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RESUMO
ESTUDO DA TOXICIDADE DO CLIOQUINOL SOBRE O DESENVOLVIMENTO
EMBRIONARIO DO PEIXE-ZEBRA.
AUTORA: Ingrid Kich da Silva
ORIENTADOR: Prof. Dr. Jeferson Luis Franco

O Clioquinol (CQ) pertence a classe dos agentes anti-infecciosos e antimicrobianos. Nos
anos 70, o CQ foi retirado do mercado devido a relatos de neurotoxicidade em pacientes no
Japdo, e por estar associado a manifestacdo de uma sindrome neurodegenerativa (SMON).
Apesar da exclusdo do farmaco para tratamentos via oral, as formulagcdes tdpicas para
tratamento de infec¢des flingicas e parasitdrias continuaram disponiveis. Atualmente, o CQ
estd disponivel como antibidtico topico sob o nome comercial Vioformio®. Dada a potencial
reintroducio de formulacdes orais do CQ para novas indicacdes, uma melhor compreensao de
sua toxicidade se faz necessdria. Este estudo pretende aprofundar o conhecimento sobre a
potencial toxicidade induzida pelo CQ avaliando seus efeitos sobre o desenvolvimento
embriondrio do peixe-zebra (Danio rerio). Os embrides foram expostos as concentracdes de
0,5, 1,0, 1,5 e 2,0 pug/ml do CQ, durante 168 horas, avaliando-se ao final dos tratamentos
parametros fisioldgicos, morfolégicos e comportamentais. Verificou-se que o CQ exibe um
amplo espectro de toxicidade e que provoca 100% de mortalidade ja nas primeiras 48 horas
nas concentragdes de 1,5 e 2,0 ug/ml. Além disso, observamos um atraso na taxa de eclosao
avaliada apds 72 horas da exposicdo a concentracdo de 1 pg/ml, além disso, nas
concentracoes de 0,5 e 1,0 ug/ml foram observados quatro principais tipos de anormalidades
morfoldgicas. O comportamento exploratério das larvas também foi examinado em 7 dpf para
determinar se a exposicdo ao CQ poderia alterar a locomocdo e orientagdo das larvas. Os
ensaios de comportamento foram avaliados somente na concentracao de 0,1 pg/ml, na qual as
alteracdes morfoldgicas ndo foram severas em relacdo as demais concentracOes testadas. A
exposicdo ao CQ nesta concentracdo foi capaz de alterar o padrdo de natacdo das larvas, e
com isso sugerimos que alteracdes locomotoras apresentadas pelas larvas podem estar
associadas a danos causados pelo CQ durante o desenvolvimento embrio-larval. Em suma,
este estudo demonstra de forma inédita a potencial embriotoxicidade induzida pelo CQ em

peixe-zebra.

Palavras-chave: Antimicrobiano; Zebrafish; Embriologia; Efeito téxico;



ABSTRACT
STUDY OF CLIOQUINOL TOXICITY ON EMBRYONIC DEVELOPMENT OF
ZEBRAFISH.
AUTHOR: Ingrid Kich da Silva
ADVISOR: Prof. Dr. Jeferson Luis Franco

Clioquinol (CQ) belongs to the class of anti-infective and antimicrobial agents. In the
1970s, CQ was withdrawn from the market due to reports of neurotoxicity in patients in
Japan, and being associated with the manifestation of a neurodegenerative syndrome
(SMON). Despite the exclusion of the drug for oral treatments, topical formulations for
treating fungal and parasitic infections remained available. CQ is currently available as a
topical antibiotic under the tradename Vioformi®. Given the potential reintroduction of oral
QC formulations for novel indications, a better understanding of its toxicity is needed. This
study intends to enhance our knowledge about the potential toxicity caused by CQ evaluating
its effects on the embryonic development of zebrafish (Danio rerio). The embryos were
exposed the concentrations of 0.1, 0.5, 1.0, 1.5 and 2.0 pg/ml of the CQ for 168 hours,
evaluating the physiological, morphological and behavioral parameters. It was found that CQ
exhibits a wide spectrum of toxicity and causes 100% mortality in the first 48 hours at
concentrations of 1.5 and 2.0 pg/ml therefore; these concentrations were excluded from
further evaluations. We observed a delay in hatching rate evaluated after 72 hours of exposure
to 1 pug/ml; in addition, at the concentrations of 0.5 and 1.0 ug/ml, four main types of
morphological abnormalities were observed. The exploratory behavior of the larvae was also
examined in 7 dpf (days after fertilization) to determine if the exposure to CQ could alter the
locomotion and orientation of the larvae. The behavior was evaluated only at the lowest CQ
concentration tested in which the morphological alterations were not severe. Exposure of
larva to CQ 0.1 pg/ml resulted in altered swimming patterns and it is suggested that the
observed locomotor alterations may be associated with damage caused by CQ. In summary,

this study is the first to demonstrate the potential embryotoxicity induced by CQ in zebrafish.

