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RESUMO

As leishmanioses representam um grande problema de saude publica mundial com
sérias limitacdes na quimioterapia atual, como: numero limitado de farmacos, baixa
eficicia, custo elevado, crescente resisténcia parasitaria e toxicidade. O objetivo do
presente trabalho foi avaliar a atividade de uma série de dez derivados de 4-
aminoquinolinas em espécies de Leishmania relacionadas a leishmaniose
tegumentar. Avaliar os possiveis mecanismos de acdo do composto com atividade
antileishmanial promissora, identificando as organelas alvo e os processos de morte
celular desencadeados no parasito, bem como a sua eficacia in vivo. Dentre os
compostos avaliados, o derivado AMQ-j foi 0 mais ativo, com atividade expressiva
em L. amazonensis e L. braziliensis (Clso menor que 6.0 pg/mL e 2,5 pg/mL em
promastigotas e amastigotas intracelulares, respectivamente) para ambas as
espécies avaliadas. O composto AMQ-j apresentou baixa toxicidade para
macréfagos murinos (CCso> 40.0 upg/mL), sendo mais toxico para amastigotas
intracelulares (indice de Seletividade>12,0). Os resultados preliminares acerca do
modo de acdo apontam que o composto AMQ-j induziu drasticos efeitos na
mitocdndria do parasito e caracterizado pelo colapso do potencial de membrana
mitocondrial (A¥m), inchago da organela, aumento na produgdo de Espécies
Reativas do Oxigénio (EROS) e acumulo de corpusculos lipidicos (CLs) no
citoplasma. O tratamento com AMQ-j induziu nas formas promastigotas uma série de
alteracdes bioquimicas e celulares sugestivas de morte por apoptose-like como
reducdo do volume celular, exposicdo de fosfatidilserina no folheto externo da
membrana plasmatica, manutencdo da integridade da membrana plasmatica e
alteracdes drasticas no nucleo celular evidenciadas por meio da desorganizacdo da
cromatina e fragmentacdo do DNA. O efeito do composto em promastigotas esta
também associado a inducdo de morte por autofagia evidenciada pelo aumento de
vacuolos autofagicos, presenca de corpos multivesiculares dentro de vacuolos,
vesiculas citoplasméticas e acumulo de compartimentos acidicos no citoplasma dos
promastigotas. O composto também induziu fragmentacdo do DNA dos amastigotas
intracelulares de modo seletivo, sem induzir fragmentacdo da célula hospedeira.
Estudos in silico sugerem que AMQ-j é um potencial inibidor da tripanotiona redutase
(TryR), enzima fundamental na defesa antioxidante do parasito. Estudos in vivo em
modelo murino de infeccdo com L. amazonensis demonstraram a eficacia do AMQ-
pela via intralesional na reducdo do tamanho da lesdo e da carga parasitaria, sem
inducdo de toxicidade hepatica, cardiaca e renal. Os estudos de predicdo in silico
relacionados a propriedades farmacocinéticas (ADMET) e caracteristicas fisico-
quimicas (regra de Lipinsky) sugerem que AMQ-j pode ser utilizado pela via oral. O
efeito leishmanicida do composto esta associado a multiplos alvos, desencadeando
a morte do parasito por diferentes vias, como apoptose e autofagia. O efeito in vivo
do composto aponta para a necessidade da continuidade dos estudos no intuito de
melhor estabelecer o seu efeito leishmanicida.

Palavras-chave: 4-aminoquinolinas. Mitocondria. Apoptose-like.  Autofagia.
leishmaniose cutanea murina.



ABSTRACT

Leishmaniasis represents a major global public health problem with serious
limitations in current chemotherapy, such as limited number of drugs, low efficacy,
high cost, increasing parasitic resistance and toxicity. The objective of the present
study was to evaluate a series of ten 4-aminoquinolines derivatives (AMQs) on
Leishmania species related to tegumentary leishmaniasis. It was also evaluated the
possible mechanisms of action of a compound with promising leishmanicidal activity,
identifying the target organelles and the type of death triggered in the parasite, as
well as to its leishmanicidal effect in vivo. Among the evaluated compounds, the
AMQ-j derivative was the most active, with expressive activity on L. amazonensis and
L. braziliensis (ICso less than 6.0 pug/mL and 2.5 pg/mL against intracellular
promastigotes and amastigotes, respectively) for both evaluated species.
Furthermore, AMQ-j showed low toxicity for murine macrophages (CCso> 40.0
Mg/mL) being more destructive to the intracellular parasites (selectivity index > 12.0).
Preliminary studies about the mode of action showed that AMQ-j compound induced
marked effects on the parasite mitochondria, characterized by mitochondrial
membrane potential collapse (AWm), organelle swelling, increased of Reactive
Oxygen Species (ROS) production and lipidic bodies accumulation in the cytoplasm.
The treatment with AMQ-j induced in the promastigote forms a series of biochemical
and cellular alterations which suggest apoptosis-like death, including reduction of
cellular volume, phosphatidylserine exposure on the outer leaflet of the plasma
membrane, maintenance of plasma membrane integrity and drastic changes in the
cell nucleus evidenced by chromatin disorganization and DNA fragmentation. The
effect of AMQ-j in promastigote forms is also associated with the induction of death
by autophagy evidenced by the increase of autophagic vacuoles, presence of
multivesicular bodies inside vacuoles, cytoplasmic vesicles and accumulation of
acidic compartments in the promastigote cytoplasm. The compound also induced
DNA fragmentation of intracellular amastigotes selectively, without inducing host cell
fragmentation. In silico studies suggest that this compound is a potential inhibitor of
key redox enzyme trypanothione reductase (TryR). In vivo studies in murine infection
model of L. amazonensis demonstrated the efficacy of AMQ-j by the intralesional
route, reducing lesion size and parasite load, without induction of hepatic, cardiac
and renal toxicity. The in silico prediction studies on pharmacokinetic properties
(ADMET) and physico-chemical characteristics (Lipinsky's rule) suggest that AMQ-
can be used orally. Taken together, the results suggest that the leishmanicidal effect
of the compound is associated with multiple targets and triggers parasite death
through different pathways, including apoptosis and autophagy. The in vivo effect
indicates that studies with this compound should be continued in order to better
establish its leishmanicidal effect.

Keywords: 4-aminoquinolines. Mitochondria. Apoptosis-like. Autophagy. Murine
cutaneous leishmaniasis.
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1 INTRODUCAO

1.1 ASPECTOS GERAIS DAS LEISHMANIOSES

As leishmanioses sdo um complexo de doencas causadas por diferentes
espécies de protozoarios do género Leishmania que acometem o homem e
diferentes espécies de animais silvestres e domeésticos, manifestando-se por um
amplo espectro de formas clinicas classicamente divididas em leishmaniose cutanea
(LC) e leishmaniose visceral (LV) (HARHAY et al., 2011; KEVRIC et al., 2015).

As leishmanioses sédo consideradas um grave problema de saude publica
mundial, sendo endémicas em 98 paises e 3 territorios localizados, em sua maioria,
na Africa, Asia e América (WHO, 2016). Estimativas recentes da Organizacéo
Mundial de Saude (OMS) apontam para a existéncia de 14 milhGes de pessoas
infectadas em todo o mundo com aproximadamente 310 milhdes de pessoas
expostas ao risco de contrair a infecgao. A incidéncia anual da doenca ultrapassa 1
milhdo de novos casos de leishmaniose tegumentar (LT) e cerca de 0,3 milhdes de
novos casos de leishmaniose visceral (LV) com uma estimativa de 20.000-40.000
mortes por ano relacionadas a doenca (WHO, 2016).

O Brasil € o pais com maior incidéncia de novos casos da doenga no
continente americano e o terceiro pais com o maior nimero de casos registrados no
mundo (WHO, 2016). Os dados epidemiologicos dos ultimos anos revelam a ampla
distribuicdo territorial da doenca, com registro de casos em todas os estados
brasileiros (MINISTERIO DA SAUDE, 2013). Em 2015 foram notificados 19.395
casos de LC e 3289 casos de LV no Brasil (WHO, 2016). A notificagdo de novos
casos de leishmanioses € obrigatoria no Brasil e em somente 40 paises nos quais é
endémica. Estima-se, portanto, que a real prevaléncia da doenca seja muito
superior, principalmente, em regides que possuem assisténcia médica precaria
(ALVAR et al., 2012; KEVRIC et al., 2015).

Nos ultimos anos, a doenga esta em franca expansédo mundial, principalmente
em paises desenvolvidos localizados na Europa e América do Norte (ANTINORI et
al., 2011; READY, 2014). O aumento significativo na incidéncia de casos globais da
doenca é resultante de uma série de situacbes de risco, sobretudo, a pobreza, ma-

nutricdo, quadros de imunossupressao desencadeados por diferentes fatores
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(doengas, transplante de 6rgdos ou tratamento com drogas), aumento dos casos de
Leishmaniose Visceral Canina (LVC) e agravamento das condi¢bes sanitarias.
Outros fatores agravantes para a expansao mundial da doenca sdo o aumento de
casos de coinfeccdo com o virus da imunodeficiéncia humana (HIV), auséncia de
vacina efetiva e desenvolvimento de resisténcia parasitaria a quimioterapia (DEN
BOER et al., 2011; DI MUCCIO et al., 2015). Além de fatores ambientais, como o
crescimento urbano desordenado, desequilibrio ambiental em virtude de mudancas
climaticas e intervencdes sistematicas do homem, controle inadequado de vetores e
adaptacdo dos vetores ao ambiente urbano (AVERSI-FERREIRA et al., 2014,
ORYAN; AKBARI, 2016).

Diante deste panorama atual, a OMS classifica as leishmanioses como
doencas tropicais negligenciadas (DTNs) de categoria 1 (reemergente e fora de
controle), no intuito de intensificar as agdes voltadas para o desenvolvimento de
vacinas, novas estratégias de tratamento e diagnostico e controle de vetores (DE
VRIES et al., 2015; SAKKAS et al., 2016).

1.2 O PARASITO E O CICLO DE VIDA

O género Leishmania inclui protozoarios flagelados pertencentes a ordem
Kinetoplastida e familia Trypanosomatidae, cuja caracteristica principal € a presenca
do cinetoplasto, uma estrutura localizada no interior da mitocéndria que concentra de
maneira extremamente organizada uma elevada concentracdo de DNA (LUKES et
al., 2005; DE SOUZA et al., 2009).

Uma das caracteristicas do género Leishmania € a grande diversidade de
espécies. Desde a primeira descricdo do género realizada por Ross em 1903, a
classificacdo das espécies tem sido um processo continuo, com subdivisdes em sub-
géneros e até mesmo em complexos (SCHONIAN et al., 2010). Classicamente, as
espécies de Leishmania que provocam infeccbes em humanos estdo agrupadas em
dois subgéneros: Leishmania e Viannia. Esta classificacdo € baseada na localizacéo
do parasito no intestino do inseto vetor (LAINSON et al, 1987), a qual foi
posteriormente confirmada por analises filogenéticas realizada a partir de
sequéncias de DNA (CROAN et al., 1997). O numero exato de espécies de
Leishmania ainda é controverso. Alguns estudos sugerem que sejam mais de trinta

(BANULS et al., 2007), outros apontam como dezessete pela técnica de eletroforese


http://www.ncbi.nlm.nih.gov/pubmed/?term=Croan%20DG%5BAuthor%5D&cauthor=true&cauthor_uid=9364962
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de enzimas multilocus (SCHONIAN et al., 2011). Estudos recentes, por meio de
analises de filogenia pelo gene da hsp 70 (proteina do choque térmico) apontam que
este nimero seja de apenas oito espécies com relevancia médica (SCHONIAN et
al.,, 2010). Apesar desta controvérsia, € importante ressaltar que, dentre os
protozoarios da familia Trypanosomatidae, Leishmania apresenta o maior numero de
espécies envolvidas na transmissdo humana, as quais apresentam variacdes
relacionadas a viruléncia, preferéncia pelo inseto vetor e distribuicdo geografica, com
implicacbes importantes para o controle da doenca, seja no diagndstico,
quimioterapia, desenvolvimento de vacinas ou combate ao inseto vetor (VOLF et al.,
2008; ALVAR et al., 2012).

Em seu ciclo de vida, a Leishmania apresenta-se sob dois estagios
morfolégicos distintos, promastigotas e amastigotas (Figura 1), cujo processo
evolutivo permitiu a adaptacdo e sobrevivéncia destas formas evolutivas as
diferentes condi¢cdes de vida que envolve hospedeiros mamiferos e invertebrados
(ROY etal., 2012).
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R

Figura 1: Fotomicrografia ilustrativa das formas evolutivas de Leishmania amazonensis. (A) formas
promastigotas de L.amazonensis (B) macréfagos infectados com amastigotas de L. amazonensis. As
setas em vermelho indicam as diferentes formas evolutivas do parasito. Aumento de 1000 X. Fonte:
Do autor.

As formas promastigotas sdo moveis e com formato alongado, com
aproximadamente 10 a 15 um de comprimento e 1,5 a 3,5 um de largura. O ndcleo é
arredondado ou oval e esta situado na regido central ou ligeiramente deslocado para
a porcdo anterior do corpo. O cinetoplasto, no formato de bastdo, localiza-se

proximo a extremidade anterior do corpo do parasito. Apresentam um flagelo


https://www.ncbi.nlm.nih.gov/pubmed/?term=Sch%C3%B6nian%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21078222

15

externalizado que emerge de uma invaginacdo do corpo celular na sua porcao
anterior, denominada bolsa flagelar (MCCONVILLE et al.,, 2007). As formas
promastigotas se desenvolvem no intestino médio do inseto vetor onde sobrevivem a
temperaturas em torno de 25-26 °C e sob condi¢ces de pH basico (MCCONVILLE et
al., 2011). As formas amastigotas apresentam-se tipicamente com formato oval ou
arredondado, com cerca de 2 a 3 um de comprimento. No citoplasma, encontra-se o
nacleo grande e arredondado e o cinetoplasto em forma de pequeno bastéo.
Possuem um flagelo curto, que raramente ultrapassa a abertura da bolsa flagelar,
sendo observado somente sob microscopia eletronica. Sdo formas exclusivamente
intracelulares que se desenvolvem no interior do vacuolo parasitéforo (VP) formado
no citoplasma de células do Sistema fagocitico mononclear (SFM) do hospedeiro
mamifero (KAYE et al.,, 2011, TEIXEIRA et al.,, 2013). Neste microambiente
intracelular sobrevivem a temperaturas entre 30-37 °C, sdo metabolicamente ativas
em pH acido, sob baixos niveis de oxigénio e diferentes condicbes nutricionais
(BESTEIRO et al., 2007; MCCONVILLE et al., 2011).

Independente da espécie de Leishmania envolvida e da manifestacdo clinica,
o ciclo biologico € semelhante para todas as espécies (Figura 2). Os protozoarios
deste género possuem um ciclo de vida heteroxénico, o qual se caracteriza pela
alternancia de forma parasitaria entre hospedeiros mamiferos, que incluem
humanos, cées e animais silvestres e hospedeiros invertebrados, representados por
insetos vetores denominados genericamente de flebotomineos (BURCHMORE;
BARRET, 2001; MISHRA et al.,, 2009). Dois géneros de flebotomineos sé&o
responsaveis pela transmissao natural de Leishmania em humanos: Phlebotomus no
Velho Mundo (Asia, Africa e Europa) e Lutzomyia no Novo Mundo (América Central
e América do Sul) (SHARMA,; SINGH, 2008; READY, 2013).
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Figura 2: Ciclo de vida da Leishmania sp. Retirado de HARHAY et al., 2011 com
modificacdes.

Os parasitos sédo transmitidos ao hospedeiro mamifero durante o repasto
sanguineo das fémeas dos insetos vetores, mediante a inoculacdo na derme das
formas promastigotas metaciclicas juntamente com a saliva do flebotomineo (KAYE;
SCOTT, 2011; SCOTT et al., 2016). ApoOs a inoculacdo das formas promastigotas
infectantes na pele do hospedeiro, os parasitos sdo fagocitados pelos macréfagos e
internalizados dentro do vacuolo parasitéforo, onde irdo se diferenciar em
amastigotas. As formas amastigotas iniciam um processo de multiplicacbes
sucessivas por divisdo binaria simples (DBS) por um periodo de 4-6 dias, até ocupar
todo o citoplasma do macrofago. Em seguida, os macrofagos se rompem e liberam
0s parasitos que serdo fagocitados por novas células hospedeiras, no interior das
quais continuam a se multiplicar, contribuindo para a propagacéo e estabelecimento
da infeccdo no hospedeiro vertebrado (LODGE; DESCOTEAUX; 2005; FRANCO et
al., 2012). Outras células da imunidade inata como neutréfilos, mondcitos, células
dendriticas e fibroblastos séo recrutados para o sitio da infeccdo e podem atuar
como células hospedeiras, exercendo papéis distintos na regulacdo da resposta
imune inicial do hospedeiro frente a infeccdo (NADERER; MCCONVILLE, 2008;
KAYE; SCOTT, 2011; SCOTT; NOVAIS, 2016).
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A transmissao para o hospedeiro invertebrado ocorre quando a fémea do
flebotomineo, ao realizar novo repasto sanguineo, se alimenta em um hospedeiro
infectado e ingere macrofagos infectados contendo formas amastigotas que
acompanham o sangue (RIBEIRO, 1995; ROY et al., 2012). Estas, diferenciam-se
em promastigotas prociclicas, realizam multiplicacdes sucessivas por DBS e apés
um processo denominado metaciclogénese, irdo se transformar em promastigotas
metaciclicas; as quais ndo possuem capacidade proliferativa, sédo altamente
infectivas para células de mamiferos e serdo transmitidas a um novo hospedeiro
mamifero durante a alimentacdo da fémea (PIMENTA et al., 1992; VAN ASSCHE et
al., 2011; TEIXEIRA et al.; 2013).

1.3 LEISHMANIOSE TEGUMENTAR AMERICANA (LTA)

As leishmanioses estdo associadas a uma diversidade de manifestacdes
clinicas. A susceptibilidade a infeccdo, bem como a forma clinica e a gravidade da
doenca dependem de uma combinacédo de fatores relacionados ao hospedeiro como
status imunoldégico, predisposi¢cdo genética, idade, comorbidades, estado nutricional
e caracteristicas inerentes ao parasito como carga parasitéria, viruléncia e tropismo
por diferentes 6rgdos (pele, mucosa ou 6rgéos viscerais) (MINISTERIO DA SAUDE,
2013; NOVAIS; SCOTT, 2015). Algumas espécies apresentam tropismo por células
do Sistema Fagocitico Mononuclear (SFM) das regides de pele e mucosas,
desencadeando infecgbes cutaneas que levam inicialmente a produgdo de um
nédulo na pele (“histiocitoma”) e de evolucdo clinica variada (forma localizada,
disseminada, difusa ou mucocutanea). Outras espécies apresentam tendéncia a se
disseminar a partir do sitio inicial de infeccdo na pele, multiplicando-se nas células
do SFM dos 6rgaos viscerais como figado, baco e medula 6ssea (BEATTIE; KAYE,
2011; READY, 2014).

Em relacdo a LTA, o homem pode apresentar desde infeccdo subclinica ou
assintomatica a manifestacfes distintas que variam de lesBes cutaneas localizadas
com resolucéo clinica espontanea; até formas mais graves e de curso crénico como
a forma disseminada, difusa e mucocutanea (GOLLOB et al., 2008; KEVRIC et al.,
2015).

A leishmaniose cutanea localizada (LCL) € a manifestacdo clinica de maior
prevaléncia, representando 50-75 % dos novos casos (KUMAR; ENGWERDA,
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2014). A lesé@o é geralmente do tipo ulcerosa, com periodo de incubacdo variavel
entre dez dias a trés meses. Na maioria dos casos a lesdo priméria é Unica, embora,
em alguns casos, multiplas picadas do inseto vetor ou a disseminacéo local das
formas promastigotas infectantes possam culminar em um numero elevado de
lesbes (até dez ou mais lesBes). O aspecto clinico mais frequente sdo ulceragfes
Unicas, em geral indolores, bem delimitadas, apresentando bordas elevadas e
repletas de parasitos e com fundo granulomatoso (GONTIJO; DE CARVALHO, 2003;
DAVID; CRAFT, 2009; KEVRIC et al.,, 2015). Todas as espécies de Leishmania
relacionadas a LTA podem ocasionar LCL, sendo que as espécies mais prevalentes
no Brasil sdo L. braziliensis e L. amazonensis, L. guyanensis, L. shawi, L. naiffi e L.
lainsoni (MINISTERIO DA SAUDE, 2013). A leséo tende a cura espontanea apos 1
ou 2 anos e apresenta boa resposta ao tratamento na maioria dos casos
(MINISTERIO DA SAUDE, 2013).

A leishmaniose cutanea difusa (LCD) constitui uma forma clinica rara, porém
de maior gravidade. Inicia-se com uma lesdo Unica, mas que nado responde
satisfatoriamente ao tratamento farmacolégico. Ap6és meses ou anos, ocorre
disseminacdo hematogénica do parasito com aparecimento de numerosos nédulos
nao ulcerados, com abundéancia de parasitos em diferentes partes do corpo, como:
face (nariz, labio superior, orelhas) e membros (bragos, antebracos, pernas, pés).
Esta manifestacdo tipicamente ocorre em pacientes com anergia imunoldgica na
qual a deficiéncia na resposta imune celular a antigenos de Leishmania é
responsavel pela acentuada proliferacdo dos parasitos e disseminacdo da infeccéo.
Este comprometimento da resposta celular leva a um curso crénico e progressivo da
doenca, com baixa resposta a quimioterapia (REITHINGER et al.,, 2007,
MINISTERIO DA SAUDE, 2013; KEVRIC et al., 2015). No Continente Americano, a
LCD encontra-se estritamente associada as espécies do complexo mexicana,
principalmente L. amazonensis e L. mexicana (SILVEIRA et al., 2009). No Brasil,
casos de LCD tém sido registrados, principalmente, nas regides Norte e Nordeste e
associados, exclusivamente, a L. amazonensis (LAINSON et al., 1987; SILVEIRA et
al., 2004).

A forma disseminada da LC é reconhecida pelo surgimento de multiplas
lesbes ulceradas de aspecto polimérfico em duas ou mais areas do corpo e
observadas com maior frequéncia na face e tronco (GOTO; LINDOSO, 2012). As

lesbes se estabelecem poucos dias ap0s o desenvolvimento das lesGes primarias
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por meio da disseminacdo do parasito por via hematogénica ou linfatica e
ocasionando lesdes distantes do local da picada (COSTA et al., 1986, CARVALHO
et al., 1994; MINISTERIO da SAUDE, 2013). Caracteriza-se pela escassez de
parasitos na leséo, elevada resposta imune celular e baixa resposta ao tratamento
convencional (NOVAIS; SCOTT, 2015). E relativamente rara, podendo ser
observada em até 2% dos casos de LC e frequentemente observada em pacientes
co-infectados pelo virus HIV. Estd associada a infeccOes por espécies do Novo
Mundo relacionadas ao subgénero Viannia e Leishmania, principalmente, L.
braziliensis e L. amazonensis (SILVEIRA et al., 2009).

A forma recidiva diferencia-se das demais pelo desenvolvimento, apds
periodos variaveis de meses e anos, de lesfes de aspecto vesiculares e papula em
torno da borda de uma lesdo cicatrizada espontaneamente ou apds tratamento
farmacolégico (GOTO; LINDOSO, 2012). As infecgdes tendem a ser resistentes ao
tratamento farmacoldgico. No Brasil, ha notificacbes de casos provocados pelas
espécies L. amazonensis e L. braziliensis (PISCOPO et al, 2006; BAILEY;
LOCKWOOD, 2007).

A leishmaniose cutdneomucosa (LCM) é clinicamente caracterizada pelo
desenvolvimento de lesBes destrutivas localizadas nas mucosas das vias aéreas
superiores. Na maioria dos casos, a LCM é resultante da LC de evolucdo cronica
ap0s a cura clinica espontanea ou com tratamento farmacolégico inadequado
(MINISTERIO DA SAUDE, 2013). Acredita-se que a lesdo mucosa metastatica
ocorra pela habilidade dos parasitos de alcancar, meses ou anos apés a lesao
inicial, a mucosa nasal e orofaringea por disseminacgéao linfatica ou hematogénica,
induzindo lesdo tecidual severa e metastase resultante da ativacdo de resposta
imune hiper-inflamatéria exacerbada pelo hospedeiro (DE MOURA et al., 2005;
GOTO; LINDOSO, 2010; SCOTT, NOVAIS, 2016). A leséao tipicamente comeca com
inflamagéo nasal e espalha-se, culminando com ulceracdo da mucosa nasal e
destruicdo do septo. Nos casos mais graves, 0 processo ulcerativo pode atingir
laringe, traquéia e palato, resultando em complicacdes respiratérias, dificuldades de
alimentacdo e infeccbes secundarias, podendo levar o paciente a Obito
(REITHINGER et al., 2007; AMATO et al., 2008). Estima-se que cerca de 90% dos
casos de LCM ocorram no Brasil, Bolivia e Peru (KUMAR; ENGWERDA, 2014). O
principal agente etiologico € a L. braziliensis (SILVEIRA et al., 2009), mas outras

espécies sdo também associadas como L. panamensis e L. guyanensis (RONET et
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al., 2011). Apesar da escassez de parasitos, as lesbes de LCM sao de dificil
tratamento em funcdo da resisténcia a terapéutica convencional e da presenca de
infeccdes bacterianas secundarias (DAVID; CRAFT, 2008; MINISTERIO da SAUDE,
2013).

1.4 RESPOSTA IMUNE NA LTA

Nos momentos iniciais da infec¢cdo, a Leishmania é internalizada por
diferentes tipos de células hospedeiras, tais como neutréfilos, macréfagos,
macréfagos, mondcitos e fibroblastos, resultando na disseminacgéo da infec¢éo para
os linfonodos drenantes e a consequente ativacédo da resposta imune do hospedeiro
(CECILIO et al.,, 2011; GOLLOB et al., 2014, DE MORAIS et al., 2015). A
intensidade e qualidade da resposta imune desencadeada nos momentos iniciais da
infeccdo sdo determinantes se o contato inicial com Leishmania ira resultar no
controle da infecgéo pelo hospedeiro, no desenvolvimento de formas autolimitadas
(infeccdes assintomaticas) ou na evolugdo para formas clinicas mais graves de
curso croénico e progressivo (CARVALHO et al., 2012; GOLLOB et al., 2014).

E importante também considerar o papel efetivo da saliva do flebotomineo na
exacerbacéo da infecciosidade das formas promastigotas no hospedeiro vertebrado
mediante a producdo de um conjunto de subtancias, dentre elas o maxadilan e
“promastigote secretory gel’” (PSG), com atividade vasodilatadora, anti-agregante
plaquetaria, anti-hemostatica e imunossupressora (KAMHAWI, 2000; SOARES;
TURCO, 2003). O papel imunomodulatério das moléculas presentes na saliva
exerce diversos efeitos na resposta imune do hospedeiro, dentre eles: regulacéo da
producdo de anticorpos, recrutamento de macrofagos para o sitio da infeccdo e
aumento na expressdo e atividade de arginase, inibicdo da ativacdo de células
dendriticas e macréfagos, inibicdo da producédo de citocinas Thl (IL-12 e IFN-y e
inducdo da producdo de citocinas regulatorias (IL-10 e TGF-B) que suprimem a
resposta imune celular, favorecendo o sucesso da infec¢do (ROGERS, TITUS, 2003;
ROGERS et al., 2009).
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No contexto da LTA, a resposta imune efetiva é resultante, principalmente, da
ativagcdo da resposta imune celular pelos linfocitos T CD4* e CD8*. A diferenciacdo
das células T CD4* nos diferentes subtipos Th1l ou Th2 cumpre uma funcao central,
induzindo susceptibilidade ou resisténcia a infeccdo dependendo do contexto de
citocinas produzidas (GOLLOB et al., 2014).

A ativacdo da resposta do tipo Thl tem sido correlacionada tanto com o
controle da infeccdo, bem como com o agravamento da imunopatologia nas formas
cutaneas mais graves como observado na LCM (SILVEIRA et al., 2009; SCOTT,
NOVAIS, 2016). A producdo de IL-12 pelos macréfagos e células dendriticas
infectadas induz as células Thl a produzir IFN-y, capaz de ativar 0s mecanismos
microbicidas pelos macréfagos, resultando na sintese de intermediarios reativos de
nitrogénio e oxigénio e, consequentemente, a morte dos parasitos intracelulares. Por
outro lado, a producéo excessiva de TNF-a e IFN-y induz uma resposta inflamatoria
exacerbada, responsavel pela destruicdo tecidual e pode, diretamente, culminar no
desenvolvimento de quadros clinicos mais graves (SILVEIRA et al., 2009; DA SILVA
SANTOS; BRODSKYN, 2014). A Leishmania é também capaz de escapar da
resposta imune do hospedeiro e modular a diferenciacdo de células T para uma
resposta do tipo Th2. Neste caso, a acéo supressiva das citocinas IL-4, IL-5, IL-10 e
IL-13 sobre os macréfagos resulta na inibicdo da resposta Thl e desativacdo dos
mecanismos microbicidas dos macrofagos, favorecendo a sobrevivéncia do parasito
e estabelecimento da infeccdo (GOLLOB et al., 2014).

Sabe-se que na LTA as células T CD8* exercem um papel duplo, contribuindo
diretamente no controle da infeccdo e na imunidade protetora frente a novas
infeccbes como observado na LCL, mas também estdo envolvidas na inducao de
uma resposta inflamatéria exacerbada e destruicdo tecidual nas formas cutaneas
mais graves (NOVAIS, SCOTT, 2015). Nos estagios iniciais da infeccdo, as células T
CD8* exercem um papel chave no controle da infec¢do induzindo a producéo de
citocinas ativadoras de macrofagos, tais como IFN-y e IL-12, as quais séao
importantes na modulacdo da resposta para Thl e supressdo da resposta Th2
(SCOTT; NOVAIS, 2016). A producédo de IFN-y pelas células T CD8" ap0s a cura
das lesdes também tem sido correlacionada com o controle da infeccdo (DE
OLIVEIRA: BRODSKYN, 2012, NOVAIS; SCOTT, 2015). Por outro lado, evidéncias
crescentes demonstram o papel patogénico das células T CD8* no desenvolvimento

das manifestacbes mais graves como LCD e LCM e caraterizada pela elevada
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producédo de IL-10 e TGF-B (GOMES-SILVA et al., 2007). Outra fungcéo patogénica
associada as células T CD8* é sua atividade citotoxica marcada pela expressao
elevada de moléculas citoliticas tais como perforina e granzima na lesdo de
pacientes com LCM provocadas por L. braziliensis e implicada no agravamento do
quadro clinico (DE OLIVEIRA; BRODSKYN, 2012).

A contribuicdo das células B na resposta imune as leishmanioses ndo esta
bem estabelecida e parece desempenhar um papel na regulacéo da resposta imune
mediante a producédo de citocinas, anticorpos e inducdo da ativacdo de células T
CD4* (RODRIGUES-PINTO et al., 2014). Neste contexto, estudos demonstram que
a producéo de anticorpos IgG € necessaria para o desenvolvimento de uma resposta
Thl protetora efetiva; outros reforcam o papel das células B na patogénese da
infeccdo, contribuindo para a progressdo da infeccdo mediante a producdo de
anticorpos policlonais e citocinas imunossupressoras como IL-10. O perfil e
intensidade da resposta humoral parece estar diretamente relacionada com a cepa e
espécie infectante, carga parasitaria e forma clinica; sendo que niveis elevados de
anticorpos tém sido observados em pacientes com manifestacdes clinicas mais
graves como a LCD, enquanto pacientes com LCL desenvolvem uma fraca resposta
humoral (BOMFIM et al., 2007; RONET et al., 2011; RODRIGUES-PINTO et al.,
2014).

Estudos ja demonstraram que a resolucdo da infeccdo primaria com
Leishmania pode resular no desenvolvimento de uma imunidade protetora frente a
reinfeccdo. Desta forma, os parasitos remanescentes nas lesdes, cuja permanéncia
é regulada principalmente pela IL-10, contribuem para a estimulacdo constante de
uma populacao de células T CD4* efetoras que respondem prontamente a um novo
contato com o parasito (BOGDAN, 2008, SCOTT; NOVAIS, 2016). Este fenbmeno
da persisténcia parasitaria representa um equilibrio da relacdo parasito-hospedeiro
de modo que a constante estimulacdo antigénica confere protecdo ao hospedeiro
frente a novas infeccbes mediante a formacdo de memdria imunolégica. Por outro
lado, a sobrevivéncia parasitaria seria um fator critico para a ocorréncia de casos de
reativacao espontanea da doenca e manutencéo do ciclo de transmissao da doenca
(MENDONCA et al., 2004; SCOTT; NOVAIS, 2016).
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1.5 TRATAMENTO DAS LEISHMANIOSES

A quimioterapia atual para as leishmanioses é considerada insatisfatoria em
funcdo de diversos fatores, como: nimero limitado de farmacos disponiveis, baixa
eficicia, custo elevado, aumento dos casos de resisténcia parasitaria e elevado grau
de toxicidade. Aliado a isto, tem-se 0 esquema terapéutico por tempo prolongado e
por vias de administracdo desconfortaveis (parenteral ou intramuscular), as quais
necessitam de hospitalizacdo e monitorizagdo terapéutica, resultando em baixa
adesao do paciente ao tratamento (JAIN; JAIN, 2013; DE MENEZES et al., 2015;
SINGH et al., 2016). Na auséncia de uma vacina disponivel para uso em humanos, o
tratamento farmacologico é a principal alternativa de controle das leishmanioses
(KUMAR; ENGWERDA, 2014, SEYED et al., 2016).

