCS protocol, fish were submitted to the
open tank test (OTT), social interaction (SI), and NTT, performed respectively on the 15, 16t
and 17t day. Immediately after the NTT, fish were anesthetized by rapid cooling (immersion
in water at 2—4 °C until unable to swim and cessation of opercular movement); blood was

collected from the tail, and the brain dissected and homogenized for biochemical assays.

2.4. Behavioral tests

All behavioral tests were performed in the morning. The novel tank test (NTT) was
carried out as described previously (MARCON et al., 2019; MOCELIN et al., 2015, 2019a; REIS
et al., 2019; VALADAS et al., 2019). Animals were individually placed in the NTT apparatus and
recorded for 6 min. The software ANY-maze™ (Stoelting Co., USA) was used to virtually divide
the tank into three equal horizontal zones and track the movement of the animals. The
parameters quantified were total distance traveled (m), number of crossings (transitions
between the zones of the tank), number of entries, and time spent in the top zone of the tank
(s).

The light/dark test (LDT) was performed as previously described by our group
(MOCELIN et al., 2015; PANCOTTO et al., 2018; REIS et al., 2019). Fish were individually
transferred to the white compartment of the apparatus and video recorded for 5 min. The
software BORIS® (Universita Degli Studi di Torino, Italy) was used to quantify the time spent

in the lit side (s) and the number of crossings. The test was conducted in ambient light.
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The open tank test (OTT) was conducted as previously described (BENVENUTTI et al.,
2020). Fish were individually placed in the center of the circular arena made of opaque white
plastic (24 cm diameter, 8 cm walls), with a water depth of 3 cm, recorded for 10 min, and
then analyzed using the ANY-maze™ software. The arena was virtually divided into the center
(inner circle, 8 cm in diameter) and outer zones. The parameters quantified were total
distance traveled (m), time immobile (s), absolute turn angle (°), and time spent in the center
area of the tank (s).

The social interaction test (SI) was conducted as described previously (BENVENUTTI et
al., 2020). Animals were placed for 7 min in a tank flanked by an empty tank (neutral stimulus)
and a tank containing 10 zebrafish (social stimulus). Animals were habituated to the apparatus
for 2 min and then analyzed for 5 min. The position of the social stimulus was counterbalanced
between right or left throughout tests. The test apparatus was virtually divided into three
vertical areas (interaction, middle and neutral); behavior was quantified using ANY-maze™
software. The following measures were quantified: total distance traveled, time spent in the
interaction zone (s), interaction time of the fish face to face with the stimulus (s), and the

number of interactions.

2.5. Biochemical assays

For the biochemical analyses, each sample was composed of 4 dissected brains pooled
and gently homogenized in 600 pL phosphate-buffered saline (PBS, pH 7.4, Sigma-Aldrich)
using a disposable tissue grinder pestle in 1.5-mL microcentrifuge tubes. Homogenates were
centrifuged at 10,000 g at 4 °C in a cooling centrifuge, and the supernatant packed in
microtubes was used for experimental assays (MOCELIN et al., 2019a). Protein was quantified
according to the Coomassie blue method (BRADFORD, 1976) using bovine serum albumin
(Sigma-Aldrich) as a standard. The following parameters were quantified for the oxidative
status assessment: lipid peroxidation (thiobarbituric acid reactive species — TBARS) and non-
protein thiols (NPSH). All biochemical measures were performed in triplicate. Details of each
procedure were described in previous studies (MARCON et al., 2019; MOCELIN et al., 20193;
REIS et al., 2019; VALADAS et al., 2019). The detailed protocols for tissue preparation and

biochemical assays are also available at protocols.io (10.17504/protocols.io.bjkdkks6;
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10.17504/protocols.io.bjnfkmbn;  10.17504/protocols.io.bjrkkm4w;
10.17504/protocols.io.bjp8kmrw).

For the quantification of blood glucose levels, fish were anesthetized by rapid cooling, and
a cut was made on the tail; the blood was collected directly on the test strips inserted in the
glucometer (Accu-Chek® Performa, Roche, Germany). After blood collection, the animal was

euthanized by decapitation for brain tissue sampling.