Keywords: Antimicrobial; Zebrafish; Embryology; Embryotoxicity;
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1 APRESENTACAO

A presente dissertagcdo esta estruturada na seguinte forma: primeiramente € apresentada a
introducao que inclui uma revisdo da literatura sobre os temas abordados no estudo e seus
objetivos. A seguir, as metodologias, resultados ¢ a discussdo, que contém uma andlise
integrada dos resultados obtidos, estdo apresentados no item manuscrito na qual refere-se ao
estudo desenvolvido que estd submetido a publicac@o. Por fim, a conclusao e as perspectivas
apresentam possibilidades de novos estudos a partir dos resultados obtidos. As referéncias
bibliograficas apresentadas no final da dissertacdo referem-se s citagdes que aparecem no

item introducdo.
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2 INTRODUCAO

2.1 CLIOQUINOL E SEUS EFEITOS BIOLOGICOS CONHECIDOS

O Clioquinol (5-cloro-7-iodo-quinolin-8-ol) (CQ) (figura 1), ¢ um derivado halogenado da
8-hidroxiquinolina de peso molecular 305,499 g/mol, que pertence a classe dos agentes
quimioterdpicos e a familia dos compostos farmacéuticos chamados de anti-infecciosos que
sdo agentes antimicrobianos que previnem infec¢des ou a sua propagacdo, através da
eliminagdo ou inibicdo da multiplicagdo de um micro-organismo. (GHALKHANT et al.,

2011).
Figura 1: Estrutura quimica do Clioquinol;

OH

/

Cl

Fonte: https://www.sigmaaldrich.com/

O CQ foi inicialmente produzido como antisséptico em meados de 1934,
comercializado como antibidtico para tratamento de doencas intestinais como diarreia crOnica
inespecifica, diarreia do viajante, entre outras (FLEESON et al., 2017). Nos anos 1950-1970,
foi utilizado como um agente anti-parasitario oral para o tratamento e prevenciao da amebiase
intestinal, mas seu mecanismo de acdo como antimicrobiano era desconhecido
(GHALKHANI et al., 2011; YASSIN et al., 2000). Nos anos 70, formugades orais do CQ
foram retiradas do mercado devido a relatos de neurotoxicidade em pacientes japoneses e por
existir uma relagdo entre uma sindrome neurodegenerativa, conhecida como neuropatia mielo-
Optica subaguda (SMON), e a administracdo do CQ (MAO; SCHIMMER, 2008; YASSIN et
al.,, 2000). No entanto, as formulacOes tOpicas para tratamento de infecgdes fungicas e
parasitdrias continuaram disponiveis.

Sabe-se que esta sindrome, SMON, envolve o inicio subagudo de distirbios motores e
sensoriais de membros inferiores e deficiéncia visual, mas ainda existem muitas controvérsias
quanto a sua associacdo ao uso do CQ (OLIVERI; VECCHIO, 2016). Estudos da anélise

epidemolodgica contrariaram os dados que relacionavam a SMON e o uso oral do CQ ou a
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uma férmula diferente do medicamento usado no Japao uma vez que, nos outros paises a taxa
de incidéncia da doenga era quase nula, e associaram o aparecimento da sindrome a uma
deficiéncia de vitamina B12 (MAO; SCHIMMER, 2008; MEADE, 1975; NAKAE, 1973).
Outro estudo demonstra que o tratamento cronico com o CQ poderia alterar a homeostase
tecidual de vitamina B12 no cérebro de camundongos tratados com o CQ (YASSIN et al.,
2000). Além de seu uso como antimicrobiano, formulac¢des orais do CQ e alguns anédlogos,
tem mostrado potencial efeito para o tratamento de patologias ndo infecciosas como, por
exemplo, a doenca de Alzheimer (HUNG; BARNHAM, 2012), e doenca de Parkinson
(FINKELSTEIN et al., 2016; LEI et al., 2015).

Apesar da eficidcia demonstrada no tratamento das doengas de Alzheimer e Parkinson,
os mecanismos envolvidos nos possiveis efeitos neuroprotetores de formulagdes orais do CQ
permanecem ainda pouco claros. Uma vez que pesquisas terapéuticas com formulagdes orais
tém sido bastante exploradas, o seu uso sist€émico recebeu nova atenc¢do. Atualmente, o CQ
estd disponivel como antibidtico tépico sob 0 nome comercial Vioformio® (WEHBE et al.,
2017). O Vioférmio tem como substancias ativas o clioquinol e a hidrocortisona, e cada
grama de creme contém 30 mg de CQ e 10 mg de hidrocortisona. Sua administra¢do ocorre
através da pele, apds aplicagdo tdpica, e sua eliminagdo ocorre pela via urindria.

Dado o potencial de reintroducdo de formulacdes orais para novas indicagdes,
precisamos de uma maior compreensao de sua toxicidade, bem como avaliagdes bioldgicas e
toxicoldgicas do CQ. Além disso, embora sua atividade antifingica ja seja bastante
conhecida, ainda ndo existem estudos consistentes sobre o modo de agcdo e o grau de

toxicidade deste farmaco.

2.2 PEIXE-ZEBRA COMO ORGANISMO MODELO

O peixe-zebra, Danio rerio (Teleostei, Cyprinidae) € uma espécie de peixe teledsteo (3-
4cm) de dgua doce, nativo do sul e sudeste asidtico, origindrio das partes baixas dos principais
rios da India, Bangladesh e Nepal, regides que apresentam clima tropical. E conhecido
popularmente no mundo como zebrafish, e no Brasil como paulistinha. Foi introduzido nas
pesquisas cientificas como modelo animal por George Streisinger em 1981 (DAMMSKI et
al., 2011; GRUNWALD, 2002).