Diversos aspectos da biologia da Leishmania sdo considerados limitantes
para a eficacia dos farmacos, com destaque para: (i) localizacdo das formas
amastigotas intracelulares dentro de compartimentos de natureza acida (vacuolo
parasitoforo) no interior de macrofagos; (i) desenvolvimento de mecanismos
elaborados de evasdo do sistema imune do hospedeiro; (iii) caracteristicas
farmacocinéticas diferenciadas para os farmacos alcancarem em concentracdes
terapéuticas 6rgaos viscerais como figado, baco, medula éssea no caso da LV; ou a
pele e mucosas na LTA; (iv) diferencas intrinsecas na sensibilidade aos farmacos
entre as espécies de Leishmania que provocam a infeccdo em humanos e (V)
Leishmania tem o potencial de responder a pressdo medicamentosa sob mdultiplas
vias, resultando em falhas terapéuticas, resisténcia a drogas e dificuldades na
elucidacdo do mecanismo de acdo dos farmacos (LOISEAU; BORIES, 2006;
SHUKLA et al. 2010; CROFT; OLLIARO, 2011; NAGLE et al. 2014; DA CUNHA-
JUNIOR, 2015; GEIGER et al., 2016). Diante desta série de limitacdes, o tratamento
atual para as leishmanioses disp6e de um numero restrito de medicamentos (Figura
3).



Figura 3: Principais farmacos utilizados na terapia das leishmanioses.
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Os derivados antimoniais foram inicialmente utilizados no tratamento da LC e
LV por Gaspar Vianna em 1912 sob a forma do composto tartaro emético (VIANNA,
1912). Atualmente, os antimoniais pentavalentes permanecem como os farmacos de
primeira escolha e estdo disponibilizados sob duas formula¢des: Antimoniato de N-
metilglucamina (Glucantime®) (Figura 3) e estibogluconato de sédio (Pentostam®)
(Figura 3), que podem ser administrados por via endovenosa ou intramuscular com
igual eficacia (CRUZ et al., 2009; FREITAS-JUNIOR et al., 2012).

O mecanismo de acao dos antimoniais pentavalentes ainda nao foi totalmente
elucidado e parece estar associado a diferentes mecanismos de acédo e vias
metabdlicas do parasito. Tem sido sugerido que a forma pentavalente (Sb%*) atue
como um pro-farmaco, sendo reduzida a sua forma ativa antiménio trivalente (Sb3*)
no interior do fagolisossomo pela acéo da glutationa, glicilcisteina e triapanotiona ou
por ativacdo enziméatica pela redutase dependente de tiol (DENTON et al., 2004) e
antimonito redutase (ASHUTOSH et al., 2007; FREZARD et al., 2010).

A atividade do composto € parcialmente resultante da sua interacdo com o
sistema antioxidante do parasito, inibindo a atividade da tripanotiona redutase,
enzima envolvida na protecdo contra o dano oxidativo; e comprometendo a
capacidade da Leishmania de reduzir tiol, resultando na morte do parasito pelo
acumulo de espécies reativas do oxigénio (EROSs) intracelular (WYLLIE et al., 2004;
HALDAR et al.,, 2011). O composto inibe as enzimas da via glicolitica e da B-
oxidacdo de &cidos graxos nas formas intracelulares do parasito, resultando na
reducdo da formacdo de ATP e GTP (SINGH; SIVAKUMAR, 2004). A atividade dos
antimoniais também esta associada a inducdo de uma série de eventos sugestivos
de apoptose, tais como: fragmentacdo do DNA (SERENO et al., 2001), inibicdo da
DNA topoisomerase | (CHAKRABORTY; MAJUMDER, 1988), aumento da producéo
de EROs, acimulo de Ca?' citosdlico e colapso do potencial de membrana
mitocondrial (SHAHA, 2006).

Uma das principais limitagbes da terapia com antimoniais é a variacdo da
eficacia do farmaco dependendo da manifestagéo clinica, bem como em funcdo das
variacfes genéticas entre espécies e cepas de Leishmania encontradas em regides
geograficas distintas (GOTO; LINDOSO, 2010; CROFT; OLLIARO, 2011). Os dados
mais alarmantes ocorrem na regido endémica de Bihar, na india, onde cerca de 60%
dos novos casos apresentam refratariedade ao tratamento com antimoniais
(AGRAWAL et al., 2005; STAUCH et al., 2013). Estudos ja evidenciaram a existéncia
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de multiplos mecanismos moleculares de resisténcia aos antimoniais, incluindo:
diminuicio na captacdo de Sb3 em funcdo da expressdo reduzida de
aguagliceroporinas (AQP1) e aumento na expressdo de enzimas relacionadas ao
metabolismo do tiol, detoxificacdo e eliminacdo da droga (MUKHOPADHYAY et al.,
1996; GOURBAL et al., 2004; WYLLIE et al., 2004).

Outra problemética € que o tratamento sistémico por um periodo prolongado
provoca o acumulo da forma ativa do farmaco em diferentes 6rgdos como coracao,
baco e figado, resultando em efeitos potencialmente mais graves como
cardiotoxicidade e nefrotoxicidade, principalmente em pacientes idosos. Além de
uma série de efeitos adversos como artralgia, mialgia. nduseas, dor abdominal,
pancreatite, prurido, febre, choque pirogénico, edema, arritmia cardiaca e toxicidade
renal (MINISTERIO DA SAUDE, 2013). Em funcéo da capacidade do composto em
atravessar a barreira transplacentaria, seu uso ndo é indicado durante a gravidez
(DAVID; CRAFT, 2009; DE MENEZES et al., 2015).

A anfotericina B (Figura 3) € um antifungico poliénico isolado da bactéria
Streptomyces nodusus utilizado no tratamento de infeccdes sistémicas (HARTSEL,;
BOLARD, 1996). E indicada como primeira opgao terapéutica para o tratamento de
pacientes nao responsivos a terapia com antimoniais, criangcas, gestantes e
pacientes co-infectados com HIV (MINISTERIO DA SAUDE, 2013).

O mecanismo de acdo da anfotericina B esta relacionado a afinidade ao
ergosterol, principal esterol de membrana plasmatica de tripanossomatideos e
fungos. O farmaco forma um complexo binario com o0s esterdis da membrana
plasmatica do parasito que resulta na formacdo de poros na membrana, com
consequente liberacdo de ions K*, Na*, H" e CI- e culminando na morte do parasito
resultante da alteracdo na permeabilidade da membrana plasmatica e do equilibrio
osmatico do parasito (HARTSEL; BOLARD, 1996; RAMOS et al., 1996; FREITAS-
JUNIOR et al., 2012). A atividade da droga também esta associada a caracteristicas
sugestivas de morte por apoptose como colapso do potencial de membrana
mitocondrial e fragmentacdo do DNA (LEE et al. 2002). Sobre o0 mecanismo de acgéo
in vivo, estudos ja comprovaram que o efeito do composto seria resultante da sua
interacdo com o ergosterol da membrana do parasito aliado a capacidade de
sequestrar o colesterol da membrana da célula hospedeira, comprometendo a
interacdo parasito-macréfago (CHATTOPADHYAY; JAFURULLA, 2011). A principal

limitacdo do farmaco sdo os efeitos toxicos resultantes da sua elevada afinidade
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com o colesterol da membrana plasmética da célula humana, dentre eles:
cardiotoxicidade, nefrotoxicidade, além de efeitos adversos importantes como
hipopotassemia, febre, nauseas, flebite no local da infusdo e reacdes anafilaticas
(CROFT; COOMBS, 2003; MINISTERIO DA SAUDE, 2013)

Nos ultimos anos, uma série de formulagcbes lipossomais da anfotericina B
estdo disponiveis comercialmente para o tratamento da LV, dentre elas: anfotericina
B lipossomal AmBisome®), anfotericina B de dispersdo coloidal (Amphocil®) e
complexo lipidico de anfotericina B (Abelcet®) (SINHA; BHATTACHARYA, 2014).
Dentre as vantagens das formulagbes lipidicas, tem-se: aumento da eficacia
terapéutica em funcdo da maior a captacdo da droga pelos macréfagos no baco e
figado, reducdo no tempo de tratamento e diminuicdo da toxicidade. Em
contrapartida, apresenta custo elevado, o que inviabiliza o seu uso na rotina
terapéutica em paises menos desenvolvidos (MISHRA et al., 2009; DEN BOER et
al., 2011; DE MORAIS et al., 2015). No Brasil, o Ministério da Saude ja disponibiliza
a anfotericina B lipossomal para o tratamento da LV, sendo indicada para o
tratamento de criancas menores de 1 ano, idosos, pacientes transplantados, com
quadros de insuficiéncia renal, cardiaca ou hepética e coinfectados com HIV.
Entretanto, ndo existe registro para uso no tratamento da LTA (MINISTERIO DA
SAUDE, 2013).

A pentamidina (Figura 3) é um derivado de diamina aromatico que tem sido
utilizado com uma opcao terapéutica para o tratamento da LC e LV em casos de
resisténcia a terapia com antimoniais e em pacientes cardiacos (CROFT et al.,
2006). A droga é também utilizada no tratamento da tripanossomiase africana
humana (BRUN et al.,, 2010). O principal alvo de atuacdo do composto é a
mitocéndria da Leishmania mediante a inibicdo do complexo Il da cadeia respiratoria
e induzindo colapso do potencial de membrana mitocondrial (VERCESI; DOCAMPO,
1992; MUKHERJEE et al., 2006). A atividade do composto estd também associada a
inibicdo da sintese de DNA e parada do ciclo celular na fase G2/M (NQUEWA et al.,
2005). Seu uso clinico tem sido abandonado em funcéo da eficacia clinica limitada
aliado aos efeitos adversos potencialmente graves, como cardiotoxicidade,
hipoglicemia, diabetes, nefrotoxicidade, taquicardia e dor no local da injecao
(CROFT et al., 2006; DAVID; CRAFT, 2009; SINGH et al., 2016).

A paromomicina (Figura 3) €é um antimicrobiano da classe dos

aminoglicosideos que foi recentemente aprovada para o tratamento da LV (SHAKYA
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et al,, 2011; SINGH et al.,, 2016). Sua eficacia clinica foi comprovada quando
administrada por via parenteral tanto na terapia isolada, quanto em associagdo com
estibogluconato de sodio (NEAL et al., 1995) ou em combinacdo com miltefosina
(SEIFERT; CROFT, 2006). O farmaco também tem sido utilizado na terapia da LCL
por via topica (EL-ON et al., 1992). As principais vantagens do farmaco sao: baixo
custo, poucos efeitos adversos, elevada eficacia e tempo de tratamento reduzido
(MOHAPATRA, 2014). Estudos in vitro demonstraram que a acao leishmanicida
envolve inibicdo da sintese proteica e interferéncia na funcdo mitocondrial do
parasito (JHINGRAN et al., 2009). Os principais efeitos adversos associados a
terapia com o farmaco sdo edema, prurido e irritacdo no local da administracdo
(ARMIJOS et al., 2004).

A miltefosina (Figura 3) € um anéalogo alquilfosfocolina originalmente utilizada
no tratamento de cancer de mama (HILGARD et al.,, 1993) tendo o seu efeito
leishmanicida primeiramente descrito por Croft et al. (1987). Esta descoberta
significou um importante avanco no tratamento da LV, pois foi o primeiro farmaco
oral utilizado com sucesso na India em pacientes resistentes aos antimoniais
pentavalentes e com baixa toxicidade em criancas e idosos (SUNDAR et al., 2005;
CROFT; ENGEL, 2006; SUNDAR; OLLIARO, 2007). Estudos de triagem clinica do
farmaco no tratamento da LC na América do Sul demonstraram eficacia clinica
limitada e falhas terapéuticas, o que desaponta a expectativa do seu uso no
tratamento da LC pela via oral (SOTO et al., 2001, SOTO et al., 2004; YARDLEY et
al., 2005; MACHADO et al., 2010).

O efeito leishmanicida da miltefosina estda associado a mudltiplos alvos,
induzindo uma série de eventos bioquimicos e celulares tipicos de morte por
apoptose como: disfuncdo mitocondrial, condensacdo nuclear, fragmentacdo do
DNA, parada do ciclo celular e exposicdo de fosfatidilserina (PARIS et al., 2004;
VERMA; DEY, 2004, MARINHO et al., 2011). Sua acao anti-Leishmania também
inclui a interferéncia na via de biossintese de fosfatidilcolina (LIRA et al., 2001) e nas
vias de transducg&o de sinais relacionadas a lipidios, resultando em perturbacdo da
dindmica lipidica (LUX et al., 2000).

Apesar do importante avango obtido com a terapia oral com miltefosina, o
farmaco possui uma série de limitagdes, dentre eles: variacdo de sensibilidade entre
diferentes espécies de Leishmania, falha terapéutica, alto custo, periodo prolongado

de tratamento, elevada toxicidade, tempo de meia-vida prolongado (sete dias),
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favorecendo o surgimento de cepas resistentes (DORLO et al., 2008; MALTEZOU,
2010; SINGH et al., 2016). Além disto, seu uso é contra-indicado em criangas e
gestantes em funcdo dos efeitos tdéxicos sobre o trato gastrointestinal (perda de
apetite, vomitos e diarreia), hepato e nefrotoxicidade e potencial teratogenicidade
(DORLO et al., 2012). Este conjunto de fatores colocam em risco a continuidade da
quimioterapia leishmanicida com o farmaco (MALTEZOU, 2010; DORLO et al.,
2012).

1.6 MORTE CELULAR EM PROTOZOARIOS

O processo de morte celular em metazoarios tem sido amplamente estudado
e envolve mecanismos distintos que ocorrem de maneira regulada ou programada
(Programmed cell death” - PCD) e n&o regulada (GALLUZI et al., 2012; BERGHE et
al., 2014). Em contrapartida, em protozoarios e outros organismos eucariotos, 0
mecanismo de morte foi pouco explorado durante décadas e assumia-se que estes
microrganismos morriam de maneira ndo coordenada; sendo 0S processos
relacionados a interacao parasito-hospedeiro, patogénese, resposta imunoldgica e
acdo de agentes quimioterapicos amplamente ignorados (LUDER et al., 2010).
Atualmente, diversos processos amplamente descritos em metazodarios também tém
sido evidenciados nos protozoarios (DEPONTE, 2008; KACZANOWSK, SAJID,
REECE, 2011; BRENNAND et al., 2012; PROTO et al., 2013; MENNA-BARRETO;
DE CASTRO, 2014).

A apoptose é o tipo de PCD melhor caracterizado, tendo sido primeiramente
descrita em metazoarios por Richard Lockshin em 1960 e somente em 1995 em
organismos protistas por Ameinsen e colaboradores. E um processo altamente
regulado, que ocorre sob condi¢des fisiolégicas e patolégicas e responsavel pela
manutencdo da homeostase de processos bioldgicos distintos, dentre eles:
renovacao celular e tecidual, remocédo seletiva de células danificadas ou infectadas,
desenvolvimento e funcionamento adequado do sistema imune (MARTINEZ et al.,
2010; GALLUZZI et al., 2012). Em protozoarios, a apoptose apresenta um papel
fundamental na sobrevivéncia e manutencdo do ciclo de vida e estd implicada na
regulacdo de processos celulares distintos, como o desenvolvimento parasitario no

hospedeiro mamifero e inseto vetor, diferenciacdo celular, resposta ao estresse e
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modulac&o da resposta imune do hospedeiro (LUDER et al., 2010; GANNAVARAM;
DEBRABANT, 2012).

Na infeccdo com Leishmania, por exemplo, tem sido descrito um processo
refinado de manipulacdo da maquinaria apoptoética da célula hospedeira, conhecido
como “cavalo de Trdia”. Nas primeiras horas de infeccdo, os neutréfilos séo
recrutados ao local da infeccdo e servem como célula hospedeira priméria para
Leishmania. O processo de interiorizacdo inicial dos promastigotas nos neutréfilos
cumpre um importante papel na sobrevivéncia dos parasitos no hospedeiro
vertebrado. Os neutrofilos rapidamente entram em apoptose e a fagocitose das
células apoptoticas pelos macréfagos induz uma resposta anti-inflamatoria resultante
da secrecdo de citocinas regulatorias como IL-10 e TGF-B, inibindo a atividade
microbicida dos macréfagos, favorecendo a entrada silenciosa do parasito e
estabelecimento da infeccédo (LASKAY et al., 2003; PETERS et al., 2008; CECILIO
et al., 2014).

Outra estratégia utilizada pela Leishmania para mimetizar o fenotipo
apoptotico é a exposicao de fosfatidilserina (PS) na superficie de uma subpopulagéo
promastigotas no momento da infeccdo da célula hospedeira. Estas formas
promastigotas apoptéticas sdo fagocitadas pelos macréfagos, inibindo a producao
de citocinas proé-inflamatérias e, consequente, ativacdo da resposta imune do
hospedeiro; garantindo a sobrevivéncia intracelular dos promastigotas que nao
expressam o fendtipo apoptético e o sucesso da infeccdo (BRUCHHAUS et al.,
2007; WANDERLEY et al., 2009; EL-HANI et al., 2012; WANDERLEY et al., 2013).
Um mecanismo semelhante é também observado nas formas amastigotas, na qual a
mimetizacdo da morte por apoptose mediante a exposicdo de PS na membrana
plasmatica externa, resulta na desativacdo dos mecanismos microbicidas dos
macréfagos, favorecendo o0 estabelecimento e manutencdo da infeccdo
(WANDERLEY et al., 2005; SHAHA, 2006; WANDERLEY et al., 2006; EL-HANI et
al., 2012).

As caracteristicas sugestivas de morte por apoptose em protozoarios tém sido
observadas em resposta a uma variedade de estimulos, tais como:
metaciclogénese, cultura de células em fase estacionaria, deficiéncia nutricional,
EROs, oxido nitrico, choque-térmico, toxinas, inibidores da cadeia respiratéria, efeito
de drogas, prostaglandinas, anticorpos, peptideos antimicrobianos, mutacdes em

genes regulatorios do ciclo celular, dentre outros processo (DEBRADANT et al.,
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2003; DUSZENKO et al., 2006, BRUCHHAUS et al., 2007; JIMENEZ-RUIZ et al.,
2010; SHEMAROVA, 2010; SMIRLIS et al., 2010).

A apoptose em protozoarios esta associada a diversas alteracfes bioquimicas
e celulares classicamente encontrados em células mamiferas, como colapso 1do
potencial de membrana mitocondrial, aumento nos niveis de EROs, liberacdo do
citocromo c, atividade de caspase-like, exposicdo de fosfatidilserina na membrana
plasmatica externa, manutencdo da integridade da membrana plasmatica até os
estagios finais, aumento nos niveis de calcio citosolico, retracdo celular,
condensacdo da cromatina, formacdo de corpos apoptéticos e fragmentagdo do
DNA nuclear (SERENO et al., 2001; ARNOULT et al.,, 2002; LEE et al., 2002;
DEBRADANT et al., 2003; BRUCHHAUS et al., 2007; DEPONTE, 2008; JIMENEZ-
RUIZ et al., 2010; LUDER et al., 2010; SHEMAROVA et al., 2010; GANNAVARAM;
DEBRABANT, 2012).

Em contrapartida, elementos centrais para a ativacdo da maquinaria
apoptotica no nucleo como as proteinas pro-apoptoéticas mitocondriais, tais como o
fator indutor de apoptose (AlIF) e proteinas da familia Bcl2, bem como os receptores
de morte da familia TNF e a ativacdo proteolitica de caspases nao foram
evidenciados no genoma de protozoarios (SHEMAROVA et al., 2010; SMIRLIS et
al., 2010). Contudo, estudos bioquimicos e moleculares ja identificaram a presenca
de uma variante desta proteina, denominadas metacaspases, amplamente
conservadas em protozoarios, fungos e plantas (LEE et al.,2002; SMIRLIS et al.,
2010; TSIATSIANI et al., 2011; CASANOVA et al., 2015). Apesar de estruturalmente
distinta das caspases de metazoarios, as metacaspases estdo envolvidas no
processo de morte celular, sobretudo, regulando negativamente o ciclo celular,
diferenciacdo celular e a proliferacdo do parasito no hospedeiro mamifero
(CASTANYS-MUNOZ et al., 2012),

Em fungéo da auséncia de diversas caracteristicas classicamente observadas
em organismos multicelulares e do entendimento dos mecanismos moleculares que
desencadeiam a maquinaria apoptética em protozoarios, a apoptose em
protozoarios ainda é alvo de inUmeros questionamentos sendo, atualmente, o termo
“apoptose-like” o mais aceito (RODRIGUES et al.,, 2006; KACZANOWSKI et al.,
2011; PROTO et al., 2013; MENNA-BARRETO; DE CASTRO, 2014).

O termo autofagia, primeiramente descrito por Christian de Duve em 1963,

tem sido amplamente caracterizado como um processo fisiologico e evolutivamente
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conservado de auto-degradacao celular essencial para a manutencéo do balanco
metabdlico em organismos eucariotos, que resulta na renovacdo de estruturas
celulares danificadas durante o ciclo celular normal e também sob condicBes de
estresse celular. Também reconhecido como PCD é considerada um “double-edged
sword”, exercendo um duplo papel entre uma estratégia de sobrevivéncia da célula
sob diversas condi¢cdes de estresse celular e quando, excessivamente induzida, a
desregulacéo do processo desencadeia a ativacao da via de morte celular (MAIURI
et al., 2007). A execucao e regulacdo do processo autofagico € orquestrada por um
conjunto de cerca de 30 proteinas da familia das “autophagy-specific genes” (ATGS)
que sado caracterizadas pelo elevado grau de conservagdo entre mamiferos e
organismos unicelulares (BRUCHHAUS et al., 2007; DUSZENKO, 2011,
BRENNAND et al., 2012).

Em metazoarios, o processo é tipicamente induzido sob diversas condi¢des
de estresse celular, incluindo: privacdo de nutrientes e oxigénio, acimulo de célcio
intracelular, estresse oxidativo, inibicdo do receptor tirosina quinase, estresse do
reticulo endoplasmatico, deprivacdo do fator de crescimento, infeccdo com
microrganismos e sob efeito de farmacos e toxinas (FULDA et al., 2010). Contudo,
0S mecanismos moleculares que condicionam ora o efeito protetor da autofagia ora
a inducdo de morte celular ainda permanece pouco compreendido e parece estar
associado ao agente indutor, contexto, intensidade e contetudo fagocitado e tempo
de inducédo (FULDA et al., 2010), sendo que a modulacdo desde processo tem se
tornado um importante alvo terapéutico no tratamento do cancer e diferentes
processos patoldgicos (RUBINSZTEIN et al., 2007).

A autofagia € um processo evolutivamente conservado e que também esta
presente em organismos unicelulares, incluindo protozoéarios (BERA et al., 2003;
BRUCHHAUS et al., 2007; TOTINO et al., 2008, KIEL et al., 2010; LUDER et al.,
2010; BRENNAND et al., 2011; DUSZENKO et al., 2011). Assim como observado
nos organismos multicelulares, a autofagia em protozoarios cumpre um papel duplo
entre um mecanismo pro-sobrevivéncia sob condi¢cdes de estresse celular, mas que
pode resultar em processo de morte celular programada se as condi¢cdes adversas
excederem a capacidade celular (SMIRLIS et al., 2010; LUDER et al.,, 2010;
DUSZENKO et al., 2011; WILLIAMS et al., 2012; PROTO et al., 2013).

Em infecgbes com Leishmania, assim como em outros tripanossomatideos, a

autofagia esta diretamente envolvida na regulacéo de processos bioldgicos distintos,
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dentre eles: remodelamento da morfologia do parasito durante os estigios de
diferenciagdo celular do seu ciclo evolutivo, metaciclogénese, infectividade,
adaptacdo parasitaria ao hospedeiro, evasdo do sistema imune do hospedeiro,
reciclagem de organelas, manutencdo da funcdo mitocondrial e capacidade
metabdlica (LUDER et al., 2010; BRENNARD et al., 2011; DUSZENKO et al., 2011;
BRENNARD et al., 2012).

As principais caracteristicas fenotipicas sugestivas de morte celular
autofagica em mamiferos ja foram evidenciadas em protozoarios, inclusive sob efeito
de diversas drogas, dentre elas: intensa vacuolizacdo citoplasmatica, acumulo de
autofagossomos, acumulo de organelas vesiculares &cidas, presenca de corpos
multivesiculares, formacédo de estruturas de membrana concéntrica no citoplasma,
desorganizacao celular, presenca de proteinas homadlogas a ATGs, preservacao da
integridade membrana plasmética, auséncia de fragmentacdo do DNA, em um
processo independente da ativacdo de caspase-like (BERA et al., 2003;
GUIMARAES; LINDEN, 2004; TOTINO et al., 2008; RODRIGUES; DE SOUZA,
2008; DUSZENKO et al., 2011; BRENNAND et al.,, 2012). O processo também
envolve intensa participagdo mitocondrial, caracterizada pelo colapso do potencial
de membrana mitocondrial e producédo de EROs (RODRIGUES et al., 2006; ZONG;
THOMPSON, 2006), o que comprova a importancia da regulacdo desta via como um
alvo para novos farmacos antiprotozoarios (DEBRABANT et al., 2003; SANTA-RITA
et al. 2005; BRAGA; DE SOUZA, 2006; MENNA-BARRETO et al., 2009;
BRENNAND et al., 2011; DUSZENKO et al., 2011; BRENNAND et al., 2012).

Por véarias décadas, a morte por necrose foi considerada um processo de
“‘morte celular acidental”. Contudo, recentes evidéncias apontam a existéncia de
multiplas vias de sinalizagdo em um processo altamente regulado geneticamente
(VANDENABEELE et al., 2010; BERGHE et al., 2014). O processo pode ser
desencadeado sob diferentes condi¢bes fisiopatoldgicas, incluindo resposta ao
estresse celular, infeccdo por patégenos e lesdes teciduais por isquemia (ZONG;
THOMPSON, 2006; FULDA et al., 2010).

As principais alteragbes celulares observadas sdo vacuolizagéo
citoplasmatica, degradacdo das organelas, aumento do volume celular (oncose),
permeabilizacdo da membrana lisossomal e perda da integridade da membrana
plasmatica. Estas alteragBes resultam na ruptura da célula com liberacdo de parte

do conteudo citoplasmatico para os tecidos circundantes, culminando no recrutando
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de células do sistema imune e desenvolvimento de uma resposta inflamatoria local
(RODRIGUES et al.,, 2006; ZONG; THOMPSON, 2006; FULDA et al.,, 2010;
BERGHE et al., 2014). Em estagios mais avancados ocorre a desintegracdo nuclear
e, em alguns casos, também resulta em condensacdo da cromatina (ZIEGLER;
GROSCURTH, 2004). O processo € também caracterizado por alteracdes drasticas
na mitocondria, como: producéo excessiva de EROs, permeabilizacdo da membrana
mitocondrial, deplecédo nos niveis de ATP e perda da homeostase de célcio.

A morte celular por necrose também tem sido descrita em protozoarios,
contudo, a importancia do processo para a interagdo parasito-hospedeiro e se o
mesmo ocorre de maneira regulada como descrito em metazoarios, ainda € pouco
esclarecido (MENNA-BARRETO et al.; 2009; LUDER et al., 2010, JIMENEZ-RUIZ et
al., 2010; RODRIGUES et al., 2014).

Em funcdo da ampla divergéncia acerca da ocorréncia de processos de morte
celular programada em organismos unicelulares, Proto et al. (2013) propuseram uma
nova classificacdo para a morte celular em protozoarios em dois tipos principais:
necrose e morte incidental. Segundo esta classificacdo, o termo necrose caracteriza
um processo de morte celular que ocorre na auséncia de mecanismos regulatorios e
evidenciado mediante alteragbes morfoldgicas classicamente observada em
metazoarios, tais como: arredondamento celular, oncose, inchaco de organelas e
ruptura da membrana plasmatica. J& a terminologia “morte celular incidental” seria
mais adequadamente empregada frente a um processo de morte celular
descoordenado desencadeado sob condigBes de estresse fisioldgico ou tratamento
com drogas. O processo abrange uma variedade de eventos celulares com
caracteristicas morfolégicas e bioguimicas comuns a diferentes subtipos de morte
celular e, na auséncia de evidéncias bioguimicas precisas acerca do mecanismo de

morte, o termo “morte celular incidental” seria 0 mais adequadamente empregado.

1.7 QUINOLINAS COMO COMPOSTOS LEISHMANICIDAS

Os compostos heteroclicicos do grupo das quinolinas representam uma das
mais bem-sucedidas classes de drogas ja descritas (KUMAR et al., 2009; AFZAL et
al.,, 2014; HUSSAINI, 2016) e amplamente reconhecidas por sua eficacia no
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tratamento da Malaria (FOLEY; TILLEY, 1998; KUMAR et al., 2009). Além disto,
apresentam um amplo perfil de atividade farmacol6gica com eficicia antiprotozoaria
(FAKHFAKH et al., 2003), antitripanossoma (KINNAMON et al., 1996), antibacteriana
(KAUR et al.,, 2011), antiinflamatéria (MUKHERJEE, PAL, 2013), antituberculose
(VANGAPANDU et al.; 2004), antitumoral (DEADY et al., 2000; AFZAL et al., 2014),
anti-HIV (MOUSCADET; DESMAELE, 2010) e antiflingica (ZHU et al., 2007).

Diversos trabalhos também demonstram o potencial das quinolinas em
Leishmania (TEKWANI; WALKER, 2006; RICHARD; WERBOVETZ, 2010; SEIFERT,
2011; NAGLE et al., 2014), com destaque para a sitamaquina (Figura 4), um
derivado de 8-aminoquinolina avaliado em estudos de fase clinica para o tratamento
oral da LV no Brasil (DIETEZE et al., 2001), na india (JHA et al., 2005) e no Quénia
(WASUNNA et al.,, 2005). Apesar dos resultados promissores, eventos adversos
renais foram observados e novos estudos estdo sendo realizados pela Glaxo Smith
na tentativa de se avangar no desenvolvimento deste medicamento (LOISEAU et al.,
2011; GSK, 2016). O mecanismo de acdo da sitamaquina em Leishmania inclui uma
variedade de alvos bioquimicos e celulares. Evidéncias apontam a mitocéndria como
um alvo primério para a acdo do composto, desencadeando colapso do potencial de
membrana mitocondrial (VERCESI; DOCAMPO, 1992), inibicdo do complexo Il da
cadeia respiratdria, inchaco da organela, diminuicdo no contetdo de ATP, acimulo
de EROs, inibicdo do consumo de oxigénio, culminando em morte por apoptose-like
(CARVALHO et al., 2011). Estudos evidenciaram também o acumulo do farmaco no
acidocalcissoma, resultando na alcalinizagdo da organela e morte do parasito
(LOPEZ-MARTIN et al., 2008). A atividade anti-Leishmania envolve ainda interacéo
com grupamentos fosfolipidicos ha membrana do parasito e acimulo do farmaco no
citosol em um processo independente de esterol (COIMBRA et al., 2010).

Outro derivado de 8-aminoquinolina com perfil leishmanicida promissor é a
tafenoquina (Figura 4), farmaco em triagem clinica para o tratamento antimalarico. O
efeito leishmanicida do composto parece estar associado a mitocdndria do parasito,
com inibicdo do citocromo c redutase (complexo Il da cadeia respiratéria),
diminuicdo do consumo de oxigénio, despolarizacdo do potencial de membrana
mitocondrial e aumento de EROs; a qual é acompanhado de aumento nos niveis de
Ca intracelular e fragmentagéo do DNA nuclear, culminando em morte por apoptose-
like (CARVALHO et al., 2010).
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Outro composto promissor € o imiquimod (Figura 4) um derivado
imidazoquinolina (MINODIER; PAROLLA, 2007) com uso clinico para o tratamento
de verrugas genitais provocadas pelo papilovirus humano (HPV) e na terapia do
cancer de pele. O farmaco foi recentemente incluido pela OMS na terapia
combinada com antimoniato de meglumina como segunda opgéao terapéutica para o
tratamento da LC no Novo Mundo (WHO, 2016), Estudos ja demonstraram sua
potente atividade imunomodulatéria induzindo a producdo de diferentes citocinas
pro-inflamatérias, incluindo IFN-y, TNF-a, IL-1B, IL-6 e IL-8 (BUATES;
MATLASHEWSKI, 1999; SCHON, SCHON, 2007).

A 8-hidroxiquinolina (Figura 4) e seus derivados compreendem uma classe de
derivados com atividade farmacologica versatil, dentre elas: neuroprotetora,
antitumoral, antibacteriana e antifingica. Em Leishmania, estudos tém demonstrado
gue a 8-hidroxiquinolina apresenta um perfil promissor in vitro em diferentes
espécies de Leishmania (DARDARI et al. 2004; PALOQUE et al., 2012; COA et al.,
2015; COSTA DUARTE et al., 2016). Em paralelo, o composto foi eficaz por via
subcutdanea em camundongos cronicamente infectados com L. amazonensis
(COSTA DUARTE et al., 2016) e em modelo murino de leishmaniose visceral com L.
Infantum (COSTA DUARTE et al.,, 2016). Estudos preliminares relacionados ao
modo de acdo do composto apontam para a interferéncia na funcionalidade
mitocondrial, marcada pela producdo de EROs e perda de potencial de membrana
mitocondrial (COSTA DUARTE et al., 2016).

Outro importante grupo de derivados de quinolinas com ampla atividade
farmacolégica sdo as 4-aminoquinolinas e melhor representadas pela cloroquina
(Figura 5) e amodiaquina (Figura 4), as quais tém sido utilizadas durante décadas
como principal op¢do terapéutica para o tratamento da malaria (O'NEILL et al.,
1998). Em funcdo do surgimento de cepas de P. falciparum resistentes e, mais
recentemente, P. vivax; o uso da cloroquina é atualmente restrita ao tratamento de
infecgdes por P. vivax ndo-complicada (WHO, 2015). O mecanismo de agdo das 4-
aminoquinolinas em Plasmodium estéa relacionado ao acumulo da droga no vacuolo
digestivo, inibindo a formacdo do pigmento malarico (hemozoina) e induzindo a
morte do parasito pela producdo de EROs (DAWSON et al., 1993; GRAVES et al.,
2002). O efeito antimalarico da cloroquina esta também associado a inducdo de
morte por apoptose, autofagia e acimulo em compartimentos intracelulares acidicos
(O'NEILL et al., 1998; CH'NG et al.,, 2010; TOTINO et al.,, 2012). A cloroquina
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apresenta acdo anti-inflamatoria, com uso terapéutico para a artrite reumatoide e
lupus eritematoso sistémico. Atualmente, o farmaco esta em estudo de fase clinica
avancada para a quimioterapia de diversos tipos de cancer, sendo um potente
inibidor da via autofagica, o que aponta para o desenvolvimento de novos usos
terapéuticos com esta classe de derivados (ZHANG et al., 2015).