2.6.  Statistical analysis
Normality and homogeneity of variances were confirmed for all data sets using
D'Agostino-Pearson and Levene tests, respectively. Results were analyzed by one, two, or
three-way ANOVA followed by Tukey as applicable. For behavioral data, the outliers were
identified based on distance travelled using the ROUT statistical test (GraphPad® software)
and were removed from the analyses. The tank and sex effects were tested in all comparisons;
data were pooled when no effect was observed. Data are expressed as mean + standard error

of the mean (S.E.M). The level of significance was set at p<0.05.

3. RESULTS
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Fig. 2. Effects of liraglutide (LIR; 50, 100, and 200 pg/kg) on distance traveled (A), number of crossings (B), entries
(C), and time in the top area (D) in the novel tank test. Data are expressed as mean * S.E.M. One-way

ANOVA/Tukey.

n=17-18.

Figure 2 shows the acute effects of liraglutide on behavioral parameters in the NTT. No

significant effects of liraglutide were observed after acute treatment.
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Fig. 3. Effects of liraglutide (LIR; 50, 100, and 200 ug/kg) on time in the lit side (A) and the number of crossings
(B) in the light/dark test. Data are expressed as mean + S.E.M. Two-way ANOVA/Tukey. *p<0.05 x CTRL male.
n=17-20.

Figure 3 shows the acute effects of liraglutide on behavioral parameters in the LDT. For
time on the lit side, two-way ANOVA revealed an interaction between sex and treatment
factors. One-way ANOVA followed by Tukey's post hoc analysis restricted by sex, revealed that
male zebrafish administered the highest liraglutide dose spent more time in the lit side than
controls (p<0.05, Fig. 3A). No significant effects were observed in the number of crossings (Fig.

3B).
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Fig. 4. Effects of liraglutide (LIR; 200 ug/kg) on distance traveled (A), number of crossings (B), entries (C) and time
(D) in the top area, lipid peroxidation (E), and non-protein thiols (F) in the acute restraint stress. CTRL, control;
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LIR, liraglutide; S-, non-stressed; S+, stressed. Data are expressed as mean + S.E.M. Two-way ANOVA/Tukey. n=24
and n=6 (pool) for behavioral and biochemical analyses, respectively.

The effects of liraglutide on behavioral and oxidative status parameters in zebrafish
submitted to ARS and tested in the NTT are presented in Figure 4. Two-way ANOVA revealed
a main effect of stress on the total distance traveled (Fig. 4A), number of crossings (Fig. 4B),
and the time spent in the top area (Fig. 4D). Liraglutide did not prevent the effects of acute
stress on these behavioral parameters. ARS also increased lipid peroxidation, and liraglutide
was able to prevent this effect (Fig. 4E). Liraglutide did not alter the behavioral and oxidative

status parameters in non-stressed animals. No effects were observed for NPSH levels.
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Fig. 5. Effects of liraglutide (LIR; 50 pg/kg) in zebrafish submitted to the unpredictable chronic stress in the open
tank test (Fig. 5A, day 15); in the social interaction test (Fig. 5B, day 16); in the novel tank test (Fig. 5C, day 17);
in the biochemical parameters, blood glucose and weight (Fig. 5D, day 17). CTRL, control; LIR, liraglutide; S-, non-
stressed; S+, stressed. Data are expressed as mean = S.E.M. Two-way ANOVA/Tukey. n=21-24 (A); n=22-23 (B);
n=24 (C); n=5-6 (D). Three-way ANOVA/Tukey was used to analyze bodyweight. n=6.

Figure 5 shows the influence of liraglutide on behavioral outcomes in zebrafish
submitted to UCS. Two-way ANOVA revealed a main effect of stress on time immobile for the
OTT and interaction between both factors on total distance, time immobile, and absolute turn

angle. Post hoc analysis revealed that animals exposed to UCS showed a tendency for lower
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distance traveled (p= 0.0643), and they spent more time immobile. Liraglutide blocked these
effects (Fig. 5A). No significant effects were observed in Sl test (Fig. 5B). In the NTT, as
expected, stress-exposed animals spent less time in the top area. Liraglutide was devoid of
effects in the NTT (Fig. 5C).

