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1. INTRODUCAO

As leishmanioses sdo consideradas um grupo de doengas infecciosas causadas por
protozoarios do género Leishmania, que podem ser transmitidas ao homem e a
diferentes espécies de animais silvestres e domésticos (SARAVIA, 1989; AMATO et
al., 1998; ALTAMIRANOENCISO et al., 2003). Estima-se que cerca de 350 milhdes de
pessoas estejam sob o risco de infeccdo e que dois milhdes de novos casos ocorram

anualmente em diversos paises no mundo (OMS, 2016).

As principais manifestacdes clinicas das leishmanioses incluem a forma cuténea,
mais frequente e que pode curar espontaneamente, a forma mucosa, caracterizada por
lesbes debilitantes devido a replicacdo descontrolada do parasito, levando a mutilagéo e
morbidade do paciente; e a forma visceral, que pode causar sintomas como febre
prolongada, esplenomegalia, hipergamaglobulinemia e pancitopenia, podendo ser fatal
se aguda e ndo tratada (KEVRIC et al., 2015).

O tratamento contra as leishmanioses tem sido baseado no uso de antimoniais
pentavalentes, pentamidina, anfotericina B (AmpB) e sua formulagdo lipossomal,
paramomicina, miltefosina, dentre outros. Apesar de eliminar os parasitos, estes
compostos sdo toxicos e/ou apresentam custo elevado. Além disso, a resisténcia do
parasito aos medicamentos disponiveis vem aumentando (GHORBANI et al., 2018;
SUNDAR & CHAKRAVARTY, 2015; ULIANA et al., 2017). A pesquisa por novos
farmacos para as leishmanioses ndo tém sido promissora, uma vez que essa é uma
doenca negligenciada, ou seja, que afeta paises pobres e subdesenvolvidos no mundo,
representando assim pouco ou henhum mercado viavel financeiramente para a inddstria

farmacéutica.

Além do mais, a pesquisa por novos medicamentos é considerada um processo caro,
que requer anos de estudos e de investimentos para identificar, caracterizar e
desenvolver novos farmacos (HUGHES et al., 2011; RENSLO & MCKERROW 2006).
Neste aspecto, hd a necessidade urgente de procura por novos farmacos que sejam
promissores para o0 desenvolvimento de produtos de menor custo, atoxicos e que tenham

eficacia contra o parasito.



De forma ideal, o tratamento contra as leishmanioses deve curar o paciente,
eliminando os riscos de recidiva e a capacidade de desenvolvimento de parasitos
resistentes, além de causar pouco ou nenhum efeito colateral (OMS, 2010). As
pesquisas por produtos naturais para fins terapéuticos tém aumentado, visto que podem
ser encontrados na natureza e que podem ser sintetizados em laboratério (NEWMAN &
CRAGG; CHEUKA et al., 2016; PINTO et al., 2014).

Assim, produtos naturais da classe de quinolinas foram identificados como novos
alvos que exibem atividades antimal&rica, antibacteriana, anticancerigena e antipsicética
(KALLANDER et al., 2005; SILVA et al., 2009; WANG & WAM, 2010). A quinolina
foi extraida pela primeira vez do alcatrdo de carvdo mineral (ou alcatrdo de hulha) em
1834 por Friedlieb Ferdinand Runge. O alcatrdo de hulha continua a ser a principal
fonte de quinolina comercial. A substancia apresenta alta solubilidade em agua, e é
utilizada como um intermediario na fabricacdo de medicamentos e para producdo de
produtos quimicos (MACEDO, 2014; SUN at al., 2015; RIBEIRO et al., 2017).

Muitos estudos demonstraram que, além dessas propriedades ja citadas, as quinolinas
apresentam também atividade antileishmanial (SOLOMON & LEE, 2011; PINTO et al.,
2014; AFZAL et al, 2015; ANTINARELLI et al ., 2015; CHEUKA et al., 2016;
DUARTE et al., 2016; LAGE et al., 2016; MENDONCA et al., 2018; TAVARES et al.,
2018). O exemplo mais importante é sitamaquina, um 8-aminoquinolina, onde em um
estudo realizado com pacientes na india, foram observadas uma taxa de cura de 89%
com doses abaixo de 2 mg/kg por dia (SUNDAR; CHAKRAVARTY, 2013). Outro
exemplo é a Tafenoquina, que em alguns estudos ja demonstrou além da propriedade
antimalarica, atividade antileishmanial em modelo experimental murino, podendo
representar um tratamento alternativo para as leishmanioses (YARDLEY et al., 2010).
Trabalhos desenvolvidos por grupos de pesquisa identificaram que derivados de 7-
cloroquinolinas apresentam atividade antileishmanial in vitro promissora (CARMO et
al., 2011; COIMBRA et al., 2013; ANTINARELLI et al., 2015,). No entanto, apesar de
tais candidatos terem mostrado acdo antileishmanial satisfatoria, at¢ o momento, tais

compostos ndo atingiram a fase clinica de pesquisa no campo das leishmanioses.

Estes resultados, associados a indiscutivel necessidade da busca de novas alternativas
para o tratamento das leishmanioses, incentivaram o estudo de moléculas derivadas de

cloroquinolinas para o tratamento de infec¢fes causadas por parasitos do genéro



Leishmania. Assim, neste trabalho, apos a sintese de derivados de cloroquinolinas,
obteve-se a, 2- (7-cloroquinolin-4-il) oxi) -3- (3-metilbut-2- en- 1- il) naftaleno-1,4-
diona, ou GF1059. Desse modo, nosso objetivo foi avaliar a atividade antileishmanial e
0 mecanismo de acdo in vitro de um derivado de cloroquinolina, 2- (7-cloroquinolin-4-
il) oxi) -3- (3-metilbut-2- en- 1- il) naftaleno-1,4-diona, ou GF1059, no tratamento da
infeccdo causada por parasitos da genéro Leishmania. O mecanismo de acdo da
molécula e sua eficécia terapéutica in vivo em camundongos BALB/c infectados por L.

amazonensis foram também analisados.
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2. REVISAO DA LITERATURA

2.1. Epidemiologia das leishmanioses

As leishmanioses sdo doencgas endémicas em mais de 98 paises (ALVAR et al.,
2012), estima-se que 350 milhdes de pessoas estdo sob o risco de infeccdo (OMS,
2016). Em 2017, 94% dos novos casos notificados a OMS ocorreram em sete paises:
Brasil, Etiopia, India, Quénia, Somalia, Suddo do Sul e Sud&o, sendo que nas Américas,
no periodo de 2001 a 2017 foram reportados 940.396 casos novos de Leishmaniose

cutanea (LC) e mucosa (LM) e 59.769 casos de Leishmaniose visceral (LV).

A LV pode ser antroponotica ou zoonotica, sendo a primeira causada por L. donovani
e é encontrada no subcontinente indiano (India, Bangladesh, Nepal) e Africa, tendo os
humanos como o principal reservatorio de transmissdo. A LV zoonoética é causada por
L. infantum e encontrada no Mediterraneo, no Oriente Meédio e no Brasil, sendo o cdo
doméstico o hospedeiro mais importante (MAGILL, 1993; DESJEUX, 2004;
OLIVEIRA et al., 2004). No Brasil, a LV € encontrada em todos os estados brasileiros,
com maior nimero de casos notificados nas regides Nordeste, Sudeste e Centro-Oeste.
Da mesma forma, a dispersdo geografica segue ocorrendo no Paraguai e Argentina, nas
fronteiras com o Brasil e Uruguai (OPAS, 2017).

Nas Américas, 12 espécies dermotropicas de Leishmania sdo reconhecidas como
causadoras da doenca humana e oito espécies sao descritas somente em animais. No
entanto, no Brasil ja foram identificadas sete espécies, sendo seis do subgénero Vianna
e uma do subgénero Leishmania. As trés principais espécies sdo: L. (V.) braziliensis,
L.(L.) amazonensis e L.(V.) guyanensis e, mais recentemente, as espécies L. (V.)
lainsoni, L. (V.) naiffi, L. (V.) lindenberg e L. (V.) shawi foram identificadas em estados
das regides Norte e Nordeste (BRASIL, 2017; OMS, 2017).

A epidemiologia da LC nas Américas é complexa, uma vez que as interagcbes do
parasito com reservatorios e hospedeiros ainda nao sdo totalmente elucidadas, pois ha
multiplas espécies circulantes de Leishmania, sendo considerados reservatorios
quaisquer animais que garantam a circulagdo das mesmas na natureza e, além disso, as
manifestaces clinicas e a resposta terapéutica podem variar (BRASIL, 2017; OPAS,

2019). Dessa forma, a epidemiologia das leishmanioses depende ndo s6 da espécie do
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parasito, mas também de um balanco ecoldgico, uma vez que diferentes espécies do

vetor estdo envolvidas no ciclo de transmissédo (ALVAR et al., 2012).