A Amodiaquina (AQ) € um farmaco da classe das 4-AMQ introduzido na
terapia antimalarica na década de 1940, cuja terapia isolada ndo € recomendada
devido aos efeitos adversos potencialmente graves, tais como agranulocitose e
hepatite (KAUR et al., 2010). A OMS atualmente preconiza a terapia combinada da
amodiaquina com artesunato para o tratamento de infec¢des por P. falciparum ou P.
vivax ndo-complicada. O farmaco possui mecanismo de ac¢do similar a cloroquina,

sendo indicada para o tratamento de cepas resistentes a cloroquina (WHO, 2015).
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Figura 4: Farmacos derivados de quinolinas com atividade leishmanicida.
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Nos ultimos anos, inumeros trabalhos tém evidenciado o potencial
leishmanicida de compostos que conservam a estrutura bésica das 4-
aminoquinolinas (SAHU et al., 2002; GUGLIELMO et al., 2009;; PALIT et al., 2012;
VALE-COSTA et al.,, 2013; SHARMA et al., 2014). A avaliacdo do efeito da
cloroquina evidenciou expressiva atividade in vitro e sua eficacia pela via
intralesional e oral no tratamento de pacientes com leishmaniose cutanea no
Paquistdo (NOOR et al., 2005; KHAN et al., 2007). Estudos preliminares sugerem
que o efeito leishmanicida da cloroquina esteja relacionado ao seu acumulo no
interior do acidocalcissoma (VALE-COSTA et al., 2013).

Estudos ja demonstram a atividade da amodiaquina e de uma série de
derivados estruturalmente relacionados em formas promastigotas de L. amazonensis
(DE MELLO et al, 2004) e em amastigotas intracelulares de L. donovani
(GUGLIELMO et al., 2009). Um trabalho realizado em nosso laboratério com uma
série de analogos da amodiaquina (AQ) exibiu resultados promissores em
promastigotas de diferentes espécies de Leishmania (COIMBRA et al., 2011; 2013)
e em amastigotas intracelulares de L. braziliensis (COIMBRA et al., 2013).

Estudos recentes realizados por nosso grupo de pesquisa tém evidenciado
resultados promissores para os derivados de 4-aminoquinolinas. Dentre estes, uma
série de dez derivados 7-cloro-4-quinolinilhidrazona demostrou atividade expressiva
em amastigotas intracelulares de L. amazonensis. O composto mais ativo exibiu um
Clso de 8,1 pyM e estudos preliminares acerca do modo de agéo destes compostos
apontam para a inducdo de perturbacdo na funcdo mitocondrial, evidenciadas pelo
colapso do potencial de membrana e aumento nos niveis de EROs intracelular
(ANTINARELLI et al., 2016). Em outro trabalho, uma série de novos derivados de
quinolinas foram avaliados em L. amazonensis. Dentre os prototipos investigados, o
derivado QuinDer 1 apresentou atividade promissora para amastigotas intracelulares
(Clso de 0.0911 uM), com baixa toxicidade para macréfagos murinos e eritrocitos
humanos e aumento expressivo nos niveis de EROs (COIMBRA et al., 2016).

Esta conjunto de resultados obtidos em nosso laboratério, em concordancia
com os descritos na literatura apontam que os derivados de 4-aminoquinolinas
apresentam atividade leishmanicida promissora (COIMBRA et al., 2010, 2011, 2013;
CARMO et al., 2011; GLANS et al., 2012; ANTINARELLI et al, 2012; GEHRKE et al.,
2013; ANTINARELL et al., 2016; SOARES et al., 2016), o que torna evidente que

esta classe de compostos podem representar uma fonte promissora de farmacos
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para o tratamento das leishmanioses. Em contrapartida, o alvo de atuacéo das 4-
aminoquinolinas em Leishmania ainda necessita ser profundamente avaliado. Assim,
0 objetivo do presente trabalho serd avaliar uma série de dez derivados de 4-
aminoquinolinas em espécies de Leishmania relacionadas a leishmaniose
tegumentar americana e, uma vez selecionado um composto com perfil promissor,
verificar qual (ais) processo(s) de morte envolvidos, bem como avaliar seu efeito

leishmanicida in vivo.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Avaliar a atividade in vitro de uma série de derivados 4-aminoquinolinicos
(AMQs) em espécies de Leishmania associadas a leishmaniose tegumentar
americana. Selecionar um composto com expressiva atividade leishmanicida e baixa
toxidez em macrofagos para subsequentes estudos in vitro e in silico relacionados
aos alvos e/ou mecanismo de morte do parasito, bem como avaliar a sua atividade

in vivo em modelo murino de leishmaniose tegumentar.
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3 RESULTADOS

Os resultados serdo apresentados na forma de capitulos, os quais foram
subdivididos em artigos publicados (CAPITULOS 1 e 2), submetidos para publicacéo
(CAPITULO 3) ou em fase de preparacdo (CAPITULO 4).
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3.1 CAPITULO 1: In Vitro Antileishmanial Activity of 4-Aminoquinoline Derivatives
Hybridized to Isoniazid or Sulfa or Hydrazine Groups.

3.1.1 Objetivos especificos
- Avaliar a citotoxicidade in vitro de uma série de derivados AMQ em formas

promastigotas e amastigotas de L. braziliensis;

- Determinar a relacdo estrutura-atividade entre a série de compostos testados.
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Abstract: Background: Quinoline-contamning compounds have displayed an impressive array of
pharmacological actions over the years, including antiprotozoal activities.

Methods: In this work we evaluate antimalarial and antileishmanial activities of some aminoquino-
line (AMQ) derivatives hybridized to sulfa or isoniazid or hydrazine groups.

Results and Conclusion: In murme model of infection occasioned by P. berghei, compounds AMQ-
a, AMQ-d and AMQ-e have shown promising antiplasmodial activity inhibiting the multiplication
of parasites i a manner siumilar to chloroquine m some cases. For leishmaniasis, the majority of the
compounds exhibited a strong in vitro activity against amastigotes of L. braziliensis (IC50 values be-
low 10 pg/mL). Furthermore, AMQ-f, -g and -h (IC50 of 2.1. 1.4 and 1.8 ug/mL against amastigotes
of L. braziliensis, respectively) showed IC50 values very close to miltefosne (IC50 1.6 mg/mL), the
reference drug. None of the compounds showed cytotoxicity in vitro against umnfected human eryth-
rocytes (HC50 > 500.0 pg/mL). These results provide evidence that the AMQ compounds are prom-
ising candidates as antimalarial and leishmanicidal drugs, which are extremely important considering

that these are endemic parasitic diseases m tropical countries and sometimes occur concurrently..

Keywords: Malaria, leishmaniasis, chemotherapy, quinoline derivatives, 4-aminoquinoline, hydrazine.

1. INTRODUCTION

Infections caused by protozoan parasites are among the
most widespread transmissible diseases affecting the devel-
oping world, malaria and leishmaniasis being the most costly
in terms of morbidity and mortality [1].

Malaria remains one of the greatest public health
challenges worldwide, having a major negative impact on
countries where it is endemic, contributing to a cycle of
poverty and limiting economic development [2]. According
to the most recent World Malaria Report, in 2015 there were
3.2 billion people living in areas at risk of transmission of
the disease. About 214 million of clinical cases and 438
thousand deaths worldwide were recorded [3]. Coordinated
actions, such as vector control, rapid and accurate diagnosis,
development of vaccines and appropriate therapy are of
fundamental importance in the fight against the disease [3].
Antimalarial drugs have been the mainstay for managing

*Address correspondence to this author at the Departamento de Parasitolo-
gia, Microbiologia e Imunologia, I.C.B., Universidade Federal de Juiz de
Fora, Campus Universitario, Juiz de Fora. Minas Gerais 36036-900, Brazil:
Tel: +55 322102 3219: Fax: +55 32 2102 3214,

E-mail: clarice.abramo@ufjf.edu.br

“These authors contributed equally to this work.

ESC, ADS, CA are co-authors on this work.

1570-1808/17 $58.00+.00

new infections and established disease. Plasmodium

Jfalciparum, the parasite species that causes most of the se-

vere forms of malaria, has acquired resistance to most of the
currently available antiplasmodial drugs, including Artemis-
min-based Combination Therapy (ACTs). ACTs is recom-
mended as first line treatment and even here resistances are
upcoming and spreading, making searches for new che-
motherapeutic agents essential [4, 5].

Leishmaniasis is classified as one of the most important
and neglected tropical diseases as evidenced by the statistics.
According to data from the WHO, there are 12 million peo-
ple infected worldwide and an estimated two million new
cases per year [6]. Furthermore, it is estimated that over 350
million people live in endemic areas in 98 countries and ter-
ritories, and that there are approximately 20,000 to 30,000
deaths per year [6]. As no efficient vaccine is available,
chemotherapy is the main treatment used to control the dis-
ease. The first-line treatment is based on pentavalent anti-
monials such as sodium stibogluconate and meglumine an-
timoniate. Other drugs such as pentamidine and ampho-
tericin B are used when the first-line regimen fails [7].
Miltefosine is the only orally administered drug available for
the treatment of visceral leishmaniasis in India [8, 9]. How-
ever, most of the few available treatments for leishmaniasis
were developed decades ago and are no longer effective due

©2017 Bentham Science Publishers
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to parasite resistance. Furthermore, they are expensive and
produce highly toxic side effects. Therefore, development of
novel and effective antileishmanial drugs is in order to over-
come these problems [10].

Quinoline-containing compounds have displayed an im-
pressive array of pharmacological activities, including anti-
viral, antibacterial, antineoplastic and antimicrobial proper-
ties [11-13]. Chloroquine (CQ), a 4-aminoquinoline, has
been widely used to treat malaria due to its efficacy, low
cost, safety and stability, but it is now largely ineffective
because of widespread parasite resistance. 4-aminoquino-
lines form complexes with ferriprotoporphyrine IX (FPPIX)
in the digestive vacuole of the parasite, thereby preventing
its polymerization into non-toxic hemozoin [14]. Recent
work has also confirmed the interesting antileishmanial
properties quinoline series and this is exemplified by sitama-
quine, an 8-aminoquinoline derivative, which is currently
undergoing clinical trials for use i treating visceral leishma-
niasis [15]. The antiplasmodial and leishmanicidal activities
of aminoquinoline derivatives have been the target of
numerous studies in our laboratory [13,16-18].

Sulfa groups have been used as antibiotics since the 1930s
and their use as antimalarials was prevalent during the Second
World War due to their ability to inhibit folate biosynthesis.
However, their short half-life and the ability of P. falciparum
to develop resistance limited its use as a sole agent. Isoniaz-
ids have been described as possessing antimicrobial, anti-
convulsant, analgesic, anti-inflammatory, antiplatelet, antitu-
bercular and antitumor activities, among others [19].

Continuing our studies with quinoline compounds, we
decided to evaluate the in vivo antimalarial activity of 4-
aminoquinoline (AMQ) derivatives linked to sulfa, isoniazid or
hydrazine groups and to determine their effects on hemolytic
activity in uninfected human erythrocytes. Furthermore, we also
evaluated their activity against the growth of promastigotes
and amastigotes of different Leishmania species.

2. EXPERIMENTAL
2.1. Chemistry

Infrared spectra (wave numbers in cm™) ware recorded
on a BOMEM-FTIR MB-102 spectrometer. Melting points
were determined using an MQAPF-301-Micro-quimica digi-
tal apparatus and are uncorrected. Column chromatography
was performed on Merck silica gel (70-230 mesh). Nuclear
magnetic resonance (NMR) spectra were recorded on a
Bruker Avance IIT HD 500 apparatus operating at 500 MHz
('H) and 125 MHz (”C), using standard Bruker software;
dioxane (5 67.30) was used as reference for °C NMR. Elec-
tron impact mass spectra was measured with an AEI MS 50
mass spectrometer. Compounds 1 - 9, named AMQ a-i (Fig. 1)
have been described in the literature [20-24].

2.2. Pharmacology
2.2.1. In Vivo Antimalarial Assay

Animals

For the i vivo tests, Swiss albino female mice, 6-8
weeks of age weighing 20-22g, were inoculated with 1 x 10°
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P. berghei (NK 65 strain) mfected red blood cells by the
intraperitoneal route, and were randomly distributed in
groups of five mice each. These animals were obtained from
the Biology Research Center at the Federal University of
Juiz de Fora and all protocols were approved by the Ethical
Committee for Animal Research of the Federal University of
Juiz de Fora (# 054/2010-CEEA and 055/2010-CEEA) [24].

Evaluation of Antimalarial Activity

Drugs were diluted in 5% dimethyl sulfoxide (DMSO -
Sigma Chemical Co, St. Louis, MO, USA) in water. Using
the 4-day suppressive test modified [25], treatment was per-
formed daily by the oral route (0.1 mL for each mouse) for
four consecutive days. This treatment began on the day of
infection, named as day 1. Two control groups were used:
one received the standard antimalarial drug chloroquine and
the other received 5% DMSO in water [24]. The dose used
for the compounds and for chloroquine was 10 mg/kg.
Giemsa (Doles, Goias, Brazil) stained blood smears were
made on day 5, 7, 9 and 12 and examined by microscopy to
assess the percentage of parasitemia.

Inhibition of Parasite Multiplication

The antimalarial activity of the drugs was established on
the basis of the average parasitemia of each group. The per-
cent inhibition of parasite multiplication was calculated by
comparing the treated groups with the untreated group, by
means of the following formula [26]: [(A - B)/A] x 100,
where A = parasitemia in the control group and B = para-
sitemia in the test group. The results were expressed as a
percentage of inhibition of parasite multiplication. A treat-
ment was considered effective if the parasitemia was reduced
by 30% or more [26] and the survival of the mice as a func-
tion of time after treatment was monitored for a period of 30
days.

2.2.2. Hemolysis Assay

The hemolytic activity of the compounds was assessed
following Wang et al. [27]. Briefly, the compounds were
previously diluted in a 0.2% (v/v) DMSO solution and incu-
bated (0.062-0.5 mg/mL) with a human erythrocytes suspen-
sion (1% hematocrit) at 37°C, overnight. Solutions were cen-
trifuged at 1000g for 10 min and the absorbance of the su-
pernatants was measured in a microplate-reader (Multiskan
EX Thermo Scientific, Ohio, USA) at 540 nm. Positive and
negative controls were also determined by incubating human
red blood cells with 1% Saponin in PBS and PBS alone, re-
spectively. The rate of hemolysis was calculated in relation
to the hemolysis of erythrocytes in 1% saponin, which was
considered to be 100%. Each assay was perfomed in dupli-
cate in two independent experiments [27].

2.2.3. In Vitro Antileishmanial Activity
Parasites

Promastigotes of L. braziliensis (MHOM/Br/ 75/M2903)
and L. major (MRHO/SU/59/P) were cultured in BHI Me-
dium (Himédia, Mumbai, Indian), containing hemin, L-
glutamine and folic acid (Sigma Chemical Co, St. Louis,
MO, USA), supplemented with 10% fetal bovine serum
(FBS) (Cultilab, Campinas, Sao Paulo, Brazil) and 10% hu-
man urine at 25 °C in at BOD incubator (Fanem, Sdo Paulo,
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Brazil). Amastigotes were routinely isolated from cutaneous
lesions of infected BALB/c mice and allowed to transform
into the promastigote form by maintenance at 25 °C in BHI
medium supplemented as previously described. All protocols
were approved by the Ethical Committee for Animal Re-
search of the Federal University of Juiz de Fora (#016/2012-
CEEA and 017/2013-CEEA) [28].

Antipromastigote Assay

Antileishmanial activity was determined by the col-
orimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide assay (MTT purchased from Sigma-Aldrich, St.
Louis, MO, USA) based on conversion of the tetrazolium
salt (MTT) to insoluble formazan by the mitochondria of
viable cells [29]. Briefly, promastigotes from a logarithmic
phase culture were suspended to a density of three million
cells/mL (L. braziliensis and L. major) after Neubauer chamber
counting. The samples tested were added at different concen-
trations (1.5 to 30.0 pg/mL) after dilution in DMSO (Sigma
Chemical Co, St. Louis, MO, USA). The highest used con-
centration of DMSO was 0.1% (v/v), which is not toxic to
the parasites. The absorbance at 570 nm, directly
proportional to the number of viable cells, was quantified by
using a microplate reader (Multiskan EX Thermo Scientific,
Ohio, USA). The assay was performed in duplicate in three
independent experiments. Miltefosine (Cayman Chemical
Company, Michigan, USA) at several concentrations (6.2 to
100.0 pg/mL) was used as the reference drug [28, 30].

Antiamastigote Assay

Inflammatory macrophages were obtained from the peri-
toneal cavity of BALB/c mice previously inoculated with 3%
thioglycollate medium (Sigma-Aldrich, St. Louis, MO,
USA). After 72 h, the peritoneal exudate was collected by
washing with cold Hank’s Balanced Sal Solution (Sigma
Chemical Co; St. Louis, MO, USA) [30,31]. Briefly, perito-
neal macrophages were added at a density of 2x10° cells/mL
to coverslips (13 mm diameter) previously arranged in a 24-
well plate in RPMI 1640 medium (Cultilab, Campinas, Sdo
Paulo, Brazil) supplemented with 10% inactivated FBS, and
allowed to adhere at 33°C in 5% CO,. Adherent macro-
phages were infected with L. hraziliensis promastigotes in
the stationary growth phase using a 1:10 ratio at 33°C for 4h.
After this time, promastigotes that had not undergone phago-
cytosis were removed by washing twice in sterile phosphate
buffered saline (PBS) and solutions of the test compounds
were added at nontoxic concentrations to the macrophages
(1.5 at 30 pg/mL) and maintained at 33°C in 5% CO, for 72
h. The highest concentration of DMSO used was 0.1%,
which is not toxic to the parasite. Cells were washed, fixed
with absolute ethanol, and stained with Giemsa (Doles,
Goias, Brazil). Cells were then dehydrated in acetone fol-
lowed by an acetone-xylol gradient (9:1; 1:1; 1:9) and finally
xylol [30, 31]. Slides were mounted with Canada balsam for
parasite counting. The parasite burden was evaluated by
counting the intracellular amastigotes, and the uninfected
and infected macrophages (minimum 200 cells) in treated
and untreated cultures, and was obtained by dividing the
number of amastigotes per macrophage in cells treated with
the compound by the number in the untreated control. As-
says were performed in duplicate in two independent ex-
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periments. Miltefosine (1.6-25.0 pg/mL) was used as a refer-
ence drug. All procedures were performed in agreement with
the Ethical Principles in Animal Research and according to
protocols approved by the Ethical Committee for Animal
Research (#016/2012-CEEA) [28].

2.3. Statistical Analysis

For in vivo antimalarial assays, the results were analyzed
using the program GraphPad Prism 5 (GraphPad Inc, San
Diego, CA, USA) using the non-parametric Mann-Whitney
test for comparison between two independent samples. P
values lower than 0.05 were considered statistically signifi-
cant. For antileishmanial assays 50% inhibitory concentra-
tions_7.e. the minimum compound concentration that caused
50% reduction in survival or viability of the Leishmania
(ICs0) and 50% hemolytic concentration (HCs) were deter-
mined and the 95% confidence intervals were included, cal-
culated by the Litchtfiet and Wilcoxon method using Probit
analysis, considering the means of two independent experi-
ments.

3. RESULTS AND DISCUSSION
3.1. Chemistry

This work is a continuation of our efforts exploring the
biological properties of 4-aminoquinoline hybridized to
isoniazid, sulfa or hydrazine groups. This series was previ-
ously synthesized and showed an important antioxidant ac-
tivity and an effect against L. amazonensis [20-22]. In the
present work, we complemented these studies by exploring
the antimalarial effect of this series and also determined their
hemolytic activity on uninfected human erythrocytes. Fur-
thermore, we perfomed a series of biological assays against
different Leishmania species. Compounds 1 - 9, hybridized
to isoniazid (AMQ-a), sulfa (AMQ-b-d) or hydrazine
(AMQ-e-i) groups (Fig. 1) have been described in the litera-
ture [20-23].

3.2. Pharmacology
3.2.1. In vive Antimalarial Activity

The parasite P. berghei (NK65 strain), specific to ro-
dents, has proven to be very efficient for antimalarial activity
studies, and it is generally accepted that infection of this
parasite in mouse is a valid model to trial drugs for potential
use in human malaria [32, 33]. The in vivo model is simple
and easy to maintain and is therefore widely used for testing
[34]. The inhibition of parasite multiplication in mice in-
fected with P. berghei and treated with the 4-aminoquinoline
compounds was evaluated and is summarized below.

Table 1 shows that three of the five analogs tested
showed promising activity (AMQ-a, AMQ-d and AMQ-e).
The AMQ-a compound, which is a quinoline isoniazid
hybrid with an amino group at position 4 of the aromatic
ring, showed antiplasmodial action in the early days after
infection, with suppression of parasitemia of 55% on day 5,
losing its activity over the study period. The AMQ-e
compound exhibited a distinct profile compared with the
other analogs tested, with no action on the first day evaluated
and antimalarial activity that increased over time in the days
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Fig. (1). Aminoquinoline derivatives: compounds hybridized to isoniazid (AMQ-a), sulfa (AMQ-b-d) or hydrazine (AMQ-e-i) groups.

Table 1.  Effect of the tested aminoquinoline (AMQ) compounds on inhibition of P. berghei multiplication in mice on days 5, 7, 9
and 12 post infection.
Inhibition of Parasite Multiplication (%) on Days
Compound Dosage (mg/kg)

5 7 9 12
AMQ-a 10 55° 46° 4 16
AMQ-b 10 31 447 0 0
AMQ-¢ 10 24 0 2 0
AMQ-d 10 54° 42 8 0
AMQ-e 10 0 61 28 63
cQ® 10 97* 73° 81° 86°

The data were analyzed by GraphPad Prism 5 (GraphPad. Inc®. EUA) using the Mann-Whitney Test for comparison between two independent samples. P values lower than 0.05
were considered statistically significant

“Significant differences were evaluated in relation to the untreated control (p<0.05).

*CQ: chloroquine (control dg)

post-infection, reaching 65% suppression on day 12. The
AMQ-b and -¢ compounds did not exhibit significant
antimalarial activity, while AMQ-d exhibited 54%
suppression of parasitemia on day 5. Chloroquine, the
reference drug used in this antimalarial test, maintained an
average of 84% of suppression of parasitemia considering all
the analyzed days. These results show that the dose used in
the screening for antimalarial activity (10mg/kg/day) was not

sufficient to promote a permanent cure of the disease, and
appears only to have a suppressive action. All animals in-
volved in the tests survived until the end of the experiments.

The antiplasmodial effect of these compounds can be at-
tributed to well known mechanisms. 4-aminoquinolines in-
hibit the polymerization of heme, preventing the formation
of hemozoin in the digestive vacuole of the parasite and
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Table 2. Percentage of hemolysis caused by the aminoquinoline (AMQ) compounds in human erythrocytes.
Compounds % of Hemolysis at Hemolysis H(zso(;:g/mL)“
500 pg/mL (95% C.L)

AMQ-a 18.7 >500.0
AMQ-b 332 -500.0
AMOQ-< 1.7 -500.0
AMQ-d 24 -500.0
AMQ-e 6.7 -500.0

cQ® 212 -500.0

“Hemolytic Concentration (HCs).

"Data are HCs values in pg/mL and 95% confidence intervals are in brackets, calculated by Litchtfiet and Wilcoxon method using Probit analysis considering the mean of two inde-

pendent experiments. C.L: Confidence interval.
°CQ: Chloroquine (control drug).

leading to the accumulation of free heme, which is highly
toxic to Plasmodium species [35]. Sulfonamides compete
with para-aminobenzoic acid (PABA) interrupting the for-
mation of di-tetrahydrofolic acid, which is essential for the
synthesis of nucleic acids by inhibiting dihydrofolate hy-
dropteroate synthase (DHPS) [36]. Studies in a murine
model of infection with P. berghei have shown isoniazides
display a blood schizonticide action by a mechanism that is
not yet elucidated. Reduced parasitic load and the survival of
infected mice are observed when they are administered in
combination with ritampicin or ethambutol/rifampicin [37].

The symptoms of malaria are associated with the in-
traerythrocytic development of the parasite. Therefore, be-
sides the antimalarial activity, the cytotoxicity of the com-
pounds AMQ-a-e was assayed in uninfected human erythro-
cytes (Table 2). The hemolytic activity of the compounds
was determined as described previously by Wang ef al. [38]
and was based on the ability of derivatives tested to cause
damage to uninfected normal human erythrocytes by spec-
trophotometric quantification of hemoglobin released to the
external environment [38,39]. The compounds AMQ-a-e did
not cause significant alterations to human red blood cells at
the highest concentration tested (500.0 pg/mL) with hemoly-
sis levels of less than 50%, thus considered non-toxic to hu-
man erythrocytes (Table 2). Chloroquine caused hemolysis
levels of 21.2% at the same concentration.

Hemolysis can be caused by several distinct mechanisms.
It can result from the formation of pores in cell membranes
that modify their permeability or may be due to changes in
sodium, potassium and calcium ATPase activity [40.41].
Some antimalarial drugs, such as primaquine, can cause oxi-
dation of hemoglobin to form methemoglobin thus causing
hemolysis, especially if the individual is deficient in the en-
zyme glucose-6-phosphate dehydrogenase (G6PD) [42].

3.2.2. In vitro Antileishmanial Activity

Recently, we demonstrated that the majority of the com-
pounds tested here showed low cytotoxicity against murine
macrophages [22] and against HepG2 and Hela human cell
lines [23]. Continuing our research, we decided to evaluate
the antileishmanial activity of the nine 4-aminoquinoline
derivatives and their precursors against both the extracellular

promastigote and the intramacrophage amastigote forms of
Leishmania species (Table 3). Leishmania braziliensis and L.
major are the causative agents of cutaneous leishmaniasis in
the New World and the Old World, respectively. Leishmania
major causes self limiting ulcers in most cases and L. brazil-
iensis is related with a variety of other manifestations includ-
ing mucocutaneous leishmaniasis [43]. For antipromastigote
activity (Table 3), among all of the compounds tested, of the
three compounds containing the quinoline scaffolds and their
sulfonamide precursors (compounds AMQ-b-d), only
AMQ-b presented a notable antipromastigote activity (ICso
of 10.5 and 7.9 pg/mL for L. major and L. braziliensis, re-
spectively). Compounds combining quinoline with arylhy-
drazine, nicotinoylhydrazide and arylhydrazide (compounds
AMQ-e-i) were also interesting. Compounds AMQ-e,
AMQ-g, and AMQ-i presented significant effects against L.
braziliensis promastigotes (ICso of 23.6, 3.7 and 10.0 ng/mlL.,
respectively). Furthermore, AMQ-g and -i showed ICs, val-
ues near to or better than of miltefosine (ICso of 10.4
ug/mL), the reference drug. None of the precursors showed
leishmanicidal effects against either of the Leishmania spe-
cies at the highest concentrations tested (ICse> 20.0 pg/mL).

The etfect of the 4-aminoquinoline derivatives against
the intracellular amastigote forms of Leishmania was also
determined since these forms are responsible for human dis-
ease. Leishmania braziliensis was the most sensitive to the
compounds and this Leishmania species was chosen for the
assay. Leishmania braziliensis is not only the most common
etiological agent of cutaneous and mucocutaneous leishma-
niasis in the New World, but is also the main cause of the
high annual incidence of the disease in Brazil [44]. As can be
seen in at Table 3, the compounds exhibited greater activity
against amastigotes than promastigotes, which may be
advantageous because amastigotes are the parasitic forms
present in the mammalian host and are responsible for the
maintenance of the infectiont [31]. For example, compounds
AMQ-a and -d did not show significant antipromastigote
activity against L. braziliensis (ICs¢> 30.0 pg/mL), however,
they exhibited high activity against amastigotes of L. brazil-
iensis with 1Cso values of 3.9 and 5.0 pg/mL, respectively.
Furthermore, compounds AMQ-b and -e that exhibited ac-
tivity against promastigotes of L. braziliensis also showed a
significant effect against the amastigote forms of the species



602 Lerters in Drug Design & Discovery, 2017, Vol. 14, No. §

49

Soares et al.

Table 3. ICs, values (ng/mL) of the aminoquinoline (AMQ) derivatives against promastigote and amastigote forms of Leishimania
species.
Leishmanicidal Effect (ICs, - pg/mL)’

Compounds L. major o i L. braziliensis

Promastigotes L. braziliensis PTon:Jastlgotes Amastigotes

(95% C.L)’ 5% C.L) (95% C.L)

AMQ-a >30.0 >30.0 3.9 (0.8-18.6)

AMOQ-b 10.5 (8.9-12.4) 7.9 (7.0-9.0) 7.1(5.2:9.5)
AMQ-c 30.0 >30.0 >30.0

AMQ-d 30.0 >30.0 5.0 (2.3-11.1)

AMQ-¢ 30.0 23.6 (18.8-29.7) 7.2 (5.8-8.9)

AMQ-f 30.0 >30.0 2.1(1.7-2.7)

AMQ-g 30.0 3.7(3.1-44) 1.4 (0.9-2.2)

AMQ-h 30.0 >30.0 1.8(1.4-2.4)

AMQ-i 30.0 10.0 (8.1-12.3) 2.6(1.8-3.8)
Sulfanilamide 20.0 20.0 20.0
Sulfapyridine 20.0 20.0 20.0
Sulphadiazine 20.0 20.0 20.0
Sulfathiazole 20.0 20.0 20.0
Sulfamethoxazole 20.0 20.0 20.0
Isoniazid 20.0 20.0 20.0

Miltefosine® 8.8 (7.6-10.1) 10.4 (9.0-12.1) 1.6 (1.3-2.0)

“Inhibitory Concentration (ICsp)= Drug concentration that reduced cell viability to 50% after 72 h of treatment.
*Data are ICs values in pg/mL and 95% confidence intervals are in brackets. calculated by the Litchtfiet and Wilcoxon method using the Probit analysis considering the mean of two

independent experiments. C.L: Confidence interval.
‘Miltefosine was used as a reference drug.

(ICsq values of 7.1 and 7.2 pg/mL, respectively). Only com-
pound AMQ-c did not exhibit antiamastigote activity at the
highest tested concentrations (ICs> 30.0 png/mL). Previ-
ously, we demonstrated that some these AMQ derivatives
are effective against L. amazonensis amastigotes [22]. Clini-
cal manifestations are caused by a variety of Leishmania
species, and Leishmania species vary in sensitivity to acces-
sible therapies, which should be considered when conducting
both experimental and clinical studies [43]. With this in
mind, it is important to point out that these AMQ com-
pounds were shown to be etfective against several different
Leishmania species.

The hydrazine series exhibited stronger activity against
amastigotes with ICs, values of 2.1, 1.4, 1.8 and 2.6 pg/mL for
compounds AMQ-f-i, respectively. Recently, we demonstrated
the effective and selective action of these compounds against
L. amazonensis and their mechanism of action appears to be
mediated by mitochondrial dysfunction associated with ROS
production [22]. Furthermore, compounds AMQ-f-i were
also active against the malaria parasite P. falciparum in vitro

and P. berghei in vivo by mhibiting parasitemia [23]. These
results are favorable with regard to the association of these
pharmacophoric groups (quinoline and benzene nucleus) in a
single structure.

CONCLUSION

The present results confirm the antiprotozoal activity of a
series of 4-aminoquinoline derivatives with promising an-
tiplasmodial and antileishmanial activities. Development of a
single molecule targeting different species and genera of
protozoans (Plasmodium and Leishmania) is attractive and
may lead to innovative therapies for multiple parasitic diseases.

LIST OF ABBREVIATIONS

AMQ = Aminoquinoline derivatives
cQ = Chloroquine

DMSO = Dimethyl sulphoxide

HCs, = 50% hemolytic concentration
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Hela = Human adenocarcinoma cell line

HepG2 = Human liver carcinoma cell line

1Cso = 50% mbhibitory concentration

MTT = 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide

ug = Microgram

mg = Milligram

mL = Milliliter

kg = Kilogram

PBS = Phosphate buffered saline

ROS = Reactive oxygen species

WHO = World health organization
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3.2 CAPITULO 2: 4-Aminoquinoline Derivatives as Potential Antileishmanial Agents.

3.2.1 Objetivos Especificos:

- Avaliar a citotoxicidade in vitro de uma série de derivados AMQ em macréfagos
peritoneais, formas promastigotas e amastigotas de L. amazonensis;

- Determinar a relacéo estrutura-atividade entre os compostos testados;

- Selecionar o composto com promissora atividade leishmanicida e baixa toxidez
para macrofagos;

- Estudar o efeito do composto sobre a mitocondria do parasito, mediante a
avaliacdo do potencial de membrana mitocondrial e producdo das espécies reativas
de oxigénio (EROSs);

- Avaliar o efeito imunomodulador in vitro em macrofagos infectados com L.
amazonensis pela analise dos niveis de oxido nitrico (ON);

- Avaliar se o0 mecanismo de acdo do composto estd associado a inducdo de

necrose, pela analise da integridade da membrana plasmatica.
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The leishmanicidal activity of a series of 4-aminogquino-
line (AMQ) derivatives was assayed against Leishmania
amazonensis. This activity against the intracellular para-
site was found stronger than for L. amazonensis prom-
astigotes. Neither compound was cytotoxic against
macrophages. The compound AMQ-j, which exhibited a
strong activity against promastigotes and amastigotes
of L amazonensis (ICsp values of 5.9 and 2.4 pg/mL,
respectively) and similar leishmanicidal activity to refer-
ence drugs, was chosen for studies regarding its possi-
ble mechanism of action toward parasite death. The
results showed that the compound AMQ-j induced
depolarization of the mitochondrial membrane potential
in promastigotes and in L amazonensis-infected
macrophages, but not in uninfected macrophages.
Furthermore, the depolarzation of the mitochondrial
membrane potential was dose dependent in infected
macrophages. We have established that promastigotes
and L. amazonensis-infected macrophages treated with
AMQ-j were submitted to oxidative stress. This is in line
with the increase in the level of reactive oxygen species
(ROS). Leishmania amazonensis-infected macrophages
treated with AMQ-j did not show a significant increase
in the production of nitric oxide. Our results indicate the
effective and selective action of AMQ-j against L. ama-
zonensis, and its mechanism of action appears to be
mediated by mitochondrial dysfunction associated with
ROS production.