O peixe-zebra surgiu como organismo modelo para estudos de descoberta de novas drogas
e biosseguranca e porque desenvolvem a maioria dos 6rgaos encontrados em mamiferos,
incluindo os dos sistemas nervoso, digestivo, reprodutivo, imunoldégico, excretor e

cardiovascular (BAMBINO; CHU, 2017). A combinacdo entre seus mais variados aspectos
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bioldgicos faz deste um dos mais importantes modelos de organismos vertebrados para
pesquisas bioldgicas. Caracteriza-se por ser um modelo animal que vem se destacando no
ponto de vista cientifico em todas as suas fases de desenvolvimento, tanto usado para
pesquisas sobre o potencial farmacolégico de novas drogas, como na toxicologia de
contaminantes ambientais, embriologia, biologia do comportamento, entre vdrias outras
(COSTA-SILVA et al., 2018; CRETON, 2011; DAMMSKI et al., 2011; LI et al., 2018).

O peixe-zebra, assim como outros peixes, passa pelos estdgios larval, juvenil e adulto, se
desenvolve rapidamente a partir de um zigoto de uma célula que fica no topo de uma grande
célula de vitelo. A figura 2 demonstra os diferentes estdgios de desenvolvimento do peixe-
zebra, o ovo recém-fertilizado, as 4 hpf, através da conclusdo do primeiro ciclo zigético.
Aproximadamente as 6 hpf inicia o processo de formacgao da géstrula e neste periodo ocorre a
diferenciacao celular do tecido que é responsdvel pela origem do sistema nervoso, movendo-
se para as mais distintas regides do embrido, e ainda acontecem 0s movimentos
morfogenéticos de involugdo, convergéncia e extensdo, até o final da epibolia. Ao final deste
periodo, aproximadamente as 10 hpf ocorre a formagao do tubo neural e subdivisdo do mesmo
em regioes que dardo origem as divisdes cerebrais. O periodo de faringula ocorre entre 24 e
48 hpf, nesta fase € possivel observar os primeiros movimentos esponténeos que ocorrem
ainda dentro do cérion (membrana que reveste o embrido), o eixo do corpo se endireita a
partir de sua curvatura inicial sobre o saco vitelinico. Os precursores de todos os principais
orgdos do peixe-zebra aparecem dentro de 36 horas apds a fecundagdo. A eclosdao dos
embrides, por sua vez, acontece entre 48 e 72 hpf, neste periodo acontece a conclusdo da
morfogénese e o inicio do desenvolvimento de cartilagem na cabeca, a eclosdao ocorre de
forma assincrona. Aproximadamente as 72 hpf as larvas comec¢am a nadar, a bexiga natatdria
infla gradualmente e iniciam os comportamentos de procura de alimentos e evasdo ativa

(KIMMEL C., BALLARD W., KIMMEL S., ULLMAN B., 1995).



17

Figura 2: Estagios de desenvolvimento embrio-larval de peixe-zebra.

Shpf 24hpf 48hpf T2 hpf
Fonte: Adaptado e modificado (KIMMEL C., BALLARD W., KIMMEL S., ULLMAN B., 1995);

Durante o estigio embrio-larval, as larvas de peixe-zebra apresentam um tamanho
relativamente pequeno (4-5 mm), facil absor¢do de compostos adicionados diretamente &
agua, facil manejo e manutencdo, todos estes aspectos aperfeicoam o uso das drogas de estudo
e também possibilitam uma menor producdo de residuos (GOLDSMITH, 2004; D’COSTA;
SHEPHERD, 2009). Vertebrados inferiores, como embrides, larvas e adultos (figura 3) de
Danio rerio (zebrafish) tém sido bastante utilizados como modelo de toxicidade e
teratogénese. O desenvolvimento do zebrafish é rapido, uma vez que a maioria dos 6rgaos €
formada durante o desenvolvimento precoce do embrido (RACZ et al., 2017). Essa é uma
vantagem interessante, porque os embrides de zebrafish até 5 dias pds- fertilizacdo nao sao
considerados animais e, portanto, experimentos realizados durante esta etapa de
desenvolvimento ndo requerem regulamentos éticos (RACZ et al., 2017; SCORZONI et al.,
2017).
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Figura 3: Peixe-Zebra adulto. As fémeas adultas de peixe-zebra (individuo superior) podem ser facilmente

diferenciadas dos machos (individuo inferior) por suas barrigas estendidas e pela falta de tonalidade avermelhada

ao longo das linhas longitudinais prateadas;

Fonte:(BRAUNBECK et al., 2005);

O fato dos embrides serem transparentes torna possivel a visualizagdo de diferentes
estdgios de desenvolvimento (figura 3), bem como a realizacdo de “endpoints” morfoldgicos,
fisioldgicos e comportamentais. Sua transparéncia também nos permite também observar
desfechos morfolégicos tao rapidamente quanto as primeiras 24 hpf (COSTA-SILVA et al.,
2018; KIMMEL C., BALLARD W., KIMMEL S., ULLMAN B., 1995).