2.3. Etiologia e ciclo bioldgico do parasito Leishmania

O vetor das leishmanioses é comumente conhecido como flebotomineo, esses sdo
dipteros hematofagos dos géneros Phlebotomus (Velho Mundo) e Lutzomyia
(Americas), pertencentes a familia Psychodidae (BASANO & CAMARGO, 2004). A
hematofagia é restrita as fémeas, sendo de suma importancia para maturacdo dos seus
ovarios (BARATA et al., 2005). Os parasitos do género Leishmania apresentam duas
formas evolutivas: a forma promastigota, que € flagelada e extracelular, encontrada no
tubo digestivo do inseto vetor, e a forma amastigota, que € intracelular e sem
movimentos, observada nos tecidos dos hospedeiros vertebrados. As promastigotas
apresentam corpo alongado, medindo entre 14 e 20 um e flagelo livre. As amastigotas
tém corpo ovoide, medindo entre 2,1 e 3,2 um (PESSOA & MARTINS, 1982). Na

figura 1, é demonstrado o estagio do parasito no inseto vetor e o estagio do parasito no homem.

ESTAGIO NO VETOR ESTAGIO NO HOMEM

0 Flebotomineo realiza o repasto
sanguineo (inocula as Promastigotas s3o

@ promastigotas através da pele) fagocitadas por
Multiplicac3o por divisdo / 5
bindria no intestino /\ (

macrofagos
e migracao para a probéscide g
\E é v é ﬁ RS
.~ 2
\% Promastigotaas se trans-

9 formam em Amastigotas

dentro dos macré}agns
V(1N

Amastigotas transformam-se em

Promastigotas no intestino médio

R

6 L O Sl S

Amastigotas multiplicam em

células (incluindo macréfagos)
V de vérios tecidos

Ingesto de macréfagos ‘:(-,“’ |
infectados com amastigotas { i J 6 Flebotomineos
. realizam repasto
A Estagio infeccioso sanguineo

A
V(1 N Estagio de diagnéstico

Figura 01- Ciclo biolégico do parasito Leishmania.

12



Dessa forma, a transmissdo vetorial é dada pelas fémeas de flebotomineos que se
infectam ao sugar o sangue de humanos ou mamiferos infectados. Assim, as formas
amastigotas ao atingirem o intestino médio do inseto se transformam em promastigotas,
se replicam e transformam-se em promastigotas infectantes. Durante o repasto
sanguineo, os parasitos sdo inoculados no hospedeiro vertebrado (definitivo) na forma
promastigota metaciclica (com flagelo longo), que é fagocitada por diferentes células do
sistema fagocitico mononuclear onde as promastigotas se transformam e replicam como
amastigotas, com flagelo rudimentar, que infectam macréfagos localmente ou em
tecidos distante estabelecendo assim a infeccdo (GOTO & LINDOSO, 2012; KLING &
KORNER, 2013; BRASIL, 2017).

2.2. Manifestac6es clinicas das leishmanioses

As manifestagdes clinicas € resultantes das interacGes de varios fatores como: espécie
do parasito, local de inoculagéo e resposta imune do hospedeiro. As leishmanioses
apresentam-se sobre as formas: cutdnea, mucosa, cutaneo-difusa, visceral e cal-azar
(GARNIER & CROFT, 2002; DESJEUX, 2004; GOTO & LINDOSO, 2012; OMS,
2017).

A LC é causada pelas espécies L. braziliensis, L. guyanensis e L. amazonensis,
caracteriza-se por feridas na pele que se localizam com maior frequéncia nas partes
descobertas do corpo, local onde o flebotomineo consegue ter acesso. Ocorre 0
desenvolvimento de nddulos que evoluem para lesbes ulcerativas com bordas elevadas,
endurecidas e o fundo com tecido de granulacdo grosseira. Em alguns casos, a leséo
pode progredir através de disseminacdo hematogénica e/ou linfatica do parasito,
surgindo lesdes nas mucosas (GONZALEZ et al., 2008; BRASIL, 2017).

A Leishmaniose mucosa (LM) caracteriza-se por lesbes destrutivas que acometem
mucosas e cartilagens como nariz, faringe, boca e laringe. Por ser considerada de dificil
tratamento, esta forma apresenta alto risco de deformidades permanentes, podendo levar
0 paciente a morte (GOMES et al., 2004; GONZALEZ et al., 2008; BRASIL, 2017).

Existe também a forma disseminada da LC, uma manifestacdo incomum que pode
ser observada em até 2% dos casos. As duas espécies reconhecidas como causadoras

desta sindrome sdo L. braziliensis e L. amazonensis, embora a maioria dos casos
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relatados na literatura seja infeccdo por L. braziliensis. Essa forma de apresentacao é
caracterizada pelo aparecimento de mdltiplas lesbes papulares e de aparéncia
acneiforme que acometem VAarios segmentos corporais, envolvendo com frequéncia a
face e o tronco. O numero de lesdes pode chegar a centenas (GOTO & LINDOSO,
2012; BRASIL, 2017).

A Leishmaniose Cutanea Difusa (LCD) no Brasil, é causada pela L. amazonensis,
caracteriza-se pela formacgdo de lesdes difusas ndo ulceradas por toda a pele, porém
contém grande quantidade de amastigotas. Constitui uma forma clinica rara e grave, que
ocorre em pacientes com anergia e deficiéncia de especificidade na resposta imune
celular a antigenos de Leishmania (GOTO & LINDOSO, 2012; BRASIL, 2017).

Nas Américas, a LV é causada por L. infantum. A mesma pode ser dividida em trés
periodos: inicial, estado e final. No periodo inicial a sintomatologia pode variar de
paciente para paciente, mas na maioria dos casos inclui febre com duracdo inferior a
quatro semanas, palidez cutaneo-mucosa e hepatoesplenomegalia (BRASIL, 2006;
ASHKAN & RAHIM, 2008; SEGATTO et., al 2012).

O periodo de estado se caracteriza por febre irregular, geralmente associada a
emagrecimento  progressivo,  palidez = cutdneo-mucosa e aumento da
hepatoesplenomegalia, com um quadro clinico geralmente com mais de dois meses de
evolugdo, na maioria das vezes associado a comprometimento do estado geral
(BRASIL, 2006; ASHKAN & RAHIM, 2008; SEGATTO et., al 2012).

Caso ndo seja feito o diagnoéstico e tratamento, a doenca evolui progressivamente
para o periodo final, com febre continua e comprometimento mais intenso do estado
geral. Neste periodo ha desnutricdo e edema dos membros inferiores. Outras
manifestacdes importantes incluem hemorragias, epistaxe, gengivorragia, petéquias,
ictericia e ascite (BRASIL, 2006; ASHKAN & RAHIM, 2008; SEGATTO et., al 2012).

A leishmaniose dérmica pos-calazar (PKDL) é uma complicacdo bem reconhecida
da leishmaniose visceral. Foi descrito desde o inicio do século XX tanto na Asia como
na Africa, em areas onde L. donovani é o parasito causador. A condicao é caracterizada
pela ocorréncia de uma erupcdo cutanea ap0s um episodio de LV; a erupcdo é
geralmente no rosto, a partir do qual pode ou ndo se espalhar para outras partes do corpo
(RAMESH et al., 2007; OMS, 2018).
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2.4. Imunologia das leishmanioses

As infeccBes por Leishmania levam a uma ativacdo especifica da resposta
imunolégica por parte do hospedeiro. Ha uma expansdo de varios tipos de células, que
pode ser caracterizada pelo aumento de células T CD4", apresentando um perfil de
citocinas Thl ou Th2 (HOLZMULLER et al., 2006; REIS et al., 2006).

A resposta do tipo Th1 é mediada por células natural killer (NK), polimorfonucleares
(neutrdéfilos), macrofagos e pela producgédo de citocinas como: interferon-gama (IFN-y),
fator de necrose tumoral (TNF-a), interleucina 2 (IL-2) e interleucina 12 (IL-12). A
importéncia das células NK no controle da infeccéo deve-se tanto a sua acado citotdxica
quanto ao fato de ser fonte primaria de IFN-y, pois este regula a resposta inflamatoria,
ativando macrofagos e outras células. Os macrdfagos elevam a producdo de TNF-a que
auxiliam na eliminacéo do parasito por apoptose. A IL-2 é o principal fator estimulador
de células T, sendo um fator de crescimento e ativacao para todas as subpopulagdes de
linfocitos T. A IL-12 estimula a sintese de NK além de aumentar a producdo de IFN-y, é
considerada a principal indutora das células para resposta do tipo Thl, estando
associada a resolucdo e a resisténcia a doenca (SANTOS-GOMES et al., 2002;
PINHEIRO, 2004; PIRES et al., 2012).