Key words: aminoquincling, Leishmania, Leishmania amazan-
ensis, mitochondrial membrane potential, reactive oxygen
species
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Leishmaniasis is a complex of diseases caused by the
protozoan Leishmania and classified as one of the most
important neglected tropical diseases (NTDs). According to
data from WHO's, 12 million people are infected world-
wide and an estimated 2 milion new cases per year. Fur-
thermore, over 310 million people live in endemic areas in
98 countries or terrtories, and that there are 20 000-
30 000 deaths per year, and 2.4 milion disability-adjusted
life years losta. Furthermors, according to disease burden
estimates, leishmaniasis is the second cause of parasite-
related deaths after malaria® (1).

Leishmaniasis is caused by about 20 different species of
Leishmania, and the clinical manifestations depend on the
species of Lelshmania associated with it (2). Leishmaniasis
can assume three clinical forms, ranging from the usual
non-fatal cutaneous leishmaniasis to the progressive
mucocutaneous and the potentially fatal visceral leishmani-
asis, if left untreated (3).

The drugs used in therapy such as pentavalent antimonials
(sodium stibogluconate and meglumine antimoniate) and
others such as pentamidine and amphotericin B have
some characteristics in common: () they are toxic and
their long-time administration causes wvarious undesirable
side-effects; (i) they are costly; (ij furthermore, they show
low efficacy in endemic areas due to the observed resis-
tance of various parasite species (3.4). Milefosing, a new
drug used as an antineoplastic agent, is the only oral
agent in use for Indian and East African visceral leishmani-
asis, but this drug is teratogenic and contraindicated in
pregnancy (4). Thus, the discovery of new drugs which are
less toxic and more effective against leishmaniasis is of
utmost urgency.

Quindlines belong to an important class of compounds
showing several remarkable biclogical properties, including
antiprotozoa  activity (5). Indeed, substituted quinolines
have been found effective against several Leishmania
species for both in vitro and in vivo models (6-8). Further-
more, sitamaquine, an 8-aminoquinoline, is in development
at GlaxoSmithKline (UK) for the oral treatment of visceral
leishmaniasis in India and Africa (9—11).

@ 2015 John Wiley & Sons A/S. doi: 10.1111/cbdd. 12540
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To obtain original molecules exhibiting anti-Leishmania
activities, our research group previously reported promis-
ing results with aminoguindline derivatives (12-16). Now,
as a continuation of our efforts to obtain new drugs
against the leishmaniasis, we decided to continue explor-
ing the biclogical properies of the 4-aminoguinoline
(AMQ) derivatives by conjugating sulfonamide, hydrazide
and hydrazine residues. Some suffonamides and isoniazid
hybrids hawve shown interesting biclogical properties,
including antilsishmanial activity (17). Accordingly, this new
class of compounds may represent an attractive subunit
association. A seres of AMQ (Figure 1), based on the
amodiaquine structure, a 4-aminoquincline active against
Leishmania sp. at pwm concentration (16), was previously
synthesized showing an important antioxdant activity (18).
In this work, these AMQ were assayed against promasti-
gote and amastigote forms of L amazonensis. As com-
pound AMQ-j was found very active against both forms of
L. amazonensis, we have undertaken a series of biological
assays in order to clarfy the mechanism of action leading
to the cell death of this protozoan.

Materials and Methods

Chemicals

Miltefosine was supplied by Cayman Chemical Company
(Michigan, USA). Amodiaquine was purchased by Elipse
Pharmaceuticals (Pessac, France). Geneticin (G418), propi-
dium iodide (Pl), rhodamine 123 (Rh 123), LPS (lipopoly-
saccharides from Escherichia coli 026:B6), Hanks'
balanced sal solution (HBSS), hemin, folic acid, MTT, and

4-Aminoquinolines as Antileishmanial Agents

JC-1 were obtained from Sigma-Aldrich (St. Louis, MO,
USA). 2! 7' -dichlorodihydrofluorescein diacetate
(H.DCFDA) was obfained from Invitrogen Molecular Probes
[Eugene, OR, USA). Fetal bovine serum and RPMI 1640
medium were purchased from Cultilab (Campinas, Sao
Paulo, Brazil; brain-heart infusion (BH) was purchased
from Himedia (Mumbai, Indian).

Parasites

Promastigotes of L amazonensis (IFLA/Br/G67/PH8) and
L amazonensis (WHOM/MBR/75/Josefa) transfected with
the gene of green fluorescent protein (GFP) were cultured
in Warren's medium (brain—heart infusion-BHI-plus  hemin
and folic acid), supplemented with 10% fetal bovine serum
(FBS) and 10% of human urine at 25 °C. Promastigotes of
L. amazonensis (WHOM/BR/75/Josefa) were periodically
selected for green fluorescence by cutturing in 1 mg/mL of
geneticin antibiotic for 72 h (19). The parasites were rou-
tinely isolated from cutaneous lesions of infected BALB/C
mice and maintained as promastigote forms at 25 °C in
Warren's medium supplemented with 10% FBS.

Leishmanicidal assays

Antipromastigote assay

Antipromastigote assay was accomplished using the color-
imetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide assay (MTT) which is based on tetrazolium salt
reduction by mitochondrial dehydrogenases (20). Briefly,
promastigotes of L amazonensis ([FLA/Br/87/PHE) from

AMQ-a: R=H,

AMOQ-b: R= pyridine;
AMOQ-¢ B= pyrimidin
AMQ-d: R= thiazole;
AMQ-e: B= methyliscxazole

Sulfonamides,

Yo,
" I
/qﬂ Hydrazide HM “'n W/i/‘

NH |
o M

Amodiaquine

Figure 1: Design of three groups of 4-
aminaquinoline (AMQ) derivatives, based on
the amodiaquine structure.
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a logarithmic phase culture were suspended to yield
2 x 10% cels/mL after Neubausr chamber counting.
The parasites were exposed to an increasing concentra-
tion of the compounds (0.5-30.0 pg/mb) for 72 h at
25 °C. Controls containing 0.1% DMSO (which is not toxic
to the parasites) and medium alone were also included.
The viabilty of the promastigotes was measured at
570 nm (Multiskan MS microplate reader, LabSystermns Oy,
Helsink, Finland). The results are expressed as the con-
centration inhibiting parasite growth by 50% (ICgy after a
72-h incubation pericd. The ICg, values were obtained
from three independent experiments performed in dupli-
cate. Miltefosine (0.5-30.0 pg/mL) and amodiaquine (0.5-
30.0 pg/ml) were usaed as the reference drug.

Antiamastigote assay

L eishmania amazonensis-GFP was used to verify the effect
of the compounds on intracelular amastigotes. Macro-
phages were obtained from the peritoneal cavity of BALB/
¢ mice previously inoculated with 3% thioglycollate med-
ium (Sigma Chemical Co). Adherent macrophages were
infected with L amamonensis-GFP promastigotes at a
parasite cell ratio of 20:1 for 4 h at 33 °C. After 72 h of
incubation with different concenfrations of compounds
(1.5-30.0 pg/ml) dissolved in DMSO (final concentration
<0.1% w/v), macrophages were lysed with distiled water
and transferred to black microplates. Uninfected macro-
phages were used as a blank. The fluorescence intensity
of the cultures was measured using a plate-reader fluo-
rometer (FLxB00, BioTek Instruments, Inc., Winooslkd, VT,
USA) set at 485 nm excitation/528 nm emission (21). The
results were expressed as percent inhibition in relation to
controls L. amazonensis-infected macrophages. Three
independent experments performed in duplicate were
done. The compound concentration which inhibited 50%
of the parasite growth (ICsq) was calculated using the Pro-
bit regression model. Mitefosine (0.5-30.0 pg/ml) and
amodiaquine (0.5-30.0 pg/mL) were used as the reference
drug. All protocols were approved by the Ethical Commit-
tee for Animal Research of Federal University of Juiz de
Fora (#016/2012-CEEA).

Cytotoxicity on macrophages

Mouse peritoneal macrophages were obtained and cultured
as described before. Briefly, the macrophages were used
for cytotoxicity assay in a concentration of 2 x 10 calls/mL
in 96-well culture plates in RPMI 1640 medium supple-
mented with 10% inactivated FBS, at 33 °C and 5% CO,
atmosphere. After 24 h, the adherent macrophages were
incubated with the compounds in a seral dilution (1.5—
30.0 pg/mb) for 72 h at 33 °C and 5% CO. atmosphere.
Untreated macrophages were used as negative control. The
viability of the macrophages was determined through the
MTT assay, as described above. Al protocols were
approved by the Ethical Committee for Animal Research of
Federal University of Juiz de Fora (#015/2012-CEEA).
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Biological assays using promastigote forms of
L. amazonensis treated with AMQ-j

Determination of the mitochondrial membrane
potential (A¥m)

Leishmania amazonensis promastigotes (10 x 107 cells/
mL) were cultured in the absence and in the presence of
12.0 and 24.0 pg/mL AMQ-] at 25 °C. The procedures
were performed according to Ribeiro et al (22), with some
modifications. After 24 h, the parasites were incubated
with 0.5 pg/mL fluorescent dye Rh 123 for 15 min in dark
at 37 °C. Data acquisition and analysis were performed
using a FACsCanto Il flow cytometer (Becton Dickinson,
Rutherford, MNJ, USA) equipped with DIVA software
(Joseph Trotter, Scripps Research Institute, La Jolla, CA,
USA). A total of 10 000 events were acquired using the
FITC channel. The results were cbtained from at least two
independent experiments performed in triplicate. The index
of varation (V) was used to quantify alterations in Rh 123
fluorescence obtained by the equation: IV = (M — MJ/M,,
where M, is the median of the fluorescence for treated
promastigotes, and M, is the median of the fluorescence
for untreated promastigotes. MNegative IV wvalues comre-
spond to the depolarization of the mitochondral mem-
brane (22). Mitefosine was used as a positive control
(9 pg/mL).

Additionally, the assay was also performed using JC-1
fluorochrome, which is a lipophilic cationic mitochondrial
vital dye which becomes concentrated in the mitochon-
drion in response to Aym (23). L amazonensis promastig-
otes (10 x 10%cells/mL) were cultured for 24 h in the
absence and in the presence of 12.0 and 24.0 ug/mL
AMQ-j at 25 *C. Cells were harvested, resuspended in
Hank's balanced salt solution (HBSS), and the cell number
was counted in the Meubauer chamber. Promastigotes
(5 x 10% cels/mL) were incubated with JC-1 (10 pg/ml)
for 20 min in the dark at 37 °C. After washing twice with
HBSS, the fluorescence was spectrofluorometrically mea-
sured (FLx800, BioTek Instruments, Inc.) at both 528 and
600 nm using an excitation wavelength of 485 nm. The
relative Aym value was quantified using the ratio between
the reading at 600 nm and the reading at 528 nm. The
results were obtained from at least two independent
experiments performed in triplicate. Mikefosine at 9 ug/mL
was utilized as positive control.

Measurement of ROS levels

Promastigotes of L amazonensis were cultured for 24 hin
the absence and in the presence of 24.0 and 30.0 pg/mlL
AMQ-j. Promastigotes were then harvested and
resuspended in phosphate-buffered saline, (PBS) and the
parasite concentration was adjusted to 4 x 107 prom-
astigotes in 200 pL of PBS. Then, 20 pw of H.DCFDA
was added, and the samples were incubated for 30 min
in the dark at 37 °C (23). The fluorescence was spectroflu-
orometrically monitored (FLxB00, BioTek Instruments, Inc)

Chem Biol Drug Des 2015; 86: 704-714
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using excitation and emission wavelengths of 485 and
528 nm, respectively. The results were obtained from at
least two independent experiments performed in triplicate.
Miltefosine at 9 pg/mL was used as a positive control.

Determination of the cellular membrane integrity
Promastigotes of L. amazonensis (10 x 10% cells/mL) were
treated or untreated with 12.0, 240, and 300
pg/mL AMQ-j for 24 h at 25 °C, harvested, washed with
PBS, resuspended in PBS and incubated with 1 ug/mL Pl
for 15 min in the dark at room temperature. The procedures
were performed according to Volpato et al. (24), with some
modifications. The fluorescence was spectrofluorometrically
measured (FLx800, BioTek Instruments, Inc.) using an exci-
tation wavelength of 540 nm and an emission wavelength
of 600 nm. The results were obtained from at least two
independent experiments performed in triplicate. As paositive
cantrol, cells heated at 65 °C for 10 min were used to
obtain a maximum value for the fluorescence intensity.

Biological assays using L. amazonensis-infected
macrophages treated with AMQ-j

leishmamia amazonensis-infected macrophages were
used, and the peritoneal macrophages were obtained as
previously described. The macrophages were added at
2 x 10° cells/mL to coverslips (13 mm diameter) pravi-
ously aranged in a 24-well plate in RPMI 1640 medium
supplemented with 10% inactivated FBS and allowed to
adhere at 33 “C in 5% CO.. Adherent macrophages were
infected with L amazonensis promastigotes (IFLA/Br/67/
PH8) in the stationary growth phase using a 1:10 ratio at
33 °C; 5% GOy for 4 h. Non-intemalized promastigotes
were eliminated and the cells were treated with AMQ-j at
7.0, 13.5, and 27.0 pg/mL and maintained at 33 *C in 5%
CO. for 24 h. Cells were washed, fixed with absolute eth-
anol, and stained with Giemsa. Cels were then dehy-
drated in acetone followed by a gradient acetone-xylol
(9:1; 1:1; 1:8) and finaly xylol. The slides were mounted
with Canada balsam for parasite counting (optical micros-
copy, 1000x magnfication). The parasite burden was
evaluated by counting the intracelular parasites, unin-
fected and infected macrophages (at minimum 200 cells)
in treated and untreated cultures. The results were
obtained fom at least two independent experiments per-
formed in duplicate.

Determination of the mitochondrial membrane
potential (A¥Ym)

The assay was performed in uninfected and in infected
macrophages as described above, but the macrophages
were plated in black 96-wel tissue culture plates. After
24 h of treatment of AMQ-j at 7.0, 13.5, and 27 pg/mlL,
the medium was discarded, the macrophages were
washed in PBS, and then the cells were incubated with
10 pg/mL JC-1 for 30 min in the dark at 37 "C in 5%

Chem Biol Drug Des 2015; 86: 704-714
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CO.. After being washed three times with HBSS, the fluo-
rescence was spectrofluorometrically measured (FLx800,
BioTek Instruments, Inc.) at both 528 and 600 nm using
an excitation wavelength of 485 nm. The relative Aym
value was quantified using the ratio between the reading
at 800 nm and the reading at 528 nm. The results were
obtained from at least two independent experiments per-
formed in triplicate. Miltefosine was used as the positive
control (25 pg/mL).

Measurement of ROS levels

Intracellular ROS levels in L. amazonensis-infected macro-
phages which were previously treated with AMQ-j at 7.0,
13.5, and 27.0 pg/mL were measured using the H,DCFDA
dye. After 24 h of infection, the medum was discarded,
the macrophages were washed in PBS, and then the cels
were incubated with H.DCFDA (20 ) for 80 min in the
dark at 37 °C in 5% CO.. Fluorescence was spectroflu-
orometrically measured using an excitation wavelength of
485 nm and an emission wavelength of 528 nm (25). The
results were obtained from at least two independent
experiments performed in triplicate. Miltefosine (25 pg/mL)
was used as a positive control.

Nitric oxide (NO) production

Nitric oxide production was determined in the culture su-
pematants of L amazonensis-infected macrophages after
incubated for 24 h in the presence of AMQ-j compound.
The assay was perfomed as described by Green st al.
(26). Briefly, 50 pl of Griess reagent: 1% sulfanilamide in
25% of HsPOs and 0.1% N-1-naphthylethylenediamine
dichloride in 2.5% HsPO. (wv) was added to 50 ul of the
cell culture supernatants in a 96-well microplate. Blank ref-
erence was performed, and nitrite content was quantified
by extrapolation from a sodium nitrite standard curve in
each experment. All the assays were carmied out in dupli-
cate. The levels of absorbance were guantified at 540 nm
using a microplate reader (Multiskan MS microplate reader,
LabSystems Oy, Helsink, Finland). The results were calcu-
lated as percentages compared with the LPS-positive con-
trol (30 pg/ml).

Statistical analysis

The 50% inhibitory concentration that is, the minimum
compound concentration which caused 50% reduction in
the survival or viability of the Leishmania (ICsq and murine
macrophages (CCsg values) was carried out, and the 95%
confidence intervals were included, calculated by Litchtfiet
and Wilcoxon method using the Probit considering the
mean from three independent experiments. The data were
statistically analyzed using analysis of varance folowed by
Dunnett post-test using crardran Prism 4 (GraphPad Soft-
ware, San Diego, CA, USA). Differences were regarded as
significant when p < 0.0001 (***), p< 0001 (**), and
p < 0.01 (*).
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Results

Activity of the 4-aminoguinoline (AMQ) derivatives
against L. amazonensis promastigotes and
amastigotes

In this work, we evaluated the cytotoxicity in mammalian
cells and in witro activity against both the insect promasti-
gote and the intramacrophage amastigote forms of L. am-
azonensis of ten 4-aminoguinoline (AMQ) derivatives and
their precursors (Table 1). For the antipromastigote activity,
among ten AMQ compounds evaluated, three compounds
(AMQ-b, f, and j) presented a strong antipromastigote
activity (ICgq of 109, 0.5, and 5.9 pg/mL, respectively),
being more effective than amodiaguine and mittefosine on
this extracellular stage of the parasite. Of the five com-
pounds containing the guinoline nucleus and their suffon-
amide dervatives, compound AMQ-b displayed significant
activity (ICs, values of 10.9 pg/mb). The presence of these
two heterocyclic groups within the same structure (guino-
line and pyriding) may be responsible for the activity of this
compound when compared to the others in the series
(AMQ-a—e). The association between the aminoguinoline
compound and the hydrazide analogs also proved to be
advantageous. This is highlighted in the case AMQ-,
which is about 28 times more active against L. amazonen-
sis promastigotes when compared to mitefosine used as
positive control. Again, the presence of both heterocycles
found to be interesting, because even in this series, they
also exhibit activity (such as the compound AMQ-). It is
valid to point out that, apparently, displacing the pyridine
ring to position 4, as compound AMQ-i also contains
heterocycles, has not proved to be active because the

C®
substitution pattern in the pyridine ring is 1,3 (or 3-posi-
tion). In the hydrazine seres, the combination quinoline
moiety with a benzene ring was also favorable. The case
of compound AMQ-j which presants an [Csg of 5.9 pg/mlL
against L. amazonensis promastigotes is noteworthy.

To evaluate the cytotoxic effects of AMQ, host macro-
phages were treated with these compounds and evaluated
by MTT method. Among the evaluated compounds (AMQ-
a-j), none of them showed cytotoxicity toward peritoneal
macrophages at the highest tested concentrations
(300 pg/mL). In contrast, amodiaguine was more cyto-
toxic for macrophages (ICsy of 20.9 pg/ml). This result is
favorable with regard to the association (or combination) of
these pharmacophoric groups in a single structure.

We carried out assays on amastigote with these conju-
gated compounds to more precisely determine their
potential as selective leishmanicidal agents. As it can be
seen in Table 1, the majority of the tested compounds
were active against L. amazonensis amastigotes, with bet-
ter results in the hydrazide and hydrazine series (AMQ-f-j).
In general, they exhibited a higher activity against amastig-
otes when compared to promastigotes. This should prove
to be an advantage, because amastigotes represent the
form of the parasite which is present in the mammalian
host, being responsible for the maintenance of the host
infection. For example, compounds AMQ-g, AMQ-h, and
AMQ-i did not show any significant antipromastigote activ-
ity (ICsy =30.0 pg/ml). However, they exhibited a high
activity against amastigotes with 1Cg, values of 1.2, 16.5,
and 0.8 pg/ml, respectively.

Table 1: Effect of the AMQ derivatives on macrophages murines, promastigotes and intracellular amastigotes of L amazonensis

Macrophages CCsq Promastigotes [Ceg Amastigotes 1Cg, Selectivity

AMO derivatives (ug/mL) (95% C.1J* (ug/mL) (95% G.1J* (ug/mL) (95% G.1J* Index (S1)°
a >30.0 =30.0 27.6 (19.8-38.5) =1.1

b >30.0 10.9 (9.2-13.0) 26.6 (15.7-33.9) =>1.1

c >30.0 >30.0 =30.0 -

d >30.0 =30.0 =300 =

e >30.0 =>30.0 =30.0 =

f =30.0 0.5 (0.3-0.9) 20.7 (17.2-24.9) =1.4

g >30.0 =30.0 1.9 (0.4-9.2) =158

h >30.0 =>30.0 16.5 (8.0-33.9 =1.8

i =30.0 =30.0 0.8 (0.6-1.2) =37.5

i >30.0 594.8-72) 24 (1.7-34) =12.5
Sulfanilamide >30.0 >20.0 =200 -
Sulfapyridine =30.0 =20.0 =20.0 =
Sulphadiazine >30.0 =20.0 =20.0 -
Sulfathiazole >30.0 >20.0 =200 -
Sulfamethaxazole >30.0 =20.0 =20.0 -
|soniazid >30.0 >20.0 =20.0 -

ACF 20.9 (17.9-24.3) 17.6 (14.7-21.1) 0.6 (0.3-1.1) 348
Miltefosine 49.4 [43.8-55.7) 11.8 (10.0-14.0) 0.8 (0.7-1.0) 61.7

*Data are 1Cs values in pg/ml and 95% confidence intervals are in brackets. These data represent the average of at least three indepen-

dent experiments performed in duplicate.

“Selectivity Index (SI) was calculated dividing the CCsy of macrophages by the 05, values of amastigotes of L. amazonensis.

SAQ, amodiacuine.
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The relation between mammalian toxicity and activity
against intracellular amastigote were compared using the
selectivity index (Sl) ratio (CCss for macrophages/ICss for
parasite). When this value is greater than 1, the compound
is more selective for the activity against the parasite than
the macrophages; otherwise, the compound is more taxic
in macrophages (27). A remarkable selectivity was
observed in the case of compounds AMQ-g, AMQ-i, and
AMQ-j. They were much more active against intracellular
amastigotes than against the host cells (S =12.0).

The ability of compound AMQ-j to inhibit both L. amazon-
ensis promastigotes and intracellular amastigotes growth
by means of high selectivity index should stimulate further
studies, in order to characterize its protozoan targets.

AMQ-j induces oxidative stress in L. amazonensis
We evaluated the effects of total ROS production in prom-
astigotes and L amazonensis-infected macrophages trea-
ted with AMQ-j using a fluorescent probe, H,DCFDA. In
promastigotes, our results showed that after 24 h incuba-
tion with this compound at 24.0 and 30.0 pg/mlL, the
ROS production was increased by 489% and 66.9%,
respectively, when compared with the contral group (Fig-
ure 2). Mitefosine (9.0 pg/mlL), used as the control drug,
induced an increase of 40% in the ROS levels.

When L amazonensis-infected macrophages were treated
with AMQ-j, the ROS production was increased in a
dose-dependent manner when compared with non-treated
L. amazonensis-infected macrophages (Figure 3).  After
24 h of treatment with the compound at 7.0, 13.5, and
27.0 pg/ml, we can observe an increase in ROS produc-
tion (25.3%, 33.0%, and 46.3%, respectively) compared
with the contral (L. amazonensis-infected macrophages).
Leishmania amazonensis-infected macrophages treated

}

+ 60000

40000

20000

Fluorescence intensity (A.U

o -
Negative contrel AMQ-j 30 pg/mL AMQ-j 24 pgimL

Figure 2: ROS production in promastigote forms treated with
AMQ-j. The parasites were treated with AMQ- and after 24 h
were probed with HzDCFDA. The fluorescence was measured
flugrometrically. p < 0.0001 (***) and p < 0.001 (**). Significant
difference compared with the negative control. The data were
expressed as the means of at least two different experiments
performed in tiplicate.
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with AMQ-j at the same concentrations used for ROS
assays, that is, at 7.0, 13.5, and 27.0 pg/mL also inhibited
the muttiplication of intracellular parasites in all concentra-
tions tested (51.7%, 55.3%. and 91.2%, respectively). Fur-
thermore, a linear correlation (R? =(0.9666) between the
percent inhibition of global burden of intracellular parasites
and the ROS production upon treatment was also
observed.

AMQ-j induces depolarization of mitochondrial
membrane potential (Alm) in L. amazonensis

The histograms showed that a 24-h treatment of L. ama-
zonensis promastigotes with 12.0 and 24.0 pg/mL AMQ-j
led to a reduction of Rh123 fluorescence of 83.9% and
97.9%, respectively. Mitefosine (9.0 pg/mL) was used for
comparson and decreased Agm in 352% (Figure 44).
Results of the IV confirmed depolarization of the mitochon-
drial membrane, because the promastigotes treated with
the compound at 12.0 and 24.0 pg/mL presented IV val-
ues of —0.83 and —0.97, respectively (Figure 4B).

Using the fluorescent probe JC-1, the results also con-
firmed that AMQ-j damaged the mitochondria function of
L. amazonenis promastigotes (Figure 5). Treatment with
the compound at 12.0 and 24.0 pg/mL for 24 h
decreased the red/green fluorescence intensity ratio
(70.7% and 73.7% inhibition, respectively), when com-
pared with the control untreated parasites. Furthermore,
fluorescence decreased by 53.8% for control cells treated
with miltefosine (9.0 pg/mL).

To evaluate the effects of AMQ- on the mitochondrial
function of L. amazonsnsis-infected macrophages, we
measured the mitochondrial membrane potential using the
fluorescent probe JC-1. The results were expressed as a
fluorescence intensity ratio obtained at 600 and 528 nm.
A decrease in the red/green fluorescence intensity ratio
indicates a collapse in the mitochondrial membrane poten-
tial. Figure B6A shows a significant reduction in the potential
of the infected macrophage mitochondrial membrane cor-
responding to 43.6%, 36.7%, and 53.0% after treatment
with 7.0, 13.0, and 27 ug/mL AMQ-j, respectively. A linear
comelation (R* = 0.8486) was observed between the per-
cent inhibition of global burden of intracellular parasites as
well as a decrease in the mitochondrial potential (Fig-
ure BB). Cels treated with 25.0 pg/mL miltefosine showed
a 58.0% decrease in the membrane potential On the
other hand, analysis performed with uninfected macro-
phages treated with AMQ-j did not have a statistical
significant reduction of Aym when compared with the
non-treated control (Figure 51).

AMQ-j does not alter the plasma membrane
integrity in L. amazonensis promastigotes

To evaluate whether the mechanism of cell death triggered
by AMQ-j irvolves rupture of the plasma membrane
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Figure 3: (A) ROS production in L. amazonensis-infected macrophages and treated with AMQ-j. ROS production was quartified using
HzDCFDA after 24 h of treatment, as described in the Materials and Methods, Fluorescence intensity was expressed as arbitrary units
(AU). p=0001 (**) and p <001, dgnificant difference compared with the control group (infected macrophages). The data are
expressed as the means of at least two different experiments pedormed in triplicate. [B) Correlation between the percent inhibition of
global burden of intracellular parasites and increased ROS production after treatment with AMQ-J [R2 0.9666).

integrity, promastigotes were treated with the compound
and stained with Pl, which is a specific nucleic acid strain
which diffuses across compromised plasma membrane.
The AMQ-j compound at 12.0; 24.0 and 31.0 pg/mlL did
not induce a significant increase in Pl-stained promasti-
gotes when compared with the negative control, thus indi-
cating a non permmeabilization of the plasma membrane
(Figure S2). The positive control (cells heated at 65 °C for
10 min) showed an 80.3% increase in the percentage of
Pl-stained promastigotes.

AMQ-j does not induce NO production in

L. amazonensis-infected macrophages

Regarding the production of reactive nitrogen products
such as NO, our results revealed that AMQ-j did not induce
a significant increase in the production of nitic oxide in
all concentrations used when compared to untreated
L. amazonensis-infected macrophages (data not shown).

Discussion

In this work, we reported the leishmanicidal activity of 4-
aminoquinoline (AMQ) derivatives against promastigote
and amastigote forms of L amazonensis. The results
showed that some compounds exhibited a strong leish-
manicidal effect against L amazonensis, being more
selective against the parasite than toward the macrophage
host. Leishmania amazonensis has besn associated with
varous clinical features of the human leishmaniasis, includ-
ing cutaneous and diffuse cutaneous leishmaniasis in Bra-
zil and can also induce a fatal clinical outcome, including
the visceral form of the disease (28,29).

Many antimalaral compounds are based on the usage of
quinaline nucleus such as 4-aminoguinolines, aryl-amino-
quinoline alcohols and 8-aminoguinolines (30). This has
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also been the case of kishmanicidal drugs such as sitam-
aquine and tafenoguine (31,32). Besides other targets, the
mechanism of action of these drugs in Leishmania is
related to mitochondrial disorders and their consequences
(31-34). In the studies described here, we also confim
that the leishmanicidal effect of AMQ is related to mito-
chondrial dysfunction. The AMQ-j compound induces the
depolarization of the mitochondrial membrane potential in
promastigotes and L amazonensis-macrophages. As the
amastigotes are within the host cell, it would be of interest
to determine whether the mitochondral depolarization
observed in infected cells was either from macrophages or
from intracellular parasites. Interestingly, uninfected macro-
phages treated with AMQ-] did not induce the depolariza-
tion of the mitochondral membrane potential, suggesting
that this compound was selectively toxic to the mitochon-
dria only in L amazonensis-infected macrophages. Fur-
thermore, in infected macrophages, the depolarization of
the mitochondrial membrane potential was dose depen-
dent. A comelation was also observed between the reduc-
tion in the global burden of intracellular parasites and the
decrease in the mitochondrial potential. Conseguently, we
can conclude that the AMQ-j can act directly within the
parasite mitochondria, causing mitochondral protozoan
dysfunction and subsequently the intracellular parasite
death.

Furthermore, we obsarved an increase in the ROS levels
in promastigotes and L. amazonensis-infected macro-
phages treated with AMQ-j. Mitochondria are the major
sources of ROS in Leishmania and an increase in the ROS
might induce mitochondrial alierations (33). These results
are really interesting, because the most remarkable mor-
phological difference between the mitochondria of higher
eukaryotes and trypanosomatids is the number and rela-
tive volume of these organelles. In contrast to eukaryotes,
these parasites confain only one single organelle which
becomes a potential site for drug intervention (33).

Chem Bidl Drug Des 2015; 86: 704-714
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Figure 5: Changes of the mitachondrial membrane potential of
L. amazonens's promastigotes treated with AMQ-j. The parasites
were treated with AMQ-j and after 24 h were probed with JC-1.
The fluorescence was measured fluorometrically. The ratio B0/
528) was caloulated in treated and untreated |negative control)
promastigote forms. The negative contral was regarded as 100%
and the results expressed as a percentage in relation of the
confrol. p = 0.0001 (***), sgnificant difference compared with the
negative control. The data were expressed as the means of at
least two different experiments performed in triplicate.

In this work, a depolarization of the mitochondrial potential
associated with the ROS production in L amazonensis
was observed. However, the AMQ-j treatment of the
promastigotes did not involve the rupture of the plasma
membrane. Some events, including the aforementioned
ones, associated with the extemnalization of the membrang
associated phosphatidyl serine and fragmentation of the
nuclear DNA are indicated as apoptosis like in protozoan

Chem Biol Drug Des 2015; 86: 704-714

Leishmania. Some drugs, including the B-aminoguinolines
stamaguine and tafenoquine, have their leishmanicidal
effect associated with an apoptosis-like event (31-34). Fur-
ther studies are necessary to clarfy whether the mode
action of AMQ-j compound is related to apoptosis or
another death of Leishmania parasite.

Although Leishmania infect other cells, macrophages are
considered as the main host cells for such parasite. These
phagocytic cells have a dual role in controlling the disease,
because in the experimental leishmaniasis macrophages
are significant in both the survival and elimination of the
parasite (34). Some microbicidal molecules produced by
macrophages are involved in the complete elimination of
Leishmania. Regarding the production of nitrogen-reactive
products, nitric oxide (NO) is one the mechanisms used by
macrophages to kil the intracellular amastigote (35). How-
ever, our results revealed that L amazonensis-infected
macrophages treated with AMQ-j did not induce signifi-
cant increase in the production of nitric oxide in al con-
centrations used when compared to the untreated
L amazonensis-infected macrophages. This suggests that
the leishmanicidal activity against the intracellular parasite
observed in this work may be more strongly related to
other mechanisms, such as ROS production, than to the
MO production by infected macrophages.

Conclusion

In conclusion, we have demonstrated that AMQ-j exhib-
its promising leishmanicidal activity. Furthermore, AMQ-j
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decreased in mitochondrial membrane potential after treatment with AMG-j [R" 0.84886).

compound was able to induce parasite disorders which
are mainly mediated by the mitochondrial dysfunction
associated with the ROS production. Further in vitro and
in vivo studies are necessary to increase our under-
standing regarding the mode of action of this com-
pound.
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Figure S1. Uninfected macrophages and treated with
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Figure S2. Cell membrane integrity assay in L. amazonen-
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with Pl
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3.3 CAPITULO 3: Potential effect of a quinoline derivative in Leishmania
amazonensis: induction of apoptosis, autophagy and in silico inhibition of the

Trypanothione reductase.

3.3.1 Objetivos especificos

Com o composto selecionado no capitulo 2:

- Complementar estudos relacionados a atividade leishmanicida e toxicidade in vitro;
- Avaliar se 0 mecanismo de morte envolve eventos sugestivos de apoptose, como:
aumento de corpusculos lipidicos, reducdo do tamanho celular, exposicdo de
residuos de fosfatidilserina na membrana plasmética externa, alteracédo nas fases do
ciclo celular, condensagéo da cromatina e fragmentacao do DNA;

- Avaliar se 0 mecanismo de morte envolve eventos sugestivos de necrose, pela
analise da integridade da membrana plasmatica;

- Avaliar se 0 mecanismo de morte envolve alteragOes celulares sugestivas de
autofagia, mediante analise da formacdo de vacuolos autofagicos, acumulo de
compartimentos acidicos e formacao de corpos multivesiculares;

- Verificar o efeito do composto sobre a atividade da Tripanotiona Redutase de L.

amazonensis por estudos computacionais (in silico).
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Abstract

Quinolines are a class of heterocyclic compounds with multiple chemotherapeutic
properties, including antileishmanial activity. In a previous work, a new series of 4-
aminoquinoline derivatives, named AMQ), were designed and synthesized. Among these
derivatives, AMQ-j was the most promising compound against Leishmania
amazonensis and preliminary studies showed that this compound induced marked
oxidative stress. Here, we complemented our studies exploring further the
antileishmanial eftect of this compound against L. amazonensis, as well as determining
the cellular processes involved in the death of the parasite. Our results confirmed the
expressive antileishmanial effect of the compound AMQ-j on extracellular amastigote-
like (ICso of 7.0 pg/mL) and intracellular amastigote (ICso of 2.6 pg/mL) forms of L.
amazonensis. In addition, L. amazonensis-infected macrophages showed low capacity
for reversion of the effect of this compound. The compound AMQ-j affects the
mitochondrial membrane potential of extracellular amastigote-like and triggers several
characteristics of apoptosis in promastigotes of L. amazonensis. The treatment of
promastigotes with AMQ-j also induced the formation of several structures suggestive
of autophagic cell death, including autophagic vacuoles, accumulation of acidic
compartments and multivesicular bodies inside vacuoles. In silico studies suggest that
this compound is a potential inhibitor of key redox enzyme trypanothione reductase
(TryR) of L. amazonensis. Our results suggest that oxidative stress, considered as a
primary key event, triggers parasite death through different pathway, including

apoptosis and autophagy.

