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RESUMO

INTRODUCAO: A maléria € uma das doencas infecciosas de maior incidéncia e que mais
leva a 6bito no mundo. Os medicamentos disponiveis sdo capazes de combater 0 parasita no
ciclo intraeritrocitico, no entanto ha cepas resistentes ao tratamento com quinolinas e
artemisininas. Além disso, os medicamentos em uso clinico ndo eliminam as formas sexuadas
do parasita, responsaveis pelatransmissao, nem os hipnozoitos, fase hepética latente causadora
das recidivas da doenca. Em virtude disso, € necess&rio identificar novos farmacos
antimaléricos. Dentre as classes de moléculas com potencial terapéutico antimalérico, 0s
complexos com metais de transicdo se destacam como possiveis candidatos. OBJETIVO:
Identificar potenciais farmacos antiparasitarios para o tratamento da maléria, com base em
moléculas do tipo complexos metélicos com a cloroquina. MATERIAL E METODOS: Em
relac@o ao metal utilizado, 0 &omo de ruténio esté presente nos compostos MCQ, FCQ, BCQ,
FFCQ e a platina nos compostos WV-90, WV-92, WV-93, WV-94. Dois complexos sem a
presenca da cloroquina na sua composi¢cdo, FCL e WV-48, também foram testados como
antimaléricos. RESULTADOS: A inibicdo do crescimento in vitro no ciclo eritrocitico das
cepas 3D7 (sensivel a cloroquina) e W2 (resistente a cloroquina) do Plasmodium falciparum
revelou que os complexos sem cloroquina ndo apresentaram atividade em concentragOes
inferiores 2 3.0 UM. Entretanto, aincorporacéo da clorogquina na composi¢do de complexos de
platina e ruténio resultou em compostos com atividade antiparasitéria em concentracfes abaixo
de 1.0 uM. Portanto, a presenca da cloroguina se mostrou essencial para a atividade
antimal&rica. Quando a poténcia e sdletividade in vitro dos complexos metalicos foram
comparadas a cloroquina, observou-se que nenhum dos complexos metdlicos apresentou
poténcia ou sel etividade superiores as da cloroquina. Em trofozoitos, os complexos de ruténio
apresentaram uma acdo parasiticida mais rapida que a cloroquina, enguanto que os complexos
de platina apresentaram uma agéo mais lenta que os de ruténio, mostrando um perfil mais
similar a cloroquina. Tal como a cloroquina, os complexos de platina e de ruténio inibiram a
polimerizacdo da hemina em B-hematina. Os complexos de ruténio exerceram aco parasiticida
em cultura de trofozoitos através da producéo de ROS, enquanto que os complexos de platina
ndo induzem de maneira significativa tal producdo. Os complexos de platina reduziram a
viabilidade da mitocondria em trofozoitos. Ao contrério da cloroquina, que apresenta um
espectro de acdo restrito ao ciclo eritrocitico do Plasmodium, tanto os complexos de ruténio
quanto os de platina apresentaram um espectro de agdo mais amplo, reduzindo aviabilidade de
gametécitos do P. falciparum e inibindo a carga parasitaria em células infectadas com
esporozoitos do P. berguei. Em camundongos infectados com a cepa NK65 do P. berghei o
tratamento com complexo MCQ reduziu em 95.1% a parasitemia e em 40% a taxa de
mortalidade quando administrado na dose de 50 mg/kg por viaintraperitoneal. CONCL USAO:
Os dados agui apresentados sé0 de extrema relevancia na compreensdo de compostos
inorganicos, em especial complexos metalicos, como candidatos a agentes antimal aricos.

Palavras-chave: Plasmodium, Malaria, Complexos Metalicos, Cloroquina, Multiestagio
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ABSTRACT

INTRODUCTION: Malariaisone of theinfectious diseases of highest incidence and mortality
in the world. Drugs currently available are efficacious against parasites in the blood stage,
however there are strains resistant treatments based on quinolones and artemisinines. In
addition, these drugs do not eliminate neither the asexual formsresponsible for human-to-vector
transmission nor the dormant hypnozoites resident in the liver, which are responsible for the
relapse of disease. In view of this, novel antimalarial drugs are needed. Among the classes of
compounds which holds therapeutic potential, complexes with transition metals are considered
of great promise. OBJECTIVE: Identify potential antiparasitic drugsfor the malariatreatment,
based on meta complex molecules with chlorogquine. MATERIAL AND METHODS:
Regarding the employed metal, the atom of ruthenium is present in MCQ, FCQ, BCQ and
FFCQ compounds, while a platinum atom is present in WV-90, WV-92, WV-93 and WV-94
complexes. Two complexes lacking chloroquine, FCL and WV-48, were also tested as
antimalarial agents. RESULTS: The inhibitory activity of in vitro parasite growth in the
erythrocytic cycle of 3D7 (chloroquine-sensitive) and W2 (chloroquine-resistant) strains of P.
falciparum revealed that complexes lacking chloroquine were devoid activity in concentration
up to 3.0 uM. In contrast, incorporating chloroquine in complexes of platinum and ruthenium
resulted in compounds with antiparasitic activity in in concentration up to 1.0 uM. Therefore,
the presence of chloroquine in the composition of metal complexesis essential for antimalarial
activity. When in vitro potency and selectivity indexes of metal complexes were compared to
chloroquine, none complexes presented superior potency and selectivity than chloroquine. In
trophozoites, ruthenium complexes presented faster killing activity than chloroquine, while
platinum complexes displayed slow speed of action than ruthenium complexes, being platinum
complexes similar to chloroquine. Like chloroquine, both platinum and ruthenium complexes
were able to inhibit polymerization of hemin into B-hematin. Ruthenium complexes achieved
parasiticidal activity against trophozoites by inducing the production of reactive oxygen
species, while platinum complexes were devoid such property. Yet, platinum complexes
reduced the mitochondrial viability in trophozoites culture. Unlike chloroquine, which presents
a spectrum of action limited to erythrocytic stage, both ruthenium and platinum complexes
displayed a wide spectrum of action, by reducing cell viability of gametocytes of P. falciparum
and inhibiting parasite burden in cells infected by sporozoites of P. berghei. Mice infected by
NK®65 strain of P. berghel and treated with MCQ presented highest efficacy among tested
complexes, by reducing in 95.1% blood parasitemia and in 40% mortality rate when givenin a
dose of 50 mg/kg by intraperitoneal route. CONCLUSION: The presented data are very
important in understanding of inorganic compounds, in particular metal complexes as candidate
antimalarial agents.