Quando ha entrada do protozoario na pele do hospedeiro vertebrado através da
picada do vetor infectado, ha uma reacdo inflamatéria local, onde as formas
promastigotas sdo fagocitadas pelos neutrofilos, que sdo as primeiras células a
migrarem para o0 local da infeccdo. Os neutrofilos infectados comegcam a secretar
quimiocinas, moléculas importantes para atrair mais neutréfilos e macrofagos para o
sitio da infeccdo, de modo que os parasitos intra-macro6fagos podem ser eliminados
através da acdo de produtos do metabolismo oxidativo, como o peréxido de hidrogénio
e producdo de oxido nitrico, ou podem se proliferar e manter a infeccdo (PINHEIRO,
2004; BACELLAR & CARVALHO, 2005; PIRES et al., 2012). Os macrofagos quando
estimulados com IFN-y ¢ IL-12 tornam-se ativados e expressam niveis elevados da
enzima Oxido nitrico sintase induzivel (iNOS), essa enzima € responsavel pela sintase
de oxido nitrico (NO), e este € essencial para a eliminacdo do parasito intra-macréfago.
Na auséncia de NO, pode haver uma resposta exacerbada ocasionando lesbes ulcerativas
e ndo cicatrizantes (DRAPIER et al., 1988).
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Se a resposta for do tipo Th2, haverd uma elevada producdo de IL-4 e IL-10, que
medeiam a imunidade humoral. A IL-4 é considerada citocina supressora de linfdcitos
Th1, e esté relacionada com a producéo de anticorpos da classe IgE, 1gG1 e 1gG4. A IL-
10 esté relacionada com a inibicdo da producéo de citocinas, como o IFN-y, IL-2, IL-12,
TNF-B, inibindo entéo a proliferacdo de células Th1l, mas ndo de Th2, diminuindo ainda
a funcao citolitica e secretora de citocinas por Thl e facilitando o desenvolvimento de
respostas Th2 (COFFMAN & CARTY, 1986; COFFMAN et al, 1988, PIRMEZ et al.,
1993; ROMAO et al., 2012).

Além do tipo de resposta Thl ou Th2 estabelecido em reagdo aos antigenos da
Leishmania, outros fatores, como variacdo genética e condi¢do nutricional, podem

influenciar a capacidade do hospedeiro em controlar a infeccdo.

2.5. Diagnostico das leishmanioses

O diagnostico laboratorial das leishmanioses constituem fundamentalmente de trés
grupos de métodos: Exames parasitoldgicos, imunoldgicos e moleculares (BRASIL,
2006; BRASIL 2017), sendo que em todos eles, tem-se a possibilidade de ocorréncia de
reaces cruzadas com outras doencas, como tripanossomiase, hanseniase, malaria,
esquistossomose, tuberculose (GONTIJO & CARVALHO, 2003). As metodologias
diferem basicamente quanto a sensibilidade e a especificidade, a sua aplicacdo pratica
nas condi¢des de campo e a disponibilidade de reagentes (MARTINS & LIMA, 2013).

Diante disso, ndo existe um padrdo ouro para o diagndstico, e este é imprescindivel
para o reconhecimento e identificacdo da doenca, assim leva-se em consideracdo as
caracteristicas clinicas e aspectos epidemiologicos para um melhor diagnostico
(DOURADO et al., 2007; GOMES et al., 2014).

16



2.6. Tratamento das leishmanioses

A eficécia do tratamento depende ndo sé da espécie de Leishmania, mas também da
resposta do paciente ao parasito e de fatores como a imunidade. A resposta clinica é
variavel aos tratamentos, seja pela toxicidade dos farmacos ou resisténcia aos mesmos
(GARNIER & CROFT, 2002). O tratamento contra as leishmanioses tem sido baseado
no uso de antimoniais pentavalentes, anfotericina B (AmpB) e sua formulagdo
lipossomal, miltefosina, paramomicina e pentamidinas (Figura 02) (SUNDAR &
CHAKRAVARTY, 2014; ULIANA et al., 2017; GHORBANI et al., 2018).
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Figura 02- Estruturas quimicas dos medicamentos para leishmanioses.

O tratamento convencional é baseado na utilizacdo de antimoniais pentavalentes
(Sb™) como o N-metil-glucamina (Glucantime®) e o estibogluconato de sédio
(Pentostan®) (BRASIL, 2017). Os antimoniais foram introduzidos para esse fim ha mais
de 50 anos, e continuam a ser eficazes para algumas formas de leishmaniose, pois
promove uma regressdo rapida do numero dos parasitos presentes nos tecidos e no
sangue (PINHEIRO, 2004; LIMA et al., 2007). Entretanto, os antimoniais ndo sao

devidamente metabolizados, com as doses repetidas, nota-se que aumenta os niveis de
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retencdo do mesmo, grande parte do que foi retido fica concentrado no figado e no baco.
A retencdo do antimonial nos tecidos é responsavel pelos efeitos tdxicos (BRASIL,
2017), podendo ocorrer um ou mais efeitos toxicos, como artralgia, mialgia, nauseas,
pancreatite e insuficiéncia renal aguda (IRA). Por isso, deve se ter uma aten¢do maior
com idosos, além do que os antimoniais sdo contraindicados para gestante (GASSER
ET AL., 1994; SAMPAIO & MARSDEN, 1997; DEPS ET AL., 2000; DIETZE, 2003;
NEVES ET AL., 2011; BRASIL, 2017).

A AmpB, é considerada um medicamento de segunda escolha para o tratamento das
leishmanioses. Em 1955, a AmpB foi isolada pela primeira vez a partir de culturas de
Streptomyces nodosus, sendo portanto um antifingico da classe dos polienos que
apresenta uma regido hidrofilica e outra hidrofébica (LEMKE et al., 2005; FALCI &
PASQUALOTTO, 2015). A AmpB tornou-se comercialmente disponivel como
Fungizone® (Bristol-Myers-Squibb, EUA) em 1960, onde sua solubilidade aquosa é
adquirida através da formulacdo com deoxicolato de sodio (VYAS & GUPTA, 2006).

A AmpB apresenta um perfil de efeitos colaterais tdxicos que inclui: reacdes a
infusdo, hipocalemia, miocardite, aléem de ser hepatotoxica e nefrotdxica, sendo que
este ultimo, envolve alteragcBes na filtracdo glomerular e disfuncdo tubular, o que
ocasiona a permanéncia hospitalar prolongada do paciente, aumentando 0 custo
terapéutico (ROMERO & MORILLA, 2008; SUNDAR & SINGH ,2015). A fim de
reduzir o efeito nefrotoxico, diversos estudos apontam que a administracdo de carga
salina ap6s a infusdo da AmpB com o objetivo de impedir ou amenizar a diminui¢do do
fluxo sanguineo renal, sendo assim, capazes de prevenir de modo significativo a
nefrotoxicidade (HEIDEMANN et al., 1983). Outra estratégia para reduzir os efeitos
toxicos consiste em modificar nas caracteristicas fisico-quimicas da AmpB, assim
surgiram as formulagdes lipidicas como AmBisome®, complexo lipidico de AmB
(Abelcet®) e disperséo coloidal de AmB (Amphocil) (VYAS & GUPTA, 2006).

Todas essas formulagGes apresentam eficacia semelhante (GOTO & LINDOSO,
2010) e diferem quanto a estrutura, forma, tamanho, composi¢éo e conteudo de AmpB.
Entretanto o uso mais abrangente das formulac6es lipidicas comerciais é limitado pelo
seu alto custo de producdo, além do mais, essas formulacfes devem ser mantidas

refrigeradas para conservar a estabilidade da molécula, outro fator que torna o custo do
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tratamento ainda mais elevado (COPELAND E & ARONSON, 2015; CUNHA et al.,
2015; FREZARD & DEMICHELLI, 2010).

Outro medicamento existente para o tratamento das leishmanioses, mas que ainda
ndo € disponibilizado pelo Ministério da satde do Brasil para o tratamento de humanos,
é a miltefosina (hexadecilfosfocolina) de uso oral. Este medicamento foi originalmente
desenvolvido para o tratamento de metastases cutdneas em carcinomas mamarios e
posteriormente, em estudos realizados na india, descobriu-se a eficacia terapéutica no
tratamento das leishmanioses (HILGARD et al., 1993; VERMA & DEY, 2004).
Entretanto, a miltefosina tem limitagdes, incluindo distlrbios gastrointestinais,
toxicidade hepética e renal, além do mais é teratogénica, sendo contraindicada na
gravidez e para as mulheres em idade fértil (CROFT & COOMBS, 2003; SOTO et al.,
2004).

A paramomicina é um antibiético aminoglicosideo, administrado por via
intramuscular. Foi desenvolvida na década de 1960 como um agente leishmanicida, mas
permaneceu negligenciada até a década de 1980. Apresenta efeitos adversos como:
ototoxicicade, hepatotoxicidade e toxicidade renal (CROFT & COOMBS, 2003;
ALMEIDA & SANTOS, 2011). As pentamidinas sdo de uso parenteral exclusivo e
podem ser administradas por via endovenosa ou intramuscular, sendo completamente
absorvido apds administracdo. O fator limitante do uso do isotionato de pentamidina
deve-se & toxicidade, com alteracGes cardiolégicas e renais, além do efeito
diabetogénico que pode se manifestar a partir da administracdo da dose total de 1 grama
por dia, que parece ser acumulativo e dose dependente, e atinge 5% dos pacientes
tratados (JHA, 1983; COSTA, 1993; AMATO, 1997; PAULA et al., 2003; RATH et al.,
2003).

Diante das dificuldades enfrentadas pelos pacientes nos tratamentos preconizados,
além do abandono ou da interrupgdo do mesmo, a resisténcia dos parasitos aos farmacos
utilizados estd aumentando; e tem se observado em diversas regides do mundo o
aumento do numero de casos de recidiva a doenca (ESCOBAR et al., 2001; CROFT &
COOMBS, 2003; CROFT et al., 2006; VELEZ et al., 2009). Dessa forma, tem-se uma
busca continua por novos compostos que apresentem baixa toxicidade, a fim de
desenvolver estratégias terapéuticas alternativas e de baixo custo para o tratamentos das

leishmanioses. Os estudos tém se baseado em reposicionamento de farmacos, onde o
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principal objetivo é utilizar farmacos ja comercializados para tratamento de outras
doengas, ou em isolar substancias de plantas e de microrganismos (SANTOS et al.,
2008; GUIDO et al., 2010).