Keywords: Leishmania amazonensis; aminoquinoline; antileishmanial activity;

apoptosis; autophagy; Trypanothione reductase.
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Introduction

Leishmania amazonensis has been isolated from patients with diverse clinical
forms, including localized cutaneous leishmaniasis (LCL), the most common American
Cutancous Leishmaniasis form, mucocutaneous leishmaniasis (MCL), anergic diffuse
cutancous leishmaniasis (ADCL) and was also implicated in borderline disseminated
cutaneous leishmaniasis, an intermediate form of disease. The ADCL is a rare but
severe form marked by poor responses and frequent relapses of patients following
chemotherapy (Silveira and Lainson 2005; Silveira et al. 2009). Additionally, L.
amazonensis has already been associated with post-kala-azar dermal leishmaniasis
(PKDL) and visceral leishmaniasis (VL) in humans and dogs (Aleixo et al. 2006).

The current chemotherapy for the treatment of leishmaniasis is rather
unsatisfactory due to high costs, limited effectiveness, being a long-term treatment,
severe side effects due to high toxicity, and emerging drug resistance (Ait-Oudhia et al.
2011; Nagle et al. 2014). Consequently, the search for new chemotherapeutic targets
became a priority for the control of leishmaniasis.

Quinolines are a class of heterocyclic compounds with multiple
chemotherapeutic properties, including antiplasmodial, antitumoral, antioxidant,
antiviral and antimicrobial activities (Kumar et al. 2009; Afzal et al. 2015). Regarding
antileishmanial activity, sitamaquine, an 8-aminoquinoline, has been proposed as
alternative oral treatment against VL, but its preliminary clinical studies in Kenya and
Brazil showed limited efficacy (Loiseau et al. 2011).

Our research group has extensively investigated the antileishmanial activity of
new aminoquinoline derivatives and reported interesting results (Coimbra et al. 2010;
Carmo et al. 2011; Antinarelli et al. 2012; Coimbra et al. 2013; Antinarelli et al. 2016;
Coimbra et al. 2016). Recently, we designed and synthesized a new series of 4-

4
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aminoquinoline derivatives and the compounds presented in vitro and in vivo
antimalarial (Soares et al. 2015) and in vitro antileishmanial activities (Antinarell: et al.
2015a). Among these derivatives, the AMQ-j, a 4-hydrazinoquinoline, was the most
promising compound against both promastigotes and amastigotes of L. amazonensis.
Moreover, preliminary studies showed that this compound induced marked effects on
the parasite mitochondria, reflected by ROS production and a reduction of
mitochondrial membrane potential (Antinarelli et al. 2015a). In this work, we
complemented our studies related to the antileishmanial effect of the AMQ-j against L.
amazonensis, as well as determining the mode of action of the compound that are

involved in the cell death of this parasite.

Material and methods
Synthesis of compound

The compound AMQ-j has been described in the literature (Polonini et al. 2013;
Antinarelli et al. 2015a; Soares et al. 2015). The stock solution of AMQ-j was prepared
in dimethylsulfoxide (DMSO). For the assays, AMQ-j was solubilized in 0.03% DMSO,

which was found not to affect the parasite.

Biological assays
Reagents

Miltefosine was supplied by Cayman Chemical Company (Michigan, USA),
Ribonuclease A (RNAse), Propidium Iodide (PI), JC-1, Carbonyl cyanide 4-
(trifluvoromethoxy)phenylhydrazone (FCCP), 9-diethylamino-5H-benzo[alpha]|
phenoxazine-5-one (Nile Red), monodansylcadaverin (MDC), Acridine orange, Hank s
Balanced Sal Solution (HBSS), dimethylsulfoxide (DMSO), hemin, saponin, folic acid

5
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and 3-[4,5-dimethylthiazol-2-yl]-2,5-100 diphenyltetrazolium bromide (MTT) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS), RPMI
1640 medium, penicillin G and streptomycin were purchased from Cultilab (Campinas,
Sdo Paulo, Brazil). Brain heart infusion (BHI) was purchased from Himedia (Mumbai,
Indian). Dulbecco's Modified Eagle Medium (DMEN) was obtained from
LGC Biotechnology. Amnexin V-FITC was obtained from Invitrogen (Eugene, OR,
USA). 4',6-Diamidino-2-Phenylindole, Dihydrochloride (Dapi) was acquired from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The terminal deoxyribonucleotidyl
transferase-mediated dUTP nick-end labelling (TUNEL) In Situ Cell Death Detection
Kit was acquired from Roche (Indianapolis, IN, USA). DNase was obtained from New

England BioLabs (Bishops Stortford, UK).

Parasites

Promastigotes of L. amazonensis (IFLA/BR/67/PH8) were cultured as described
previously (Antinarelli et al. 2015a). The parasites were isolated from cutaneous lesions
of infected BALB/c mice and subcultures were performed twice a week until the tenth

passage.

Activity against extracellular amastigote-like forms

Extracellular amastigote-like forms were obtained from infected monolayers of
African green monkey kidney (Vero) cells. Vero cells were infected with 1x107
stationary growth phase L. amazonensis promastigotes. Extracellular parasites were
removed after 24 h by washing with PBS, and the culture was maintained in DMEM
medium supplemented with 10 % FBS at 33 "C and 5 % CO; atmosphere until

amastigotes emerged from the infected cells (Moreno and De Meirelles 1998).
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For the assay against extracellular amastigote-like forms, these cells were
suspended to 3x10° cells/mL after Neubauer chamber counting and unexposed (negative
control) and exposed to an increasing concentration of AMQ-j (1.7-27.0 pg/mL) for 24
h at 33 °C and 5 % CO: atmosphere. The viability of the extracellular amastigote-like
forms was determined by using the colorimetric MTT assay. Miltefosine (6.2-100.0

pg/ml.) was used as the reference drug.

Activity against intracellular amastigotes and analysis of the reversibility of the
effect of AMQ-j on parasite proliferation

Adherent macrophages, obtained from the peritoneal cavity of BALB/c mice,
were infected with promastigotes of L. amazonensis in the stationary growth phase and
L. amazonensis-macrophages were treated with different concentrations of the
compound AMQ-j (1.7-27.0 pg/mL) dissolved in DMSO (final concentration 0.1 %
v/v). The parasite burden was evaluated as previously reported (Antinarelli et al.
2015b). The results were expressed as percent inhibition of the global burden of
amastigotes in relation to infected macrophages control. Miltefosine (1.6-25.0 pg/ml.)
was used as the reference drug. For analysis of the reversibility the protocol was
performed as described by Costa et al. 2014.

All procedures were performed in agreement with the Ethical Principles in
Animal Research and according to the protocol approved by the Ethical Committee for

Animal Handling - UFJF (#0056/2013-CEUA).

Cytotoxic effect on erythrocytes
Hemolytic activity was determined by incubation of 180 ul. of a 1 % suspension
of fresh human red blood cells in PBS with 20 pl. of different concentrations of AMQ-j

7
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(25400 pg/ml) for 24 h at 37 °C, according to protocol previously described

(Antinarelli et al. 2016).

Detection of phosphartidvlserine exposure by annexin-V-FITC labeling
Promastigotes of L. amazonensis (1x107 cells/mL) were incubated for 24 h in the
absence or presence of 12.0 or 240 pg/ml AMQ-i. The parasite concentration was
adjusted to 5x107 cells and suspended in 100 uL binding buffer (10 mM HEPES. 150
mM NaCl and 2.5 mM CaClz), containing 2.5 pL annexin V-FITC. After 20 min the
cells were incubated with 1.0 pg/ml of PI for 15 min in the dark at room temperature
{Stroppa et al. 2017). Treated promastigotes with miltefosine (18 pg/'ml) were used as
positive confrol. Data acquisifion and analysis were performed using a FACsCanto I
flow cytometer (Becton Dickinson, Rutherford, NI, USA) equipped with DIVA
software (Joseph Trotter, Scripps Fesearch Institute, La Jolla, CA, USA). A total of
10,000 events were analyzed per sample in the region that was previously established as

the one that corresponded to the parasites.

Cell Cycle analysis

The analvsis of cell cycle was performed as previously described (Ribeiro et al.
2013). Promastigotes of L. amazonensis (1x107 cells/mL) were treated with 12.0 or 24.0
ng/ml AMQ-] for 24 h. The cells were stained with 1.0 pg/mL PT for 20 min in the dark
at room temperature and the percentage of parasites in each stage of the cell cycle was
determined using a FACsCanto II flow cytometer (Becton Dickinson. Rutherford, INT,
USA) equipped with DIVA software (Joseph Trotter. Scripps Research Institute, La
Jolla, CA, TUSA). A total of 10,000 events were analyzed per sample in the region that

was previously established as the one that corresponded to the parasites.
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Detection of lipid bodies accumulation

Promastigotes of L. amazonensis (1x107 cells/mL) were treated with 12.0 or
24.0 pg/ml. AMQ- for 24 h. Cells were harvested, suspended in PBS and the cell
number was counted in the Neubauer chamber. Cells concentration were adjusted to
5x10° cells in 200 pL of PBS and incubated with 10 ug/mL Nile Red for 20 min
(Stroppa et al. 2017). Fluorescence was spectrofluorometrically measured (FLx800,
BioTek Instruments, Inc., Winooski, VI, USA) using an excitation wavelength of 485

nm and an emission wavelength of 528 nm.

Evaluation of autophagic vacuoles formation by labeling with MDC

Leishmania amazonensis promastigote forms (1x107 cells/mL) were treated with
AMQ-j (12.0 or 24.0 ng/mL, respectively) or not (negative control) for 24 h. After, the
promastigotes were washed with PBS and cells concentration was adjusted to 1x107
cells/mL. The parasites were incubated with 50 pM of MDC, a fluorescent marker that
accumulates in autophagosome vacuole, in the dark for 1 h at 25 °C (Stroppa et al.
2017). The parasites were then washed twice in PBS and 200 pl. parasites were added
in quadruplicate in a black 96-well plate and analyzed in a microplate reader
(Varioskan® Flash, Thermo Scientific, USA) using a 335 nm and 460 nm for excitation

and emission, respectively. PBS-starved culture was used as positive control.

Evaluation of acidic compartments formation by labeling with acridine orange
Acridine orange was used as previously described (Mendes et al. 2016).
Promastigotes of L. amazonensis (1x107 cells/mL) were treated with 12.0 or 24.0 ng/mL
AMQ-j for 24 h. After wash, the cells were incubated with 5 ng/ml acridine orange for
10 min, washed and the fluorescence was spectrofluorometrically measured (FLx800,
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BioTek Instruments, Inc., Winooski, VT, USA) using an excitation wavelength of 540

nm and an emission wavelength of 600 nm.

Ultrastructural analysis by Transmission Electron Microscopy

Ultrastructural analysis was performed with treated promastigote forms for 48 h
at 25°C with concentration that corresponded at 12.0 pg/ml. AMQ-j. Untreated
parasites or treated with DMSO (0.008 %) were used as representative of a normal
ultrastructure. The parasites were fixed in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer at 4°C and post-fixed in a solution of 1 % osmium tetroxide, 0.8%
potasstum ferrocyanide, and 5 mM calcium chloride. Then, the parasites were
dehydrated in acetone series and embedded in Epon resin for 72 h at 60°C. Ultrathin
sections were stained with 5% uranyl acetate and lead citrate and examined in a JEOL

JEM 1400 transmission electron microscope (Britta et al. 2014).

Determination of mitochondrial membrane potential (AYm) and cellular
membrane integrity evaluation of extracellular amastigote-like forms

Extracellular amastigote-like forms (1x107 cells/mL) were cultured for 24 h in
the absence or presence of 14.0 or 28.0 ng/mL AMQ-j at 33 °C and 5 % CO»
atmosphere. For the determination of mitochondrial membrane potential (A¥m), these
parasites were incubated with JC-1 {fluorochrome and the assay was performed
according to procedure previously described (Antinarelli et al. 2015a). For the
evaluation of cell membrane integrity, these parasites (1x107 cells) were incubated with

PI, according to protocol previously described.

DNA Fragmentation Assay
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Intracellular amastigotes DNA fragmentation was analyzed using an i situ cell
death detection kit, according to the manufacturer’s mstructions. Briefly, the peritoneal
macrophages from BALB/c mice were infected with stationary growth phase L.
amazonensis promastigotes at a ratio of 1:10 (macrophages/parasites) at 33 °C in 5 %
CO, atmosphere for 4 h. The resulting monolayers were washed twice with PBS to
remove the free parasites and the cells were treated at 1.3 pg/mL AMQ-j for 72 h. Cells
were fixed in a solution of 4 % paraformaldehyde for 10 min. Cells were washed in PBS
and permeabilized with a solution of 0.2 % Triton x-100 and then labeled with the in
situ cell death detection TUNEL solution for 1 h at 37 °C. Cells were washed and
suspended in 0.5 mL of PBS (pH 7.4) containing 0.1 mg/mL DAPI for 30 min. Finally,
the coverslips were mounted and the fluorescence was observed using an Olympus
BXS53 fluorescence microscope, and the images were captured with an Olympus camera
DP73. Leishmania amazonensis-infected macrophages and treated with DNAse at

10 mg/ml for 30 min were used as a positive control.

In silico Analysis
Homology Modeling

Sequence of trypanothione reductase of L. amazonensis (LalryR) was obtained
from UNIPROT database (ID: A5JV95). This sequence was aligned against PDB
database attempting to found templates to three-dimensional (3D) model construction of
LaTryR by the homology modeling method using Modeller9v17 program (Sali and
Blundell 1993) Templates were selected based on sequence identity, similarity and
maximum query coverage, and on the presence of ligands in catalytic and NADP

binding sites.
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To assess the quality of 3D models, we used Procheck (Laskowski et al. 1993) and
Molprobity (Chen et al. 2010) programs to perform the Ramachandran analysis. The
energy of 3D models were analyzed using nDOPE and Molpdf functions from
Modeller9v17. The structure of LaTryR with best quality was submitted to docking
studies and to analysis of electrostatic profiles using the programs PDB2PQR v1.9

(Dolinsky et al. 2004) and APBS v1.4.1 (Holst et al. 2000).

Protein-ligand Docking

Protein model and AMQ-j compound were prepared for docking analysis in Glide
program (Friesner et al. 2004) using OPLS2005 force field with pH 7.4 + 0.2. The
compound AMQ-j was prepared using Ligprep tool (LigPrep v4.0. Schrédinger LLC.
New York) while LaTryR model was prepared using Protein Preparation Wizard tool.
Docking studies were performed in the Glide Single Precision (SP) mode using the
post-refinement step with the parameters set to the default values.
Two grids for docking were calculated with Glide program. The dimensions of the grid
for NADP binding site (NBS) were X =Y = 25A and Z = 27 A and for catalytic site
(CS)were X =Y =24 A and Z =26 A. The grid for NBS was centered on coordinates
X=-22.668,Y = 1.310 and Z = 3.860, and the grid for CS was centered on coordinates

X =-26.042,Y = 2.547 and Z = 5.976.

Analysis of electrostatic profile
To comprehend possible differences between the catalytic and NADP binding
sites, we analyzed the electrostatic profile of both sites using the PDB2PQR v1.9

(Dolinsky et al. 2004) and APBS v1.4.1 programs (Holst et al. 2000).
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Statistical Analysis

The compound concentration that inhibited 50% of the survival of the parasites
(ICso values) was carried out and the 95 % confidence intervals were included,
calculated by Litchtfiet and Wilcoxon method using the Probit regression model
considering the mean from three independent experiments performed in duplicate. The
90 % inhibitory concentration, i.e., the mimmum concentration of compound that
caused 90 % reduction in the survival of the parasites (ICoo value) was obtained by
using OriginPro 8 software considering the mean from three independent experiments.
Data were statistically analyzed using One-way-ANOVA followed by Dunnett post-test
to compare all the groups to the negative control using GraphPad Prism 5 (GraphPad
Software, San Diego, CA, USA. The data presented in the graphs were obtained from
three independent experiments performed in triplicate and results were regarded as

statistically significant when p < 0.0001 (***), p <0.001 (**) and p <0.01 (¥).

Results
AMQ-j inhibits the proliferation of amastigotes of L. amazonensis in an
irreversible manner without toxic effect on mammalian cells

The compound AMQ-j exhibited a strong antileishmanial activity against the
extracellular (ICso of 7.0 pg/mlL) and intracellular amastigote (ICso of 2.6 ng/mlL)
forms. For intracellular parasites, this activity is very close to the ICso value obtained
for the reference drug miltefosine (2.5 pg/mL). In addition, this compound exhibited an
ICoo of 22.8 pg/mL (84.4 uM) against intracellular amastigotes of L. amazonensis after
72 h of treatment. The compound AMQ-j significantly mhibited the growth of the
intracellular amastigotes of L. amazonensis in all concentrations evaluated and in a
dose-dependent effect (Fig. 1A). At concentrations of 27.0, 13.5, 6.7, 3.4 and 1.7
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pg/ml., the treatment with AMQ-; reduced the global burden of amastigotes by 933,
T6.3, 700, 56.3 and 43.1%, respectively, as compared to the untreated parasites (Fig.
14). To evaluate the survival of the parasites remaining after treatment of infected
macrophages with AMQ- for 72 h. we performed a complementary assay to investigate
the ability of these amastigotes to differentiate into promastigotes. As shown in the
Figure 1B, the treatment with AMQ-j reduced the capacity of the remaining amastigotes
to differentiate info promastigotes in all concentrations evaluated and completely
prevented the growth of the parasites at the concentrations of 27.0 and 13.5 pg/mL.
Human erythrocyvtes were used to deternune the hemolytic effect of AMQ- on
mammalian cells and this compound not produced significant cytotoxicity, showing

haemolysis levels of less than 5% in all concentrations available (2.5-40.0 pg/ml) (data

not shown).
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Fig. 1. AMQ)-) mnduces death of intracellular amastigotes of L. amazonensis. (A) Macrophage monolayver
was stamed with Glemsa and the parasite burden was determined by counting of 200 macrophages under
optical microscopy. (B) After 72 h of the treatment, the infected macrophage: were washed twice and

incubated with Warren's medium and 10 % FBS at 25 °C for more 72 b without the compound and the
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viable promastigotes were counted under the microscope. NC=Negative Control. The data were obtained
from three independent experiments performed in duplicate. P < 0.0001 (***), statistically significant

difference compared to negative control (NC).

AMQ-j induces phosphatidylserine exposure in L. amazonensis promastigotes

The annexin V-FITC classic assay was performed to evaluate the externalization
of PS in treated promastigotes with AMQ-j for 24 h (Fig. 2). Histograms analysis
showed that AMQ-j induced a dose-dependent increase in annexin-V fluorescence
intensity. In fact, treatment at 12.0 and 24.0 ug/ml. AMQ-j (corresponding to two and
four times of ICsp for 72 h, respectively) increased the percentage of annexin-V positive
promastigotes of 11.9 and 56.9 fold, respectively, compared to untreated parasites
(negative control). On the other hand, flow cytometry revealed no significant increase
late apoptosis (double labeled with annexin V and PI) and necrosis-like stage (PI
staining) after the treatment at both concentrations used. Promastigotes treated with
miltefosine (18.0 pg/ml), used as positive control, exhibited distinct features: early

apoptosis (36.5 %), late apoptosis (4.3%) and necrosis process (4.4%).
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Fig. 2. Phosphatidylserine externalization on the cell membrane in promastigotes of L. amazonensis
treated with AMQ-j. Promastigotes were incubated with 12.0 or 24.0 ug/mL. AMQ-j for 24 h, cells were
stained with the fluorescent probes annexin V-FITC and PI, and analyzed by flow cytometer. Miltefosine
(18.0 pg/mL) was used as positive control. Representative histograms of three independent experiments.
The percentage of annexin V-positive cells is shown in the upper and lower right quadrants. The

percentage of PI-positive cells is shown in the upper and lower left quadrants.
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AMQ-j induces sub-Go/G1 phase cell cycle arrest in L. amazonensis promastigotes
Cell cycle analysis by flow cytometry indicated that promastigotes treated with
AMQ-j presented a significant increasing in the sub-Go/Gi population (7.4- and 16.7-
fold greater than untreated controls) after treatment with 12.0 and 24.0 pg/ml. AMQ-j,
respectively, in a concentration-dependent manner, indicating nuclear DNA and/or
mitochondrial DNA fragmentation. Moreover, AMQ-j induced a significant reduction
of the percentage of cells in the G2/M phase (DNA duplication) compared to untreated
parasites. These results showed that the treatment of promastigotes with AMQ-j by 24 h

was able to induce drastic changes in the cell cycle of the parasites (Fig. 3).

60- [ Control
3 AVQ-j 12.0 ug/mL
E AMQ-j 24.0 ug/mL
o 4 C
©
(&)
Q\o Fkk
204
04 ﬂi
Sub Gy/G; Gy/G, S G,/M

Fig. 3. Evaluation of cell cycle through analysis of DNA content of L.amazonensis promastigotes treated
with AMQ-j. Promastigotes were incubated without (negative control) or with 12.0 or 24.0 ng/ml. AMQ-
j for 24 h and then loaded with PI. DNA content was analyzed by flow cytometry. The results represent
the percentage of cells in different stages of the cell cycle. The data were expressed from three
independent experiments. P < 0.0001 (***) and P < 0.001 (**), statistically significant difference

compared to control.
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AMQ-j induces accumulation of lipid bodies in L. amazonensis promastigotes

To determine whether AMQ-j also induces the formation of lipid bodies, we
quantified the Nile Red accumulation in promastigotes of L. amazonensis treated with
the compound AMQ-j. The treatment of parasites with AMQ-j resulted in a significant
icrease of Nile Red fluorescence by 1.62 and 1.65 fold after treatment with 12.0 and
24.0 ng/mL of AMQ-j, respectively, demonstrating that treated promastigotes induce

accumulation of lipid bodies (Supplementary Fig. S1).
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Control AMQ-j AMQ-j

12.0 pg/mL  24.0 pg/mL

Fig. S1. Analysis of lipid body accumulation in L. amazonensis promastigotes treated with AMQ-j.
Parasites were untreated (negative control) or treated with 12.0 or 24.0 pg/ml. AMQ-j and after 24 h the
cells were probed with Nile Red. Fluorescence intensity was measured fluorometrically and the data were
expressed by the increase of fluorescence intensity in relation to control. The data were obtained from
three different experiments performed in triplicate. P < 0.0001 (***), statistically significant difference

compared to negative control.

Promastigotes of L. amazonensis treated with AMQ-j exhibit autophagic
characteristics
The induction of parasite death by autophagy in promastigotes treated with

AMQ-; was initially evaluated by using MDC labeling, a fluorescent probe that
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accumulates in autophagic vacuoles. Figure 4A shows a strong increase in the intensity
of MDC fluorescence at both concentrations tested (3.6 and 3.1 fold at 12.0 and 24.0
ug/mlL, respectively). PBS-starved culture was used for comparison and an increased
tfluorescence of 2.4 fold was observed. Furthermore, analysis performed by fluorescence
microscopy showed the presence of MDC-labeling autophagic vacuoles in parasite
cytoplasm (data not shown).

In addition, parasites treated with AMQ-j and stained with acridine orange, a
selective marker for the formation of acidic vesicular organelles, showed intense
increase in the red fluorescence intensity of 46.8 and 81.6 % (at 12.0 and 24.0 pg/mL
AMQ-j, respectively), compared to untreated parasites (Figure 4B). Promastigotes

treated with miltefosine at 9.0 ug/mL also increased fluorescence in 101.7%.
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0 Control  AMQ-j AMQ-j  Miltefosine

Control AMQ-j AMQ-j PBS 12.0 pg/mL 24.0 pg/mL 9.0 pg/mL
12.0 pg/mL  24.0 pg/mL

Fig. 4. Effect of AMQ-j on the formation of autophagic compartments. (A) The autophagic vacuoles
formation in promastigote forms of L. amazonensis treated with AMQ-j treated with AMQ-j at 12.0 or
240 pg/mL for 24 h were evaluated after labeling with monodansylcadaverin (MDC). (B) The
accumulation of acidic compartments in promastigote forms of L. amazonensis treated with AMQ-j at
12.0 or 24.0 pg/mL for 24 h was determined after incubation with acridine orange. The analysis of MDC
and acridine orange labelling were performed in a fluorimetry microplate reader. The data were obtained
from three different experiments performed in triplicate. P < 0.0001 (¥*%), statistically significant

difference compared to negative control (NC).
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AMQ-j induces ultrastructural changes in promastigotes of L. amazonensis
Transmission electron microscopy showed that untreated parasites and treated
with DMSO (0.008 %) exhibited a normal ultrastructure of organelles, including
mitochondria, kinetoplasts and nuclei. The treatment of promastigotes with AMQ-j led
to severe ultrastructural damage in the parasite, such as swelling mitochondrial,
presence of autophagic vacuoles, lipid bodies and vesicles in the parasite’s cytoplasm,

changes in chromatin organization and multivesicular bodies inside vacuoles (Fig. 5).
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Fig. 5. Ultrathin sections of L. amazonensis promastigotes treated with AMQ-j for 48 h. (A) Untreated
parasites and (B) treated with DMSO (0.008%) that presented a normal ultrastructure. Parasites treated
with AMQ-j at concentration that corresponded at 12.0 pg/mL AMQ-j (C-J). White arrows indicate
swollen mitochondria. Black arrowheads represent lipid-storage bodies. Black arrows indicate the
presence of vesicles inside the vacuoles. The asterisk indicates autophagic vacuoles. n, nucleus; m,

mitochondrion; k, kinetoplast; f, flagellum; fp, flagellar pocket. Scale bar = 1 um.
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AMQ-j induces alterations of the mitochondrial membrane potential on
extracellular amastigote forms of I. amazonensis without rupture of plasma
membrane

Figure 6 shows a pronounced loss of A¥m in treated extracellular amastigote-
like forms with the compound at 14.0 or 28.0 ug/mL (two and four times of ICso value,
respectively), with reduction of AWm of 33.6 and 46.0 %, respectively, as compared to
untreated parasites. As expected, parasites treated with FCCP (positive control) showed

a decreased in the AYm.
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Negative AMQ-j AMQ-j FCCP

Control  14.0 pg/mL 28.0 pg/mL 20 pM
Fig. 6. Evaluation of the mitochondrial membrane potential (A¥m) of extracellular amastigote-like
forms of L. amazonensis. Parasites were untreated (NC - negative control) or treated with AMQ-j (14.0 or
28.0 pg/mL) and after 24 h the cells were probed with JC-1. Fluorescence was measured tfluorometrically.
NC was regarded as 100 % and the results were expressed as a percentage in relation of the control.
Amastigote-like forms incubated with FCCP at 20.0 uM were used as positive control. The data were

obtained from three different experiments performed in triplicate. P < 0.0001 (¥**), statistically

significant difference compared to negative control.

In order to evaluate whether the strong mitochondrial damage could be assigned
to the ability of the compound to alter the plasma membrane integrity of the
extracellular amastigote-like forms, we investigated the permeability of the plasma

membrane using the PI dye. Extracellular amastigotes treated with 14.0 or 28.0 pg/mL
22
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AMQ-j for 24 h did not show significant permeabilization of the plasma membrane as

compared to the untreated parasites (Supplementary Fig. S2).
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Fig. S2. Cell membrane integrity of extracellular amastigote-like forms of L. amazonensis. Parasites were
untreated (NC - negative control) or treated with 14.0 or 28.0 ng/mL AMQ-j for 24 h and stained with PL
Fluorescence was measured fluorometrically and the data were expressed as the fluorescence intensity in
arbitrary units of three independent experiments performed in triplicate. Positive control: parasites heated
at 65 °C for 10 min. P < 0.0001 (¥*#), statistically significant difference compared to negative control

(NC).

AMQ-j induces DNA fragmentation in intracellular amastigotes of L. amazonensis

To evaluate the occurrence of fragmentation of DNA in intracellular
amastigotes, DNA degradation of infected-macrophages treated with AMQ-; was
evaluated by TUNEL assay. Fluorescence analysis revealed that compound at
concentrations of 1.3 ug/ml (corresponding to 1/2 x ICso value, respectively) was
enough to induce DNA fragmentation in intracellular amastigotes (green-labelled) and
no label was observed in the macrophages nuclei, confirming the selectivity of
compound on the parasite (Fig. 7). Infected-macrophages treated with DNAse (positive
control) showed DNA fragmentation of both macrophages and intracellular amastigotes,
which showed intense green labeling (data not shown).
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Fig. 7. In situ detection of fragmented DNA (TUNEL assay) of intracellular amastigotes of L.
amazonensis treated with AMQ-j. Leishmania amazonensis-infected macrophages were treated with 1.3
pg/mL AMQ-j for 72 h and then a TUNEL assay was performed. The macrophages and amastigotes
DNA are visualized in blue (DAPI) and TUNEL-positive amastigotes are stained in green (FITC). Images

were obtained by fluorescence microscopy at 100X magnification.

AMQ-j inhibits in silico the trypanothione reductase of L. amazonensis

The 3D model of the trypanothione reductase homodimer of L. amazonensis
(LaTryR) (Supplementary Fig. S3-A) was constructed by homology modeling using as
template two conformations (PBDID: 2JK6 and 4ADW) of trypanothione reductase of
Leishmania infantum (LiTryR), selected considering the configuration of catalytic (CS)
and NADP binding (NS) sites. Sequence alignment of LaTryR and LiTryR showed 95%
of identity, 97% of similarity and no gaps. The heteroatoms present in templates (FAD,

NADP and trypanothione — GCG) were considered for model construction. The
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structural alignment of LaTryR and templates are presented as Supplementary data (Fig.
S3-B), and the results show the electrostatic potential profile of protein and in detail we

can observe the profiles of negatively charged catalytic site in red (Fig. S3-C) and

positively charged NADP bind*ing site in blue (Fig. S3-D).

(A)

Fig. S3. Structural alignment between 3D model of LaTryR and templates and electrostatic potential
profile of LaTryR. (A) Cartoon representation of TryR from L. amazonensis (cyan) and L. infantum
(2JK6 in pink and 4ADW in yellow). (B) The electrostatic potential profile of LaTryR vary from -5 (red)
to 5 (blue) kT/e. In detail are presented (C) the catalytic and (D) NADP binding sites. Ligand and
heteroatoms are presented in sticks: GCG (green), NADP (orange) and FAD (magenta). The images were

generated using PyMOL, version 1.8.2, Schrédinger - LLC.

25



506

507

508

509

510

511

512

513

514

515

516

517

527

528

529

530

531

532

533

Docking results of AMQ-j (Fig. 8) show that this compound interacts with
several residues needed for catalytic activity of LaTryR. In NS site, AMQ-j can occupy
the NADP position performing a stacking interaction with FAD and Y198, a Pi-cation
interaction with M333 and a hydrogen bond interaction with Y198. The interaction with
FAD can prevent the electron transfer processes from FAD to residue C57 avoiding the
catalytic reaction (Fig. 8A). The affinity calculated by Glide of AMQ-j to this site was -
6.478 kcal/mol with a calculated Ki of 17.86 pM. In CS site, the binding affinity
determined by Glide was -3.993 kcal/mol with a calculated Ki of 1.183 mM. In Figure
8B, we can observe that even presenting low affinity to the catalytic site, AMQ-j

interacts with residues considered as important for the catalytic activity of LaTryR

(stacking interaction with H461 and the hydrogen bond interaction with E466).

Fig. 8. Best conformations of AMQ-j compound obtained from docking results in (A) NADP binding site
and (B) catalytic site of LaTryR. LaTryR is presented in cartoon (grey) and FAD (grey) and AMQ-j (red)
in sticks. Main interactions are represented by yellow dashes with distances in Angstroms. Interaction
centers of AMQ-j compound are represented by follow spheres: aromatic ring and lipophilic region
(gold), hydrogen bond donor (light blue) and hydrogen bond acceptor (purple). The images were

generated using PyMOL, version 1.8.2, Schrédinger - LLC.
26

91



534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

Discussion

In the present study, we provided new insights into the mode of cell death
induced by the compound AMQ-j in L. amazonensis. Initially, we investigated the in
vitro effects of AMQ-j against extracellular amastigote-like and intracellular amastigote
forms and the results showed that the compound AMQ-j was highly active in both
stages of parasite. Moreover, a complementary assay demonstrated that
intramacrophage amastigotes treated with AMQ-j showed a low capacity to reversion of
the effect of the compound in a drug-free medium, reflecting the efficacy of the treated
and infected-macrophages in eliminate these parasite forms. This absence of
reversibility of the compound action suggests severe damage to the target(s) that cannot
be corrected by the parasite. Recently, the compound AMQ-j also showed activity
against L. braziliensis, considered as the most prevalent Leishmania species in Brazil
and related to American cutaneous and mucocutaneous leishmaniasis (Silveira et al.
2009), and was also effective against L. chagasi, related to American visceral
leishmaniasis (data not published).