O estudo do genoma do peixe-zebra foi concluido em 2013 e demonstrou que 71% dos
genes que codificam proteinas no genoma humano sio relacionados a genes encontrados no
genoma do peixe-zebra, sendo 84% destes conhecidos por serem associados a doencgas
humanas (HOWE et al., 2013).

Recentemente, o peixe-zebra também surgiu como sistema modelo para estudar o
comportamento. Mesmo que a maioria dos estudos esteja focada no comportamento do peixe-
zebra adulto, alguns comportamentos se desenvolvem precocemente e podem ser observados
durante a primeira semana de desenvolvimento (CRETON, 2011). O perfil comportamental ¢
muito dtil para modelar os efeitos sobre a atividade cerebral, e tem sido usado recentemente

para identificar os supressores fenotipicos do autismo em um modelo genético de
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hiperatividade do peixe-zebra (HOFFMAN et al., 2016). As larvas de peixe-zebra sdo ideais
para anélises do comportamento de vertebrados e seu comportamento pode ser monitorado em
placas com multiplos pogos, e permite uma triagem sistematica dos genes, farmacos e
substancias toxicas que possam influenciar o comportamento (CRETON, 2011). Diversos
estudos t€ém demonstrado que o peixe zebra adulto apresenta um repertério comportamental
bastante complexo, onde a exposicdo a agentes estressores pode evocar medo ou
comportamento tipo-ansiedade facilmente quantificiveis através de exploracdo reduzida,
aumento da escototaxia (aversdo a ambientes claros), geotaxia (resposta de mergulho),
tigmotaxia (preferéncia pela periferia do tanque), congelamento (imobilidade junto a aumento
da frequéncia respiratdria), movimentos errdticos (repentinas mudancas bruscas de velocidade
e direcio do nado), preferéncia por coespecificos e/ou agressividade (BLASER;
ROSEMBERG, 2012; KALUEFF et al., 2013; ROSEMBERG et al., 2011; EGAN, et al.,
2010).

Figura 4: Ciclo de desenvolvimento do peixe-zebra. Apds o acasalamento a fecundacdo é externa, a fémea
libera os ovos que sdo imediatamente fecundados pelo macho. O animal se desenvolve rapidamente a partir de
um zigoto de uma célula que fica no topo de uma grande célula de vitelo. A gastrulacio comecga
aproximadamente 6 horas apds a fertilizacao, eclodindo aos 2 dias como uma larva de natacdo livre. O peixe-

zebra atinge a maturidade sexual por volta dos 3 meses de idade e pode viver até 5 anos

30 minutos
apos a fertilizacdo

7 .

y—— : — Clivagem
v i‘-——"-— o
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O uso de organismos modelos tradicionais para o estudo de acdo de farmacos é
considerado uma estratégia bastante eficaz. No entanto, varios estudos recentes tém buscado
desenvolver métodos para estudos em grande escala utilizando organismo modelo como o
peixe-zebra (BRUNI; LAKHANI; KOKEL, 2014). Devido as diversas vantagens
apresentadas, o desenvolvimento embrio-larval do peixe-zebra apresenta suficiente

relevancia.

2.3 TESTE DE TOXICIDADE AGUDA EM EMBRIOES DE PEIXES (FET) COMO
POTENCIAL ALTERNATIVA PARA ESTUDO DE TOXICIDADE EM PEIXE-ZEBRA

Em maio de 2013, o teste de toxicidade aguda em embrides de peixe (FET) foi aprovado
pelo Grupo de Trabalho dos Coordenadores Nacionais (WNT) do Programa de Orientacdo de
Testes da OECD e publicado como diretriz de teste da OECD 236 em julho de 2013 (OECD
2013). O teste de toxicidade aguda em embrides de peixes (Fish Embryo Test — FET) foi
desenvolvido para determinar a toxicidade aguda de produtos e compostos quimicos em
estdgios embriondrios de peixes (OECD, 2013).

Nas estratégias convencionais que envolvem ensaio de ecotoxicidade para o ambiente
aquético, os peixes sao um componente indispensavel (LAMMER et al., 2009). O teste de
efluentes com embrides de peixe-zebra foi padronizado em nivel internacional
(BRAUNBECK et al., 2015), e uma versao modificada foi submetida pela Agéncia Federal
Alema de Meio Ambiente (UBA) como uma diretriz preliminar para uma alternativa aos
testes quimicos com peixes (THOMAS BRAUNBECK; EVA LAMMER, 2005). Os embrides
de peixe-zebra sdo considerados modelos alternativos no contexto da legislacdo europeia
(LAMMER et al., 2009; OECD, 2013). O FET tem sido um componente obrigatdrio na rotina
de testes de efluentes na Alemanha desde 2005 e ja € utilizado como padrdo em nivel
internacional (LAMMER et al., 2009).

Atualmente, o FET € a abordagem alternativa mais promissora para o teste classico de
toxicidade aguda em peixe. O FET também representa um refinamento no sentido do
principio dos 3Rs. O esquema de procedimento de exposicdo dos embrides (figura 4)
demonstra como ¢ feita a exposicdo e selecao dos ovos de peixe-zebra recém-fertilizados que
serdo expostos ao produto quimico ou compostos de interesse da pesquisa, por um periodo de
96 horas. A cada 24 horas, quatro observacdes sao registradas como indicadores de letalidade:

coagulacdo de ovos fertilizados, falta de formagdo de somitos, falta de deslocamento da cauda
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e falta de batimento cardiaco. A toxicidade aguda € determinada com base em um resultado

positivo em qualquer uma das quatro observacoes registradas.