2.7 Quinolinas

Os produtos naturais tém desempenhado um papel importante na descoberta de
medicamentos, dentre eles destacam-se a quinolina e seus derivados. As quinolinas sao
compostos heterociclicos, que sdo caracterizadas por apresentar uma estrutura de anel
duplo que contém um anel de benzeno fundido com piridina em dois atomos de carbono
adjacentes (Figura 03) (KALLANDER et al., 2005; SILVA et al., 2009; WANG &
WAM, 2010).

Figura 03- Estrutura quimica da Quinolina.

Por apresentarem atividades biologicas diversificadas, dentre elas, antimaléarica,
antimicrobiana, antipsicotica, anticancerigena, além de uma estrutura relativamente
simples com versatilidade sintética que permite a geracdo de um grande numero de
derivados estruturalmente diversos, estas moléculas tém atraido o olhar da comunidade
cientifica, especialmente, de pesquisadores envolvidos na quimica dos produtos naturais
e quimicos organicos interessados na obtencdo de drogas promissoras. Os derivados de
quinolinas vém apresentando uma ampla gama de uso farmacologico contra Leishmania
(SOLOMON & LEE, 2011; PINTO et al., 2014; AFZAL et al, 2015; CHEUKA et al.,
2016; DUARTE et al., 2016; LAGE et al., 2016; MENDONCA et al., 2018; TAVARES
et al.,, 2018). No entanto, apesar de tais candidatos terem apresentado uma agéo
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antileishmanial satisfatoria e seletiva, até 0 momento, poucos compostos atingiram a

fase clinica de pesquisa no campo da leishmaniose.

Neste contexto, no presente estudo, a atividade antileishmanial in vitro e in vivo de
um derivado de cloroquinolina, a saber, 2- (7-cloroquinolin-4-il) oxi) -3- (3-metilbut-2-
en- 1- il) naftaleno-1,4-diona, ou GF1059 (Figura 04) foi avaliado contra L. infantum e

L. amazonensis.
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Figura 04- Estrutura quimica do GF105.

A citotoxicidade em macréfagos murinos e o potencial hemolitico em eritrécitos
humanos, bem como a eficacia de GF1059 no tratamento de macrofagos infectados e na
inibicdo da infeccdo por parasitos pré-tratados, foram investigados. O mecanismo de
acdo do GF1059 e a eficacia terapéutica in vivo em camundongos BALB/c infectados

por L. amazonensis também foram analisados.
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3.0BJETIVOS

3.1. Objetivo geral

Avaliar a atividade antileishmanial in vitro e in vivo e 0 mecanismo de acgéo in vitro
de uma molécula derivada de cloroquinolina, 2- (7-cloroquinolin-4-il) oxi) -3- (3-
metilbut-2- en- 1- il) naftaleno-1,4-diona, ou GF1059, contra diferentes espécies de
Leishmania para o desenvolvimento de um tratamento a ser empregado contra as

leishmanioses.

3.2. Objetivos especificos

= Avaliar a atividade antileishmanial do GF1059 contra formas promastigotas e

amastigotas de Leishmania amazonensis e Leishmania infantum;

Avaliar a toxicidade em macréfagos murinos e hemacias humanas;

= Verificar 0 uso de GF1059 na inibicdo da infec¢do por macrofagos contra

promastigotas de Leishmania;

= Avaliar o mecanismo de agdo do GF1059 em Leishmania amazonensis;

= Avaliar o tratamento de camundongos BALB/c infectados com L. amazonensis,
por meio da analise da carga parasitaria a partir de 6rgaos dos animais tratados e

de parametros bioquimicos nos animais infectados e tratados com GF1059.
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4. METODOLOGIA E RESULTADOS

As secOes de Metodologia, Resultados e discussdo dessa dissertacdo serdo
apresentadas sob a forma de um artigo cientifico publicado na Experimental
Parasitology em janeiro de 2019 (Exp Parasitol. 2019 Apr;199:30-37. doi:
10.1016/j.exppara.2019.02.019. Epub 2019 Feb 25.).
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Abstract

The treatment against leishmaniasis presents problems, since the currently used drugs
are toxic and/or have high costs. In addition, parasite resistance has increased. As a
consequence, in this study, a chloroquinolin derivative, namely 2-(7-chloroquinolin-4-
yl)oxy)-3-(3-methylbut-2- en- 1-yl)naphthalene-1,4- diona or GF1059, was in vitro and
in vivo tested against Leishmania parasites. Experiments were performed to evaluate in
vitro antileishmanial activity and cytotoxicity, as well as the treatment of infected
macrophages and the inhibition of infection using pre-treated parasites. This study also
investigated the GF1059 mechanism of action in L. amazonensis. Results showed that
the compound was highly effective against L. infantum and L. amazonensis, presenting
a selectivity index of 154.6 and 86.4, respectively, against promastigotes and of 137.6
and 74.3, respectively, against amastigotes. GF1059 was also effective in the treatment
of infected macrophages and inhibited the infection of these cells when parasites were
pre-incubated with it. The molecule also induced changes in the parasites’
mitochondrial membrane potential and cell integrity, and caused an increase in the
reactive oxygen species production in L. amazonensis. Experiments performed in
BALB/c mice, which had been previously infected with L. amazonensis promastigotes,
and thus treated with GF1059, showed that these animals presented significant
reductions in the parasite load when the infected tissue, spleen, liver, and draining
lymph node were evaluated. GF1059-treated mice presented both lower parasitism and
low levels of enzymatic markers, as compared to those receiving amphotericin B, which
was used as control. In conclusion, data suggested that GF1059 can be considered a

possible therapeutic target to be tested against leishmaniasis.

Keywords: Leishmaniasis; chemotherapy; toxicity; amphotericin B; chloroquinolin;

natural compounds.
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1. Introduction

Leishmaniasis is a disease complex that is considered to be endemic in 98
countries around the world, with approximately 350 million people at risk of contracting
infection by the Leishmania parasite, coupled with an annual incidence of 58,000 cases
of visceral leishmaniasis (VL) and 220,000 cases of tegumentary leishmaniasis (TL)
(Alvar et al., 2012; Araujo et al., 2017; WHO, 2018). Different parasite species can
cause TL, such as Leishmania major, L. tropica, L. aethiopica, L. panamensis, L.
peruviana, L. braziliensis, and L. amazonensis. VL is caused mainly by L. donovani and
L. infantum species (Ullah et al., 2016). The main clinical manifestations of TL include
cutaneous leishmaniasis, the most frequent form, which can be cured spontaneously,
and mucosal leishmaniasis, which is characterized by debilitating lesions due to the
uncontrolled parasite replication leading to patient mutilation and morbidity. VL can
cause symptoms, such as prolonged fever, splenomegaly, hypergammaglobulinemia,
and pancytopenia, and the disease can be fatal if acute or left untreated (Kevric et al.,
2015).

Treatment against leishmaniasis has been based on the use of pentavalent
antimonials, pentamidine, amphotericin B (AmpB) and its liposomal formulation,
paramomycin, miltefosine, among others. However, in spite of the success against the
parasites, these compounds are toxic and/or present high costs. In addition, parasite
resistance has increased (Ghorbani et al., 2018; Sundar and Chakravarty, 2015; Uliana
et al., 2017). However, the research for new drugs is not considered attractive, since it is
an expensive process, requiring many years to occur and an investment of more than
$1.0 billion to identify, characterize, and develop new antileishmanial agents (Hughes et
al., 2011; Renslo and McKerrow 2006). In this aspect, there is an urgent need to search
for new compounds, such as those identified in plants, which could be promising leads
for the development of novel and non-toxic therapeutics.

AmpB is a known antileishmanial drug; however, the side effects, such as renal,
hepatic, and cardiac toxicity have limited its application in large scale. AmpB-
containing lipid-based formulations have presented higher efficacy and lower toxicity,
as compared to the use of free drugs; however, their high cost is a limiting factor
(Copeland and Aronson, 2015; Cunha et al., 2015; Frézard and Demicheli, 2010). On
the other hand, natural compounds have been considered a valuable source of new
products with effective biological action (Cheuka et al., 2016; Pinto et al., 2014). The
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interest in plant-derived compounds has increased in recent years, and new
antileishmanial agents have been identified (Duarte et al., 2016; Lage et al., 2015;
Mendonca et al., 2018). However, although such candidates have presented a
satisfactory and selective antileishmanial action, to date, few compounds have reached
the clinical development in the field of leishmaniasis.

Host-directed immunotherapeutics have the major advantage of reducing the
potential emergence of drug resistance, as well as interfering in the mechanisms of
immune evasion which Leishmania parasites can perform, aiming to promote their
survival within the phagolysosome of infected macrophages. One such evasion
mechanism is the parasite’s ability to reduce macrophage activation by manipulating
their cell membranes (Masihi, 2000). As a consequence, the use of compounds able to
display protective effects, when explored for its prophylactic potential, is desirable.
Mechanistically, the previous contact of macrophages or parasites with these candidates
could result in the inhibition of infection in these cells, either due to the increased
production of hydrogen peroxide and phagosome maturation of the macrophages or by
reducing the infectivity of pre-treated parasites (Parihar et al., 2016).