In the biochemical parameters (Fig. 5D), chronic stress increased lipid peroxidation and
decreased antioxidant defenses (NPSH levels). Liraglutide was unable to block these
alterations. There was an increase in blood glucose levels in stressed animals, which was
blocked by treatment with liraglutide. Despite the tendency of liraglutide to block the effects
of UCS on animals' weight gain, no significant effects were observed except for the main effect

of time.

4. DISCUSSION

In this work, we demonstrated the behavioral and biochemical effects of liraglutide
administration to adult zebrafish. Initially, liraglutide was evaluated in two protocols (NTT and
LDT) after a single administration to determine the effects of this drug on locomotor,
exploratory, and anxiety parameters. Finally, considering the comorbidity between diabetes
and stress-related disorders such as anxiety and depression, we studied the effects of
liraglutide in both acute and chronic stress models.

The NTT is a vertical exploratory test in which bottom-dwelling is analog to the
thigmotaxis displayed by rodents in the open-field test (OFT) (LEVIN; BENCAN; CERUTTI, 2007;
MOCELIN et al., 2015). Anxiolytic drugs such as buspirone, fluoxetine, and diazepam increase
the time zebrafish spend in the top area in the NTT (BENCAN; SLEDGE; LEVIN, 2009; EGAN et
al., 2009; GEBAUER et al., 2011; MOCELIN et al., 2015; REIS et al., 2019). In the LDT, anxiolytic
drugs such as clonazepam, bromazepam, diazepam, and buspirone, increase the time
zebrafish spend in the lit side of the apparatus (GEBAUER et al., 2011; MOCELIN et al., 2015;
REIS et al., 2019). Here, we found that acute treatment with liraglutide did not affect the
locomotor and exploratory behaviors in zebrafish, assessed by the total distance traveled and
the number of crossings between areas in the NTT. The same was observed when animals
were chronically exposed to liraglutide for seven days (Fig. S1). In the LDT, the highest dose of
liraglutide (200 pg/kg) induced anxiolytic-like behavior, i.e., increased the time spent in the lit

side of the apparatus. This anxiolytic-like behavior in the LDT was observed only in male
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zebrafish. The sex-dependent effect of liraglutide needs further investigation. Previous studies
in zebrafish have shown that males are generally bolder in social interactions than females
(ARIYOMO; CARTER; WATT, 2013; DAHLBOM et al., 2012; MORETZ; MARTINS; ROBISON,
2007), exploring more new environments (REOLON et al., 2018), and showing greater
aggressiveness and cortisol levels when exposed to chronic stress (RAMBO et al., 2017).
However, females have better memory acquisition in some cognitive tests such as inhibitory
avoidance (REOLON et al., 2018), but not in others such as in the plus-maze (SISON; GERLAI,
2010). Some studies have shown there are sex-dependent responses when animals are
exposed to drugs of abuse such as cocaine, the effects of the withdrawal being more intense
and persistent in males than in females, but the related mechanism of action remains to be
investigated (LOPEZ PATINO et al., 2008). In general, studies showing differences in
pharmacological responses between males and females in this species are scarce and warrants
further investigation.

There are many acute stress protocols established for zebrafish (ABREU et al., 2014;
BLAZINA; VIANNA; LARA, 2013; PIATO et al., 2011b). For example, restraining zebrafish in a
small tube induces a consistent anxiety-like behavior, decreasing the time and entries in the
top area of the NTT apparatus. Despite the robust effects on anxiety outcomes, the effects of
the ARS on locomotor parameters are heterogeneous, increasing (GHISLENI et al., 2012),
decreasing (REIS et al., 2019), and sometimes not affecting (ASSAD et al., 2020; PIATO et al.,
2011b) locomotion. These contradictory results concerning the effects of ARS on zebrafish
locomotion could be related to the different protocols used (restraint time, for example) in
the different studies and/or methods used for quantifying the behavior. Here, 90 min of ARS
decreased the locomotor parameters and induced an apparent anxiogenic behavior, whereas
liraglutide did not prevent these phenotypes. Moreover, ARS increased lipid peroxidation. This
result is in agreement with our previous study (DAL SANTO et al., 2014). Liraglutide presented
neuroprotective effects in our study, blocking the lipoperoxidation induced by acute stress.
The effects of GLP-1R agonists in animal models of anxiety are conflicting. For example,
intracerebroventricularly-injected GLP-1 induced anxiogenic effects in the elevated plus-maze
test in rats (GULEC; ISBIL-BUYUKCOSKUN; KAHVECI, 2010). Moreover, liraglutide was
anxiogenic in the OFT in rats (KAMBLE et al., 2016). However, exenatide showed anxiolytic-