Key-words: Plasmodium, Malaria, Metal Complexes, Chloroquine, Multistage
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1 INTRODUCAO

1.1 ASPECTOS GERAIS DA MALARIA

A maéria € uma doenca infecciosa causada por protozoarios pertencentes ao filo
Apicomplexa, familia Plasmodiidae, género Plasmodium. Existem cerca de 200 espécies de
plasmodio que podem infectar aves, réptels e mamiferos (DRONAMRAJU, 2006). Destas, cinco
espécies sao capazes de infectar o homem: P. falciparum, principa responsavel pela mortalidade
associada a doenca, com um ciclo eritrocitico de 48 horas; P. vivax e P. ovale, também com um ciclo
de 48 horas; P. malariae, com um ciclo eritrocitico de 72 horas e P. knowlesi, com um ciclo de 24
horas (COX-SINGH, 2008; CRAWLEY et al., 2010; OMS, 2015).

O P. vivax é encontrado principalmente na Asia, América L atina e algumas partes da Africa;
o P. ovale se distribui principalmente na Africa e llhas do Pacifico Ocidental; o P. malariae €
encontrado em todos os continentes, o P. falciparum distribui-se pelas Américas, Africae Asia, eo
P. knowles € encontrado no sudeste asidtico (CARTER; MENDIS, 2002; COX-SINGH, 2008;
ASKLING et d., 2012).

A doenca étransmitidaparao hospedeiro vertebrado através da picadade mosquitos do género
Anopheles. Este inclui cerca de 400 espécies, porém 60 espécies sao capazes de transmitir o
plasmédio em condi¢cbes naturais. Apenas as fémeas dos anofelinos, que possuem o hébito
hemat6fago, sdo responsavels pelatransmisséo da malaria (BRUCE-CHWATT, 1980).

Originada provavelmente no continente africano, desde a antiguidade a malaria vem sendo
uma das principais tormentas da humanidade. Também conhecida como paludismo, maleita, febre
terca ou quartd, a doenga acompanhou as migragcbes humanas por outras regides do mundo. Tais
migracoes foram o fator chave na disseminagéo global da doenca. O nome maléria teve sua origem
na ltdlia do século XVIII, a partir da expressdo “mal aria” que significa mau ar ou ar insalubre, por
acreditarem, naquela época, que a doenca era causada por emanagdes e miasmas provenientes dos
pantanos (BRUCE-CHWATT,; ZULETA, 1980; SCHLAGENHAUF, 2004).

Charles Louis Alphonse Laveran, médico do Exército Francés, foi o responsavel pela
descoberta do agente causador da maléria. Em 1880, ao observar o sangue de individuos infectados,
o médico identificou protozoarios flagelados, aos quais deu 0 nome de Oscillaria malariae, hoje
reconhecidos como gametécitos de P. falciparum (SCHLAGENHAUF, 2004).
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A maléria é adoenca parasitaria que causa a maior taxa de mortalidade no mundo. De acordo
com aOrganizacdo Mundia da Salde— OM S (2015), no ano de 2015 ocorreram cercade 214 milhdes
de casos com 438 mil mortes.

A doenca, por séculos interferiu no desenvol vimento econdmico e continua sendo um grande
problema social, econbmico e, principalmente, de salde publica em diversos paises. Segundo Carter
eMendis (2002), amal &riaé hoje umadas grandes doencas da pobreza. Nenhumanagéo rica é afetada
por sua presenca endémica. Na Europa, nos Estados Unidos da América e em partes da China, ha
regides inteiras que ndo teriam alcancado seu atual grau de prosperidade se ndo tivessem,
primeiramente, erradicado a maéaria. Por outro lado, em muitos outros paises, incluindo os mais
pobres do mundo, a magnitude do problema da maléaria é simplesmente devastadora.

As manifestacdes clinicas da malaria incluem febre ata, caafrios e sintomas de gripe. A
periodicidade dos acessos febris esta relacionada com o ciclo eritrocitico das espécies de plasmadio.
Tradicionamente, amal &ria causada por P. vivax e P. ovale é conhecida como malariaterca benigna,
enquanto gque a causada por P. malariae é a maléria quartd e a que tem como agente etioldgico o P.
falciparum é atercd maligna (CARTER; MENDIS, 2002).

Estimativas apontam que 1-2% dos casos de maléria podem evoluir para a forma grave da
doenca, caracterizada por anemia grave, acidose metabdlica e sintomas relacionados ao sequiestro de
eritrocitos infectados, devido ao fenémeno de citoaderéncia dos parasitos ao endotélio dos capilares,
obstruindo a microcirculagdo de diversos tecidos. A maléria cerebral, responsavel por grande parte
dos obitos registrados, € causada pela obstrucéo dos capilares no cérebro (MACKINTOSH et a.,
2004).

1.2 CICLO DE VIDA DO PLASMODIUM SP. EM HUMANOS

O ciclo biolégico do Plasmodium sp. se divide em duas fases distintas. uma fase onde ocorre
a reproducdo sexuada no hospedeiro definitivo invertebrado (Figura 1), e outra fase assexuada
(esquizogonia), que ocorre no hospedeiro vertebrado (Figura 2). A fase assexuada pode ser
subdividida no ciclo exoeritrocitico ou hepético, que ocorre no figado, e o ciclo eritrocitico ou