The high potential of quinoline-based natural products and their derivatives in
medicinal chemistry has led to the identification of novel targets
exhibiting antibacterial, anti-HIV, and anticancer activities (Kallander et al., 2005; Silva
et al., 2009; Wang & Wam, 2010). These compounds are among the most biologically
active class of heterocyclic products, presenting a wide range of pharmacological use,
such as against Leishmania (Duarte et al., 2016; Lage et al., 2016; Mendonca et al.,
2018; Tavares et al., 2018). In this context, in the present study, the in vitro and in vivo
antileishmanial activity of a chloroquinolin derivative, namely 2-(7-chloroquinolin-4-
yl)oxy)-3-(3-methylbut-2- en- 1-yl)naphthalene-1,4-diona, or GF1059, was evaluated
against L. infantum and L. amazonensis. The cytotoxicity in murine macrophages and
the hemolytic potential in human red blood cells, as well as the efficacy of GF1059 for
the treatment of infected macrophages and in the inhibition of the infection using pre-
treated parasites, were investigated. The mechanism of action of GF1059 and the in vivo

therapeutic efficacy in L. amazonensis-infected BALB/c mice were also analyzed.
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2. Materials and Methods

2.1. Synthesis of GF1059

For the synthesis of GF1059, 300 mg lapachol, 40 mg sodium hydride, and 3
mL anhydrous dimethylformamide were added in a round-bottomed flask, which
remained under constant stirring for 15 min at room temperature. After, the flask was
placed in a cooling bath using ice, until the temperature reached 4°C. Subsequently,
solid commercial 4,7-dichloroguinoline was added, and the mixture was heated for 24 h
at 120°C. The reaction was confirmed by thin layer chromatography
(dichloromethane/methanol 95:5 volume/volume). Afterwards, 0.1 M NaOH and
dichloromethane were added and the organic phase was filtered and purified in a silica
gel chromatography column by using dichloromethane/methanol (95:5 volume/volume).
The solution was dried on a rotary evaporator, and its yield was 93.0%. The synthesized
compound (C1gH1sCIN3O, molecular weight: 327.81 g/mol) was characterized by ‘H,
13C NMR, and mass spectrometry. AmpB (molecular weight 924.08 g/mol; Cristalia®,
Sdo Paulo, Sdo Paulo, Brazil) was resuspended (1 mg) in methanol/DMSO (9:1

volume/volume) solution and maintained at -80°C.

2.2. Parasites and mice

Leishmania  amazonensis  (IFLA/BR/1967/PH-8) and L. infantum
(MHOM/BR/1970/BH46) were kindly provided by Dr. Maria Norma Melo (Department
of Parasitology, ICB, UFMG, Brazil). Before use, parasites were kept frozen in liquid
nitrogen. Promastigotes were grown at 25°C in 100 mL erlenmeyer flasks containing 5
mL of complete Schneider's medium (Sigma-Aldrich, St. Louis, MO, USA), which
consisted of the medium added with 20% heat-inactivated fetal bovine serum (FBS,
Sigma-Aldrich, USA) and 20 mM L-glutamine, at pH 7.4. Passages were made at 5-day
intervals by transferring 250 pL aliquots of the liquid medium to new erlenmeyer flasks
containing fresh complete medium (Coelho et al., 2003). To obtain the axenic
amastigotes, previous titration curves were performed to determine the best temperature
and time of conversion of the promastigotes in amastigote forms, according to the
distinct Leishmania species in the in vitro cultures (data not shown). The technical
protocol was adapted from Doyle et al. (1991) by Mendonca et al. (2018). Briefly, 10°
L. amazonensis and L. infantum stationary promastigotes were washed three times in
sterile phosphate buffer saline (PBS 1x) at pH 7.4, and incubated in 5 mL FBS for 48 h
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and 72 h, respectively, at 37°C. The parasites were then washed in cold PBS 1x pH 7.4,
and cell density was estimated by counting in a Newbauer chamber. The conversion of
the parasites was evaluated after staining by Giemsa, and the percentage of converted
parasites to amastigote forms was >90% in both Leishmania species. BALB/c mice
(female, 8 weeks old) were purchased from the UFMG Institute of Biological Sciences.
Peritoneal macrophages were collected from the peritoneal cavity of the animals. The
study was approved by the Committee for the Ethical Handling of Research Animals
(protocol number 085/2017) and by the UFMG Human Research Ethics Committee
(protocol number CAAE—-32343114.9.0000.5149).

2.3. In vitro antileishmanial activity

Previous titration curves were performed to determine the best time of inhibition
of Leishmania growth and the concentration of the compounds to be used in the
experiments (data not shown). The inhibition of Leishmania growth was evaluated by
incubating promastigotes and axenic amastigotes (10° each) in the presence of GF1059
(0 to 30.5 uM) in 96-well culture plates (Nunc, Nunclon, Roskilde, Denmark) for 24 h
and 48 h at 24°C. AmpB (0 to 1.08 puM; Sigma-Aldrich, USA) was used as the control.
Cell viability was assessed by measuring the cleavage of 5 mg/mL 3-(4.5-
dimethylthiazol-2-yl)-2.5-diphenyl tetrazolium bromide (MTT, Sigma-Aldrich, USA).
The optical density (OD) values were read in an ELISA microplate spectrophotometer
reader (Molecular Devices, Spectra Max Plus, Canada) at 570 nm. The compound
concentration needed to inhibit 50% of the Leishmania viability (ICsp) was calculated

by applying sigmoidal regression of dose-response curves (Mendonca et al. 2018).

2.4. In vitro cytotoxicity and hemolytic potential

Previous titration curves were performed to determine the best time of inhibition
of macrophage viability and the concentration of the compounds to be used in the
experiments (data not shown). The 50%inhibition of the macrophage viability (CCsp)
was evaluated by incubating cells (5 x 10°) in the presence of GF1059 (0 to 1,525 pM)
or AmpB (0 to 10.8 uM) in 96-well plates (Nunc) for 48 h at 37°C. The cell viability
was analyzed by the MTT method. The selectivity index (SI) was calculated by the ratio
between the CCsp and I1Csp values. The hemolytic potential was evaluated in human red
blood cells as previously described (Tavares et al., 2018). Briefly, GF1059 (0 to 1.525
uM) or AmpB (0 to 10.8 uM) were incubated with a 5% red blood cells (human O type)
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suspension for 1 h at 37°C. Suspension was centrifuged for 10 min at 1,000 x g, and the

cell lysis percentage was determined spectrophotometrically at 570 nm.

2.5. Treatment of infected macrophages

Previous titration curves were performed to determine the minimum time
incubation of parasites with the macrophages and the concentration of the compounds to
be used in the experiments (data not shown). Macrophages (5 x 10° cells) were then
plated on round glass coverslips inside the wells of 24-well culture plates (Nunc) for
cell attachment, by using RPMI 1640 medium supplemented with 20% FBS, 2 mM L-
glutamine, at pH 7.4. After 24 h of incubation at 37°C in 5% CO,, stationary
promastigotes were added to the wells (5 x 10° cells), and cultures were incubated for
24 h at 37°C in 5% CO,. Next, free parasites were removed by extensive washing with
RPMI 1640 medium, and infected macrophages were treated with GF1059 (0 to 30.5
M) or AmpB (0 to 1.08 uM), for 48 h at 24°C in 5% CO,. Cells were washed in RPMI
1640 and incubated with 4% paraformaldehyde for 15 min, at which time they were
treated with 70% ethanol in an ice-bath for 4 h, and again washed three times with
sterile PBS 1x pH 7.4. After, macrophages were stained with Giemsa, and the
percentage of infection and the number of recovered amastigotes were determined by
counting 200 cells, in triplicate, using an optical microscope (Mendonga et al. 2018).

2.6. Inhibition of infection using pre-treated parasites

Previous titration curves were performed to determine the minimum time
incubation of parasites and the concentration of the compounds to be used in the
experiments (data not shown). Promastigotes (5 x 10° cells) were incubated with
GF1059 (0 to 30.5 pM) or AmpB (0 to 1.08 uM) for 1 h at 24°C. Cells were washed and
added with macrophages (at a ratio of 10 parasites per cell), for 24 h at 37°C in 5%
CO,. They were then washed three times in RPMI 1640 medium and stained with
Giemsa, when the percentage of infection using pre-treated parasites and the number of
recovered amastigotes were determined by counting 200 cells, in triplicate, in an optical

microscope (Mendonca et al. 2018).
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2.7. In vivo antileishmanial activity in a murine model

BALB/c mice (n=8 per group) were subcutaneously infected in the base of the
tail with 10° L. amazonensis stationary promastigotes. Fifty days post-infection, they
were separated into groups according to lesion size, aiming to ensure a similar average
lesion diameter between the groups. The animals then received subcutaneous injections
near the site of infection, once a day and during 10 days, with one of the following
regimens: (a) saline group (control): mice received PBS 1x pH 7.4 (50 uL); (b) AmpB
group: mice received a solution containing 1 mg/kg body weight of AmpB (50 uL), and
(c) GF1059 group: mice received a solution containing 5 mg/kg body weight of GF1059
(50 uL). One-day after the treatment, animals were euthanized, and infected tissue,
spleen, liver, and draining lymph node (dLN) were collected for evaluation of the
parasite load by limiting dilution technique (Coelho et al., 2003). Briefly, tissue and
organs were weighed and homogenized using a glass tissue grinder in sterile PBS 1x.
Tissue debris were removed by centrifugation at 150 x g, and cells were concentrated
by centrifugation at 2,000 x g. The pellet was resuspended in 1 mL of complete
Schneider’s medium. Log-fold serial dilutions were performed in Schneider’s medium
with a 107 to 10™ dilution, and each sample was plated in triplicate and read 7 days
after the beginning of the culture at 24°C. Results were expressed as the negative log of
the titer (i.e., the dilution corresponding to the last positive well) adjusted per milligram

of tissue or organ.