and antidepressant-like effects in a diabetic mouse model (KOMSUOGLU CELIKYURT et al.,
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2014) and liraglutide induced anxiolytic effects in elevated plus-maze in rats (SHARMA et al.,
2015). In a mice study, both exenatide and liraglutide did not affect anxiety levels in the
light/dark test, but both decreased distance and rearing (KRASS et al., 2012). Therefore, the
per se effects of GLP-1R agonists are very conflicting, and it can be explained, at least in part,
by the different doses used in these studies.

Mental disorders such as depression and anxiety present complex neurobiology, and
the mechanisms related to these conditions are not entirely understood. The gut-brain axis
and neuropeptides like GLP-1 are rising as potential key regulators of behavior (POZZI et al.,
2019). Animal models of chronic stress have been used to recapitulate the phenotypes
observed in patients with mood disorders (WILLNER, 2005, 2017). Specifically, in zebrafish,
the UCS induces behavioral, neurochemical, and molecular alterations that resemble the
clinical presentation of patients with anxiety or depressive disorders. Antidepressants and
anxiolytics have been previously shown to block the effects of chronic stress in zebrafish
(MARCON et al.,, 2016; SONG et al.,, 2017). Moreover, drugs with antioxidant and
neuroprotective mechanisms have also shown protective effects in this model (MARCON et
al., 2019; MOCELIN et al., 2019b). Here, we submitted zebrafish to UCS for two weeks. After
this period, zebrafish behavior was assessed in three tests: OTT, Sl, and NTT. We extended the
behavioral outcomes reported in previous studies from our group to expand the
characterization of the impact of UCS in zebrafish. In the OTT, UCS decreased the distance and
absolute turn angle and increased the immobility time. Liraglutide was able to block these
effects. As expected, in the NTT, the UCS decreased the time in the top area. In the social
interaction test, however, no significant effects were observed. Our results replicate and
reinforce previous studies showing that UCS induces anxiety-like behavior in the NTT
(MARCON et al., 2016, 2019; MOCELIN et al., 2019b; PIATO et al., 2011a). Liraglutide did not
prevent the effects of UCS on those last two behavior tests. UCS also increased lipid
peroxidation and decreased the levels of an important antioxidative defense in the brain.
Previous studies reported that UCS promoted an imbalance in oxidative status, increased
lipoperoxidation, and decreased antioxidant defenses (MARCON et al., 2018, 2019; MOCELIN
et al.,, 2019b). Although liraglutide counteracted lipid peroxidation induced by an acute
stressor, it did block the neurochemical effects of chronic stress. In rodents, there is some

evidence regarding the positive effects of GLP-1R agonists in chronic stress. For example,
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liraglutide diminished depressive- and anxiety-like phenotypes induced by chronic
administration of corticosterone. This effect can be related to modulation of the
hypothalamus-pituitary-adrenal (HPA) axis (WEINA et al., 2018). In contrast, another study has
shown no benefit of using GLP-1R agonists in models of depression/anxiety. Fourteen days of
treatment with exenatide or liraglutide did not affect the anxiety level in LDT nor induced an
antidepressant-like effect in the forced swimming test in mice (KRASS et al., 2015). In the same
study, chronic treatment with liraglutide did not affect depression-related behaviors in
Flinders Sensitive Line rats, a genetic model of depression. These divergent results can be
explained, at least in part, by the doses and the administration route used in the studies.
Despite these inconsistencies, in our study, liraglutide prevented some, but not all, behaviors
induced by UCS.