intraeritrocitico, que se desenvolve no interior dos eritrécitos.
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Ao redlizar o repasto sanguineo, a fémea infectada do mosquito inocula, juntamente com sua
saliva, esporozoitos moveis na derme do hospedeiro humano (VANDERBERG; FREVERT, 2004;
AMINO et al., 2006). Os esporozoitos invadem os vasos da derme, alcangam a corrente sanguinea e
migram para o figado, invadindo os hepatocitos, onde se diferenciam e, pelo processo de
esquizogonia, originam os merozoitos (TAVARES et al., 2013). Os esquizontes maduros liberam os
merozoitos teciduais através de um processo de brotamento de vesiculas, denominado merossomas,
gue apos atingirem a corrente sanguinea, repletos de parasitas, liberam os merozoitos (STURM et al.,
2006). Estes invadem as hemécias einiciam o ciclo intraeritrocitico, responsavel pela sintomatologia
clinicadamaléria. O tempo de diferenciacdo dentro dos hepatdcitos varia de acordo com a espécie:
cerca de uma semana para P. falciparum, P. vivax e P. knowles e duas semanas para P. ovale e P.
malariae. Além disso, no caso das espécies P. vivax e P. ovale, ocorre a formacdo de hipnozoitos,
forma latente do parasito que se mantém no figado sem iniciar 0 processo de esquizogonia, e que €

responsavel por recaidas meses apés ainfeccdo (ANTINORI et a., 2013).

OOCINETO
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Figura 1. Ciclo sexuado do Plasmodium sp.

No interior do eritrécito, 0s merozoitos passam por etapas de diferenciagdo, crescimento e
multiplicagdo. Primeiramente, ocorre a diferenciagdo em trofozoito jovem, que apresenta uma

morfol ogia semelhante a um anel. O amadurecimento do trofozoito € acompanhando de crescimento
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e aumento do metabolismo, sendo o estagio trofico do parasito. E nesta fase que a hemoglobina do
eritrocito é digerida pelo parasito para ser utilizada como fonte de aminoacidos. A degradacdo da
hemogl obina gera como produto o grupamento heme que é oxidado em ferriprotoporfirinal X, o qua
€ toxico aos parasitos, e por isso é polimerizado em um composto inerte, denominado hemozoina
(pigmento malérico), impedindo que a toxicidade do grupamento prejudique 0s parasitos
(HEMPELMANN et a., 2003; MILLER et d., 2013).

X

CICLO NO HUMANO

FORMAGAO
DO GAMETOCITO

ESTAGIOS
DO FIGADO/ / ESQUIZONTE

" MEROZOITOS

CICLO
SANGUINEO \Z)

Figura 2. Ciclo assexuado (esquizogonia) do Plasmodium sp.

Apbs este estagio de trofozoito, sucessivas divisdes nucleares sem citocinese resultam na
formagdo dos esquizontes (TUTEJA, 2007). O rompimento destes esguizontes eritrociticos libera
Novos merozoitos que irdo infectar outros eritrocitos. A liberacdo dos merozoitos e consequente
rompimento das hemécias coincidem com os picos de acessos febris caracteristicos da doenca. Este
ciclo é bastante regular e a duragdo € caracteristica para cada espécie de plasmédio (GARCIA et al.,
2001).

Apbs um periodo de liberacdo de merozoitos sanguineos, alguns se diferenciam dando origem a
formas sexuadas, os gametécitos masculinos (microgametdcitos) e femininos (macrogametécitos). A
fémea do anofelino, ao realizar o repasto sanguineo em um individuo infectado, ingere esses
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gametécitos. Dentro do lUumen do intestino médio do mosquito, inicia-se a fase sexuada do ciclo
biolégico do plasmédio. A gametogénese ocorre pela exflagelagdo dos gametdcitos. A fecundagédo
entre 0s gametas (microgameta e macrogameta) da origem ao zigoto dipldide. Este, apés divisdo
meidtica, originaumaformamovel e hapldide, denominada oocineto. O oocineto penetra nas células
epiteliais do intestino médio, passando a ser chamado de oocisto. O oocisto se multiplica por um
processo de divisao assexuada (esporogonia), dando origem aos esporozoitos que migram através do
sistema hemolinfatico até alcancarem as glandulas salivares do mosquito, estando prontos para
infectar um novo hospedeiro (WHITE, 2003).

1.3 EPIDEMIOLOGIA DA MALARIA

De acordo com o relatério mundial damaléria, publicado pela Organizacéo Mundia da Salde

(2015), existem atualmente cerca de 106 paises e territérios com transmissdo da maléria em curso e
9 paises em fase de prevencéo dareintroducdo da doenca. Entre 2000 e 2015, casos de malariaforam
reportados para a Africa, Sudeste da Asia, regido do Pacifico Ocidental, paises do Leste do
Mediterraneo, paises da América Latina e alguns paises do Leste Europeu (Figura 3).
Globamente, estima-se que 3.2 bilhes de individuos estdo em risco de adquirir malaria. A OMS
estimou para 2015 a ocorréncia de 214 milhdes de casos de maléria com 438 mil mortes. A maioria
dos casos (88%) e de mortes (90%) ocorreu na regido da Africa, e amaioria das mortes (95%) foram
em criangas com menos de 5 anos de idade (OMS, 2015).

Apesar dos nimeros, os dados publicados no referido relatério, apontam que as taxas de
mortalidade da doenca diminuiram cerca de 48 % em todo o mundo entre 2000 e 2015. Houve uma
reducdo de 66% das mortes na Regido Africana entre 2000 e 2013, e 95% em criancas menores de 5
anos de idade, no ano de 2015.

A maior parte dos casos é causada por P. falciparum. Apenas 9% sdo devidos ao P. vivax,
embora a proporgdo dos casos para este Ultimo parasita, fora do continente Africano, seja de 50%.
Mais de 78% das mortes por mal ariaocorrem em cercade apenas 15 paises e 80% dos casos estimados
ocorrem em 15 paises, com a Republica Democrética do Congo e Nigéria respondendo juntos por
35% do total estimado (OMS, 2015).

No Sudeste Asiético, aproximadamente 1,6 bilhdes de individuos correm algum risco de adquirir

malaria nos 10 paises endémicos e 1 bilh&o de individuos estdo em alto risco. P. falciparum é o
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responsavel pela maioria dos casos naregido, mas no Nepal, Sri Lanka e Republica Democratica da
Coréia, amaior parte dos casos sdo devido ao P. vivax (OMS, 2015).