2.8. Toxicological studies

To evaluate the in vivo toxicity of the compounds, blood samples were collected
from the treated and infected animals, analyzing the hepatic function through doses of
aspartate aminotransferase (AST) and alanine aminotransferase (ALT), while the renal
function was evaluated by doses of blood urea nitrogen and serum creatinine, as
previously described (Mendonca et al., 2016). Experiments were developed using
commercial kits (Labtest Diagnostica®, Belo Horizonte, Minas Gerais, Brazil) and an

auto-analyzer apparatus (Thermo Plate TP analyzer®, Sdo Paulo, Brazil).
2.9. Evaluation of the mitochondrial membrane potential (Aym)
Stationary promastigotes (1 x 10’ cells) were incubated with GF1059 (7.53 and

15.07 uM, corresponding to one and two times the ICsq value, respectively) for 6 and 24
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h, at 25°C. Afterward, cells were stained with JC-1 (10 pg/mL; Sigma-Aldrich, USA)
for 30 min in the dark at 37°C. After having been washed twice with Hanks balanced
salt solution (HBSS), they were added into a 96-well plate, and the fluorescence
intensity was measured in a spectrofluorometer (FLx800, BioTek Instruments, Inc.,
Winooski, VT, USA), at 528 nm and 600 nm. Parasites incubated with FCCP [1.0 uM;
carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone] for 10 min were used as the
control. The Aym value was calculated by the ratio between the readings performed in

600 nm and 528 nm, respectively (Antinarelli et al., 2015).

2.10. Production of reactive oxygen species (ROS)

Stationary promastigotes (1 x 10” cells) were incubated with GF1059 (7.53 and
15.07 uM) for 6 and 24 h, at 25°C. Cells were then harvested, washed with PBS 1x pH
7.4, and incubated with 20 uM 2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA,
Sigma-Aldrich, USA), for 30 min in the dark at room temperature. The ROS production
was detected using a spectrofluorometer at 485 nm and 528 nm. Parasites incubated

with miltefosine (22.1 uM) were used as the control.

2.11. Phosphatidylserine (PS) externalization and cell membrane integrity
Stationary promastigotes (1 x 10" cells) were incubated with GF1059 (7.53 and
15.07 uM) for 24 h, at 25°C. Cells were then washed with PBS 1x pH 7.4, and stained
with Annexin V-FITC (Invitrogen, USA) for 20 min in the dark at room temperature.
Afterward, they were stained with propidium iodide (1.0 pg/mL; Sigma-Aldrich, USA)
for 15 min. The analyses were performed using a FACsCanto 11 flow cytometer (Becton
Dickinson, Rutherford, NJ, USA), with FITC channels (for Annexin V FITC) and PE
(for propidium iodide), in which 10,000 events were acquired (Stroppa et al., 2017).
Propidium iodide-stained cells were also analyzed in a spectrofluorometer at 540 nm
and 600 nm (Antinarelli et al., 2015). Promastigotes were treated with miltefosine (44.2

KMM) and used as the control.

2.12. Cell cycle and the accumulation of autophagic vacuoles

Stationary promastigotes (1 x 10" cells) were incubated with GF1059 (7.53 and
15.07 pM) for 24 h, at 25°C. Cells were then fixed with 70% ethanol for 1 h at 4°C, and
incubated with Ribonuclease A (200 pg/mL; Sigma-Aldrich, USA), for 1 h at 37°C.
After, they were stained with propidium iodide (7.0 pg/mL) for 20 min and in the dark
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at room temperature. The analyses were performed using a FACsCanto Il flow
cytometer (Becton Dickinson, Rutherford, NJ, USA), with FITC channels (for Annexin
V FITC) and PE (for propidium iodide), in which 10,000 events were acquired (Stroppa
et al., 2017). Parasites were also labelled with monodansylcadaverin (100 uM; Sigma-
Aldrich, USA) for 1 h in the dark at 25°C. Subsequently, they were evaluated in a

spectrofluorometer at 335 nm and 460 nm.

2.13. Statistical analysis

The 1Cs, CCsp, and RBCsp values were calculated by applying sigmoidal
regression of dose-response curves, which were generated by GraphPad Prism 5.03. The
one-way analysis of variance (ANOVA) followed by the Dunnett's test were used for
comparisons between the groups. Results were expressed as mean * standard deviation.
Differences were considered significant when P < 0.05. Data shown here are

representative of three independent experiments, performed in triplicate.
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3. Results

3.1. In vitro antileishmanial activity, cytotoxicity, and hemolytic potential

Initially, the in vitro antileishmanial activity of GF1059 against L. infantum and
L. amazonensis was evaluated. Results showed 1Csq values of 4.23+0.34 and 7.53+1.04
MM, respectively, against L. infantum and L. amazonensis promastigotes, and of
4.73+£1.09 and 8.75+1.10 pM, respectively, against amastigotes (Table 1). AmpB
showed ICsy values of 0.17+0.05 and 0.26£0.04 pM, respectively, against
promastigotes, and of 0.29+£0.12 and 0.25+0.11 puM, respectively, against amastigotes.
The CCs values found were of 650.66+47.12 and 2.38+0.23 pM, respectively, for
GF1059 and AmpB; while the RBCs, values were of 1,666.43+64.75 and 11.63+1.03
UM, respectively. The Sl values were also calculated, and higher selectivity was found
when GF1059 was used (Table 1).

Table 1.
Compound
P CCso (M)
GF1059 650.66+47.12
Amphotericin B 2.30+0.23
1Cso (UM)°
Compound Promastigotes Axenic amastigotes
L. infantum L. amazonensis L. infantum L. amazonensis
GF1059 4.21+0.34 7.53+1.04 4.73+1.09 8.75+1.10
Amphotericin B 0.17+0.05 0.26+0.04 0.29+0.12 0.25+0.11
Selectivity index (SI)°
Compound Promastigotes Axenic amastigotes
L. infantum L. amazonensis L. infantum L. amazonensis
GF1059 154.6 86.4 137.6 74.3
Amphotericin B 13.3 8.9 7.9 9.3

Table 1. In vitro antileishmanial activity, cytotoxicity, and selectivity index. The antileishmanial
activity of GF1059 and amphotericin B was evaluated against L. infantum and L. amazonensis. Results
are showed as mean = standard deviation. The concentration needed to inhibit 50% of the Leishmania
(ICs0)* or macrophage (CCs)® viability, as well as the selectivity index (SI)°, which was calculated by the
ratio between the CCyy and ICx, values, are shown here.

3.2. Treatment of infected macrophages and inhibition of infection
The therapeutic effect was evaluated in Leishmania-infected macrophages,

which were treated with the compounds. Results showed a reduction in the infection

percentage in the order of 79.0% and 80.0%, respectively, when L. amazonensis-
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infected cells were treated with GF1059 or AmpB (30.5 and 1.08 puM, respectively).
The reduction in the percentage of recovered amastigotes was 96.0% and 77.0%,
respectively (Table 2).

Table 2.
Concentration Percentage of infection Number of amastigotes
Compound (M) after treatment after treatment
L.infantum L. amazonensis L. infantum L. amazonensis

30.5 14.2+1.4 18.9+1.5 0.1+0 0.3+0.1
GF1059 15.25 26.51.7 31.2+4.0 0.2+0.1 0.9+0.3
7.63 48.7+£2.5 55.4+3.3 0.4+0.1 22404
0 71.2+£3.7 92.2+4.4 4.3+0.4 7.5+0.7
1.08 16.6+3.2 17.8+1.2 0.5+0.1 1.7+£0.3
. 0.54 23.4+£2.5 28.5+£3.5 1.5+0.3 2.210.7
Amphotericin B 0.11 445465 46738  2.8+05 3.6+0.4
0 71.2+£3.7 92.2+4.4 4.3+0.4 7.5+0.7

Table 2. Treatment of infected macrophages. Murine macrophages were infected with L. infantum or
L. amazonensis and later treated with GF1059 or amphotericin B. The percentage of infection after
treatment and the number of recovered amastigotes were calculated by counting 200 cells, in triplicate.
Results are showed as mean + standard deviation. Data were expressed as the means of three independent

experiments, which were performed in triplicate.