We also have previously shown that the mitochondria is an important target of
compound AMQ-j reflected by biochemical dysfunction marked by intense ROS
production and strong depolarization of mitochondrial membrane potential in both
promastigotes and intramacrophage amastigotes of L. amazonensis (Antinarelli et al.
2015a). Here, we have sought to understand the process of cell death induced by AMQ-j
and analysis by transmission electron microscopy (TEM) in promastigote forms
evidenced intense mitochondrial swelling. In addition, a depolarization of mitochondrial
potential was also observed in extracellular amastigote-like forms, confirming the
mitochondria as key target to the action of this drug. Consistent with this observation,
we demonstrated that the compound AMQ-j also induced the formation of neutral lipid
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bodies in promastigotes, revealed by Nile Red staining and by TEM analysis. The
formation of lipid bodies has been associated with mitochondrial oxidative stress,
accompanied by depolarization of membrane potential and by increase of ROS
production (Boren and Brindle 2012; Lee et al. 2013). Despite mitochondrial damage of
extracellular amastigote-like observed in this work and in previous data obtained in
promastigotes (Antinarelli et al. 2015a), no rupture of L. amazonensis parasite
membrane integrity was observed, thus ruling out the possibility of cell death by
Necrosis.

After evidencing ultrastructural changes and biochemical dysfunction in the
mitochondria of the parasite treated with AMQ-j, our next question was to know
whether this event could induce biochemical features related to apoptosis-like. Although
annexin V labeling is not exclusive to the externalized PS membrane of Leishmania, it
has high affinity for this phospholipid, which 1s present in significant amount on the
surface of promastigote. Flow cytometry analysis after annexin V labeling indicated that
treatment with AMQ-j induced phosphatidylserine (PS) externalization in the surface of
plasma membrane of promastigotes. In addition, the results showed that the compound
can interact with DNA parasite (i.e., by binding to DNA or intercalating DNA), thus
leading to structural perturbations in DNA, reflected by changes in chromatin
organization observed by TEM analysis and increase in the population of cells in the
sub-Go/G1 phase (DNA fragmentation). Having evidenced the occurrence of apoptosis-
like process induced by AMQ-j on extracellular parasites, we decided to investigate
whether the AMQ-j-mediated apoptosis-like death in amastigotes, the clinically relevant
infective stage of Leishmania. Our results showed that AMQ-j selectively induces DNA
fragmentation in the intracellular parasites without interfering with the host cell nuclei.
The data of literature concerning the mechanism of action of quinoline derivatives in
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Leishmania are also compatible with apoptosis-like death process (Carvalho et al.
2010; Carvalho et al. 2011; Costa Duarte et al. 2016). Moreover, several studies have
demonstrated the anticancer properties of quinoline scaffold through different death
pathway, including growth inhibitors by cell cycle arrest and apoptosis induction
(Loiseau et al. 2011; Srivastava and Lee 2015).

Autophagy 1s a mechanism of cell death that involves degradation of
unnecessary or dysfunctional cellular molecules/organelles through the actions of
lysosomes/vacuoles (Filomeni et al. 2015). Although apoptosis and autophagic are
processes with distinet biochemical, molecular and morphological characteristics, they
are closely related to mitochondrial dysfunction (Maruri et al. 2007; Brennand et al.
2012; Filomeni et al. 2015). Since the compound strongly affected the mitochondria of
Leishmania, we investigated whether the autophagy regulation was involved in the cell
death. In fact, several features suggestive of autophagy were observed in promastigotes
treated with AMQ-j, such as the increase of autophagic vacuoles, formation of acidic
compartments and multivesicular bodies inside vacuoles. Regarding the induction of
autophagy process, our hypothesis is that this compound can act in several ways: (i)
directly, inducing autophagic process; (i1) indirectly, this process can be associated with
the marked effect of the compound on the mitochondria of Leishmania and a selective
autophagy-like is occurring in order to degrade this organelle in a process denominated
mitophagy (Brennand et al. 2012); (iii) the autophagy can favor the accumulation of the
AMQ-j: this compound like others aminoquinolines, such as chloroquine and
tafenoquine, shows weak base properties and can entry to the cells by diffusing across
the parasite membrane, and be subsequently protonated, sequestrated and accumulate in
inside the acidic compartments (O'Neill et al. 1998; Carvalho et al. 2015). This
acidotropism of the compound could lead disruptions of the lysosomal functions, as
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well as to cumulate in parasitophorous vacuole containing amastigotes of L.
amazonensis, culminating in the parasite death.

Trypanothione Reductase (TryR) 1s an enzyme (E.C. 1.6.4.8 transferred to E.C.
1.8.1.12) found exclusively on trypanosomatids and has been suggested as a molecular
target for the treatment of some neglected diseases, such as leishmaniasis (Krauth-
Siegel and Inhoff 2003; Alves-Ferreira et al. 2009; Capriles et al. 2010). The activity of
TryR is essential for the anti-oxidant defenses in trypanosomatids parasites (Van Assche
et al. 2011). This enzyme is NADPH dependent and catalyzes the reduction of
trypanothione disulfide dithiol to trypanothione, promoting a cascade of events
associated with ROS neutralization (Van Assche et al. 2011). In this work, we
performed in silico studies and the results have shown that AMQ-j interacts with
residues described as important for catalytic activity of LaTryR (Baiocco et al. 2013),
suggesting that this compound can be a potential inhibitor of LaTryR of L. amazonensis.
In addition, this compound showed affinity by NADP binding (NS) site with Ki value in
the micromolar range (17.86 uM) which is greater or close to the ICsp values against the
mtracellular amastigotes (ICso = 9.7 pM) and promastigotes (ICso = 23.1 uM) of L.
amazonensis. These results suggest that the inhibition of LaTryR could be the pathway
responsible for the excessive increase in mitochondrial ROS production, which leads to
oxidative damages to cell structural components such as DNA, lipids and proteins,
culminating in parasite death (Rodrigues et al. 2011; Van Assche et al. 2011). The
positive charge of NS can contribute to this interaction and future works should be
performed to explore the importance of this electrostatic profile. Some quinoline
derivatives have been reported to inhibit the TRyR of the trypanosomatids and the
presence of a protonatable nitrogen atom has been necessary for this effect since
because it mimics the positively charged substrates (Sola et al. 2016).
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In conclusion, AMQ-j presents a significant and interesting leishmanicidal
activity and their effect on L. amazonensis is related to multitarget action, affecting the
LaTryR and key organelles such as mitochondria, nucleus, lysosome, and this
compound displays a mix of phenotype that could correlate with both autophagy-related
and apoptotic-like processes. Anyway, all biochemical and morphological alterations
mduced by oxidative stress, led to cumulative damage that are incompatible with cell
survival. Further studies of these pathways should lead to a better understanding of the

molecular mechanisms of drug action.
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3.4 CAPITULO 4: In vivo efficacy of an aminoquinoline derivative (AMQ-j) against

murine cutaneous leishmaniasis (Manuscrito em preparo para submisséo).

3.4.1 Objetivos especificos

Com o composto selecionado no capitulo 2:

- Avaliar o efeito in vivo do composto em modelo murino de infeccdo com L.
amazonensis;
- Verificar a toxicidade sistémica in vivo e propriedades ADMET in silico;

- Avaliar a resposta imune humoral in vivo.
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Abstract

In a previous work, we described the antileishmanial activity of a 4-aminoquinoline
derivative, named AMQ-j, against in vitro promastigotes and intra-macrophage amastigotes of
Leishmania amazonensis and L. braziliensis, both Leishmania species included among the
most prevalent agents related to the cutaneous leishmaniasis in Brazil. Here, we evaluated the
in vivo effect of the compound AMQ-j in BALB/c mice experimentally infected by L.
amazonensis transfected with green fluorescent protein (GFP), as well as ADMET theoretical
analysis and Lipinski’s rule. Significant decreased of the parasite burden in the ear and
draining lymph node evaluated by limiting dilution and fluorimetry was observed when the
treated group was compared with the control group. No significant increase in serum levels of
toxicity markers of hepatic, kidney or renal damage was observed. It was also possible to
verify that the treatment with AMQ-j was effective in inducing an elevated level of L.
amazonensis specific 1gG antibodies and specific 1gG2a/lgG1 ratios, suggesting that the
treatment could modulate the immune response. The in silico prediction studies on
pharmacokinetic properties (ADMET) and physico-chemical characteristics (Lipinsky's rule)
suggest that AMQ-j can be used orally. The intralesional activity of the compound AMQ-j
against L. amazonensis revealed by this study, together with the excellent theoretical
predictions encourage us to support further studies of the oral treatment with the compound
AMQ-j against Leishmania sp.

Keywords: Leishmania amazonensis, aminoquinoline, Balb/c mice, chemotherapy, murine
cutaneous leishmaniasis.
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Introduction

The incidence of cutaneous leishmaniasis (CL) is globally with 1.0-1.5 million cases
annually (WHO, 2016). Brazil is the country with the highest prevalence of new cases of the
cutaneous leishmaniasis in the Americas. American cutaneous leishmaniasis (ACL) includes a
variety of manifestations that are commonly classified according to their clinical and
pathologic features in localized cutaneous leishmaniasis (LCL), mucocutaneous leishmaniasis
(MCL), and diffuse cutaneous leishmaniasis (DCL). In Brazil, Leishmania amazonensis is an
etiological agent with high prevalence and associated with a spectrum of clinical forms of
ACL (Afonso and Scott 1993; Grimaldi and Tesh, 1993), including the diffuse cutaneous
form characterized by defective cell mediated immune responses and poor response to
chemotherapy (Silveira et al., 2009). Although rare, this species has been implicated with the
most severe form, visceral leishmaniasis (VL) in humans and dogs (Barral et al. 1991; Aleixo
et al., 2006).

Currently, available treatment options for leishmaniais are limited and unsatisfactory
because of serious systemic toxicity, high costs, lack of efficacy, relapses treatment, and
emerging parasite resistance (De Menezes et al., 2015). So far, the only oral antileishmanial
drug approved is miltefosine, but its use remains mostly restricted to VL treatment due to CL
variable efficacy in different geographic regions (Soto et al., 2004; Marinho et al., 2010).
However, it has the drawback of high cost, poor compliance due to serious digestive side
effects and danger of teratogenicity, and its use is not recommended for the treatment of
pregnant women and childbearing age (Singh et al., 2016).

Therefore, the development of alternative therapeutic strategies to treatment of CL has
become a high priority. In this context, topical treatment offer significant advantages over

systemic therapy, such as ease of administration, improved safety, noninvasive, better patient
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compliance, few adverse effects and cost-effectiveness (Garnier and Croft 2002; Ben Salah et
al., 2009; Croft and Olliaro, 2011).

Our research group have extensively investigated the antileishmanial activity of new
aminoquinoline derivatives and reported interesting results (Antinarelli et al., 2012, Coimbra
et al., 2013; Antinarelli et al., 2016; Coimbra et al., 2016). A recent study developed by our
group described the antileishmanial activity of a 4-aminoquinoline derivative, named AMQ-j
(Figure 1), against in vitro promastigotes and intra-macrophage amastigotes of L.
amazonensis with non-cytotoxic activity to murine macrophages (Antinarelli et al., 2015). The
AMQ-j compound was also active against both promastigote and intracellular amastigote
forms of L. braziliensis, considered the main causative agent of LCL and MCL in Brazil
(Soares et al., 2017). Furthermore, AMQ-j compound were also effective against the malaria
parasite Plasmodium falciparum in vitro and P. berghei in vivo (Soares et al., 2016).

Taking into consideration these results, the purpose of the present study was
investigated the efficacy of the AMQ-j in the treatment of BALB/c mice experimentally

infected by L. amazonensis, a highly susceptible murine model.
/
HN
X
=
Cl N

Figure 1. Chemical structure of AMQ-j.
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2. Material and methods

2.1 Chemicals: The AMQ-j compound has been described in the literature (Polonini et al.,

2013; Antinarelli et al., 2015; Soares et al., 2015).

2.2 Biological assays:

2.2.1 Mice: Female BALB/c mice (8-10 weeks age) were obtained from the Biology
Research Center of Federal University of Juiz de Fora and this study was approved by the
Animal Ethics Committee of Federal University of Juiz of Fora (Protocol number 046/2014).
2.2.3 Parasites and antigen preparation: Leishmania amazonensis WHOM/BR/75/Josefa)
transfected with the gene of green fluorescent protein (GFP) was used. The parasites were
periodically isolated from cutaneous lesions of infected BALB/c mice and maintained in
culture as the insect stage promastigote forms at 25 °C in Warren's medium (brain heart
infusion- BHI- plus hemin and folic acid), supplemented with 10% inactivated fetal bovine
serum (FBS) from Cultilab (Campinas, Séo Paulo, Brazil), 0.1% of the antibiotic 100 Ul/mL
penicillin G and 0.1 mg/mL of streptomycin (Cultilab, Campinas, Sdo Paulo, Brazil) at 25 °C
in a BOD incubator. Promastigotes of L. amazonensis (WHOM/BR/75/Josefa) were
periodically selected for green fluorescence by incubation in 1 mg/mL of geneticin (Sigma-
Aldrich, St. Louis, MO, USA) antibiotic for 72 h (Antinarelli et al., 2015; Antinarelli et al.,
2016). The soluble Leishmania antigenic (SLA) extract was prepared from stationary-phase
promastigotes of L. amazonensis-GFP as previously described by Detoni et al., 2013. The
antigen concentration was estimated by the Lowry method (Detoni et al., 2013).

2.2.4 In vivo infection and therapeutic regimen: Susceptible BALB/c mice were infected in

the ear with 2x10° stationary-phase promastigotes of L. amazonensis-GFP using an
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established model (Rossi-Bergamann et al., 2012). After 7 days of infection, animals were
divided in three groups (5 mice/group): negative control group treated with solution of 5%
DMSO; positive control group treated with 250 pg/Kg of Amphotericin B diluted in 5%
DMSO solution; experimental group treated with 100 pg/Kg of AMQ-j diluted in 5% DMSO
solution. Then, the animals were treated twice a week in a total of eight doses receiving
subcutaneous injections. Lesion development was monitored two times a week by measuring
the thickness of the infected ear with a dial caliper (Digimess, SP, Brazil), and the thickness
of the contralateral uninfected ear was subtracted from that value (da Cunha-Junior et al.,
2011; Inacio et al., 2013).

The treatments efficacy was evaluated by measuring the lesion average diameter and
by the estimation of the parasite load in the infected tissue (ear), as well as in the draining
lymph nodes (dLN) of the animals. The mice were euthanized three day after the end of
treatments using carbon dioxide chamber (Insight, Sdo Paulo, Brazil).

Preliminary, a dose-titration curve using the concentrations of 250 pg/Kg, 100 pg/Kg
and 50 pg/Kg of AMQ-j was performed to determine the best concentration of AMQ-j able to
induce the most effective results in treating the infected mice (data not shown). Then, after the
determination of the best dose regimen in mice, the efficacy of AMQ-j was evaluated at
concentration of 100 pg/kg by a subcutaneous route in the ear of the animals, two times week
in a total of eight doses.

2.2.5 Parasite Load Quantification: Parasite load was estimated using two different assays:
a quantitative limiting dilution assay (LDA) and measuring of intensity of fluorescence.
Briefly, at the end of the experiment (day 35), infected ears and draining lymph node (dLN)
were aseptically removed, and forced through a steel mesh with 1ml/per organ of Warren's
medium suplemented with 10% SBF and 1% of the antibiotic 100 UI/mL penicillin G and 0.1

mg/mL of streptomycin. The pool of tissue homogenates were transferred to a microtube and
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debris were allowed to precipitate for 10 min. For LDA assay, performed a dilution of
supernatant macerated in a 1:500 (ear) or 1:100 (lymph node) and different serial dilutions of
the ear or lymph nodes were prepared in the same medium, in triplicate in 96 well plates
sterile, and incubated in BOD incubator at 25 °C. After seven days, the number of viable
parasites in ear and draining lymph node (dLN) in each experimental group were estimated
from the highest dilution that promoted promastigote growth (LDA assay) (da Cunha-Junior
et al., 2011; Inacio et al., 2013). For the fluorimetric determination of the parasite loads,
200uL of supernatants were transferred in PBS in triplicates in 96-well black microplates and
the intensity of fluorescence was measured using a plate-reader fluorometer (FLx800, BioTek
Instruments, Inc., Winooski, VT, USA) at 485 nm excitation and 528 nm emission. Non-
infected ears were used to discount the basal tissue fluorescence (Rossi-Bergmann et al.,
2012).

2.2.6 In vivo toxicity studies: At the end of the experiment (day 35 of infection), serum
samples from treated mice (n= 3) were used for measurements of alanine aminotransferase
(ALT), aspartate transaminase (AST), gamma-glutamyl transpeptidase (GGT) and creatinine
level (Labtest Diagnostica®, Belo Horizonte, Minas Gerais, Brazil). As positive control, an
experimental group (n= 3) received a single dose of 300 mg/Kg of acetaminophen, a cytotoxic
compound, by oral route. In addition, the weight of each animal was measured before, during
and after the treatments (Rossi-Bergmann et al., 2012).

2.2.7 Detection of Leishmania-specific 1gG antibodies by ELISA: The antibody production
was evaluated three day after the end of the treatments. Briefly, Leishmania antigen (SLA)
obtained as previously described (Detoni et al., 2013) was adsorbed on flat-bottom
Immunolon Il microtiter plates overnight (5 ug/well in 0.1 M NaHCOs, pH 9.6) and blocked
(phosphate buffer solution 0.15 M, pH 7.2, Tween-20 0.3%, casein 1.5%). The sera were

diluted from 1:100-12800 in duplicates in blocking buffer without Tween-20 (Sigma, St.
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Louis, MO). Antibodies bound to the SLA-plate were detected using peroxidase-conjugated,
isotype-specific (Pharmingen, San Diego, CA) anti-mouse 1gG, anti-mouse IgG1l or anti-
mouse 1gG2a and o-phenylenediamine dihydrochloride/H20. solution as the substrate.
Subsequent colour reaction was read at 492 nm on a microplate reader (Molecular Devices
Corp., Menlo Park, CA). The considered values of optical density (A492 nm) were the means
of two determinations with a variation of no more than 15% between them (Detoni et al.,
2013).

2.2.8 In silico analysis: The absorption, distribution, metabolism, excretion and toxicity
(ADMET) properties of AMQ-j were evaluated using the admetSAR tool (Cheng et al., 2012)
and Lipinski’s rule of five was calculated using Molsoft Molecules In silico Software
(Lipinsky et al., 2001).

2.2.9 Statistical analysis: The data were analyzed using GraphPad Prism 5 Software (San
Diego, CA, USA). The median and the 95% confidence interval were calculated and data
were analyzed using the Mann-Whitney test to compare two groups or Kruskal-Wallis test to

compare three groups. P values of less than 0.05 were considered significant.

3. Results and discussion

The experimental infection was performed in a widely described BALB/c murine
model of cutaneous leishmaniasis which is extremely susceptible to infection and can be
considered a highly suitable model for experimental chemotherapy (Miguel et al., 2008;
Cunha-Junior et al., 2011; Rossi-Bergmann et al., 2012; Montrieux et al., 2014). BALB/c
mice infected with L. amazonensis commonly develop a progressive lesion at the inoculation
site, that reproduces aspects of the human infection such as the presence of an ulcerated lesion
followed by parasite dissemination to lymphoid areas, visceralization and metastasis at distant

sites. Moreover, the infection is characterized by development of a Th2 type immune response
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and non-healing, and fatal disease (Fournet et al. 1996; Cupolilo et al. 2003; Valadares et al.
2012, Scott and Novais, 2016).

The efficacy of AMQ-j in treating L. amazonensis-infected BALB/c mice was
evaluated by administration of 100 pg/kg by an intralesional route in the ear of the animals,
two times week in a total of eight doses. As shown in Figure 2, after the end of therapeutic
regimen (28 days), the intralesional administration of the AMQ-j compound promoted a
significant reduction of the lesion size by 48.0%, when compared to the control group. The
treatment with Amphotericin B at concentration of 250 ug/kg was capable of controlling

lesion growth (Figure 2).
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Figure 2: Efficacy of AMQ-j in the intralesional treatment of murine cutaneous leishmaniasis.
BALB/c mice were subcutaneously infected with 2 x 108 L. amazonensis promastigotes in the ear.
After 7 days of infection, the animals were treated intralesionally (n= 5 per group) with AMQ-j (100
pa/kg), Amphotericin B (250 pg/kg) or solution of DMSO 5% twice a week in a total of eight doses.
Lesion development was measured with a dial caliper twice a week.

The quantification of parasite burdens by LDA assay showed a significant reduction of
parasite load by 97.3% in the lesions in the experimental group treated with solution of AMQ-
j in 5% DMSO, when compared with the control group of animals treated with 5% DMSO

(Figure 3; A). In addition, the parasite burden quantified by fluorimetry showed significant
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reduction (83.4%) in the group treated with AMQ-j when compared with the 5%DMSO
treated group (Figure 3; B). Control groups that received intralesional injections with
amphotericin B (AmB) in 5% DMSO effectively controlled the parasite load with a complete
elimination of the parasites as can be observed in both LDA assay and fluorimetry
quantification (Figure 3; A and B).

Furthermore, the parasite load in the regional draining lymph nodes of mices
intralesionally treated with solutions of AmB or AMQ-j in 5% DMSO was significantly lower
when compared to the control group treated with 5% DMSO, suggesting the ability of these

compounds to reduce a systemic infection (Figure 3; C).
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Figure 3: Efficacy of the AMQ-j compound in the intralesional treatment of murine cutaneous
leishmaniasis. (A) Parasite burden of ear lesion was estimated by limiting dilution analysis (LDA) at
the end of treatment. (B) Parasite burden of ear lesion was estimated by fluorimetry and expressed as
specific fluorescence units (FU) (C) Parasite burden of draining lymph node was estimated by limiting
dilution analysis. The value of P < 0.001 (***) or P < 0.01 (**) represents significant difference
compared with DMSO 5% treatment.

In a comparative analysis of the two parameters evaluated (lesion size versus parasitic
burden of ear), it was possible to verify that the treatment with AMQ-j resulted in a partial
reduction in lesion size (48.0%), although the treatment resulted in a significant inhibition of
parasite load in both assay performed (LDA and fluorimetry assays). Several studies have
already reported that the lesion size values did not directly correlate with the parasite load
(Van Bocxlaer et al., 2016). One possible hypothesis is the fact that the lesion diameter
development is a result not only of local parasite multiplication, but also of a progressive

inflammatory process that sometimes does not spontaneously evolve to cure, even when it
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occurs a reduction of the parasite burden (Oliveira et al., 2016; Queiroz et al., 2016; Van
Bocxlaer et al., 2016).

Ideally, the therapeutic efficacy of a topical drug candidate for CL depends on both
physicochemical properties such as their effect on percutaneous absorption and retention or
drug release at the sites of infection in the dermis and pharmacological potency (Garnier and
Croft, 2002; Moreno et al., 2014). The AMQ-j compound has several physicochemical
properties suitable for topical administration like low molecular weight, log P octanol <5.0,
good solubility in the formulation vehicle used (5% DMSO), and few functional groups
capable of hydrogen bond donors and hydrogen bond acceptors (Hadgraft and Pugh, 1998;
Moreno et al., 2014). Furthermore, AMQ-j is a compound of the class of 4-aminoquinolines
that have weak basic property and can entry easily penetrates into infected dermal
macrophages and reach the parasitic compartiment (O'Neill et al., 1988).

At the end of the treatment period, alanine aminotransferase (ALT) and Gamma-
glutamyl transpeptidase (GGT), serological markers of liver toxicity, and aspartate
aminotransferase (AST) and creatinine, markers of heart and kidney toxicity, respectively,
were analyzed. No alteration was observed in AMQ-j-treated animals, and the values were
similar to the control group treated with 5% DMSO (Figure 4; A). These results suggest
absence of systemic toxicity following AMQ-j treatment, an important criterion in the choice
of new compounds for antileishmanial therapy. On the other hand, creatinine and ALT level
increased in the group treated with AmB, values significantly higher when compared to the
control group treated with 5% DMSO 5%. These results are compatible with its reported
hepatotoxicity and nephrotoxicity, which are considered the most important side effect related
to treatment in humans (Deray et al., 2002; Ribeiro et al., 2014). No significant change in the
body weight was observed among the mice treated with AMQ-j or AmB compared to the

control group (data not shown).
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Figure 4: Evaluation of the in vivo toxicity. After 72 hours of the end of treatment, alanine
aminotransferase (ALT), aspartate transaminase (AST), Gamma-glutamyl transpeptidase (GGT) and
creatinine level were measured in the serum samples of the animals. Serum samples of
acetaminophen-treated animals (Tyl) were used as positive control of toxicity. The results are
represented by mean + SD (n= 3), and the value of P < 0.001 (***) or P < 0.05 (**) represents

significant difference compared with DMSO 5% treatment.

In order to evaluate synergic interaction between anti-Leishmania effect of the AMQ-j
compound and immune response, the level of total 1gG, 1gG1 and IgG2a antibodies were
quantified. The IgG and 1gG2a antibody levels from AMQ-j treated animals reactive with
soluble Leishmania antigen (SLA) were significantly higher than those found in DMSO- or
AmB-treated animals, used as control groups (Figure 5). In addition, a higher 1gG2a/lgG1l
ratio, antibodies used as surrogate markers for Thl and Th2 activation, respectively, was
found in mice treated with AMQ-j (Figure 5; B), suggesting that cell-mediated immune
response shift from a Th2-type response induced by the infection to a Thl-type response,
which is considered most suitable for the control of Leishmania infection (Valadares et al.,

2012; Gamboa-Leon et al., 2014; Rostamian et al., 2015).
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Figure 5: Effect of AMQ-j treatment on Leishmania-specific antibody production. Mice were
infected and treated as described in Figure 1. IgG (A), 1gG1 or 1gG2a (B) antibody reactivity was
quantified by the ELISA technique using soluble Leishmania antigen (SLA) as coating antigen
and serum samples (diluted 1:????) from DMSO 5%, AMQ-j or AMB-treated animals
obtained at 35 days after infection. The results are represented as the mean + S.D. (n= 5) of the
optical density (O.D.; 495 nm), and 1gG2a/1gG1 ratio (B). * P<0.01.

Despite the experimental assays were performed by IL route, theoretical analysis of
the absorption, distribution, metabolism, excretion and toxicity (ADMET) properties were
performed to evaluate the bioavailability of AMQ-j compound by oral delivery. The
calculated ADMET properties showed that compound has a high probability (98.9% and
71.5%) for human intestinal absorption (HIA) and Caco-2 cell permeability, respectively,
suggesting a good chance of druglikeness and oral bioavailability. Regarding toxicity, we
found that AMQ-j is predicted as a class 111 risk for acute toxicity, i.e., compounds with LDsg
greater than 500 mg/kg (Cheng et al., 2012; Fonseca-Silva et al., 2016). In terms of
metabolism, the simulation of the affinity by different isoforms of cytochrome P450
(CYP450) active site indicated that AMQ-j compound has a high probability of acting as a
promiscuous inhibitor of the enzymatic activity of the CYP450 enzymes (Table 1).

In addition, the in silico analysis of physico-chemical properties by Lipinski rule of
five were performed. The compound AMQ-j showed the highest potential as a leishmanicidal
agent with excellent physico-chemical properties. AMQ-j has one hydrogen bond acceptors

and two hydrogen bond donors, molecular weight of 269.07 and logarithm of partition
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coefficient between n-octanol and water of 4.31, fulfilling the Lipinski rule of five (Table 1).
The in silico prediction studies on pharmacokinetic properties (ADMET) and physico-
chemical characteristics (Lipinsky's rule) suggest that AMQ-j can be used orally.

Table 1: In silico analysis of druglikeness of AMQ-j.

Property Results Probability
Absorption
BBB + 95.80
HIA + 98.87
Caco-2 + 71.53
Metabolism
CYP450 2C9 substrate Non-substrate 88.14
CYP450 2D6 substrate Non-substrate 86.58
CYP450 3A4 substrate Non-substrate 61.19
CYP450 1A2 inhibitor Inhibitor 86.44
CYP450 2C9 inhibitor Inhibitor 52.56
CYP450 2D6 inhibitor Non-Inhibitor 63.31
CYP450 2C19 inhibitor Inhibitor 79.16
CYP450 3A4 inhibitor Inhibitor 73.98
Toxicity
Acute Oral Toxicity Il 47.41
AMES Toxicity AMES toxic 64.40
Carcinogens Non-carcinogens 59.26

Lipinski descriptors

NHBA (<10) 1
NHBD (<5) 2
clogP (<5) 4.31
MW (<500) 269.07

BBB: blood-brain barrier; HIA: human intestinal absorption;

Caco-2: human epithelial colorectal adenocarcinoma cells.

NHBA: number of hydrogen bond acceptors; NHBD: number of hydrogen bond
donors; clogP: logarithm of the compound partition coefficient between n-octanol and
water; MW: molecular weight.
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In conclusion, the data showed that AMQ-j compound was highly effective in treating
L. amazonensis infected BALB/c mice in the experimental model used. Additional studies
should be conducted to determine the ideal dose and therapeutic regimen in order to optimize
its therapeutic efficacy in new in vivo studies of models of infection by different Leishmania

species.
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4 DISCUSSAO

E inegavel a necessidade de investimentos em pesquisa e desenvolvimento
de novas alternativas para o tratamento das leishmanioses. Nesta perspectiva, a
descoberta de uma droga que seja seletiva para o parasito, ou seja, que atue sobre
vias bioquimicas e metabdlicas exclusivas do parasito ou com pouca acao no
hospedeiro humano e que atue sobre diferentes alvos simultaneamente tem se
mostrado uma excelente estratégia para o tratamento da doenca (SINGH et al.,
2012).

Dentre as classes de compostos heterociclicos com atividade biologica, as
quinolinas sdo reconhecidas pela ampla atividade antiprotozoaria, incluindo a
leishmanicida, a qual ja foi amplamente descrita por diferentes grupos de pesquisa,
dentre eles o nosso (TEKWANI; WALKER, 2006; CARVALHO et al., 2010, 2011;
COIMBRA et al.,, 2010, 2011; CARMO et al., 2011; ANTINARELLI et al.,, 2012,
NAGLE et al., 2014).

Na primeira etapa do presente trabalho, avaliou-se a atividade in vitro de uma
série de dez derivados de 4-aminoquinolinas (AMQ) em formas promastigotas e
amastigotas de L. braziliensis (Capitulo 1) e L. amazonensis (Capitulo 2). A série de
dez compostos hibridos de 4-AMQ avaliados no presente trabalho foi elaborada a
partir da conjugacdo do nucleo 4-aminoquinolinico baseado na estrutura da
amodiaquina com trés diferentes grupos farmacofoéricos: derivados da hidrazina,
hidrazida e sulfonamida. Os derivados da hidrazina e hidrazida s&o uma classe de
compostos com ampla atividade biologica descrita, incluindo leishmanicida,
antibacteriana e antitumoral (KHAN et al.,, 2003; KUMAR; NARASIMHAN 2013;
SOARES et al., 2015). As sulfonamidas constituem um grupo de drogas com amplo
perfil farmacoldgico, sendo utilizadas no tratamento de diversas infeccdes
bacterianas e na terapia combinada para o tratamento da maléaria e toxoplasmose
(SMITH; JONES, 2008; ANDREWS et al., 2014). Estudos ja demonstraram a
atividade destes compostos em Leishmania (PEIXOTO; BEVERLEY, 1987). A
estratégia de hibridizacdo de dois grupos farmacoféricos distintos em uma Unica
estrutura quimica € uma ferramenta atualmente muito utilizada para otimizar a
descoberta de novos agentes terapéuticos e tem o objetivo de ampliar o espectro de

acdo das drogas e contornar a resisténcia parasitaria, uma vez que a molécula
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formada tem o potencial de atuar sobre multiplos alvos simultaneamente (VIEGAS-
JUNIOR et al., 2007; KAUR et al., 2010; SRIVASTAVA; LEE, 2015).

E importante ressaltar que as espécies de Leishmania utilizadas neste
trabalho como modelos para os ensaios de quimioterapia sdo os dois principais
agentes etiologicos da leishmaniose cutanea no Brasil. As infec¢des causadas por L.
amazonensis causam mais frequentemente lesdes cutédneas ulcerosas que se
caracterizam pela presenca de bordas infiltradas e repletas de parasitos (SILVEIRA
et al., 1991). Esta também associada a quadros clinicos de maior gravidade e de
resistenténcia a terapia convencional como a forma anérgica cutanea difusa, a forma
cutdneomucosa e a forma cutanea disseminada (LAINSON; SHAW, 1987,
CARVALHO et al., 1994; SILVEIRA et al., 2009). Embora raro, infecgcbes com L.
amazonensis ja foi também associada a casos de leishmaniose dérmica pos-Kalazar
e manifestacdes viscerais em humanos e caes (BARRAL et al., 1986, ALEIXO et al.,
2006, TOLEZANO et al., 2007). A Leishmania braziliensis € a espécie associada a
LTA de maior prevaléncia no Brasil e o principal agente etioldgico da leishmaniose
cutdneomucosa, manifestacdo caracterizada pela laténcia, cronicidade e
desenvolvimento de lesdes desfigurantes na regido da boca e nasofaringe, e
refratarioedade ao tratamento convencional (SILVEIRA et al., 2009; MINISTERIO DA
SAUDE, 2013).

Um aspecto importante na triagem in vitro de novas drogas leishmanicidas é o
estagio evolutivo do parasito a ser utilizado nos ensaios. A forma promastigota
extracelular tem sido extensivamente utilizada pela facilidade de manutencdo dos
parasitos em cultura axénica, permitindo uma triagem répida, reprodutivel e de baixo
custo. Da mesma forma, ensaios com amastigotas axénicas sdo amplamente
realizados em funcdo da facilidade de cultivo do parasito na auséncia da célula
hospedeira. Outro ponto importante € que no ensaio com as formas promastigotas e
amastigotas axénicas o0 parasito € exposto diretamente a acdo do composto
(TEMPONE et al., 2011; REGUERA et al., 2014). Em contrapartida, existe uma série
de questionamentos acerca da utilizacdo das formas promastigotas e amastigotas
axénicas como modelos para testes de novas drogas, uma vez que apresentam
diferencas de expressédo génica e proteica e de susceptibilidade aos farmacos em
relacAo aos amastigotas intracelulares e ndo representam o estagio evolutivo
responsavel pela infeccdo no hospedeiro humano (CROFT et al., 2006, HOLZER et
al., 2006; GUPTA; NISHI, 2011, DE RYCKER et al., 2013; NAGLE et al., 2014).
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Diante do exposto, existe um consenso de que os testes realizados em
macrofagos infectados correlacionam-se melhor com a resposta in vivo e devem ser
utilizados como “padrao-ouro” para a identificacdo de potenciais farmacos
(FUMAROLA et al., 2004, DE MUYLDER et al., 2011; TEMPONE et al., 2011,
NAGLE et al.,, 2014). O ensaio utilizando macrofagos infectados com a forma
amastigota oferece condi¢des ideais, uma vez que mimetiza o ambiente intracelular
do vacuolo parasitoforo (VP) no interior do qual o parasito sobrevive dentro da célula
hospedeira. Portanto, um composto, para ser ativo em amastigota, deve ser
permeavel a pelo menos trés barreiras celulares formadas pela membrana
plasmética do macréfago, membrana do VP e membrana do parasito; além de
manter sua estabilidade em condi¢cdes de pH acido e na presenca de espécies
reativas do oxigénio e do nitrogénio encontradas no fagolisossomo (SIQUEIRA-
NETO et al., 2010; REGUERA et al., 2014).