Figura 5: Esquema de procedimento de exposicdo dos embrides (da esquerda para a direita): producdo de ovos,
recolha dos ovos, pré-exposicdo em recipiente de vidro, selecio de ovos fertilizados com microscépio e

distribuicdo de ovos fertilizados em placas de 24 pogos;
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Fonte: Adaptado e traduzido. (OECD, 2013);
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Avaliar a potencial embriotoxicidade induzida por CQ em peixe-zebra (Danio rerio).

3.2 OBJETIVOS ESPECIFICOS

3.2.1 Manuscrito
- Determinar as concentracdes potencialmente toxicas do CQ em peixe-zebra através de

curva de sobrevivéncia;

- Avaliar possiveis alteragdes fisiologicas e morfoldgicas como parametros de toxicidade

durante o desenvolvimento embriondrio de peixe-zebra;

- Avaliar possiveis alteracoes comportamentais como marcadores de toxicidade frente a

exposicao de peixe-zebra ao CQ.
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Abstract:

Clioquinol (CQ) belongs to the 8-hidroxiquinoline family of antimocrobial agents. In the
1970s, CQ was withdrawn from the market due to reports of neurotoxicity in humans. Despite
the exclusion of the drug for oral treatments, topical formulations for treating fungal and
parasitic infections remained available. Given the potential reintroduction of oral CQ
formulations for novel indications, a better understanding of its toxicity is needed. This study
aimed to investigate the potential toxicity caused by CQ on the embryonic development of
zebrafish. The embryos were exposed the concentrations of 0.1, 0.5, 1.0, 1.5 and 2.0 ug/ml of
the CQ for 168 hours, evaluating the physiological, morphological and behavioral parameters.
It was found that CQ exhibits toxicity and causes 100% mortality in the first 48 hours at
concentrations of 1.5 and 2.0 pg/ml. We observed a delay in hatching rate evaluated after 72
hours of exposure to 1 pg/ml; in addition, at the lower concentrations morphological
abnormalities were observed. The exploratory behavior was also examined in 7 dpf (days
after fertilization) to determine if the exposure to CQ could alter the locomotion and
orientation of the larvae. The behavior was evaluated only at the lowest CQ concentration
tested in which the morphological alterations were not severe. Exposure of larva to CQ 0.1
pg/ml resulted in altered swimming patterns and it is suggested that the observed locomotor
alterations may be associated with damage caused by CQ. In summary, this study is the first

to demonstrate the potential embryotoxicity induced by CQ in zebrafish.

Keywords: Antimicrobial; 8-hydroxyquinoline; Embryology; Embryotoxicity;
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1. Introduction

Clioquinol (5-chloro-7-iodo-quinolin-8-ol) (CQ) is a halogenated derivative of 8-
hydroxyquinoline with molecular weight 305.499 g/mol, belonging to a class of
chemotherapeutic agents and to the family of pharmaceutical compounds called antimicrobial
agentes, that prevent infections or their spread by eliminating or inhibiting the multiplication
of microorganisms (Ghalkhani ef al. 2011). CQ was initially produced as an antiseptic in
1934, marketed as an antibiotic for the treatment of intestinal diseases such as chronic non-
specific diarrhea, traveler's diarrhea, among others (Bareggi and Cornelli 2012). In the 1950s
and 1970s, it was used as an oral anti-parasitic agent for the treatment and prevention of
intestinal amebiasis, but its mechanism of action as an antimicrobial was unknown (Yassin et
al. 2000, Ghalkhani et al. 2011). In the 1970s oral CQ was withdrawn from the market due to
reports of neurotoxicity in Japanese patients and a relationship between a neurodegenerative
syndrome known as subacute myelo-optic neuropathy (SMON) and the administration of CQ
(Yassin et al. 2000, Mao and Schimmer 2008). However, topical formulations for the
treatment of fungal and parasitic infections remained available.

Currently, CQ is available as a topical antibiotic under the trade name Vioform® (Wehbe
et al. 2017). In addition to its antimicrobial use, CQ and some analogues have shown potential
effect for the treatment of non-infectious diseases such as Alzheimer's disease (Hung and
Barnham 2012), and Parkinson's disease (Lei et al. 2015, Finkelstein et al. 2016). Despite the
efficacy demonstrated in the treatment of some diseases, the mechanisms involved in the
neuroprotective effects of in vivo CQ remain unclear. Since therapeutic research with CQ has
been extensively explored, its systemic use has received new attention. Given the potential for
reintroduction of oral formulations to new indications, a better understanding of its
toxicology, as well as biological and toxicological evaluations of CQ itself and its analogues
are needed. In addition, although the antifungal activity of CQ is already known, consistent
studies on the mode of action and degree of toxicity of this drug are not yet available.