With L. infantum, the reduction in the infection percentage was 80.0% and
76.0%, respectively, while the reduction in the percentage of recovered amastigotes was
97.0% and 88.0%, respectively. The prophylactic action of GF1059 was evaluated by
pre-incubating parasites with the compound, and later using them to infect
macrophages. With L. amazonensis, the reduction in the infection percentage was of
88.0% and 74.0%, respectively, when parasites were pre-treated with GF1059 or AmpB
(30.5 and 1.08 pM, respectively). The reduction in the percentage of recovered
amastigotes was 98.0% and 83.0%, respectively. With L. infantum, the reduction in the
infection percentage was 79.0% and 77.0%, respectively, while the reduction in the

percentage of recovered amastigotes was 94.0% and 84.0%, respectively (Table 3).
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Table 3.

Concentration Percentage of infectio_n using Number of amastigotes
Compound (M) . pretreated parasites _ __per macrophage .
L. infantum L. amazonensis L. infantum L. amazonensis
30.5 13.2+0.9 9.9+1.0 0.2+0.1 0.1+0
GF1059 15.25 22.1+£2.5 18.6+2.6 0.5%0.2 0.6x0.3
7.63 34.4+4.5 28.8+£3.0 1.0+0.3 1.5+0.4
0 63.3t4.2 85.5£5.4 3.7£0.6 5.6x1.0
1.08 14.5+2.6 22.3+1.8 0.6x0.2 0.9+0.3
Amphotericin B 0.54 20.3£2.5 31.1£3.6 0.8£0.4 1.5+£0.1
0.11 31.1+£3.7 46.6x4.7 1.5+0.3 2.6£0.3
0 63.3+4.2 85.5+5.4 3.7£0.6 5.6+1.0

Table 3. Inhibition of the infection using pre-treated parasites. The inhibition of infection of
promastigotes, which were first treated with GF1059 and amphotericin B, and thus used to infect
macrophages, was evaluated by determining the percentage of infection using pre-treated parasites and by
number of recovered amastigotes, which were calculated by counting 200 cells, in triplicate. Results are
showed as mean + standard deviation. Data were expressed as the means of three independent

experiments, which were performed in triplicate.

3.3. In vivo therapeutic action against L. amazonensis

Aiming to evaluate the in vivo therapeutic effect of GF1059 against Leishmania,
BALB/c mice were experimentally infected with L. amazonensis stationary
promastigotes. Fifty days after infection, these were separated into groups that received
saline or were treated with GF1059 or AmpB. One-day after the treatment, animals
were euthanized and the infected tissue, liver, spleen, and dLN of the animals were
collected, at which time the parasite load was evaluated by a limiting dilution technique.
Results showed significant reductions in the parasite load in the treated animals, as
compared to those that received saline (Fig. 1). When the comparison between the
treated groups was performed, animals receiving GF1059, as compared to the AmpB
group, showed more significant reductions in parasitism in the infected tissue, spleen,
liver, and dLN, in the order of 50.0%, 29.0%, 50.0%, and 59.0%, respectively.
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Fig. 1. Evaluation of the parasite load in treated and infected mice. BALB/c mice were
subcutaneously infected at the base of the tail with 10° L. amazonensis stationary promastigotes. Fifty
days post-infection, animals (n=8 per group) received saline or were treated for 10 days, once a day, with
GF1059 (5 mg/kg body weight per day) or AmpB (1 mg/kg body weight per day). One day after
treatment, the parasite load was evaluated by a limiting dilution technique in the animals’ infected tissue,
liver, spleen, and draining lymph node. Bars indicate the mean + standard deviation. (a) and (b) indicate a

statistically significant difference in relation to the saline and GF1059 group (P < 0.001)

In an attempt to evaluate the in vivo toxicity, doses of AST, ALT, urea, and
creatinine were performed in blood samples of treated and infected mice. Results
showed that GF1059-treated mice presented lower levels of these enzymatic markers, as
compared to those treated with AmpB or receiving saline (Fig. 2), thus demonstrating
that our compound did not cause renal and hepatic damage in the studied mammalian

model.
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Fig. 2. In vivo toxicity. Levels of creatinine, urea, alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) were evaluated in the sera samples of treated and infected animals (n=8 per
group), one day after treatment. Sera of naive (non-treated and non-infected) mice (n=8) were used as the
control. Bars indicate the mean * standard deviation. (a), (b), and (c) indicate a statistically significant
difference in relation to the infected, uninfected, and GF1059 groups (P < 0.001).

3.4. Mechanism of action in L. amazonensis

The mitochondrial function of GF1059-treated parasites was evaluated by means
of mitochondrial transmembrane electric potential and ROS production. Results showed
that GF1059 caused a significant decrease in the Aym after the treatment of the
parasites, indicating a process of mitochondrial damage (Fig. 3). In addition, higher
ROS production was found in treated parasites (Fig. 4).
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Fig. 3. Evaluation of the mitochondrial membrane potential (Aym). Stationary promastigotes (1 x 10’
cells) were untreated (control) or treated with GF1059 (7.53 and 15.07 UM, corresponding to one and two
times the 1Cs, value, respectively) for 6 h and 24 h. FCCP (1.0 M) was used as the control. Results were
expressed as the reduction percentage of Aym in relation to the control. (") and (") indicate statistically
significant differences in relation to the control (P < 0.01 and P < 0.0001, respectively). Data were

expressed as the means of three independent experiments, which were performed in triplicate.
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\Fig. 4. ROS production in L. amazonensis. Stationary promastigotes (1 x 10" cells) were untreated
(control) or treated with GF1059 (7.53 and 15.07 uM) for 6 h and 24 h, when they were probed with
H,DCFDA. Miltefosine (22.1 puM) was used as the control. Results were expressed as the fluorescence
intensity in arbitrary units (A.U.) of three independent experiments. (") and (™) indicate statistically
significant differences in relation to the control (P < 0.001 and P < 0.0001, respectively). Data were

expressed as the means of three independent experiments, which were performed in triplicate.
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The PS exposure and cell membrane integrity were also evaluated, but results
showed no significant alteration in the treated parasites (Fig. 5). When alterations in the
GF1059-treated Leishmania cell cycle were evaluated, results showed that GF1059
induced a significant increase in the Go/G; population, in the order of 4.1 and 6.5 times,
respectively, as compared to the control, associated with the decrease in the G;
population (Fig. 6). The activation of the parasite’s autophagy pathway was also
investigated, and results showed that the treatment with GF1059 stimulated a significant
increase in the formation of autophagic vacuoles, as compared to the values found in the

control (Fig. 7).

Untreated control GF1059 (7.53 ph)

GF1059 (15.07 ph)

Propidium lodide

o 1 2 3 3
10 10 10 10 10

Annexin V-FITC

Fig. 5. Phosphatidylserine exposure on the L. amazonensis surface. Stationary promastigotes (1 x 10°
cells) were treated with GF1059 (7.53 and 15.07 uM) for 24 h, and double-stained with Annexin V-FITC
and propidium iodide. Miltefosine (44.2 uM) was used as the control. Analyses were performed by flow
cytometry, and 10,000 events were acquired. (") indicates a statistically significant difference when
compared to the control (P < 0.01). Data were expressed as the means of three independent experiments,

which were performed in triplicate.
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Fig. 6. Cell cycle progression in L. amazonensis. Stationary promastigotes (1 x 10" cells) were treated
with GF1059 (7.53 and 15.07 uM) for 24 h and later stained with propidium iodide, at which time the
DNA content was evaluated by flow cytometry. The promastigote percentage in each cell cycle phase is
shown. (), (), and (") indicate statistically significant differences in relation to the control (P < 0.01, P
< 0.001 and P < 0.0001, respectively). Data were expressed as the means of three independent

experiments, which were performed in triplicate.
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Fig. 7. The accumulation of autophagic vacuoles in L. amazonensis. Stationary promastigotes (1 x 10’
cells) were treated with GF1059 (7.53 and 15.07 uM) for 24 h, and the autophagic vacuole formation was
evaluated after labeling with MDC. The fluorescence intensity was measured by using a
spectrofluorometer. () indicates a statistically significant difference in relation to the control (P < 0.001).

Data were expressed as the means of three independent experiments, which were performed in triplicate.

4. Discussion
Treatment against leishmaniasis has used compounds that cause serious adverse

effects and can be expensive. Moreover, they are often ineffective or present low cure
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rates. Consequently, greater attention should be paid to the research from new
antileishmanial agents derived from known medicines and/or novel delivery methods,
which could be applied in the improvement of therapeutic conditions. In this context,
and due to the high biological potential of quinoline derivates against distinct
Leishmania species, such as L. donovani (Upadhyay et al., 2018), L. braziliensis
(Coimbra et al., 2016), L. amazonensis (Tavares et al., 2018), L. infantum (Stevanovi¢ et
al., 2018), and L. major (Dardari et al., 2004), the present study aimed to investigate the
antileishmanial action from a chloroquinolin derivate against parasite species able to
cause tegumentary and visceral leishmaniasis worldwide. Results obtained showed that
GF1059 was highly effective against L. amazonensis and L. infantum promastigotes and
amastigotes, and presented low toxicity in mammalian cells, in addition to the absence
of hemolysis in human red blood cells. The treatment of infected macrophages also
showed that this compound was effective in reducing parasitism. In addition GF1059
inhibited the infection of these cells, when parasites were pre-incubated with it.