Na Regido das Américas, a OMS (2015) estima que cerca de 112 milhdes de individuos em
21 paises estdo sob algum risco de adquirir maléria. P. vivax € o principal agente etiol 6gico naregiéo,
enguanto que o P. falciparum é responsavel por menos de 30 % dos casos, sendo apropor¢do de mais
de 50% na Guiana e Guiana Francesa e 100% na Republica Dominicana e no Haiti. O nimero de
casos confirmados de maléria na regido caiu de 1,2 milhdes em 2000 para 390 mil em 2014. Trés
paises foram responsaveis por 77% dos casos em 2013: Brasil (37%), Venezuela (23%) e Coldmbia
(17%).

Foram relatadas 79 mortes por maléria naregido das Américas, em 2014, um declinio de 80%
em comparacdo com o ano de 2000. O Brasil € responsavel por quase metade das mortes devido a
malarianas Américas (OMS, 2015). Segundo dados do Ministério da Salde, no Brasil a transmisséo
da malaria esta quase que restrita & Regido Amazonica, area endémica para a doenga no pais. A
Amazodniapossui caracteristicas geogréficas e ecologicas altamente favordveis ainteracdo do parasito
e do mosquito vetor, com os fatores socioecondmicos, politicos e culturais, determinando um nivel
de endemicidade (BRASIL, 2015). Desde o inicio da década de 1990, a Amazbnia Lega registra
elevadaincidénciade mal&ria (SANTOS et al., 2013).

Em 2013, foram notificados 178.613 casos de maléria no Brasil, uma reducéo de 2,4% em
comparagdo a 2012. Destes, 169.570 (94,9 %) tiveram como local provavel de infeccdo a Regido
Amazonica, 89 casos a Regido Extra-amazonica e 8.924 casos com local provavel de infeccdo em
outro pais. Dos casos notificados, cercade 82% foram causados por P. vivax e 18% por P. falciparum.
Apesar dareducéo relatada, amal&ria ainda representa um grande problema de Salde Pablica no pais
(BRASIL, 2015).
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Progresso na redugdo dos casos onde as intervengdes
subnacionais foram intensificadas OU o pais expandiu
recentemente os testes de diagnéstico

Livre de malaria

B Rumo a reducgio = 75% da incidéncia 2000-2015
Dados consistentes sio insuficientes
B 50-75% de redugdo na incidéncia projetada 2000-2015 para avaliar as estimativas
Diminuicdo < 50% na incidéncia projetada 2000-2015 B Aumento da incidéncia 2000-2012
425 World Health
¥ Organization

Figura 3. Estimativas da incidéncia de maé&ia no mundo. Adaptado de: OMS, 2012
(http://www.who.int/malaria/publications/world_malaria_report_2012/en/).

1.4 FARMACOS ANTIMALARICOS E O PROCESSO DE RESISTENCIA

O controle e tratamento da maléria se baseiam principalmente na quimioterapia. Os
medi camentos anti mal &ri cos atuam inibindo etapas no ciclo evolutivo do plasmédio. Destaforma,
0s principais antimal aricos podem ser classificados pelo seu alvo de agdo no ciclo biolégico do
parasito. A maioria dos antimaéricos utilizados na clinica sdo esquizonticidas, agindo nos
estégios sanguineos assexuados do parasito, responsaveis pel as manifestagdes clinicas da doenca
Existe também o farmaco que atua no estagio hepatico (hipnozoitos), evitando recidivas. Além
disso, aabordagem terapéuti ca de paci entes residentes em areas endémi cas visatambém areducéo
de fontes de infeccdo, pelo uso de farmacos que eliminam os gametocitos, formas sexuadas dos
parasitos (BUSTAMANTE et d., 2009; PEATEY et d., 2012).
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O tratamento da maéria com o uso de determinados antimalaricos depende de alguns
fatores como a espécie de plasmodio, o grau da infeccdo, a idade do paciente, historia de
exposicao anterior ainfeccdo, gestacao.

A quinina(Figura4) foi o primeiro antimalarico caracterizado estruturalmente e purificado
em 1820 a partir da casca de arvores do género Cinchona (Rubiaceage), nativo da Américado Sul.
A descoberta da quinina marcou a primeira utilizagdo bem sucedida de um composto quimico
para tratar uma doenca infecciosa. Este farmaco apresenta agdo esquizonticida e é também
gametocitocida para P. vivax e P. malariae. E eficaz contra o P. falciparum, sendo usada
isoladamente em éreas onde as cepas dessa espécie ainda ndo desenvolveram resisténcia, ou em
associagao com antibiéticos para aquelas &reas com comprovada resisténcia a este antimal arico.
No Brasil, a quinina continua sendo utilizada como farmaco de segunda escolha para a maléria
causada por P. falciparum ndo grave ou complicada, em associacdo com doxiciclina ou
tetraciclina(BRASIL 2001; 2010; ACHAN et a., 2011). A quinina permaneceu Como suporte no
tratamento damal éria em todo mundo até a década de 1920, quando antimal aricos sintéticos mais
eficazes se tornaram disponiveis. O mais importante destes antimalaricos foi a cloroquina, que
tem sido extensivamente utilizada, principalmente a partir de 1940 (ACHAN et a., 2011).
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Figura 4. Estrutura quimica da quinina, cloroquina, amodiaquina e mefloquina.

A cloroquina € uma 4-aminoquinolina com rapida atividade esquizonticida para todas as
espécies e gametocitocida para P. vivax e P. malariae. Este farmaco foi utilizado mundialmente
durante décadas como monoterapia no tratamento e profilaxia da maléria em areas endémicas.
Atualmente, poucas cepas de P. falciparum sdo ainda sensiveis a cloroquina. Com o surgimento
de resisténcia por parte do P. falciparum, novos antimaléricos foram sintetizados e usados em
substituicdo a cloroquina, como por exemplo a amodiaquina e amefloquina. Porém, a cloroquina
continua sendo empregada em combinagdo com outros fa&rmacos para o tratamento de P.
falciparum ou como esquizonticida de escolha no tratamento da maléria humana causada por
outras espécies de plasmdédio (CRUZ et d., 2009; AGUIAR et al., 2012).
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A amodiaguina € uma 4-aminoquilonina com estrutura quimica semelhante & cloroquina,
difere em um anel aromatico p-hidroxil anilino inserido em sua molécula (Figura 4). Assim como
a cloroquina, a amodiaquina tem acdo antipirética e anti-inflamatéria e apresenta efeito
esquizonticida para todas as espécies e gametocitocida para P. vivax e P. malariae. Porém, na
maior parte das areas endémicas do mundo, o P. falciparum ja é resistente a amodiaguina
(BRASIL 2001; 2010). Além disso, este f&rmaco ndo € mais recomendado para a terapia da
mal aria causada pelo P. falciparum, devido a sua hepatotoxicidade (GIL, 2008).