Zebrafish (Danio rerio) have emerged as powerful models for drug discovery and
biosafety studies because they develop most of the organs found in mammals, including the
nervous, digestive, reproductive, immune, excretory, and cardiovasculares systems (Bambino
and Chu 2017). The combination of excellent embryology and the powers of genetic
manipulation make this species one of the most important models of vertebrate organisms for
biological research. It is characterized by being an animal model with outstanding vantages, in

all its phases of development, for research on the pharmacological potential of new drugs, as
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in the toxicology of environmental contaminants, embryology, behavioral biology, among
others (Creton 2011, Dammski et al. 2011, Costa-Silva et al. 2018, Li et al. 2018). The fact
that the embryos are transparent makes it possible to visualize their development, as well as
the evaluation of different endpoints such as mortality, heart rate, somites formation, hatching
rate (Kimmel C., Ballard W., Kimmel S., Ullman B. 1995, Dennis and Silva 2018).

Recently, zebrafish has also emerged as a model system for studying behavior, even
though most studies are focused on the behavior of adult zebrafish, some behaviors develop
early and can be observed during the first week of development (Creton 2011). The
behavioral profile is very useful for modeling effects on brain activity (Hoffman et al. 2016),
that may be influenced by exposure to drugs and toxic substances (Colwill and Creton 2011).
The use of traditional models for the study of drug action is considered a very effective
strategy. However, several recent studies have sought to develop methods for large-scale
studies using models such as zebrafish (Bruni et al. 2014). Due to the several advantages
presented, the aim of this study was to evaluate the effects of embryonic CQ exposure during

embryo-larval zebrafish development.

2. Materials and methods

2.1  Zebrafish husbandry and egg collection

The zebrafish husbandry was approved and regulated by the institution's ethics committee
(protocol 003-2016). Briefly, adult zebrafish, wild type, were purchased from a local supplier
and maintained under suitable conditions in a Zebtec® recirculation system, following
parameters considered essential for a good quality of life: pH 7.2 + 0.5, 400 £ 50 puS
conductivity, 28 + 1 °C), photoperiod of 14 hours light and 10 hours dark, feeding with
commercial flocked feed and live food (Artemia salina) four times a day, according to
previously established protocols (WESTERFIELD, 2000).

Male and female with a 2:1 ratio were paired overnight. In the next morning, the
reproduction was induced. Prior to exposure, fertilized eggs from natural crosses were
examined under a 2 hpf stereomicroscope. Embryos with normal zygomatic stage were
selected. After reproduction, maintenance and selection, the embryos were kept in a BOD

(Biochemical Oxygen Demand) incubator at 28 °C until exposure and after the experiment.
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2.2 Treatments

Figure 1: Timeline of exposure and subsequent experiments.

50 @®

3-6 hpf 24hpf 48hpf 72hpf 96hpf 120hpt 144hpt 168hpt
Exposure Survival; Survival, Survival; Survival; Survival; Survival; Survival:
fo CQ: Hatching rate; Morfological Behavioral
changes; analyzes;

CQ (CAS Number: 130-26-7) was purchased by Sigma Aldrich. A stock solution of the
QC was prepared in dimethylsulfoxide (DMSO) and diluted in Zebtec® water (maximum
concentration of 0.005% DMSO) to the subsequent exposures. Embryos (3 hpf) were exposed
to CQ in 24-well plates at reched168 hpf randomly distributed at the concentrations of 0, 0.1,
0.5, 1, 1.5 and 2 pg/ml. Each well contained 2.5ml of solution and 5 embryos. Briefly, figure
1 show the experimental timeline of CQ exposure and subsequent experiments.
Toxicological assays were based on the OECD guidelines for the testing of chemicals 236 —

Fish Embryo Acute Toxicity (FET) Test (OECD 2013), with some modifications.

2.3  Survival curve, hatching rate and morphology

Embryos exposed to CQ were monitored daily during the whole exposure period, the
survival curve of the embryos was analyzed according to the individuals' unviability by
observation of egg coagulation and absence of heart beat. One of the parameters considered
for the acceptability of the assay is control survival with dilution water of > 90% (OECD
2013).

The hatching rate was evaluated at 72 hpf and quantified based on the percentage of
living individuals. The morphology was analyzed at 96 hpf, in this period the embryo begins
its swimming process, therefore, a 3% methyl cellulose solution was used to decrease its
movement. Parameters such as body size, eye area, pericardial edema area, area of yolk sac
edema and distortion of the body axis were evaluated. All parameters described herein were
evaluated according to previously published protocols (WESTERFIELD, 2000). The images
were obtained on a Carl Zeiss Stemi 2000-C stereomicroscope coupled to a HD Lite 1080 P,
1.25 x zoom and analyzed using the Image J software. The biomarkers results were applied

into the “integrated biomaker response” (IBR) (Beliaeff, BENOIT;Burgeot 2002). For IBR
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calculation, the ratio between morphological changes among groups following described by

Sanchez et al. (2013).