No presente trabalho, a avaliagdo da atividade antiamastigota dos compostos
foi realizada por duas metodologias diferentes.

Para a espécie L. braziliensis (Capitulo 1) utilizou-se o método classico de
contagem dos parasitos intracelulares ao microscépio Optico apos coloragdo por
giemsa. Esta técnica é mais dificil de ser executada, demorada e exige profissional
treinado. No nosso trabalho, optou-se pela contagem de um total de 200 macroéfagos,
estando este valor dentro de uma média aceitavel, que é de 50 a 500 macréfagos
(BERMAN; LEE, 1984; GUPTA; NISHI, 2011; TEMPONE et al., 2011). E importante
considerar também que neste ensaio tem-se a possibilidade de obter maiores
informagdes sobre a atividade leishmanicida dos compostos, uma vez que permite
avaliar ndo apenas o efeito sobre a carga parasitaria total, mas também o nimero de
amastigotas por macréfago infectado e a porcentagem de macrofagos infectados e
nao-infectados. Além disto, permite avaliar oticamente a atividade citotoxica do
composto sobre a célula hospedeira (TEMPONE et al., 2011, DE RYCKER et al.,
2013).

No capitulo 2 utilizou-se uma cepa de L. amazonensis transfectada com GFP
("green fluorescent protein™), a qual permitiu a quantificacdo da carga parasitaria por
fluorimetria. Os ensaios de avaliacdo da atividade antiamastigota utilizando cepas de
Leishmania fluorescentes sdo uma ferramenta promissora na triagem de novas
drogas, visto ser um método semi-automatizado e, portanto, mais pratico, rapido e

de baixo custo. Apresenta ainda uma série de outras vantagens em relacdo ao
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método de contagem manual, tais como: ndo necessita de fixacdo e coloragdo das
células, elevada sensibilidade e reprodutibilidade dos resultados, facilidade de
deteccado da intensidade de fluorescéncia por fluorimetria ou citometria, minimizando
as variacbes do método de contagem manual (MEHTA et al., 2008; DUBE et al.,
2009; VARELA et al., 2009; ROCHA et al., 2013).

Em relagéo aos resultados obtidos nos ensaios de avaliagdo da atividade em
formas promastigotas e amastigotas intracelulares de Leishmania, os compostos
foram mais efetivos para as formas intracelulares do parasito, para ambas as
espécies de Leishmania avaliadas. Assim como observado no presente trabalho,
variacdes na sensibilidade a drogas entre as formas promastigotas e amastigotas de
Leishmania sp tém sido amplamente descritas na literatura, inclusive com os
farmacos utilizados na quimioterapia atual como o0s antimoniais pentavalentes e
miltefosina (YARDLEY et al. 2005; MORAIS-TEIXEIRA et al., 2011). Os antimoniais
pentavalentes, por exemplo, sGo muito mais ativos em amastigotas intracelulares e,
apesar de ndo se ter nocdo exata do seu mecanismo de acdo, tem sido sugerido
gue nestas formas evolutivas o antimonial pentavalente atue como pré-droga o qual
é convertido na forma ativa, antiménio trivalente (MANDAL et al., 2015).

A citotoxicidade em macréfagos é um importante parametro a ser avaliado
na triagem por novos compostos com acdo em Leishmania, uma vez que este é um
parasito intracelular obrigatorio, principalmente, de células do sistema fagocitico
mononuclear. Macrofagos peritoneais de camundongos foram escolhidos como
célula hospedeira para infeccdo com Leishmania, uma vez que tem sido
demonstrado que a atividade leishmanicida in vitro de drogas é dependente do tipo
celular utilizado e os macréfagos, como principais células hospedeiras séo modelos
ideais para este tipo de bioensaio (TEMPONE et al., 2011). Neste trabalho, convém
mencionar que os derivados AMQ nao foram toxicos para macréfagos até a maxima
concentracéo testada (30 pg/mL). Existe um consenso entre diversos pesquisadores
de que o indice de Seletividade (InSe) € um importante parametro a ser considerado
na avaliacdo da eficacia de novas drogas, uma vez que correlaciona a citotoxicidade
em células de mamiferos com a atividade antiparasitaria (CCso em células de
mamiferos/Clso em amastigotas). Entretanto, quantitativamente, o valor de InSe nao
€ consensual. Alguns autores apontam que InSe acima de 1 € considerado
satisfatorio (TEMPONE et al., 2011), enquanto uma outra corrente considera como

aceitaveis valores de InSe iguais ou superiores a 10 (DON; IOSET, 2014). Dentre os
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compostos avaliados, a série de derivados da hidrazina e hidrazida exibiu valores de
InSe acima de 10, o que demonstra a acao seletiva dos compostos para o parasito,
sem causar toxicidade para a célula hospedeira.

Em um trabalho complementar realizado em nosso laboratério, a maioria
destes derivados 4-AMQs foi também avaliado quanto ao seu potencial efeito toxico
para eritrocitos humanos e os resultados mostraram que nenhum dos derivados
AMQs avaliados apresentaram toxidez para eritrocitos humanos até a maxima
concentracdo avaliada (500 pg/mL) (SOARES et al.,, 2017). Uma importante
limitacdo dos farmacos da classe das 8-aminoquinolinas como a tafenoquina e
primaquina na terapia antimalarica esta relacionada a sua toxicidade hematoldgica
com inducdo de hemolise e metahemoglobinemia em humanos (LOISEAU et al.,
2011).

Estudos acerca da atividade antimalarica destes derivados AMQ foram
também realizados em nosso laboratério, e 0os compostos apresentaram efeito
promissor tanto in vitro em Plasmodium falciparum, espécie implicada na maioria dos
casos fatais da doenca e resistente a maioria dos farmacos atualmente disponiveis
qguanto in vivo em modelo experimental com P. berghei (SOARES et al., 2015;
SOARES et al., 2017). E assim como observado em Leishmania, os derivados da
hidrazina apresentaram melhor perfil de atividade antimalédrica. O conjunto de
resultados confirmam a potencial atividade antiprotozoaria desta classe de derivados
e reforca a necessidade da continuidade dos estudos.

Dentre os derivados AMQ avaliados, o composto AMQ-j apresentou o efeito
leishmanicida mais promissor nas diferentes espécies de Leishmania. O derivado
AMQ-j foi ativo em L. amazonensis (cepa PH8) com valores de Clso de 5,9, 7.0 e 2,6
pg/mL para as formas promastigotas, amastigotas axénicas e amastigotas
intracelulares, respectivamente, com expressiva seletividade para as formas
amastigotas intracelulares (InSe>12,0). Numa analise complementar acerca da
reversibilidade do efeito de AMQ-j sobre os parasitos intracelulares, verificou-se que
apos tratamento por 72 horas e posterior incubacdo em meio de cultura na auséncia
do composto, os amastigotas remanescentes apresentaram reduzida capacidade de
se diferenciarem em promastigotas em todas as concentracdes avaliadas. A
auséncia de reversibilidade do crescimento do parasito sugere que a droga provoca
alteracdes drasticas em organelas e em processos bioquimicos e celulares vitais, 0s

quais ndo podem ser corrigidos pelo parasito (DUENAS-ROMERO et al., 2007).



129

O composto AMQ-] apresentou uma expressiva atividade em formas
promastigotas e amastigotas intracelulares de L. braziliensis (Clso de 3,7 e 1,4
ng/mL, respectivamente), confirmando o seu potencial leishmanicida. E amplamente
conhecido que as diferencas bioquimicas e metabdlicas entre as diferentes espécies
de Leishmania, e até mesmo entre as formas evolutivas do parasito, influenciam
drasticamente na sensibilidade aos farmacos (CROFT et al., 2002, ESCOBAR et al.,
2002; MELBY, 2002; CROFT et al., 2006). Baseando nestes resultados preliminares,
a hipotese é de que o composto atue sobre alvos bioquimicos e metabdlicos comuns
entre as diferentes espécies e formas evolutivas da Leishmania sp, sendo assim, um
bom protétipo para estudos de quimioterapia em leishmanioses (SIQUEIRA-NETO et
al., 2010; DE MUYLDER et al., 2011; HERRERA et al., 2016).

Tendo em vista a expressiva atividade leishmanicida in vitro do derivado
AMQ-j com seletividade para as formas intracelulares do parasito e baixa toxidez
para célula de mamiferos, o composto foi selecionado para a continuidade dos
estudos relacionados a seu modo de acdo (Capitulos 2 e 3) e da sua eficacia in vivo
em modelo murino de infecgdo com L. amazonensis (Capitulo 4). O composto AMQ-j
€ um derivado 4-hidrazinoquinolina resultante da juncédo dos grupos farmacoforicos
do ndcleo 4-aminoquinolinico e da hidrazina.

Os estudos iniciais acerca do(s) mecanismo(s) de morte desencadeado pelo
composto AMQ-j foram parcialmente direcionados para a mitocdndria, visto que a
organela é considerada um alvo farmacolégico pontual para a acdo de compostos
leishmanicidas por diferentes fatores: (i) diferentemente dos eucariotos superiores 0s
qguais possuem centenas a milhares de mitocéndrias; Leishmania, assim como 0s
demais tripanossomatideos possui uma mitocondria Unica e diferenciada, que
apresenta papel central no controle do metabolismo energético, responsavel pela
producdo de ATP; (i) a manutencao do potencial de membrana mitocondrial é
essencial para o correto funcionamento da organela e a permeabilizacdo da
membrana mitocondrial exerce um papel chave na ativacdo dos mecanismos de
morte do parasito; (iii) a disponibilidade de obtencdo de enzimas e fragbes
mitocondriais purificadas para o estudo da atividade dos diferentes complexos
enzimaticos da cadeia respiratoria (SEN; MAJUMDER, 2008; FIDALGO; GILLE,
2011; DE SOUZA et al.,, 2009; SMIRLIS et al., 2010; MENNA-BARRETO; DE
CASTRO, 2014); (iv) crescentes evidéncias apontam a mitocondria como alvo de

diversos farmacos utilizados no tratamento das leishmanioses, como no caso da
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miltefosina, anfotericina B e pentamidina (LEE et al., 2002, MEHTA; SHAHA, 2004,
LUQUE-ORTEGA; RIVAS, 2007; FIDALGO; GILLE, 2011) e em fase de
desenvolvimento como, por exemplo, a sitamaquina (CARVALHO et al., 2010).

A estratégia inicial para o estudo do modo de acdo do composto AMQ-j em
formas promastigotas e amastigotas de L. amazonensis consistiu na analise da
inducdo de estresse mitocondrial mediante a avaliacdo de diversos parametros, tais
como: alteracdo no potencial de membrana mitocondrial, producdo de EROS,
inibicdo da atividade da tripanotiona redutase e acumulo de corpusculos lipidicos.

A disfuncdo mitocondrial em protozoarios tem sido classicamente avaliada a
partir da despolarizacdo do potencial de membrana mitocondrial (AWm) (FIDALGO;
GILLE, 2011; PROTO et al., 2013: MENNA-BARRETO; DE CASTRO, 2014). O A¥Ym
€ responsavel pela formacdo e manutencdo da fosforilacdo oxidativa, regulando a
permeabilidade da membrana mitocondrial e a transferéncia seletiva de substancias
(FIDALGO; GILLE, 2010). O colapso do AWm ocorre em fungdo permeabilizagdo da
membrana mitocondrial que afeta a integridade da membrana interna e externa da
organela, resultando na interrupcdo da transferéncia de elétrons, na diminuicdo na
producdo de ATP e liberacdo de proteinas pré-apoptéticas como o citocromo ¢ que
ativam as caspases e, culminando, na morte celular. Portanto, a manutencdo do
AWm é uma condigdo essencial para a funcdo mitocondrial e sobrevivéncia do
parasito (SMIRLIS et al., 2011; TAYLOR-BROWN; HURD, 2013).

A analise do AWYm em promastigotas de L. amazonensis tratados com AMQ-
foi realizada mediante a incubagcdo com dois marcadores fluorescentes distintos,
Rodamina 123 e JC-1. Os resultados obtidos por citometria de fluxo (marcagdo com
Rodamina 123) e por fluorimetria (marcacdo com JC-1) demonstraram o colapso do
AWYm em promastigotas tratadas com diferentes concentracbes do AMQ-. A
disfuncéo mitocondrial nas formas promastigotas tratadas com AMQ-j foi confirmada
por microscopia eletrénica de transmissdo (MET) que evidenciou nitidas alteracfes
na morfologia mitocondrial que se apresentou dilatada e inchada. O composto
também induziu despolarizacdo mitocondrial nas formas amastigotas, evidenciada
Nnos ensaios com 0s amastigotas intracelulares (macrofagos infectados) e com
amastigotas-like obtidos do sobrenadante de células Vero infectadas (amastigotas
axénicos). De modo interessante, ndo foi observado alteragdo no AWm dos
macréfagos néo infectados e tratados com o composto, corroborando a sua agao

seletiva sobre o parasito e a baixa citotoxicidade para macrofagos determinada pela
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atividade da desidrogenase mitocondrial pelo método do MTT e confirmada por
microscopia oOtica.

O principal sitio responsavel pela producdo mitocondrial de EROs € a cadeia
respiratdria e 0 comprometimento no seu funcionamento resultante do colapso
mitocondrial tem como consequéncia um aumento na geracédo de EROs, sendo este
também um dos mecanismos indutores de morte celular programada (ROY et al.,
2008; MENNA-BARRETO et al., 2009; FIDALGO; GILLE, 2011; MENNA-BARRETO;
DE CASTRO, 2014). A producéo excessiva de EROs mitocondrial induz a oxidagao
de macromoléculas essenciais como proteinas, DNA e lipidios, desencadeando um
acumulo de danos irreversiveis em estruturas celulares que sao incompativeis com a
sobrevivéncia do parasito (KOWALTOWSKI et al., 2009; SMIRLIS et al.,, 2011;
LAZARIN-BIDOIA et al., 2013). No presente trabalho foi observado um aumento
significativo nos niveis de EROs tanto em promastigotas quanto em macrofagos
infectados com L. amazonensis e tratados com AMQ-j, fornecendo mais uma forte
evidéncia de que a mitocéndria € um alvo central para a acdo do composto.

No intuito de proteger o parasito frente ao estresse oxidativo desencadeado
pela producdo excessiva de EROs mitocondrial, a Leishmania e demais
tripanossomatideos patogénicos possuem um sistema de detoxificacdo bem
diferenciado das células de mamifero. Entre as peculiaridades do metabolismo redox
destes protozoarios, destaca-se a presenca da Tripanotiona redutase (TriR),
encontrada exclusivamente em tripanossomatideos. A TriR é uma enzima chave na
manutencdo do metabolismo redox e sobrevivéncia do parasito, uma vez que
catalisa a reducdo da tripanotiona dissulfeto (T[S]2) a tripanotiona ditiol (T[SH]2)
numa reacdo dependente de NADPH, resultando numa cascata de reacfes que
culmina na neutralizacdo de EROs e espécies reativas do nitrogénio (VAN ASSHIE
et al., 2011; LEROUX; SIEGEL, 2015; RAJASEKARAN; CHEN, 2015). Apesar da
similaridade entre o ciclo redutivo da glutationa de humanos com o da TriR dos
tripanossomatideos, ambas possuem diferencas na arquitetura dos seus sitios
ativos, tendo a capacidade de discriminar entre 0s respectivos substratos
dissulfutetos, o que configura a TriR como um alvo terapéutico valioso para a
quimioterapia de tripanossomatideos (PAL; BANDYOPADHYAY, 2012, TOMAS;
CASTRO, 2013; LEROUX; SIEGEL, 2015).

Uma vez observado o aumento expressivo nos niveis de EROs apos

tratamento com AMQ-j, avaliou-se a capacidade do composto de inibir a atividade da
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tripanotiona redutase (TriR). As analises in silico mostraram que o composto inibe
com elevada afinidade o sitio de ligacdo da enzima com o cofator NADP, com uma
concentracdo inibitéria (Ki) de 17, 86 uM. Os resultados obtidos sugerem que o
AMQ-j atua como um inibidor da atividade da TriR de L. amazonensis, e este pode
ser um dos mecanismos responsaveis pela excessiva producdo de EROs
mitocondrial, culminando no estresse oxidativo, colapso do AWYm e, consequente,
morte do parasito (LAZARIN-BIDOIA et al., 2013; VAN ASSHE et al., 2011). Dentre
os diversos derivados de quinolinas identificados quanto a sua atividade
leishmanicida, diversos ja foram reconhecidos pela sua atividade inibitoria sobre a
TriR (PAL; BANDYOPADHYAY, 2012; LEROUX; SIEGEL, 2015; SOLA et al., 2015).
Estudos apontam que a presenca do atomo de nitrogénio protonavel do nudcleo
quinolinico seja o elemento chave para a inibicdo da TriR, uma vez que mimetiza o
substrato positivamente carregado (tripanotiona dissulfido) (SOLA et al., 2015). A
inibicdo da atividade da TriR da Leishmania associada ao aumento nos niveis de
EROs é também um dos mecanismos de acdo j4 descrito para os antimoniais
pentavalentes (BAIOCCO et al., 2009).

Os Corpusculos lipidicos (CLs) sao organelas citoplasmaticas especializadas
no armazenamento de lipidios neutros, incluindo triacilgliceréis e ésteres de
colesterol (MELO et al., 2012). Essas estruturas estdo relacionadas ao metabolismo
e trafego lipidico, sinalizagdo celular e producdo de mediadores inflamatorios, tais
como eicosanoides, prostaglandinas e leucotrienos (BOZZA et al., 2009). Além disto,
estudos ja evidenciaram o papel dos CLs na imunoregulacdo na presenca de
doencgas inflamatérias (BOZZA; BANDEIRA-MELO, 2005) e em infeccdes com
protozoérios, como T. cruzi (D’AVILA et al., 2011) e L. amazonensis (PINHEIRO et
al., 2009). Em protozodarios, o acumulo de CLs no citoplasma da célula hospedeira
esta associado a inducdo da producdo de mediadores inflamatérios, tais como a
prostraglandina E2 e inibicdo da resposta Thl pelo hospedeiro, a qual favorece a
multiplicacéo intracelular do parasito e estabelecimento da infeccdo (D’AVILA et al.,
2011; TOLEDO et al., 2016). Estudos recentes comprovam a correlacdo direta entre
o acumulo de CLs no citoplasma da célula e a disfuncédo mitocondrial. A hipotese &
de que as EROS formados sob condicbes de estresse mitocondrial reajam
reversivelmente com os grupamentos tiol das enzimas envolvidas na (B-oxidacdo de
acidos graxos, resultando no acumulo de lipidios neutros no citoplasma das células.

A formacédo do CLs seria, portanto, um importante marcador de estresse celular
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(BOREN; BRINDLE, 2012; LEE et al.,, 2013). Diante destas evidéncias, inUmeros
estudos tém descrito o acumulo de corpusculos lipidicos em tripanossomatideos sob
condicOes de estresse celular, dentre eles, o tratamento com diferentes classes de
drogas (DE MACEDO-SILVA et al., 2013; GODINHO et al., 2013; LAZARIN-BIDOIA
et al., 2015). Analises realizadas por fluorimetria apds incubacdo com Nile Red, um
marcador fluorescente especifico para lipidios neutros demonstrou um aumento
significativo na porcentagem de promastigotas positivamente marcados apoés
tratamento com AMQ-j. Estas observacGes foram corroboradas por MET que
evidenciou o acumulo de CLs, visualizados na forma de estruturas arredondadas
elétron-densas distribuidas no citoplasma dos promastigotas.

Este conjunto de resultados indicam que o mecanismo de acdo do composto
AMQ-j esta fortemente relacionado a disfuncdo mitocondrial desencadeada por
diferentes fatores: colapso do potencial de membrana mitocondrial, inchaco da
organela, aumento na producdo de EROS, inibicdo da atividade da tripanotiona
redutase e acumulo de CLs (FIDALGO; GILLE, 2011; MENNA-BARRETO; DE
CASTRO, 2014).

Uma vez evidenciado o drastico efeito do composto AMQ-j na mitocondria e
visto o papel central desta organela na regulacdo da apoptose, verificou-se se o
efeito leishmanicida do composto estaria associado a inducdo de morte por
"apoptose-like" do parasito a partir de uma série de alteracdes bioquimicas,
morfologicas e celulares sugestivas do processo.

A apoptose pode ser bioquimicamente caracterizada a partir da alteracdo na
composicdo dos fosfolipidios de membrana. Em células saudaveis, a fosfatidilserina
encontra-se na porcdo interna da membrana plasmatica. Nos estagios iniciais de
apoptose, contudo, ocorre a externalizacdo deste fosfolipidio na superficie externa
da membrana plasmatica (HENRY et al.,, 2013) A expressao deste fendtipo
apoptético € comumente evidenciada mediante o ensaio de marcagdo com anexina
V. A anexina V é integrante de uma familia de proteinas com elevada especificidade
para fosfolipidios carregados negativamente como a fosfatidilserina (PS). Embora a
marcacao com anexina V néo ocorra exclusivamente para PS, a anexina V possui
elevada afinidade por este fosfolipidio, o qual € exposto numa porcentagem
expressiva na superficie da membrana plasmatica dos promastigotas em estagios
iniciais de apoptose (RODRIGUES et al., 2002; IMBERT et al., 2012; SHADAB et al.,

2017). Analises realizadas por citometria apontaram que o tratamento com AMQ-j
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induziu um aumento dose-dependente na porcentagem de promastigotas
positivamente marcados para anexina V.

A apoptose é também classicamente caracterizada mediante modificacdes
drasticas na organizacao estrutural do nucleo e marcadas pela: (i) condensacédo da
cromatina em massas elétron-densas revelada por meio de andlises por MET; (i)
fragmentacdo do DNA nuclear, a qual pode ser evidenciada por microscopia de
fluorescéncia utilizando marcadores especificos para DNA (ensaio de TUNEL) e por
citometria de fluxo por meio da anélise das fases do ciclo celular (JIMENEZ-RUIZ et
al., 2010). A partir dos resultados obtidos foi possivel constatar que o composto
AMQ-j interage com o DNA das formas promastigotas de L. amazonensis,
desencadeando perturbacdes estruturais no DNA evidenciadas pela desorganizacao
da cromatina em massas elétron-densas condensadas revelada pela MET e
alteracdes drasticas nas fases do ciclo celular, com aumento na populacdo de
parasitos na fase sub GO/G1, indicativa de fragmentacdo do DNA. A fragmentacao
do DNA foi também avaliada em macréfagos infectados e tratados com AMQ-j e
analises por microscopia de fluorescéncia pelo ensaio de TUNEL revelou que o
composto induziu seletivamente a fragmentacdo do DNA das formas amastigotas
intracelulares, sem induzir degradacao do DNA da célula hospedeira.

O conjunto de dados obtidos fornece fortes evidéncias de que o composto
AMQ-j induz morte por apoptose-like em L. amazonensis, atuando seletivamente nos
parasitos. Na literatura, estudos acerca do mecanismo de acdo das quinolinas em
Leishmania sdo escassos e inconclusivos, e direcionados aos derivados de 8-
aminoquinolinas, tais como sitamaquina (CARVALHO et al., 2010) e tafenoquina
(CARVALHO et al.,, 2011) e, mais recentemente, a 8-hidroxiquinolina (COSTA
DUARTE et al.,, 2016). Os estudos sugerem que, semelhante ao observado para
AMQ-j; sitamaquina, tafenoquina e 8-hidroxiquinolina induzem a morte por apoptose
em Leishmania.

Embora a apoptose e autofagia sejam evidenciadas a partir de processos
bioquimicos, moleculares e morfoldgicos distintos, ambas estdo estritamente
relacionadas a disfuncdo mitocondrial (FILOMENI et al., 2015). Uma vez que o
composto provoca drasticas alteracdes na morfologia e fungéo mitocondrial, avaliou-
se a possivel inducdo de autofagia apds tratamento com AMQ-j. Nos ultimos anos, a
inducdo de morte por autofagia tem despertado interesse como um potencial alvo

terapéutico para a acao de farmacos antiprotozoarios (BRENNAND et al., 2011,
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2012; DE MACEDO-SILVA et al., 2013; RODRIGUES et al., 2014; LAZARIN-BIDOIA
et al.,, 2015). Um método muito utilizado para avaliar a morte por autofagia €
mediante a marcacdo com corantes acidotropicos e, dentre estes, o MDC é
considerado um marcador especifico para autofagossomos (BIEDERBICK, KERN e
ELSASSER, 1995, MIZUSHIMA, 2004).

Anadlises realizadas por fluorimetria e microscopia de fluorescéncia
demonstraram a presenca/acimulo de vacuolos marcados com MDC em
promastigotas tratadas com AMQ-j, as quais foram confirmadas por analises por
MET. Outra observacdo importante € que analises por MET dos promastigotas
tratados com AMQ-j revelou a localizacdo de corpusculos lipidicos (CLs) proximos
aos vacuolos autofagicos, o que sugere gue estes vacuolos possam estar atuando
na remocao destes lipidios anormais, que possivelmente acumularam-se no
citoplasma apés tratamento com a droga. Assim como anteriormente observado por
De Macedo-Silva et al. (2013) em um estudo realizado em promastigotas e
amastigotas de L. amazonensis apés tratamento com os antifingicos azélicos,
itraconazol e posaconazol.

Observacdes por MET revelou ainda o acumulo de corpos multivesiculares,
um compartimento de natureza lisossomal, dentro de vacuolos em promastigotas de
L. amazonensis tratadas como AMQ-j. O acumulo de corpos multivesiculares ja foi
demonstrado apds tratamento com diferentes drogas tripanomicidas e a hipbtese é
de que a formacdo de tais estruturas esteja relacionada ao comprometimento do
mecanismo de endocitose do parasito e, consequentemente, a absorcdo de ions
ferro e macromoléculas, essenciais para a sua sobrevivéncia (VANNIER-SANTOS et
al., 1995; RODRIGUES et al., 2005; MENNA-BARRETO et al., 2009; SULSEN et al.,
2011; ROCHA et al., 2013).

Outra caracteristica indicativa de morte autofagica observada apds tratamento
com o composto foi o0 acimulo de organelas vesiculares acidas determinada apés
marcacdo com o corante acidotropico laranja de acridina e também observada
mediante analises por MET que revelou a presenca de vesiculas no citoplasma dos
promastigotas tratados com AMQ-j. Estudos relacionados ao mecanismo de acéo da
tafenoquina em Leishmania e T. brucei e da sitamaquina em Leishmania também
demonstraram disfuncéo lisossomal, bem como evidenciaram o acumulo do farmaco
dentro do acidocalcissoma, um compartimento de natureza acidica exclusivamente

encontrado em tripanossomatideos e responsavel pelo armazenamento de célcio
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intracelular, dentre outras fungbes. O acumulo da droga no interior do
acidocalcissoma induz alcalinizagdo da organela, levando a liberagdo de célcio no
citosol e o0 consequente colapso do potencial de membrana mitocondrial apos
captacdo do célcio pela membrana mitocondrial (CARVALHO et al., 2010, 2011,
2015). Estas observagOes nos levam a especular que o composto AMQ-j,
possivelmente, atua sobre o acidocalcissoma, visto sua caracteristica favoravel de
base fraca e seu acumulo no interior de compartimentos acidicos

O conjunto de dados nos permite inferir algumas hipoteses sobre as principais
vias a partir da qual o composto AMQ-j induziu o processo de morte por autofagia: (i)
diretamente, induzindo a morte por autofagia; (ii) indiretamente, este processo pode
estar relacionado ao drastico efeito do composto na mitocdndria e um processo
seletivo de autofagia (mitofagia) foi desencadeado no intuito de degradar a organela
danificada e, portanto, n&o-funcional (BRENNAND et al., 2011; YOULE;
NARENDRA, 2011; GALLUZZI et al., 2012; FILOMENI et al., 2015; SICA et al.,
2015); (iii) o composto, assim como outros derivados de aminoquinolinas, como a
cloroquina, sitamaquina e tafenoquina tem a propriedade de base fraca e,
diretamente, a droga penetra pela membrana do parasito por difusdo e €, em
seguida, protonada, sequestrada, acumulando-se, em concentracfes elevadas,
dentro de compartimentos acidicos. Este acimulo do composto pode resultar na
alcalinizacdo do lisossomo, interferindo na funcdo das hidrolases lisossomais e
resultando na ruptura da funcéo lisossomal, bem como no acumulo da droga no
interior do vacuolo parasitéforo (VP), resultando no aumento do pH no interior do VP,
diminuicdo na capacidade de aquisicdo de ions e macromoléculas essenciais para a
viabilidade do parasito e culminando na morte do parasito (O'NEILL et al., 1998;
BOYA et al.,, 2003; CARVALHO et al.,, 2011, 2015; DUSZENKO et al.,, 2011,
BRENNAND et al., 2012).

Em paralelo a estes estudos, avaliou-se a inducdo de morte por necrose apés
tratamento com AMQ-j. Classicamente, a morte por necrose pode ser determinada
pela avaliagdo da integridade da membrana plasmética, visto que a permeabilizacdo
da membrana plasmatica ser caracteristica exclusiva de morte por necrose
(KROEMER et al., 2009; KEEP et al., 2011). A mitocondria é também a principal
reguladora da morte por necrose (KEEP et al.,, 2011; BERGUE et al., 2014). Uma
vez que o0 composto induziu colapso da membrana mitocondrial, avaliou-se o

possivel efeito do composto sobre a integridade da membrana plasmatica. A
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avaliagcdo da permeabilidade da membrana plasmatica das formas promastigotas e
amastigotas axénicas mediante incubacdo com iodedo de propideo, um marcador
impermeavel a membrana plasmatica integra; bem como observacdes das formas
promastigotas por MET né&o indicaram ruptura da membrana plasmatica do parasito
apos tratamento com o composto, descartando-se a hipotese de inducdo de morte
por necrose.

A producéo de Oxido nitrico € um importante mecanismo microbicida utilizado
pelos macréfagos na eliminacdo dos amastigotas intracelulares in vitro e in vivo
(HORTA et al., 2011; VAN ASSCHE et al., 2011; LIU; UZONNA, 2012). Com o intuito
de avaliar o efeito imunomodulatério do composto AMQ-j, avaliou-se a producéo de
NO em macrofagos infectados com L. amazonensis e tratados com AMQ-j. Os
resultados mostraram que ndo houve aumento nos niveis de producédo de NO pelos
macréfagos tratados com AMQ-j, mesmo incubando com concentracbes mais
elevadas (30,0 ug/mL) (Capitulo 2- Chemical Biology and Drug Design, 2015). Estes
resultados sugerem que a diminuicdo expressiva ha carga global dos amastigotas e
na porcentagem de macréfagos infectados induzida pelo composto ndo esta
relacionada a ativacdo da producdo de NO pela célula hospedeira. A principal
hipotese é de que o AMQ-j penetre na célula hospedeira, acumulando-se em
elevadas concentragBes no vacuolo parasitéforo e atuando diretamente sobre os
amastigotas intracelulares; apesar de ndo descartarmos a possibilidade de que
outros mecanismos microbicidas, dentre eles, a producdo de EROS possa estar
envolvida na morte do parasito (COSTA DUARTE et al., 2016).

O conjunto de dados reunidos acerca dos processos de morte celular
induzidos pelo AMQ-j apontam que o efeito do composto em L. amazonensis esta
relacionado a multiplos alvos; afetando a tripanotiona redutase (TriR), organelas e
estruturas celulares chaves, como mitocondria, membrana plasmatica, nucleo e
lisossoma, e induzindo uma série de alteracdes fendtipicas compativeis com
processos de morte por autofagia e apoptose. A Figura 5 ilustra as principais

alteracdes celulares induzidas pelo AMQ-j.
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Figura 5: Representagdo esquemética do modo de acdo do AMQ-j em L. amazonensis. Os
resultados obtidos acerca do modo de acdo do AMQ-j apontam que a mitocondria € uma organela
chave para acao do composto e evidenciada por uma série de disfun¢des mitocondriais, como: perda
do potencial de membrana mitocondrial (A¥m), inchago da organela, aumento na produgdo de
Espécies Reativas do Oxigénio (EROS) e acumulo de corpusculos lipidicos (CLs) no citoplasma nas
formas promastigotas. Nestas formas biologicas, o tratamento com AMQ-j induziu diferentes
alteracdes bioquimicas e celulares sugestivas de morte por apoptose como: reducdo do volume
celular, exposicéo de fosfatidilserina no folheto externo da membrana plasmatica, manutengdo da
integridade da membrana plasmatica e altera¢des drasticas no nicleo celular (desorganizacdo da
cromatina em massas elétron-densas condensadas e fragmentagdo do DNA). O efeito do composto
esta também fortemente associado a indu¢do de morte por autofagia e caracterizada por diferentes
alterag@es celulares: acimulo de vacuolos autofagicos, formacao de corpos multivesiculares dentro
de vacuolos, presenca de vesiculas citoplasmaticas e acumulo de compartimentos acidicos no
citoplasma dos promastigotas. Em macréfagos infectados, o composto reduz significativamente a
carga parasitaria, possivelmente desencadeando a morte por apoptose, tendo sido observado
fragmentacdo do DNA dos amastigotas intracelulares e aumento nos niveis de EROs, sem inducao
da producéo de 6xido nitrico (ON). Estudos in silico sugerem que AMQ-j é um potencial inibidor da
tripanotiona redutase (TriR), enzima chave na defesa antioxidante do parasito.

O conjunto de resultados obtidos acerca da atividade leishmanicida in vitro e
do mecanismo de acdo do composto AMQ-j acima descritos, além de se serem
etapas fundamentais para o desenvolvimento de novos farmacos, nos estimularam a
continuidade dos estudos com este composto. Assim, na etapa final deste trabalho,
avaliou-se a atividade in vivo do composto AMQ-j em um modelo experimental de
infeccdo com L. amazonensis (Capitulo 4: manuscrito em preparo para submisséo).