A atividade antimal aricamais provavel das4-aminoquinolinas estarel acionadacom o anel
quinolinico, responsavel por impedir a polimerizagdo do heme ao se ligar a ele, 0 que causa a
inibicdo da polimerizagdo do heme. Durante o ciclo eritrocitico, o parasito da maéaria digere,
enzimaticamente, a hemoglobina da heméacia hospedeira dentro de uma organela acida
especializada chamada de vacuolo digestivo (Figura 5). Neste processo, grande quantidade de
heme € liberada e convertida em um cristal insolUvel, ndo reativo e atoxico para o plasmédio, a
hemozoina(GOLDBERG et a., 1990). As4-aminoguinolinas parecem ser capazes de formar uma
ligacdo com o heme, inibindo aformagdo dahemozoina e formando um complexo reativo e toxico
ao parasito (FISH, 2004; OLAFSON et a., 2015).

' Processo de degradagédo da '
hemoglobina e formacg8o da
. hemozoina

Heme Globina
Falcipaina

Plasmepsina
Hemozoina

Aminoacidos
Vacualo digestivo

Figura 5. Biossintese da hemozoina
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Outro antimalérico de destaque é a mefloquina (Figura 4) , um 4-quinolinometanol
quimicamente relacionado com a quinina. E um potente esquizonticida sangiiineo, de acio
prolongada contra todas as espécies, inclusive cepas de P. falciparum resistente as 4-
aminoquinolinas. Nao tem acdo contra as fases hepéticas dos parasitos e € eficaz contra 0s
gametécitos de P. vivax. A meia-vida da mefloquina é prolongada, variando entre 10 a40 diasem
adultos. Efeitos adversos como dores abdominais, cdlicas, nauseas, vomitos, diarréia podem
aparecer. Entretanto, o principal temor com relacdo ao uso da mefloquina esta relacionado ao seu
potencial parainduzir manifestacdes neuropsiquidtricas graves (BRASIL 2001; 2010).

A lumefantrina (Figura 6) é quimicamente relacionada com a quinina, mefloquina e
halofantrina. E um aril-aminodlcool com ag&0 esquizonticida. Tem o seu uso recomendado pela
OMS em combinagdo com derivados da artemisinina (OMS, 2015). Segundo a OMS (2013), a
combinacdo lumefantrina/artemeter representou 77 % do volume de farmacos combinadas parao
tratamento da maléria, adquiridas pelo setor publico e privado em 2012. Ja a halofantrina foi
desenvolvida ainda durante a Segunda Guerra Mundial. E um metanol de fenantreno com agio
esquizonticida sangliinea sobre todas as espécies de plasmoadio, mas ndo age contra gametécitos
ou sobre as fases hepaticas dos parasitos. Este farmaco tem sido pouco utilizado em programas
de controle da mal&ria devido ao seu custo elevado, a variabilidade de sua biodisponibilidade, sua
resisténcia cruzada com a mefloquina e ao fato de haver relatos de cardiotoxicidade em certos
grupos de risco apds a dosagem padréo (WINSTANLEY et al., 2001).
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Figura 6. Estruturas quimicas da lumefantrina, primaguina, artemisinina e atovagquona.

A primaquina é uma 8-aminoquinolina (Figura 6) ativa contra gametocitos de todas as
espécies de malaria humana e o Unico farmaco utilizado na clinica com comprovada eficacia
contra hipnozoitos do P. vivax e P. ovale (OMS, 2015). Este efeito hipnozoiticida da primaquina
é funcdo da dose total e ndo da duragdo do tratamento. Existem variagOes geogréficas quanto a
sensibilidade de hipnozoitos de P. vivax a primaquina. A primaguina atua também contra as fases
assexuadas sanguineas, mas para isto € necessaria a administracéo de doses elevadas (BRASIL
2001; 2010). De acordo com Oliver (2008), doses de primaquinamais elevadas que a terapéuticas
produzem metabdlitos oxidativos, responsaveis por causar hemdlise e anemia hemolitica aguda
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em individuos com deficiéncia de glicose-6-fosfato desidrogenase. Sendo assim, o
monitoramento dos pacientes € recomendado antes do tratamento com primaquina

A atovaguona € uma hidroxinaftoquinona (Figura 6) eficaz contra o P. falciparum,
inclusive com acdo frente as cepas resistentes a cloroquina (FRY ; PUDNEY, 1992). Este farmaco
atua principalmente no complexo citocromo bcl, inibindo a cadeia transportadora de el étrons na
mitocondria do parasita (DA CRUZ et a., 2012). Porém, a utilizagdo como monoterapia pode
induzir uma resisténcia a este farmaco, sendo esta conferida por mutagdes pontuais no gene do
citocromo b. Apesar daresisténcia a atovaquona se desenvolver rapidamente, quando combinada
com um segundo farmaco, tal como o proguanil (a combinagdo utilizada no medicameto
malarone) ou tetracicling, aresisténcia se desenvolve mais lentamente. A atovaquona est4 sendo
usada mais amplamente para o tratamento de infeccbes oportunistas em pacientes
imunocomprometidos (LOOAREESUWAN Set a., 1996; BLOLAND, 2001).