Here, UCS increased glycemia and decreased weight gain. Liraglutide prevented the
effects of UCS on glycemia without effects on zebrafish weight. In all doses, liraglutide per se
did not alter the glycemia (see Fig. S1). In higher doses, the drug affected the weight gain after
7-days treatment (Fig. S1). Although liraglutide induces a clear meal-dependent hypoglycemic
effect in mammals through interaction with GLP-1R, the peripheric effects of GLP-1R agonists
in the teleost fish are distinct (MOJSOV, 2000). GLP-1 has a glucagon-like activity in teleost
fish, increasing glycemia through hepatic glycogenolysis and gluconeogenesis, an antagonistic
response to insulin (MOMMSEN; ANDREWS; PLISETSKAYA, 1987; PLISETSKAYA; MOMMSEN,
1996; YEUNG et al., 2002). Despite this divergent response between mammals and fish, the
central effects are conserved, as GLP-1 controls feeding behavior in the same manner in both
groups (SILVERSTEIN et al., 2001; TURTON et al., 1996). Despite the hyperglycemic effects of
GLP1-R activation in zebrafish, here liraglutide prevented the increase in circulating glucose
induced by UCS. Although this may be an unexpected result, the effects of GLP-1R agonists in
zebrafish are poorly understood.

The high comorbidity between mental disorders and diabetes is explained by a myriad
of interactions including central and peripherical factors as a bidirectional association that
results in not only alterations in the glucose and insulin metabolism but also oxidative damage
and inflammation (CARTER; SWARDFAGER, 2016; GRIGOLON et al., 2019; NEFS et al., 2012,
2019). The role of GLP-1 in the stress response is recent (GHOSAL; MYERS; HERMAN, 2013).

Few studies have investigated GLP-1R agonists' effects in acute/chronic stress, even in mice
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and rats. In zebrafish, we suggest liraglutide improves the global stress response, and these
effects can be explained, at least in part, by its antioxidant effects, but the mechanisms need

to be better studied.

5. CONCLUSION

Liraglutide is part of a new generation of drugs approved for glycemic control in
diabetic patients. Recent findings suggested GLP-1R agonists may be effective in treating
mental disorders, but only a few studies assessed their effects in stress-related mental
disorders. Our study adds to a growing body of literature demonstrating GLP-1R agonists' role
in modulating behavior and homeostasis after acute or chronic stress. Whereas diabetic
patients are prone to developing mental disorders, a drug able to treat both conditions would
reduce costs, adverse effects, and nonadherence to treatment. Therefore, GLP-1R agonists
are potential candidates to be repurposed for mental disorders; however, more studies are

necessary to elucidate the mechanisms of liraglutide in preclinical and clinical studies.
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4 DISCUSSAO

Os resultados obtidos neste trabalho demonstraram o0s efeitos
comportamentais e bioquimicos da liraglutida em peixes-zebra adultos. Inicialmente,
foi realizada uma avalicdo dos efeitos do farmaco em dois protocolos (NTT e LDT) a
fim de averiguar parametros locomotores, exploratérios e de ansiedade. Finalmente,
considerando a comorbidade entre diabetes e transtornos relacionados ao estresse,
como ansiedade e depressao, estudamos os efeitos da liraglutida em modelos de
estresse agudo e crénico.

Dentre os resultados obtidos, foi possivel observar pela primeira vez que a
liraglutida possui efeito tipo-ansiolitico no teste de claro/escuro quando administrada
de forma aguda em machos. N&o foram observados efeitos nos testes de tanque novo
e no teste de estresse agudo por contencdo. Além disso, o tratamento crénico com
liraglutida ndo induz per se alteracdes comportamentais no teste de tanque novo nem
na glicemia. Apesar da tendéncia do farmaco em bloquear os efeitos do ECI no ganho
de peso dos animais, nao foram observados efeitos significativos, exceto para o efeito
principal do tempo. Quando avaliado os efeitos da liraglutida frente ao ECI nos testes
de OTT, Sl e NTT, nos dois ultimos, liraglutida nao preveniu os efeitos do estresse, ja
no OTT foram observadas alteracdes significantes, bem como nos testes bioquimicos
e na glicemia.