2.4  Behavioral analyzes

The exploratory behavior of the larvae was based on Colwill and Creton (2011) and
evaluated at 7 dpf. Only the larvae that resisted until the final exposure period and did not
undergo severe morphological changes were submitted to the behavioral tests.. Each larva
was individually placed in a well of a 24-well cell culture plate containing 2 mL of water per
well, and the total distance traveled, absolute body turn angle, the max speed and immobile
episodes of each animal were evaluated. The immobile episode was characterized by total loss
of movement for two seconds. After a 60-s habituation, the sessions were filmedand recorded
for five minutes for later analysis using ANY-Maze software (Stoelting Co., Wood Dale, 1L,
USA), which is able to trackthe swimming activity of the animals at a rate of 15 positions

persecond.

2.5  Statistical analysis

The data will be submitted to the D'Agostino & Pearson, Shapiro-Wilk and Kolmogorov
Smirnov normality tests. The results obtained were expressed as mean + standard error
(S.E.M.). Non-parametric data were analyzed using the Mann Whitney test. The parametric
data were analyzed by the One-Way (ANOVA) and post-Tukey test, considering the
significant results when p < 0.05. All analyzes were performed using GraphPad Prism 7.0®

software.

3 Results

3.1 EXPOSURE TO CQ INCREASES MORTALITY BUT NOT AFFECTS THE
EMBRYOS ECLOSION.

Initially, to evaluate the potential toxicity of CQ in the embryonic development of
zebrafish, we analyzed some common developmental phenotypes, including survival and
hatching rates. It was possible to observe that the lethality was dose and time-dependent.
Concentrations of 1.5 pg/ml and 2.0 pg/ml caused 100% mortality in a maximum of 48 hours
of treatment (Fig. 2). The embryo hatch was not significantly changes in embryos exposed to

CQ up to 1.0 pg/mL (Fig. 2B). Concentrations of 1.5 and 2.0 pg/mL did not survive at 72 hpf
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and, therefore, was not possible to evaluate the hatch rate in these groups. Therefore, due to

the high toxicity the concentrations of 1.5 and 2.0 pg/mL were excluded from the study.

Figure 1 - Survival and hatching rate of embryos treated with different concentrations of CQ; a) Survival curve
generated by software package. The colors for the different concentrations exposed to the Control and Clioquinol
groups are distributed as indicated in the legend; b) Evaluation of the hatching rate of exposed embryos at 72

hours. Data were submitted to the One-way ANOVA statistical test. Data are expressed as mean + SEM.
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3.2 MORPHOLOGICAL ABNORMALITIES INDUCED BY CLIOQUINOL

For evaluation of toxicity of CQ towards zebrafish morphogenesis, four major types of
abnormalities (body size, eye size, pericardial edema, yolk sac edema) at 4dpf were recorded
and plotted, respectively. I was possible to observed the incidence of different types of
malformations simultaneously in zebrafish larvae. All CQ concentratiosn tested induced
morphological changes being the highest concentrations capable to induce severe
malformations (Fig. 3). Exposed groups presented a significant reduction in body size (Fig.
3C) and eye area (Fig. 3D), respectively (p <0.0001). A significant increase (p <0.0001) in the
area of pericardial edema (Fig. 3E) was observed at the concentration of 1.0 pg/ml and an
increase in the area of vitelline spleen edema (Fig. 3F) was significant at concentrations 0.1,
0.5 and 1.0 pg/ml (p <0.0001). IBR values for each endpoint of morphological change in
each exposed group in relation to control are show in Fig. 3A. The results demonstrated a

dose-depentent relation between CQ concentration and morphological changes rate.

Figure 2 - Effect of CQ on zebrafish morphogenesis. (A) Integrated biomarkers response analysis showing the
overlapping occurrence of the notochord deformities with eye deformities, pericardial edema and yolk sac
edema; (B) Representative images of morphological changes observed in 4 dpf zebrafish embryos at different
concentrations of CQ; (C) body size, (D) eye size, (E) area of pericardial edema; (F) area of the yolk sac edema;

(C, D, E, F) Data are expressed as mean + SEM. **** p <0.0001.
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3.3 CLIOQUINOL CAUSES INJURY IN ZEBRAFISH BEHAVIORAL
PARAMETERS

Taking into consideration that exposure to CQ 0.1 pg/mL did not resulted in severe
morphological abnormalities such as notochord distortion, only this concentration was used
for behavioral analysis. The animals exposed to 0.1 pg/mL CQ presented a significant
increase (p <0.05) in the displacement distance traveled (Fig. 4A), absolute increase angle
parameter (Fig 4B. <0.0001), immobile time (Fig. 4E) (p <0.01) and maximum velocity (Fig.
4F) (p <0.0001), all compared to the control group. The time of permanence in the center and
periphery of the animals exposed to the CQ showed no significant differences when compared

to the control group.

Figure 3: Exploratory behavior of zebrafish larvae. Distance (A), absolute turn angle (B), time at the periphery
(C), time at the center (D), immobile time (E) and maximum speed attained (F) were evaluated at 7 dpf in
control and 0.1 pg/mL CQ treated larvae. Data were expressed as the mean + standard error mean. * p <0.05, **

p <0.01, #*%* p <0.0001.
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4 Discussion

In this study, the toxic effects of CQ were examined in terms of mortality, hatch rate,
morphology and behavioral changes. The concentrations used were initially based on the
concentration of CQ in the commercially available formulations. A survival curve was
performed at concentrations ranging from 0.1 to 2.0 pg/ml. The survival of the embryos
exposed to the concentrations of 1.5 and 2.0 pg/ml was totally affected in a maximum of 48
hours, that is, at 48 hours of exposure 100% of the embryos exposed to these concentrations
did not survive, indicating its high toxicity to zebrafish embryos.