A artemisinina (Figura 6) e seus derivados semi-sintéticos, tais como diidroartemisinina,
artemeter, arteeter e artesunato, sdo lactonas sesquiterpénicas com um perdxido como ponte de
ligacdo. Estas tém o principio antimalarico isolado da Artemisia annua L. (Asteraceae), uma
planta medicinal que tem sido utilizada ha mais de mil anos na China. Estes farmacos sdo
esquizonticidas sangliineos potentes e de acdo rapida, eliminando o parasito e melhorando os
sintomas em menos tempo que a cloroquinaou aquinina. A artemisinina € pouco sollivel em 6leo
ou &gua e, apds derivacdo do composto precursor, foi possivel produzir a diidroartemisinina, os
derivados solUveis em 6leo (artemeter) e os derivados mais solUveis em agua (artesunato de sodio
eéacido artelinico). A artemisinina e seus derivados séo recomendados pela OM S como tratamento
de primeira escolha em combinacdo (Terapia Combinada da Artemisinina) com outros farmacos
antimaaricos, como mefloquina, lumefantrina e amodiaquina ou com antibidticos, como
doxiciclina, paratratar amalariapor P. falciparum e P. vivax em areas de resisténcia a cloroquina.
A Terapia Combinada da Artemisinina visa principa mente a reducéo do aparecimento de cepas
resistentes do plasmodio (AGUIAR et a., 2012; BRASIL 2001; OMS 2015). Contudo, nos
Ultimos anos, a resisténcia do P. falciparum a artemisinina e derivados tem sido detectada em
cinco paises. Camboja, Laos, Mianmar, Tailandia e Vietna (OMS, 2015).

A resisténcia aos medicamentos antimal&ricos € um problema recorrente, sendo descrita
para duas das cinco espécies de parasitas da mal &ria que naturamente infectam os seres humanos,
P. falciparum e P. vivax. A resisténcia é definida como a capacidade de sobrevivéncia ou

multiplicacdo de algumas cepas, apesar da administracéo e absor¢do de um farmaco, em doses
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iguals ou mesmo maiores aguelas usuamente recomendas e que estgjam dentro dos limites de
toleréncia do paciente (BRASIL, 2006). Os casos de resisténcia aparecem principa mente entre
cepasde P. falciparum. Nadécadade 1970 e 1980, aresisténciado P. fal ciparum amedicamentos,
como a cloroquina e a sulfadoxina-pirimetamina, tornou-se comum, dificultando o controle da
malaria e revertendo os ganhos na sobrevivéncia infantil (OMS, 2015). A resisténcia a outros
farmacos como amodiaquina, quinina e mefloquina foram surgindo e ainda tem sido registrada
para diferentes cepas e em diferentes niveis nas areas endémicas.

Muitosfatores podem contribuir para o desenvol vimento de resisténcia ou multiresisténcia
aos farmacos antimalaricos, tais como padrdes de uso do farmaco, propriedades intrinsecas do
farmaco utilizada, uso incorreto e indiscriminado, fatores individuais do hospedeiro,
caracteristicas do parasita e também do vetor, bem como fatores ambientais (WINSTANLEY,
2001). Estes fatores, isolados ou em combinagdo, podem promover a selecdo de um ou mais
individuos constituintes de uma populagdo parasitaria carreando uma ou mais mutagdes que
proporcionam uma vantagem seletiva na presenca de concentracbes do farmaco que, em
condi¢des normais, inibiriam aproliferacdo dafracdo sensivel da populacéo parasitaria (PETERS,
1990).

Em gera a resisténcia parece ocorrer através de mutagcdes espontaneas, que conferem
resisténcia nos alvos onde os antimalaricos atuam, tal como ocorre para atovagquona, ou em
transportadores envolvidos na distribuicdo do antimal&rico no parasito a exemplo dos genes
envolvidos no transporte e efluxo de antiparasitarios (CHERUIYOT et al., 2014; MBOGO et al.,
2014). Um dos exemplos mais conhecidos € o P. falciparum chloroquine resistance transporter
(pfert), principa determinante de resisténcia a cloroquina que codifica uma proteina de transporte
localizada na membrana do vactol o digestivo do parasito. A acumulagéo reduzida de cloroquina
no vacuolo digestivo esta ligada a polimorfismos no pfcrt, e esta descoberta levou a hipétese de
gue este gene controla o acesso da cloroquinaao seu destino. Os parasitas resistentes a cloroquina
acumulam quantidades substancia mente mais baixas deste farmaco em seu vactol o digestivo do
que os parasitas sensivel's. A reducdo das concentragdes da cloroquinano vacuol o digestivo chega
aser inferior aos niveis exigidos parainibir a polimerizacdo do heme (SANCHEZ et al., 2010).

O gene Plasmodium fal ciparum multidrug resistance 1 (pfmdr 1) codifica a proteina Pghl
(glicoproteina homdloga 1), estruturalmente homéloga a glicoproteina P de células tumorais. A
Pghl é expressa namembranado vacuol o digestivo do parasito, ao longo do seu desenvolvimento

intraeritrocitico. Os polimorfismos nos aminoéacidos 86, 184, 1034, 1042 e 1246 do pfmdrl, além



24

de conferir resisténcia a cloroquina, alteram a suscetibilidade in vitro para outros farmacos
antimalaricas, incluindo a quinina, halofantrina, mefloguina e artemisinina (VENKATESAN et
a., 2014)

Nos ultimos anos, aresisténciado parasitaa artemisininafoi detectada em cinco paises da
sub-regido do Grande Mekong, naAsia. Segundo a OMS (2015), muitos fatores contribuem para
0 surgimento e propagacdo da resisténcia, porém neste caso 0 uso da artemisinina como
monoterapia parece ser aprincipa causa. Os pacientes, quando tratados com uma monoterapia a
base de artemisinina, podem interromper 0 tratamento prematuramente apds o rapido
desaparecimento dos sintomas damalaria. Isto resulta em tratamento incompleto e podem causar
apersisténciade parasitas no sangue. Sem um segundo medi camento administrado como parte de
uma combinacdo (como é fornecido com uma Terapia Combinada da Artemisining), estes
parasitas resistentes sobrevivem e podem ser transmitidos para mosquitos e, em seguida, para
outros individuos. Em virtude dos fatos descritos acima, é evidente que o desenvolvimento de

novos farmacos Uteis ao tratamento da malaria é necessario.