No teste de tanque novo, o tratamento agudo com liraglutida ndo afetou a
locomocgédo e a atividade exploratdria dos animais, avaliados pela distancia total e
namero de cruzamentos entre as diferentes zonas do aquario (inferior, média e topo).
Além disso, a liraglutida ndo mostrou per se efeito tipo-ansiolitico, avaliado através do
namero de entradas e tempo no topo do aquario. Estudos ja demonstraram que
ansioliticos como a fluoxetina, clonazepam, diazepam, buspirona aumentam o nimero
de entradas e o tempo de permanéncia na zona superior do aquario (EGAN et al.,
2009; GEBAUER et al, 2011; SCHAEFER et al, 2015) enquanto que
farmacos/drogas (cafeina, MDMA) ou intervengcfes ansiogénicas (estresse por
perseguicdo, exposicdo a substancia de alarme, retirada de alcool) diminuem o
namero de entradas e o tempo de permanéncia na zona superior do aquario (EGAN
et al., 2009; MARCON et al., 2019; PANCOTTO et al., 2018; RIHEL et al., 2010).
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No teste de claro/escuro, o tratamento com liraglutida (50, 100 e 200 pg/kg) nao
alterou os parametros avaliados. Entretanto, quando os dados foram separados por
sexo, macho tratados com a maior dose (200 pg/kg) aumentaram o tempo de
permanéncia no lado claro do aparato, indicando efeito tipo-ansiolitico. E importante
ressaltar, que em nenhuma das doses testadas observou-se alteracdo na atividade
locomotora dos animais. O teste de claro/escuro € amplamente utilizado para
avaliacdo de compostos com potencial efeito ansiolitico. Compostos como o0s
benzodiazepinicos (clonazepam, bromazepam, diazepam), fluoxetina, buspirona e
alcool aumentam o tempo de permanéncia de peixes-zebra no lado claro do aparato
(GEBAUER et al., 2011; MAGNO et al., 2015). Além disso, compostos como N-
acetilcisteina e L-acetilcarnitina apresentam o mesmo efeito, apesar de nao
apresentarem efeitos no teste de tanque novo (MARCON et al., 2019; MOCELIN et
al., 2015; PANCOTTO et al., 2018).

O efeito sexo-dependente da liraglutida necessita de melhor investigagéo.
Estudos anteriores em peixes-zebra mostraram que machos sdo geralmente mais
ousados em interacdes sociais do que fémeas (ARIYOMO; CARTER; WATT, 2013;
DAHLBOM et al.,, 2012; MORETZ; MARTINS; ROBISON, 2007), exploram mais
ambientes novos (REOLON et al., 2018), e apresentam maior agressividade e niveis
de cortisol quando expostos ao estresse cronico (RAMBO et al., 2017). Entretanto,
fémeas possuem melhor aquisicdo de memdéria em alguns testes cognitivos como
esquiva inibitéria (REOLON et al., 2018), mas ndo em outros como no labirinto de cruz
elevado (SISON; GERLAI, 2010). Alguns trabalhos mostram que h& respostas
dependente de sexo quando 0s animais sdo expostos a drogas de abuso como a
cocaina, sendo os efeitos da retirada mais intensos e persistentes em machos do que
em fémeas, mas o mecanismo de acao relacionado ainda carece de investigacdo
(LOPEZ PATINO et al., 2008). Portanto, estudos que mostrem diferencas nas
respostas farmacoldgicas entre machos e fémeas nessa espécie S0 escassos e esse
trabalho € o primeiro a mostrar que os machos, mas ndo as fémeas, respondem a
liraglutida no teste de claro/escuro.

No teste de estresse agudo por contencdo, os animais foram mantidos por 90
minutos em um tubo sem possibilidade de movimentagdo. Animais estressados
apresentaram diminuigdo na distancia, nUmero de cruzamentos e aumento do tempo