A infeccdo experimental foi realizada em camundongos BALB/c que s&o
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extremamente susceptiveis a infeccdo com L. amazonensis e considerado um
modelo altamente adequado para a avaliacdo da eficacia in vivo de drogas (MIGUEL
et al., 2008; DA CUNHA-JUNIOR et al., 2011; ROSSI-BERGMANN et al., 2012;
MONTRIEUX et al, 2014). A infeccdo de camundongos BALB/c com L.
amazonensis € caracterizada pelo desenvolvimento de uma lesdo progressiva no
sitio da infeccdo que reproduz aspectos da infeccdo humana com presenca de
lesbes ulceradas, seguido pela disseminacdo do parasito para a regido dos
linfonodos, e metastases para sitios distantes. Outro aspecto importante € o
predominio de resposta imune de perfil Th2, ndo-cura e evolucéo fatal (FOURNET et
al. 1996; CUPOLILO et al. 2003; VALADARES et al. 2012, SCOTT; NOVAIS, 2016).

Neste trabalho, o efeito leishmanicida in vivo do composto AMQ-j foi avaliado
pela via intralesional (IL) num esquema de tratamento realizado duas vezes por
semana, num total de oito doses, e iniciando-se o tratamento imediatamente apds a
infeccéo, antes do estabelecimento da lesdo. A escolha pela administracéo da droga
pela via IL foi baseada em diversos critérios, dentre eles: (i) auséncia de
informagdes acerca da toxicidade in vivo do composto pelas vias sistémicas (oral,
intraperitoneal ou intravenosa); (i) a via de administracdo IL reduz a dosagem da
droga e o risco de toxicidade sistémica, com possibilidade de reducé&o do tempo e
custo do tratamento; (iii) € uma formulacdo atrativa para o desenvolvimento de
novas drogas para o tratamento topico da LC, uma vez que a droga é administrada
diretamente no sitio da infeccdo (MISHRA et al., 2007; GARNIER et al., 2006;
MONTRIEUX et al., 2014).

Na literatura, diversos estudos in vivo tém relatado o uso tépico dos farmacos
clinicamente utilizados, como Glucantime (SALMANPOUR et al., 2006),
Estibogluconato de sodio (EL-SAYED; ANWAR, 2010), Anfotericina B lipossomal
(YARDLEY; CROFT, 1997) e miltefosina (VAN BOCXLAER et al., 2016).
Atualmente, uma formulagéo topica da paromomicina 15% tem sido utilizada no
tratamento da LC em paises do Velho Mundo. Contudo, apresentou eficacia limitada
em espécies do Novo Mundo (GONCALVES et al., 2005; BEN SALAH et al., 2009).

Recentemente, a OMS recomendou a inclusdo do tratamento pela via topica e
localizada dentre as alternativas terapéuticas para o tratamento da leishmaniose em
paises do Novo Mundo (WHO, 2010). Em 2013, o Comité para Leishmanioses da
Organizacdo Pan-Americana de Saude também incluiu o tratamento intralesional

para o tratamento da LCL (OPS, 2013). Estudos realizados no Brasil em pacientes
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com LCL demonstraram boa resposta clinica do Glucantime pela via intralesional.
Contudo, os estudos apresentaram divergéncia cerca do regime terapéutico
adotado, sobretudo, no que se refere a concentracdo da droga administrada,
intervalo entre as doses e tempo de duracdo do tratamento, o que dificulta a
avaliacdo criteriosa da eficacia do farmaco (OLIVEIRA-NETO et al., 1997,
VASCONCELOS et al., 2012; FERREIRA-VASCONCELLOS et al., 2014; SILVA et
al., 2016).

Os principais critérios para avaliagdo da eficiacia in vivo de drogas em
modelos experimentais de leishmaniose cutdnea séo a medida do tamanho lesédo e
a quantificacdo da carga parasitaria pelo método da diluicdo limitante (LDA)
(REIMAO et al., 2013; OLIVEIRA et al., 2016). A anélise da medida do tamanho das
lesGes indicou que a administracdo intralesional do composto AMQ-j na
concentracdo de 100 pg/kg do AMQ-j resultou em uma reducdo parcial, porém
expressiva do tamanho da lesdo. Em relagdo a avaliacdo da carga parasitaria pelo
método da “Limiting dilution assay” (LDA), os resultados apontaram que o tratamento
com AMQ-j resultou em uma reducdo expressiva da carga parasitaria da orelha e do
linfonodo drenante da lesdo, demonstrando que o tratamento com uma
concentracdo baixa da droga (100 pg/kg) foi capaz de alcancar os macréfagos
infectados da derme profunda em concentracdes terapéuticas. O grupo tratado com
o farmaco de referéncia, Anfotericina B, na concentracdo de 250 ug/kg apresentou
resolucao das lesdes e eliminacdo da carga parasitaria da orelha, embora ndo tenha
levado a cura estéril, uma vez que um numero significativo de parasitos ainda
permaneceu viavel nos linfonodos. Dados da literatura acerca da eficacia da
Anfotericina B pela via intralesional em modelos experimentais de infeccdo com L.
amazonensis sdo escassos. Rossi-Bergmann et al (2012) também comprovaram a
eficacia da Anfotericina B pela via intralesional em camundongos infectados com L.
amazonensis, utilizando um esquema de tratamento com 2 mg/Kg da droga duas
vezes por semana durante quatro semanas.

Apesar do ensaio da LDA ser o método de quantificagdo da carga parasitaria
mais utilizado em modelos experimentais de infeccdo com Leishmania, este € um
processo laborioso, caro e demorado, pois requer a incubacdo da cultura por um
tempo prolongado (7-10 dias). Outra limitacdo do método € a possibilidade de
contaminagcdo da cultura resultante da manipulacdo durante as etapas do

experimento, ou em funcdo do tempo prolongado de incubacdo ou até mesmo
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resultante da contaminacdo bacteriana secundaria provenientes da lesdo (KOBETS
et al., 2012; REIMAO et al., 2013; OLIVEIRA et al., 2016). Além disto, o método
consegue determinar somente 0s amastigotas capazes de se diferenciarem em
promastigotas e sobreviver em cultura apds incubacéo com antibidtico (REIMAO et
al., 2013).

Uma alternativa ao método da LDA é a quantificacdo da carga parasitaria por
fluorimetria em cepas de Leishmania transfectadas com proteinas fluorescentes. As
vantagens deste método sdo inumeras e incluem: rapidez na obtencdo dos
resultados, reprodutibilidade, alta sensibilidade e permite a determinacdo da carga
parasitaria diretamente do extrato de parasitos obtidos a partir do macerado da leséo
sem necessidade de incubac&o da cultura, minimizando os riscos de contaminacao
bacteriana (REIMAO et al., 2013). No modelo experimental utilizado no presente
trabalho, os ensaios in vivo foram realizados com uma cepa de L. amazonensis-GFP
permitindo a quantificagdo da carga parasitaria por fluorimetria. Os dados obtidos
revelaram uma reducdo expressiva da carga parasitaria da orelha no grupo tratado
com AMQ-j, bem como a eliminacédo total da carga parasitaria no grupo tratado com
Anfotericina B, corroborando os resultados obtidos pelo método da LDA.

Numa analise comparativa dos resultados obtidos para os dois parametros
avaliados (tamanho da lesdo x carga parasitaria), foi possivel verificar uma reducao
somente parcial no tamanho da lesédo (48%) ap0s tratamento com AMQ-j, embora o
tratamento tenha resultado numa inibicdo expressiva da carga parasitaria (97,3%).
Uma possivel justificativa seria o fato de que o desenvolvimento da lesdo é
resultante ndo somente da multiplicagcdo do parasito no sitio da infeccdo; mas
também do estado de ativacdo do sistema imune do hospedeiro, bem como do
processo inflamatério progressivo que, em muitos casos, é de dificil regressao
(OLIVEIRA et al., 2011; QUEIROZ et al., 2016; OLIVEIRA et al., 2016; VAN
BOCXLAER et al,, 2016).

Embora no presente trabalho o regime terapéutico tenha sido realizado pela
via IL utilizando uma dose reduzida do composto, uma concentracdo significativa da
droga pode ser absorvida pela circulagdo sanguinea (ROSSI-BERGMANN et al.,
2012). A reduzida toxicidade do AMQ-j para os parametros hepatico, renal e
cardiaco indica que, apesar do tratamento com multiplas doses, 0 composto possui
baixa absorcdo sistémica, provavelmente, resultante da baixa dose administrada,

bem como da taxa de liberacdo sistémica mais lenta da droga. Por outro lado, o
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tratamento IL com Anfotericina B resultou no aumento dos niveis das enzimas ALT e
creatinina, indicativas de toxicidade hepatica e renal, respectivamente. Estes
resultados sdo condizentes com resultados previamente observados por Rossi-
Bergmann et al (2012) em um modelo experimental com L. amazonensis utilizando
tratamento pela via intralesional. O aumento nestes parametros de toxicidade seria
compativel com a hepatotoxicidade e nefrotoxicidade em humanos, que séo
considerados um dos principais efeitos adversos induzidos pelo farmaco (YARDLEY;
CROFT, 1997; DERAY, 2002; ROSSI-BERGMANN et al., 2012).

No intuito de avaliar o potencial do composto AMQ-j em modular a resposta
imune do hospedeiro, quantificou-se os niveis dos anticorpos IgG total, IgGl e
IgG2a. Verificou-se que os niveis dos anticorpos IgG total e IgG2a de animais
tratados com AMQ-j foram significativamente mais elevados em compara¢do com o0s
animais tratados com DMSO ou Anfotericina B. Além disto, verificou-se no grupo
experimental tratado com AMQ-j uma tendéncia para 0 aumento de anticorpos da
subclasse IgG2a em relacdo a IgG1, os quais tem sido utilizados como marcadores
especificos para a ativacdo da resposta Thl e Th2, respectivamente. Estes
resultados preliminares sugerem um redirecionamento do perfil de resposta imune
do tipo Th2 para uma resposta Thl, a qual tem sido considerada mais adequada
para o controle da infeccdo (AFONSO; SCOTT 1993, ROSTAMIAN et al., 2015). Os
resultados obtidos estdo em concordancia com outros estudos in vivo de infeccao
com leishmaniose cutanea que também demonstraram aumento nos niveis de IgG2a
apos tratamento com drogas (VALADARES et al.,, 2012; CHARRET et al., 2013;
GAMBOA-LEON et al., 2014).

Apesar do esquema de tratamento ter sido realizado pela via de
administracdo IL, estudos computacionais (in silico) acerca das propriedades
farmacocinéticas e fisico-quimicas foram conduzidos no intuito de avaliar a
biodisponibilidade e toxicidade do composto para uso oral e potencial uso como
farmaco. Inicialmente, realizou-se analises in silico das propriedades fisico-quimicas
do composto AMQ-j baseando na "Regra de Lipinski". A regra de Lipinski ou “regra
dos cinco” é um conjunto de condigbes empiricas inferidas por Lipinski et al. (1997)
num trabalho de andlise estatistica de propriedades fisico-quimicas de farmacos
conhecidos. Segundo os critérios utilizados por esta metodologia, uma molécula
para ser considerada um bom farmaco ndo deve violar mais do que um dos

seguintes parametros: peso molecular menor ou igual a 500, coeficiente de particdo
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octanol-agua abaixo de 5 (log P menor ou igual a 5), presenca de grupos aceptores
de ligacdo de Hidrogénio menor ou igual a 10 e presenca de grupos doadores de
ligacdo de hidrogénio menor ou igual a 5. As andlises tedricas demonstraram que o
composto atendeu a todos o0s parametros, uma vez que apresenta baixo peso
molecular (269,07 g/mol), log P de 4,31, presenca de dois grupos funcionais
capazes de atuar como doadores e um grupo aceptor de hidrogénio. As analises de
predicdo das propriedades farmacocinéticas de ADMET (Absorcéo, Distribuicao,
Metabolismo, Excrecdo e Toxicicidade) sugerem que o composto AMQ-j apresenta
uma excelente biodisponibilidade pela via oral, com elevada absor¢ao intestinal
humana e permeabilidade para as células Caco-2. Em relacdo a toxicidade oral
aguda, o composto se enquadra na categoria Ill de compostos com valores de dose
letal (DLso) superiores a 500 mg/kg. A simulagédo da afinidade do composto para o
sitio ativo das principais isoformas do citocromo P450, um grupo de hemoproteinas
responsaveis pelo metabolismo de farmacos, indicou alta probabilidade da droga
atuar como um inibidor promiscuo das principais enzimas do complexo CYP450
(CHENG et al., 2012; FONSECA-SILVA et al., 2016).

Os resultados demonstram a eficacia in vivo e baixa toxidez do composto
AMQ-j pela via intralesional no modelo murino de infeccdo com L. amazonensis.
Contudo, estudos ainda sdo necessarios para a determinacdo da melhor dose e
regime terapéutico ideal no intuito de reduzir o tempo de tratamento e otimizar sua
eficacia terapéutica, assim como obter maiores informac6es acerca do possivel
efeito imunomodulatério do composto. Outro achado importante € que os estudos
de predicdo in silico acerca das propriedades farmacocinéticas (ADMET) e
caracteristicas fisico-quimicas (regra de Lipinsky) demonstraram um excelente perfil
do AMQ-j para ser utilizado pela via oral.

Estes resultados iniciais fornecem perspectivas para a avaliacdo da atividade
in vivo do composto AMQ-j pela via oral de forma isolada ou na terapia combinada
com farmacos utilizados no tratamento das leishmanioses, bem como avaliar a
efichcia da droga em modelos de infeccdo com outras espécies relacionadas a

leishmaniose tegumentar americana.
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5 CONCLUSOES

Os resultados obtidos neste trabalho indicam que os derivados de 4-
aminoquinolinas (4-AMQs) avaliados representam uma classe de compostos com
atividade leishmanicida promissora, com destaque para a série de derivados da
hidrazina e hidrazida com atividade expressiva em amastigotas intracelulares de
ambas as espécies de Leishmania avaliadas e baixa citotoxicidade para macréfagos
murinos.

O derivado AMQ-j foi 0 mais ativo apresentando um Clso de 3,7 e 1,4 pg/mL
para formas promastigotas e amastigotas intracelulares de L. braziliensis,
respectivamente, e um Clso de 5,9 e 2,6 pg/mL para promastigotas e amastigotas
intracelulares L. amazonensis (cepa PH8), respectivamente.

Os resultados obtidos acerca do modo de acdo do AMQ-j em promastigotas e
amastigotas de L. amazonensis apontam que a mitocbndria € uma organela chave
para acdo do composto e evidenciada por uma série de disfuncées mitocondriais,
como: colapso do potencial de membrana mitocondrial (A¥m), inchago da organela,
aumento na producdo de Espécies Reativas do Oxigénio (EROs) e acumulo de
corpusculos lipidicos (CLs) no citoplasma.

O efeito do AMQ-j em promastigotas esta associado a diferentes alteracfes
bioguimicas e celulares sugestivas de morte por apoptose como: reducao do volume
celular, exposicédo de fosfatidilserina no folheto externo da membrana plasmética,
manutencdo da integridade da membrana plasmatica e alteracdes drasticas no
nacleo celular (desorganizacdo da cromatina em massas elétron-densas
condensadas e fragmentacdo do DNA).

Em macrofagos infectados, o composto reduz significativamente a carga
parasitaria, possivelmente desencadeando a morte por apoptose, tendo sido
observado fragmentacdo do DNA dos amastigotas intracelulares e aumento nos
niveis de EROs, sem inducéo da producédo de 6xido nitrico (ON).

O efeito do composto esta também fortemente associado a indugcéo de morte
por autofagia evidenciada pelo acumulo de vacuolos autofagicos, formacdo de
corpos multivesiculares dentro de vacuolos, presenca de vesiculas citoplasmaticas e

acumulo de compartimentos acidicos no citoplasma dos promastigotas.
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Estudos in silico sugerem que AMQ-j € um potencial inibidor da tripanotiona
redutase (TriR), enzima chave na defesa antioxidante do parasito.

Esses achados representam contribuicbes valiosas no entendimento do
mecanismo de agéo dos derivados de 4-aminquinolinas em Leishmania.

Os resultados da avaliacdo da atividade in vivo do AMQ-j pela via intralesional
em um modelo experimental de infeccdo com L. amazoensis demonstram que o
composto possui um perfil promissor com inibicdo expressiva da carga parasitaria
(97,3%) e do tamanho da lesédo (48%) sem inducao de toxicidade sistémica.

As analises de predicdo in silico relacionadas as propriedades
farmacocinéticas (ADMET) e caracteristicas fisico-quimicas (regra de Lipinsky)
demonstram um excelente perfil do AMQ-j para ser utilizado pela via oral e fornecem
perspectivas para a avaliacdo da eficacia da droga em modelos de infeccdo com

outras espécies relacionadas a leishmaniose tegumentar americana.
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Species of the genus Lacistema are traditionally used by Brazilian and Peruvian indigenous communities. The present study
investigated the in vifro antileishmanial activity against several Leishmania species, cytotoxicity in murine peritoneal macrophages,
antiproliferative activity against HL60 and Jurkat cells, and antibacterial activities against seven bacteria strains of the aerial parts
of the methanolic crude extract and fractions of Lacistema pubescens. In addition, their chemical profile was also evaluated. Hexane
fraction showed the most significant IC., values against all promastigotes of Leishmania species tested, except for L. chagasi (IC;, =
4.2 pg/mlL for L. major and IC;, = 3.5 ug/mL for L. amazonensis). This fraction also exhibited a strong activity against amastigotes
of L. amazonensis (IC5, = 6.9 ug/mL). The antiproliferative activity was also observed for methanolic extract and hexane fraction
with IC;; = 47.2 pg/mL and 1C,;, = 39.7 ug/mL for HL60, respectively. Regarding the antimicrobial activity, the overall antibacterial
activity was not very significative, Phytol and sitosterol were identified in the methanolic extract. Additionally, previous studies also
revealed the presence of those compounds in the hexane fraction. Among other compounds, phytol and sitosterol were probably
involved in the antileishmanial and cytotoxicity activities observed in this study.
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ABSTRACT
Leishmaniasis is a complex of diseases caused by Leishmania protozoa which treatment is restricted to a
limited number of drugs that exhibit high toxicity, collateral effects and are often costly. There are a variety
of tropical plants distributed in Brazil, and for many poor people the therapy for several diseases is based
mainly on the use of traditional herbal remedies. In this work, the cytotoxic activity of 17 plant methanol
extracts was evaluated on several Leishmania species and murine macrophages. Among them, the extract
of Casearia sylvestris, Piptocarpha macropoda, Trembleya parviflora, Samanea tubulosa and Plectranthus
neochilus showed a promissing leishmanicidal activity, exhibiting IC;, values below of 20 pg/mL against
at least one species of Leishmania. Casearia sylvestris showed the most expressive activity against all
promastigote forms of Leishmania species (ICs, values of 5.4 pg/mL, 5.0 pg/mL, 8.5 pg/mL and 7.7 pg/
mL for L. amazonensis, L. braziliensis, L. chagasi and L. major, respectively), being more effective than the
reference drug miltefosine. In spite of the cytotoxic effect on macrophages (CCs, value of 5.2 pg/mL), C.
sylvestris exhibited a strong inhibition against intracellular amastigotes of L. braziliensis (ICs, value of 1.3 pg/
mL). Further studies, including bio-guided fractionation will be conducted to identify the active compounds.

Key words: Brazil, Casearia sylvestris, leishmanicidal activity, medicinal plants, natural products.
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Leishmaniasis is a complex disease caused by protozoan parasite Leishmania and the treatment remains a
serious problem since the available drugs exhibited high toxicity and side effects. Plant-derived natural
products are promising leads for the development of novel chemotherapeutics. In this work the phytol-
rich hexane fraction (PRF) from the leaves of Lacistema pubescens was obtained and identified by GC—MS
analysis. When assayed for antileishmanial effects, PRF was active against promastigote and amastigote
forms of Leishmania amazonensis (ICsp values of 44.0 and 25.8 pg/mL respectively). Furthermore, PRF did
not show significant cytotoxicity on peritoneal macrophages being more destructive to the intracellular
parasite than to mammalian cells. In addition, possible targets of PRF were investigated against
L. amazonensis promastigotes. The results showed that PRF exerted its antipromastigote activity by
marked depolarization of the mitochondrial membrane potential followed by the increase of ROS levels
in L amazonensis promastigotes. During these events, no rupture of the cell membrane integrity was
observed. Our results indicated that PRF was effective and selective against L. amazonensis, and that this
effect was mainly mediated by mitochondrial dysfunction associated to ROS production.

© 2015 Elsevier Inc. All rights reserved.
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HA'G HE EGH TS GRAPHICAL ABSTRACT
o A series of quinoline derivatives was
synthesized and showed leishmani-
cidal effect.
e Compound 2a presented activity
against promastigotes and amasti-
gotes L. amazonensis.
e Compound 2a induces formation of
ROS and a reduction of mitochondrial
membrane potential.
e Compound 2a exhibited a selective
and effective leishmanicidal effect.
ARTICLE INFO ABSTRACT
Article history: In this study, we have investigated the antileishmanial activity of ten 7-chloro-4-quinolinylhydrazone
Received 26 February 2016 derivatives. Among the compounds tested, compounds 2a and 2j presented activity against promasti-
g‘}cel"’;‘éllg revised form gotes (ICsp values of 52.5 and 21.1 pM, respectively) and compounds 2a and 2c were active against
uly

intracellular amastigotes (ICsq of 8.1 and 15.6 uM, respectively) of Leishmania amazonensis. The majority
of compounds did not show toxicity against murine macrophages. Compound 2a exhibited low cyto-
toxicity to human erythrocytes and induced an oxidative imbalance in promastigote forms, reflected by
an increase in the formation of reactive oxygen species (ROS) and a reduction of mitochondrial mem-
Fetchmuni dnidisnanss brane potential. No alteration in the plasma membrane integrity of parasites was observed. Taken
4-Aminoquinoline derivatives together, these results suggest that compound 2a is a selective antileishmanial agent, and preliminary
Quinolinylhydrazone derivatives observations suggest that its effects appear to be mediated by mitochondrial dysfunction.

Mitochondrial dysfunction © 2016 Elsevier Inc. All rights reserved.
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Keywords:
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Oxidative stress
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Leishmaniasis comprise a spectrum of diseases caused by protozoa parasites from the genus Leishmania,
affecting millions of people worldwide, mainly in subtropical countries. Most antileishmanial drugs are
highly toxic, present resistance issues or require long-term treatment. Consequently, new drugs are
urgently needed. Quinoline-containing compounds have displayed an impressive array of biological
properties over the years, including antileishmanial activity. In the present study, we report the synthesis
and evaluation of novel quinoline derivatives (QuinDer) against Leishmania species and cytotoxic effect
on mammalian cells. The ROS production and mitochondrial membrane potential analyses were also
studied. The compound QuinDer1 showed activity on L amazonensis and L. braziliensis promastigotes
and this compound exhibited a strong inhibition of the proliferation of L. amazonensis amastigotes at nM
concentration (ICsg of 0.0911 uM), being 139 times more active than miltefosine (ICsq of 12.7 uM), used as
reference drug. This compound presents low cytotoxicity toward murine macrophages and human
erythrocytes. In addition, promastigotes of L. amazonensis treated with the compound QuinDer1 present
high generation of ROS levels with low alterations in mitochondrial membrane potential and mainte-
nance of parasite membrane integrity. No substantial NO production in infected-macrophages treated
with this compound was detected. These results suggest that the compound QuinDer 1 is a potent and
selective antileishmanial agent by mitochondrial oxidative stress.

© 2016 Published by Elsevier Ireland Ltd.
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M) Check for updates

What do we know about the role of regulatory B cells (Breg) during the course
of infection of two major parasitic diseases, malaria and leishmaniasis?

Roberta Reis Soares, Luciana Maria Ribeiro Antinarelli, Clarice Abramo, Gilson Costa Macedo ", Elaine Soares
Coimbra and Kézia Katiani Gorza Scopel

Departement of Parasitology, Microbiology and Immunology, Federal University of Juiz de Fora, Juiz de fora, Brazil

ABSTRACT KEYWORDS

Parasitic diseases, such as malaria and leishmaniasis, are relevant public health problems B regulatory cells; malaria;
worldwide. For both diseases, the alarming number of clinical cases and deaths reported leishmaniasis; immunity;
annually has justified the incentives directed to better understanding of host'’s factors associated immunomodaulation;

protozoan infections;
cytokines; immunological
tolerance

with susceptibility to infection or protection. In this context, over recent years, some studies
have given special attention to B lymphocytes with a regulator phenotype, known as Breg cells.
Essentially important in the maintenance of immunological tolerance, especially in autoimmune
disease models such as rheumatoid arthritis and experimentally induced autoimmune
encephalomyelitis, the function of these lymphocytes has so far been poorly explored during
the course of diseases caused by parasites. As the activation of Breg cells has been proposed
as a possible therapeutic or vaccine strategy against several diseases, here we reviewed studies
focused on understanding the relation of parasite and Breg cells in malaria and leishmaniasis,
and the possible implications of these strategies in the course of both infections.
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ANEXOS: Comprovantes de aprovacéo dos projetos na Comisséo de Etica no
Uso de Animais (CEUA) da UFJF.

UNIVERSIDADE FEDERAL DE JUIZ DE FORA
PRO-REITORIA DE PESQUISA

Comissdo de Etica no Uso de Animais

CERTIFICADO

Certificamos que o Protocolo n® 054/2013 — CEUA sobre “Avaliagdo da citotoxicidade in vitro
de compostos sintéticos ou naturais em macréfagos peritoneais de camundongos Balb/c - lotes
2014-2015, projeto de pesquisa sob a responsabilidade de ELAINE SOARES COIMBRA, com
a colaborag@o de PATRICIA DE ALMEIDA MACHADO, LUCIANA MARIA RIBEIRO
ANTINARELLI e DANIELA TRIVELATO DA SILVEIRA DE PAULA, esta de acordo com
os Principios Eticos na Experimentagio Animal, adotados pelo Conselho Nacional de Controle
de Experimentacio Animal (CONCEA), e foi aprovado pela COMISSAO DE ETICA NO USO
DE ANIMAIS (CEUA) da PRO-REITORIA DE PESQUISA/UFJF, em reunido realizada em
03/12/2013. Para o desenvolvimento da pesquisa serdio liberados 144 camundongos (144
fémeas), da linhagem Balb/c, conforme solicitado e que serdo entregues no periodo de
01/02/2014 a31/12/2015.

CERTIFICATE

We certify that the protocol n® 054/2013- CEUA about “Avaliagdo da citotoxicidade in vitro de
compostos sintéticos ou naturais em macréfagos peritoneais de camundongos Balb/c - lotes
2014-20157, under responsibility of E  LAINE SOARES COIMBRA, with collaboration of
PATRICIA DE ALMEIDA MACHADO, LUCIANA MARIA RIBEIRO ANTINARELLI and
DANIELA TRIVELATO DA SILVEIRA DE PAULA - is in agreement with the Ethical
Principles in Animal Research adopted by Brazilian Council for Control of Animal
Experimentation (CONCEA) and was approved by the PRO-REITORIA DE PESQUISA/UFJF
— ETHICAL COMMITTEE FOR ANIMAL HANDLING (CEUA) in 03/12/2013. For the
development of this research 144 mice (144 female) of the Balb/c lineage, will be released as
requested and they will be delivered in the period of 01/02/2014 to 31/12/2015.

Juiz de Fora, 04 de dezembro de 2013.

Presidente Vice-presidehte
CEUA CEUA




UNIVERSIDADE FEDERAL DE JUIZ DE FORA
PRO-REITORIA DE PESQUISA

Comissio de Etica no Uso de Animais

CERTIFICADO

Certificamos que o Protocolo n°. 055/2013 — CEUA sobre “Manutengdo da infectividade das
cepas de Leishmania sp através de passagens em camundongos Balb/c”, projeto de pesquisa sob
a responsabilidade de ELAINE SOARES COIMBRA, com a colaboragio de PATRICIA DE
ALMEIDA MACHADO, LUCIANA MARIA RIBEIRO ANTINARELLI e DANIELA
TRIVELATO DA SILVEIRA DE PAULA, estd de acordo com os Principios Eticos na
Experimenta¢do Animal, adotados pelo Conselho Nacional de Controle de Experimentagdo
Animal (CONCEA), e foi aprovado pela COMISSAO DE ETICA NO USO DE ANIMAIS
(CEUA) da PRO-REITORIA DE PESQUISA/UFJF, em reunido realizada em 03/12/2013. Para
o desenvolvimento da pesquisa serdo liberados 72 camundongos (72 fémeas), da linhagem

Balb/c, conforme solicitado e que serdo entregues no periodo de 01/01/2014 a 31/12/2015.

CERTIFICATE

We certify that the protocol n®. 055/2013- CEUA about “Manutengio da infectividade das cepas
de Leishmania sp através de passagens em camundongos Balb/c”, under responsibility of
ELAINE SOARES COIMBRA, with collaboration of PATRICIA DE ALMEIDA MACHADO,
LUCIANA MARIA RIBEIRO ANTINARELLI and DANIELA TRIVELATO DA SILVEIRA
DE PAULA - is in agreement with the Ethical Principles in Animal Research adopted by
Brazilian Council for Control of Animal Experimentation (CONCEA) and was approved by the
PRO-REITORIA DE PESQUISA/UFJF — ETHICAL COMMITTEE FOR ANIMAL
HANDLING (CEUA) in 03/12/2013. For the development of this research 72 mice (72 female)
of the Balb/c lineage, will be released as requested and they will be delivered in the period of
01/01/2014 to 31/12/2015.

Juiz de Fora, 04 de dezembro de 2013.

7. Uiekly,

Presidenfte Vice-presidente
CEU CEUA

185



UNIVERSIDADE FEDERAL DE JUIZ DE FORA
PRO-REITORIA DE PESQUISA

Comissio de Etica no Uso de Animais

CERTIFICADO

Certificamos que o Protocolo n% 056/2013 — CEUA sobre “Avaliagdo da atividade
leishmanicida in vifro de compostos sintéticos ou naturais em macréfagos infectados com
Leishmania sp - lotes 2014-2015”, projeto de pesquisa sob a responsabilidade de ELAINE
SOARES COIMBRA, com a colaboragio de PATRICIA DE ALMEIDA MACHADO,
LUCIANA MARIA RIBEIRO ANTINARELLI e DANIELA TRIVELATO DA SILVEIRA DE
PAULA, esta de acordo com os Principios Eticos na Experimentagio Animal, adotados pelo
Conselho Nacional de Controle de Experimentagdo Animal (CONCEA), e foi aprovado pela
COMISSAO DE ETICA NO USO DE ANIMAIS (CEUA) da PRO-REITORIA DE
PESQUISA/UFIJF, em reunido realizada em 03/12/2013. Para o desenvolvimento da pesquisa
serdo liberados 576 camundongos (576 fémeas), da linhagem Balb/c, conforme solicitado e que
serdo entregues no periodo de 01/01/2014 a 31/12/2015.

CERTIFICATE

We certify that the protocol n®. 056/2013 - CEUA about “Avaliagdo da atividade leishmanicida
in vitro de compostos sintéticos ou naturais em macréfagos infectados com Leishmania Sp -
lotes 2014-2015” under responsibility of ELAINE SOARES COIMBRA, with collaboration of
PATRICIA DE ALMEIDA MACHADO, LUCIANA MARIA RIBEIRO ANTINARELLI and
DANIELA TRIVELATO DA SILVEIRA DE PAULA - is in agreement with the Ethical
Principles in Animal Research adopted by Brazilian Council for Control of Animal
Experimentation (CONCEA) and was approved by the PRO-REITORIA DE PESQUISA/UFJF
— ETHICAL COMMITTEE FOR ANIMAL HANDLING (CEUA) in 03/12/2013. For the
development of this research 576 mice (576 female) of the Balb/c lineage, will be released as
requested and they will be delivered in the period of 01/01/2014 to 31/12/2015.

Juiz de Fora, 04 de dezembro de 2013.

ve p

Presiden Vice-presidente
CEU CEUA
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SERVICO PUBLICO FEDERAL
UNIVERSIDADE FEDERAL DE JUIZ DE FORA
COMISSAO DE ETICA NO USO DE ANIMAIS - CEUA

CERTIFICADO

Certificamos que o protocolo n°. 046/2014 — CEUA sobre “ESTUDO IN VIVO DA ACAO
LEISHMANICIDA DE NOVOS PRODUTOS SINTETICOS” projeto de pesquisa sob a
responsabilidade de ELAINE SOARES COIMBRA com a colaboragio de LUCIANA
MARIA RIBEIRO ANTINARELLI, esti de acordo com os Principios Eticos na
Experimentagdo Animal, adotados pelo Conselho Nacional de Controle de Experimentagdo
Animal (CONCEA), ¢ foi aprovado pela COMISSAO DE ETICA NO USO DE ANIMAIS
(CEUA) da PRO-REITORIA DE PESQUISA/UFIF, em reunido realizada em 03/03/2015.
Para o desenvolvimento da pesquisa serfo utilizados 150 camundongos (150 fémeas) da
linhagem BALB/c de 4 a 6 semanas de idade, conforme solicitado e que serdo utilizados no
periodo de 10/03/2015 a 01/08/2016.

CERTIFICATE

We certify that the protocol n°. 046/2014 - CEUA about “ESTUDO IN VIVO DA ACAO
LEISHMANICIDA DE NOVOS PRODUTOS SINTETICOS” under responsability of
ELAINE SOARES COIMBRA and collaboration of LUCIANA MARIA RIBEIRO
ANTINARELLI - is in agreement with the Ethical Principles in Animal Research adopted by
Brazilian Council for Control of Animal Experimentation (CONCEA) and was approved by
the PRO-REITORIA DE PESQUISA/UFJF — ETHICAL COMMITTEE FOR ANIMAL
HANDLING (CEUA) in 03/03/2015. For the development of this research 150 mice (150
female) of lineage BALB/c of 4 to 6 weeks of age, will be delivered as requested in the period
of 10/03/2015 to 01/08/2016.

Juiz de Fora, 10 de Margo de 2015

Q/ ﬁ/> Q.Mz &‘»xQNoQAz

Co/ogﬂenadora Vice-coordenadora

EUA CEUA

“J)'
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