1.5 DESENVOLVIMENTO DE FARMACOS ANTIMALARICOS COM AGCAO EM
MULTIPLOS ESTAGIOS

Para a erradicacdo da malaria, hd uma necessidade do desenvolvimento de antimalaricos
com espectro de acdo amplo, apresentando atividade ndo sO Nos estagi 0s sanguineos assexuados,
mas também contra 0s gametdcitos e outras fases sexuadas, responsaveis pela transmissdo. Além
disso, a busca por farmacos capazes de exercer agdo antiparasitaria frente aos esporozoitos,
prevenindo assim ainfeccdo, bem como compostos com atividade contra os estégios hepéticos do
plasmodio € necessaria (FRANKE-FAYARD et a., 2004; CEVENINI et a., 2013;
D'ALESSANDRO et d., 2014).

Os gametdcitos correspondem a um dos estagios sexuados, produzidos no hospedeiro
vertebrado e transmitidos para 0 mosquito durante o repasto sanguineo. Ha um consenso atual
gue os farmacos antimal aricos que atuam nesta fase do ciclo do parasita séo capazes de blogquear
atransmissdo da doenca (DECHY-CABARET; BENOIT-VICAL, 2012; PEATEY et al., 2012).

Um mosquito infectado pode inocul ar, no hospedeiro vertebrado, os esporozoitos, que sao

a forma infectante do plasmaédio. Os esporozoitos entdo migram para o figado do hospedeiro,
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passando por uma fase hepatica obrigatdria no ciclo de vida do parasita. Portanto, farmacos que
agem sobre 0s esporozoitos podem impedir o estabel ecimento dainfec¢do. Além disso, busca-se
também o desenvolvimento de novos farmacos, capazes de atuar nos hipnozoitos, forma hepética
latente bastante recorrente nas espécies P. vivax e P. ovale, responsavel por recidivas da doenca
(BUSTAMANTE et a., 2009; WASSMER et al., 2015). Cabe aqui ressaltar a importancia do
desenvolvimento de farmacos antiparasitérios com agdo nos hipnozoitos do P. vivax, que é de
ocorrénciano Brasil (BUSTAMANTE et al., 2009; FERREIRA; CASTRO, 2016).

Exceto a primaquina, os antimalaricos disponiveis atuam majoritariamente nas fases
eritrociticas do plasmédio. De fato, a primaquina € considerada um férmaco com agdo
multiestagios, apresentando atividade gametocitoci da e também nos estégios hepaticos do parasita
(WHITE, 2013). Todavia, aprimaguinaapresenta uma eficacialimitada, além de provocar efeitos
colaterais que limitam o seu uso (CRUZ et al., 2012; CABRERA; CUI, 2015).

Diante da importéncia de descobrir novos fa&rmacos com eficicia na eliminacdo de
diferentes fases do plasmddio, o desenho quimico e triagem de moléculas tem se tornado
constante nos ultimos anos (RODRIGUES et al., 2012).

Durante os esforcos para identificagdo de compostos antimaléricos que atuem na fase
hepatica da doenca, o decoquinato (Figura 7) foi um dos primeiros compostos identificados com
eficacia e poténcia superior a primaguina. Este composto é uma quinolona sintética e foi
descoberto apds a triagem in vitro com esporozoitos. Além de apresentar poténcia similar a
artemisinina nos estagios eritrociticos, 0 decoquinato reduziu a carga parasitaria em células
hepaticas i nfectadas com esporozoitos e também promoveu a cura de camundongos infectados. O
decoquinato inibe enzimas mitocondriais do parasito, interferindo na cadeia respiratoria (DA
CRUZ et d., 2012).
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Figura7: Estruturaquimicado decoquinato, um novo candidato afarmaco antimal arico com acéo

potente frente a fase hepatica
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Seguindo o decoquinato, Nilsen et al. (2013) descobriram a quinolina EQL-300 (Figura
8), um candidato a farmaco antimalarico com espectro de agcdo multiestédgio mais amplo que o
decoquinato. O composto foi descoberto apos sucessivas modificagdes molecul ares de umaclasse
de quinolina-3-diarileteres. Este candidato a farmaco apresentou atividade antiparasitéaria nos
estagios hepaticos, sanguineos e nos estagios de transmissdo ndo apenas no vertebrado, mas
também no mosquito. Embora o EQL-300 sga estruturalmente distinto do decoquinato, este

composto também apresentou mecanismo de acéo via inibicdo de enzimas do citocromo ¢ da

mitocondriado P. falciparum.
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Figura 8. Estruturas quimicas do EQL-300 e DDD107498, novos candidatos a féarmacos
antimal aricos com amplo espectro de acles.

Diferente do decoquinato e do EQL-300, que sdo antimalaricos de acdo multiestégios,
porém com poténciainferior nos estégios ndo-sanguineos, aquinolinaDDD107498 (Figura8) foi
descoberta recentemente como um antimalarico com atividade em nanomolar nos trés principais
estagios de desenvolvimento do parasita: sanguineo, hepatico e nos estagios sexuados no
mosquito (BARAGANA et al., 2015). O composto DDD 107498 é uma quinolina que contém um
grupo quimico carboxamida que foi identificado apds sucessivas triagens in vitro, nos estagios
sanguineos do plasmédio, e modificagdes moleculares. O composto apresentou atividade
antiparasitaria superior ao artesunato, atuando em cepas com diferentes niveis de resisténcia.
Além disso, o DDD107498 foi capaz de curar a infecgdo in vivo, no estagio sanguineo, e

apresentou atividade profildtica em camundongos infectados com esporozoitos. Diferente do
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decoquinato e do EQL-300, que atuam principalmente inibindo as enzimas do citocromo ¢ da
mitocdndria do plasmddio, 0 DDD107498 é um inibidor de sintese protéica (BARAGANA et al.,
2015).