de permanéncia no topo. Provavelmente o estresse foi tdo intenso que prejudicou a
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capacidade do animal em explorar adequadamente as diferentes zonas do aquério,
causando claro efeito motor. O aumento no tempo de permanéncia no topo n&do pode
ser interpretado como efeito tipo-ansiolitico devido a diminuicdo da capacidade
exploratorio/motora do animal. Os resultados disponiveis na literatura com esse
protocolo sao bastante divergentes. Ghisleni et al. (2012) mostraram que animais
estressados por 90 minutos apresentaram aumento no numero de cruzamentos,
distancia, velocidade média e angulo absoluto de virada. Ja em estudo realizado por
Piato et al. (2011b), animais estressados por 90 minutos apresentaram diminuicao no
tempo de permanéncia na zona superior do aquario, sem efeitos sobre a locomocéo
e comportamento social dos animais. As diferencas observadas nesses trabalhos
podem ser justificadas pelas condi¢cdes experimentais utilizadas como por exemplo, a
forma de quantificacdo dos comportamentos e os diferentes tipos de aparato para
avaliacdo comportamental, entre outras possibilidades. A liraglutida nao foi capaz de
prevenir os efeitos comportamentais induzidos pelo estresse agudo por contencao.

Posteriormente, avaliamos os efeitos da administracdo crénica de liraglutida
sobre parametros comportamentais e bioquimicos em peixes-zebra. A liraglutida nédo
induz alteracfes per se no teste de tanque novo. Além disso, a administracdo cronica
nao afeta a glicemia. Apesar de ser clinicamente utilizada como hipoglicemiante, a
liraglutida ndo causa hipoglicemia em individuos saudaveis (JACKSON et al., 2010;
OSTAWAL et al., 2016). O resultado observado no peso dos animais esta de acordo
com a indicacéo clinica desse farmaco para o tratamento da obesidade. Clinicamente
a dose utilizada para obesidade é de aproximadamente 43 pg/kg/dia. Ainda que os
efeitos sobre 0 peso tenham sido observados nas doses de 100 e 200 pg/kg/dia e nao
na dose de 50 pg/kg/dia, € importante consideramos as diferencas farmacocinéticas
entre as espécies ainda pouco compreendidas.

A avaliagdo dos efeitos da liraglutida no modelo de ECI trouxe achados valiosos
para compreensao da acéo do farmaco no organismo modelo utilizado nesse estudo.
O ECI induz alteragcbes comportamentais, neuroquimicas e moleculares que se
assemelham aos achados clinicos de pacientes com transtornos de ansiedade ou
depressao. Neste trabalho os animais foram submetidos por duas semanas ao modelo
de ECI. No OTT, o ECI diminuiu a distancia percorrida e o angulo absoluto de virada
e aumentou o tempo de imobilidade. A liraglutida foi capaz de bloquear esses efeitos.

Como esperado, no NTT, o UCS diminuiu o tempo na area superior. No teste de
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interacdo social, no entanto, nenhum efeito significativo foi observado. Os resultados
obtidos replicam e reforcam estudos anteriores que mostram que o ECI induz
comportamento semelhante a ansiedade no NTT (MARCON et al., 2019; MOCELIN
etal., 2019; PIATO et al., 2011a). A liraglutida ndo preveniu os efeitos do EIC nos dois
ultimos testes de comportamento. O EIC também aumentou a peroxidacgéo lipidica e
diminuiu os niveis de uma importante defesa antioxidante no cérebro. Estudos
anteriores relataram que o EIC promoveu um desequilibrio no estado oxidativo,
aumentando a lipoperoxidacédo e diminuindo as defesas antioxidantes (MARCON et
al., 2019; MOCELIN et al., 2019). A liraglutida foi capaz de prevenir a peroxidagcéo
lipidica induzida por estresse agudo, mas ndo foi capaz de reverter a lipoperoxidagcao
em animais submetidos ao ECI. Em roedores, ha algumas evidéncias sobre os efeitos
positivos dos agonistas do GLP-1R frente ao estresse crbnico. Por exemplo, a
liraglutida diminuiu fendtipos depressivos induzidos pela administracdo cronica de
corticosterona. Esse efeito pode estar relacionado & modulacdo do eixo HPA (WEINA
et al., 2018). Entretanto, nenhum beneficio do uso de agonistas do GLP-1R em
modelos de depressao / ansiedade foi observado. Quatorze dias de tratamento com
exenatida ou liraglutida ndo afetaram o nivel de ansiedade no LDT, nem induziram um
efeito do tipo antidepressivo no teste de nado forcado em camundongos (KRASS et
al., 2015).