AmpB is a polyene employed in the treatment of leishmaniasis, presenting
effective biological action against distinct parasite species, such as L. infantum (Lage et
al., 2015) and L. amazonensis (Valadares et al., 2012). However, the clinical use of this
compound has been hindered due to its high toxicity, including nephrotoxicity,
hemolysis, and liver damage (Annaloro et al., 2009; Serrano et al., 2013). Although they
do present high efficacy and low toxicity, liposomal formulations are also quite
expensive (Chavez-Fumagalli et al., 2015). In the present study, we decided to use
AmpB as a control for the in vivo experiments, since this drug has been employed as a
comparative factor in relation to other antileishmanial agents, also presenting significant
reductions in the parasite load of the treated and infected animals (Lage et al., 2016;
Mendonca et al., 2016). Our data showed that GF1059 presented higher antileishmanial
activity, when compared to the AmpB, although this quinoline derivate presented
toxicity about 100 times lower in comparison to the values obtained by using AmpB.
The hemolytic activity also illustrated that GF1059 induced no hemolysis in human red
blood cells, as compared to values obtained when using AmpB. Similar findings were
also described when other quinoline derivates were tested against human red blood cells
(Coimbra et al., 2016; Duarte et al., 2016; Tavares et al., 2018).

In our study, other antileishmanial drugs, such as miltefosine and paramomycin,
were not tested in the infected animals, in an attempt to compare their therapeutic

efficacy with the results reached by using GF1059; this fact could be considered a
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limitation of our work. However, due to the high and selective efficacy of GF1059
against Leishmania, but not against mammalian cells, as well as due to the absence of
toxicity in a known murine model, we can infer about the possibility of using this
quinoline derivate as an antileishmanial agent. Consequently, a combination between
drugs, in comparison to a monotherapy strategy, could offer an advantage regarding the
reduction of toxic effects and the duration of patient treatment.

Since the in vitro results using GF1059 were satisfactory, we decided to evaluate
the therapeutic role of this molecule against Leishmania infection in a mammalian
model. For this, BALB/c mice were first infected with L. amazonensis promastigotes,
and thus treated with GF1059 or AmpB. Results showed that the parasite load in the
treated and infected animals was significantly lower, when compared with the results
obtained in the saline group, although the most significant reductions in parasitism have
been found when animals were treated with GF1059. Although additional studies are
certainly warranted in an attempt to improve the therapeutic index of GF1059 by
increasing the number of doses, the duration of treatment, and/or including GF1059-
carrying delivery systems, the present study’s data pointed out the possibility of using
this compound as an effective antileishmanial drug in other mammalian models and
against other Leishmania species. Also corroborating with the results obtained in the
parasite load, GF1059-treated mice presented lower levels of urea, creatinine, AST, and
ALT, when compared to the values obtained in the AmpB and saline groups.

Leishmania parasites present unique mitochondria, which is characterized as an
important leishmanicidal drug target (Lee et al., 2002, Mehta and Shaha, 2004, Paris et
al., 2004). This organelle acts in the biosynthesis and metabolic pathways of the
parasites (Vial et al., 2003); as a consequence, mitochondrial damage and/or
dysfunction can cause drastic consequences for parasite survival (Smirlis et al., 2010;
Souza et al., 2009). In the present study, when the mechanism of action was
investigated in L. amazonensis, it was observed that GF1059 induced a significant
depolarization of the parasite’s membrane potential, causing mitochondrial stress and
excessive ROS production, thus indicating that it caused a direct effect for Leishmania
death (Jiménez-Ruiz et al., 2010). Flow cytometry experiments also revealed that
GF1059 induced changes in the Leishmania cell cycle, which was based on parasite
DNA fragmentation (Shadab et al., 2017).

As a limiting factor of the present study, other therapeutic regimens,

parasitological, and immunological investigations performed at different periods of time
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after treatment, and the inclusion of GF1059-carrying delivery systems were not
performed. Nevertheless, we believe that the present work can be considered relevant,
since GF1059 showed an in vitro effective antileishmanial activity, which was
associated with low toxicity in murine macrophages and the absence of hemolytic
potential in human red blood cells. Our compound was also effective in the treatment of
Leishmania-infected mice, thus demonstrating the feasibility to test it as a new

antileishmanial agent in other mammalian models.
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5. CONSIDERACOES FINAIS

O GF2059 apresentou elevada eficacia contra espécies de Leishmania relevantes
em nosso pais e mostrou baixa toxicidade em células de mamiferos, podendo assim ser
considerado como um candidato a agente antileishmanial. O composto apresenta agédo
profilatica, uma vez que houve reducdo na porcentagem de infeccdo de macrofagos
infectados e posteriormente tratados, e na inibicdo de infeccdo usando parasitos pré-
tratados. E importante ressaltar que GF1059 possui agio sobre a fase de maior
multiplicacdo celular (fase G1), interrompendo assim o ciclo celular do parasito e que o
mesmo ndo causou toxicidade hepatica e renal em camundongos tratados, que
apresentaram reduces significativas na carga parasitaria apds o tratamento com esse

derivado de quinolina.
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6. CONCLUSAO

O GF1059 foi eficaz contra Leishmania, mostrou baixa toxicidade em células de
mamiferos e boa eficacia no tratamento de camundongos infectados por Leishmania.
Além disso, seu mecanismo de acdo foi baseado na inducdo de apoptose dos parasitos,
demonstrando assim a viabilidade de ser testado como um agente antileishmanial em

outros modelos de mamiferos.

7. PERSPECTIVAS

= Auvaliar a atividade antileishmanial in vivo de GF1059 incorporado em sistemas
de delivery contra infeccdo por L. infantum;

= Realizar estudo in vivo com outras epecies de Leishmania;

= Desenvolver uma formulagdo para uso tépico contendo GF1059;

= Desenvolver um estudo in vivo em outros modelos de mamiferos, tais como

hamster, para avaliar a eficécia terapéutica do GF1059.
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9. ANEXOS

UNIVERSIDADE FEDERAL DE MINAS GERAIS

CEUA

COMISSAO DE ETICA NO USO DE ANIMAIS

CERTIFICADO

Certificamos que o projeto intitulado "Emprego de moléculas sintéticas no tratamento in
vitro e in vivo das leishmanioses."”, protocolo do CEUA: 85/2017 sob a responsabilidade
de Eduardo Antonio Ferraz Coelho que envolve a producdo, manutengéo e/ou utilizagéo
de animais pertencentes ao filo Chordata, subfilo Vertebrata (exceto o homem) para fins
de pesquisa cientifica (ou ensino) - encontra-se de acordo com o0s preceitos da Lei n°
11.794, de 8 de outubro de 2008, do Decreto n° 6.899 de 15 de julho de 2009, e com as
normas editadas pelo Conselho Nacional de Controle da Experimentacdo Animal
(CONCEA), e foi aprovado pela COMISSAO DE ETICA NO USO DE ANIMAIS
(CEUA) DA UNIVERSIDADE FEDERAL DE MINAS GERAIS, em reunido de

05/06/2017.

Vigéncia do Projeto (requerida pelo pesquisador)

20/05/2017 a 10/01/2021

Finalidade Pesquisa

*Espécie/linhagem Camundongo isogénico / BALB/c
N° de animais 8

Peso/ldade 20g / 8(semanas)

Sexo Feminine

Origem Biotério do ICB/UFMG
*Espécie/linhagem Camundongo isogénico / BALB/c
N° de animais 8

Peso/ldade 20g / 8(semanas)

Sexo feminino

Origem Biotério do ICB/UFMG
*Espécie/linhagem Camundongo isogénico / BALB/c
N° de animais 8

Peso/ldade 20g / 8(semanas)

Sexo feminino

Origem Biotério do ICB/UFMG
*Espécie/linhagem Camundongo isogénico / BALB/c
N° de animais 8

Peso/ldade 20g / 8(semanas)

Sexo feminino

Origem Biotério do ICB/UFMG

*Espécie/linhagem

Camundongo isogénico / BALB/c
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N° de animais 8

Peso/ldade 20g / 8(semanas)

Sexo feminino

Origem Biotério do ICB/UFMG
*Espécie/linhagem Camundongo isogénico / BALB/c
N° de animais 8

Peso/ldade 20g / 8(semanas)

Sexo feminino

Origem Biotério do ICB/UFMG
*Espécie/linhagem Camundongo isogénico / BALB/c
N° de animais 8

Peso/ldade 20g / 8(semanas)

Sexo feminino

Origem Biotério do ICB/UFMG
*Espécie/linhagem Camundongo isogénico / BALB/c
N° de animais 8

Peso/ldade 20g / 8(semanas)

Sexo feminino

Origem Biotério do ICB/UFMG

Consideracdes posteriores:

05/06/2017

Aprovado na reunido do dia 05/06/2017.
Validade: 05/06/2017 a 04/06/2022

Belo Horizonte, 23/09/2018. Atenciosamente,

Sistema Solicite CEUA UFMG https://aplicativos.ufmg.br/solicite_ceua/

Universidade Federal de Minas Gerais Avenida Antbnio Carlos, 6627 — Campus

Pampulha

Unidade Administrativa Il — 2° Andar, Sala 2005 31270-901 — Belo Horizonte, MG —
Brasil Telefone: (31) 3409-4516 www.ufmg.br/bioetica/ceua - cetea@prpg.ufmg.br
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