Hatching is an important “endpoint” in the life cycle of fish and can be used as a
powerful tool in developmental toxicology (referéncia). Embryo hatching may also be related
to body movements (Hallare er al. 2005), whichare necessary to break the egg envelope and
may be associate with loss of muscle capacity due to abnormal formation of the body (Costa-
Silva et al. 2018). Others have also reported that delays in hatching rate can be considered a
signal of stress response in zebrafish embryos (CHENG et al., 2007). The occurrence of
delays or failures due to drugs or environmental toxicants may cause hatching inhibition,
corionase and/or behavioral defects generally related to attenuation of spontaneous muscle
movements of the embryos (Haendel et al. 2004). In our study, a significant delay in the
hatching rate resulting from exposure of the CQ at 1 ug/ml was observed, indicating a clear
sign of toxicity towards this biological phenomenon.

In functional inspection and organ development, measures of pericardial edema are
important toxicological targets in assessing cardiac function (DE LUCA et al., 2014). The

significant increase in pericardial edema, at the concentration of 1.0 pg/ml (Fig. 3E), suggests
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cardiotoxic properties of CQ. At the same time, a significant decrease in yolk sac and body
size was observed in all concentrations tested. In addition, deformities in eye size and
notocotic deformities were also observed. Some or all of these deformities occurred
simultaneously in larvae. Basal signs of toxicity identified in zebrafish larvae in the literature,
such as Henry et al. (1997), Elonen et al (1998), Bisthoven (1999) or Keil et al. (2002)
consisted of edema (cranial, pericardial and abdominal), hemorrhages, tail curvature and
deformities in the head and spinal cord (marked scoliosis). Most of these signs were also
observed in the present work.

Locomotor behaviors play a key role in zebrafish feeding, social and defensive activities
throughout its life span (Colwill and Creton 2011). In addition, studies recommend the use of
6 or 7 dpf larvae to examine the effects of drug treatments, for example on locomotor activity,
highlighting the importance of considering maturational and experimental effects on zebrafish
larval behavior (Creton 2011). Behavioral changes are also known to reflect how an animal
fits and responds to the environment and are the first line of defense when the animal is
exposed to a harms (Scherer et al. 1992).. In this study, was demonstrated that the
concentration of 0.1 pg/ml of CQ significantly increased the distance traveled, the maximum
speed and the absolute turn angle of the larvae in relation to the control group. Differences in
rotation angle may be directly related to changes in the larval swimming pattern (Colwill and
Creton 2011). Exposure to CQ also decreased the time the larvae remained immobile, and at
the same time, there was no significant difference in residence time in the peripheral and
central areas. All together, our results indicate that embryonic exposure to CQ increase the
locomotor behavior and not impair non-motor behaviors.

In general, ability of CQ to chelate and redistribute metals play an important role in
neurotoxic effects, which are depeding Zn, Cu, and Fe homeostasis (Bareggi and Cornelli
2012). These essential metals play key roles in embryonic, fetal, and postnatal development in
higher eukaryotes (Kambe et al. 2008). Thereby, the concentrations test in this study was able
to impair survival, morphological and behavioral aspects of early developmental stages of
zebrafish. Besides that, CQ may act as a prol]oxidant leading redox unbalance (Benvenisti-
Zarom et al. 2005), contributing to damaging effects of CQ exposure during developmental
stages, once the sensitivity of developing organisms to environmental contaminants has been
associated with cellular redox unbalance, which can impair normal development (Dennery
2007) and can be suggested as potential mecanisms of toxicity in larval models.

Altogether, our results provide for the first time, a better understanding of the potential

toxic effects of CQ on zebrafish embryogenesis. Notwithstanding, further studies are needed
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to clarify biochemical mechanisms for a broad view of the impacts of CQ on the embryonic

development of zebrafish.
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5 CONCLUSA70

Nosso estudo demonstrou, de forma inédita que o CQ é capaz de causar alteracdes
fisiolégicas, morfolégicas e comportamentais, dependentes de concentracdo, sobre o
desenvolvimento embrio-larval de peixe-zebra. Os parametros avaliados se mostraram
ferramentas robustas para avaliacdo toxicoldgica de compostos no modelo experimental
usado. Finalmente, nossos resultados afirmam a toxicidade do CQ frente ao desenvolvimento
embriondrio do peixe-zebra alertando para os riscos inerentes ao uso deste composto em

formulacdes farmacoldgicas.
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6 PERSPECTIVAS

Este trabalho demonstrou a embriotoxicidade do CQ em peixe-zebra através de
investigacdes fisioldgicas, morfoldgicas e comportamentais. Neste sentido, torna-se relevante
a investigacdo de mecanismos bioquimicos e moleculares pelos quais este composto exerce
sua toxicidade. Temos como meta a subsequente avaliacdo de alteragdes causadas pelo CQ a
processos pré-apoptoticos, assim como a avaliacdo de marcadores de fisiologia mitocondrial e

alteracdes redox induzidas pela exposi¢cao ao CQ em peixe-zebra.
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