Nesse trabalho, o ECI aumentou a glicemia enquanto a liraglutida preveniu
esse efeito, porém sem efeitos sobre o peso dos peixes-zebra. Quando avaliado per
se, o farmaco nédo alterou a glicemia nas doses testadas (ver Fig. S1). Embora a
liraglutida induza um efeito hipoglicémico dependente da alimentacdo em mamiferos
por meio da interacdo com o GLP-1R, os efeitos periféricos dos agonistas do GLP-1R
nos peixes teledsteos sdo distintos (MOJSOV, 2000). O GLP-1 tem uma atividade
semelhante ao glucagon em peixes teledsteos, aumentando a glicemia por meio da
glicogendlise hepatica e gliconeogénese, uma resposta antag6nica a insulina
(MOMMSEN; ANDREWS; PLISETSKAYA, 1987; PLISETSKAYA; MOMMSEN, 1996;
YEUNG et al., 2002). Apesar dessa resposta divergente entre mamiferos e peixes, 0s
efeitos centrais sdo conservados, pois o0 GLP-1 controla o comportamento alimentar
da mesma maneira em ambos os grupos (SILVERSTEIN et al., 2001; TURTON et al.,
1996). Apesar dos efeitos hiperglicémicos da ativacdo do GLP1-R no peixe-zebra,

aqui a liraglutida evitou o aumento da glicose induzida pelo ECI. Embora este possa
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ser um resultado inesperado, os efeitos dos agonistas do GLP-1R no peixe-zebra
ainda ndo s&o bem conhecidos.

A alta comorbidade entre transtornos mentais e diabetes é explicada por uma
série de interacdes, incluindo fatores centrais e periféricos com uma associacao
bidirecional que resulta ndo apenas em alteragbes no metabolismo de glicose e
insulina, mas também em danos oxidativos e inflamacéo (CARTER; SWARDFAGER,
2016; GRIGOLON et al.,, 2019; NEFS et al., 2012, 2019). O papel do GLP-1 na
resposta ao estresse é recente (GHOSAL; MYERS; HERMAN, 2013). Poucos estudos
investigaram os efeitos dos agonistas do GLP-1R frente ao estresse agudo/cronico,
mesmo em modelos animais. No peixe-zebra, sugerimos que a liraglutida melhora a
resposta geral ao estresse, e esses efeitos podem ser explicados, pelo menos em
parte, por seus efeitos antioxidantes, porém os mecanismos precisam de uma maior

investigacao.
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5 CONCLUSAO

Os resultados demonstram, pela primeira vez, que a liraglutida € capaz de
prevenir os efeitos comportamentais, bioquimicos e fisioldgicos induzidos por estresse
em peixes-zebra e fornecem evidéncias que justificam a continuidade dos estudos
avaliando os efeitos da liraglutida em transtornos mentais associados ao estresse.

O peixe-zebra é um organismo modelo adequado para estudos sobre o
reposicionamento de farmacos, bem como para a elucidacdo dos mecanismos

neurobioldgicos envolvidos nos transtornos causados pelo estresse.
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Fig. S1. Experimental design (S1A). Effects of liraglutide (LIR; 50, 100, and 200 pg/kg) on behavior (distance
traveled [S1B], number of crossings [S1C], entries [S1D] and time [S1E] in the top area in the novel tank test).
Figures S1F and S1G show the effects of liraglutide (50, 100, and 200 pg/kg) on blood glucose and weight. Data
are expressed as mean * S.E.M. One-way ANOVA/Tukey (n=14-16). Bodyweight was analyzed by two-way
ANOVA/Tukey (n=4).
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Figure S1 shows the chronic effects of liraglutide on behavioral, blood glucose, and
weight parameters. Figure S1A represents experimental design. One-way ANOVA followed by
Tukey post hoc analysis showed no significant effects of liraglutide treatment on the
behavioral parameters in the NTT (Fig. S1B-D). Regarding blood glucose, one-way ANOVA did
not reveal any effects of liraglutide after seven days of treatment (Fig. S1F). Two-way ANOVA
revealed a main effect of treatment, where animals treated with the highest doses of

liraglutide (100 and 200 pg/kg) had lower bodyweights as compared to controls (Fig. S1G).
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Table. S1. Schedule and stressors of the unpredictable chronic stress protocol.