1.6 COMPLEXOS METALICOS COM CLOROQUINA

A estrutura quimica das quinolinas tem sido utilizada para o plangamento quimico e
triagem da atividade antimalarica de novos compostos. De fato, uma caracteristica quimica em
comum dos compostos decoquinato, EQL-300 e DDD107498 € a presenca da quinolina,
destacada na cor azul na Figura 7 e 8. Os compostos quinolinicos estdo presentes ndo somente
nos novos compostos candidatos a farmacos, mas também nos farmacos antimal &ricos em uso, a
exemplo da primaquina, cloroquina, amodiaguina e mefloguina. Muito embora a cloroquina, a
amodiaguina e a mefloquina possuam agdo antiparasitéria principalmente no estagio sanguineo
da infeccéo, ha novos compostos quinolinicos com espectro de agdo em mais estégios do ciclo
evolutivo do plasmoédio. Portanto, € possivel realizar modificacdes estruturais em quinolinas
visando aumentar o espectro de agdo. Em virtude disso, a realizacéo do plangjamento quimico e
triagem da atividade antimalarica de novos compostos derivados de quinolinas representa uma
linha de pesquisa promissora.

Uma estratégia em potencial tem como base a incorporagdo de um meta de transicdo na
estrutura de compostos quinolinicos com atividade ja conhecida, resultando na formagdo de um
complexo metalico. Por definicdo, um complexo metalico consiste em um &omo metaico de
transi¢cdo, circundado quimicamente por moléculas orgéanicas ou inorganicas, conhecido como
ligantes. Tem-se como exempl os cl&ssicos a cisplatina, acarboplatina, aauranofinae o glucantime
(SALAS et a., 2013). O complexo metdlico pode apresentar maior solubilidade em &gua,
coeficiente de particdo Oleo-&gua mais adequado para permeacdo celular, aumento da
biodisponibilidade e conferir protegcdo metabdlica ao ligante ou ganho de afinidade pelo alvo
terapéutico. Classicamente, o ligante utilizado € uma molécula de origem natura ou sintética que
contenhaao menos um par de el étronslivres, tais como o0 &omo de nitrogénio, enxofre ou fosforo
(HERNANDES et a., 2010; WANG et d., 2015).

De fato, um ndimero expressivo de complexos metdlicos contendo quinolinas como
ligantes vém sendo investigados como agentes antimalaricos (NAVARRO et a., 2011, 2014;
DEDIJ et a., 2012; SALAS et a., 2013; EKENGARD et a., 2015). Nesta literatura, é
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documentada um aumento da poténcia antiparasit&ria ou do indice de seletividade para os
complexos metal-quinolina em comparacéo com os da quinolina. Considerando estes aspectos,
visamos redlizar o planggamento quimico e triagem da atividade antimalédrica de inéditos
complexos metalicos com quinolinas.

Para alcancar esse objetivo, € necessaria a selecdo do metal de transi¢éo e também dos
ligantes dos tipos quinolinicos. Tanto o ruténio quanto a platina sdo metais amplamente estudados
no desenho de farmacos antiparasitarios, sendo considerados 0s mais potentes e seletivos dentre
as séries de metais de transicdo da tabela periodica (SALAS et al., 2013; WANG et al., 2015).
Em relacdo a escolhado ligante quinolinico, a cloroquina apresenta vantagens para a composi ¢ao
de complexos metalicos, dentre tantos outros compostos quinolinicos, por apresentar efeitos
farmacologicos em diversas doencas, exercer acdo em multiplos alvos terapéuticos e a
possibilidade de gjustar 0 seu espectro de acdo quando modificagdes estruturais sdo realizadas
(KOVACS;, KARPATI, 1989; ROCHA et d., 2013; RAINSFORD ¢t dl., 2015; HUTA et d.,
2016).

E importante ressaltar que, embora um aumento da poténcia antiparasitaria ou do indice
de sel etividade para diversos complexos metal -cl oroqui naem comparagdo com acloroquinatenha
sido descrita (NAVARRO et a., 2011, 2014; DEDIJ et a., 2012; SALAS et a., 2013;
EKENGARD et a., 2015), pouco se sabe a respeito do mecanismo de agdo antiparasitario e a
eficicia desta classe de complexos metdlicos na infecgdo in vivo. Além disso, a atividade
antiparasitaria no estagio hepético e nos gametdcitos ainda € desconhecida para esta classe de
complexos. Portanto, o objetivo deste trabalho é estudar se a incorporacéo da cloroquina em
complexos de ruténio e platina altera a atividade antimalérica, avaliando também o espectro de

acdo e 0 mecanismo pelo qual tais complexos exercem atividade antiparasitéria.
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20BJETIVOS

2.1 OBJETIVO GERAL

Identificar potenciais farmacos antiparasitérios para o tratamento da malaria, com base em

moléculas do tipo complexos metdlicos com a cloroquina.

2.2 OBJETIVOS ESPECIFICOS

Determinar a citotoxicidade in vitro dos complexos metalicos de cloroquina em células de
mamiferos;

Avaliar a atividade antimalarica in vitro em formas eritrociticas assexuada e sexuada de P.
falciparum e em esporozoitos de P. berghei;

Determinar in vitro a poténcia, seletividade e espectro de acéo dos compostos testados em
cepas do P. falciparum, sensivel e resistente a cloroquing;

Estudar a cinética e o mecanismo de ac&o pela qua os complexos metalicos de cloroquina e
interferem naviabilidade do P. falciparum;

Estudar adiferenca entre cloroquina e seus complexos metdicos nainteracdo e biossintese da
hemozoing;

Determinar a eficacia dos compostos em reduzir parasitemia e mortalidade em modelo de

infecdo in vivo com P. berghel.
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SUMMARY

We report the pharmacological activity of organoruthenium complexes containing chloroquine (CQ) as a chelating ligand.
The complexes displayed intraerythrocytic activity against CQ-sensitive 3D7 and CQ-resistant W2 strains of Plasmodium
falciparum, with potency and selectivity indexes similar to those of CQ. Complexes displayed activity against all intraer-

ythrocytic stages, but moderate activity against Plasmodium berghei liver stages. However, unlike CQ, organoruthenium

complexes impaired gametocyte viability and exhibited fast parasiticidal activity against trophozoites for P. falciparum.

This functional property results from the ability of complexes to quickly induce oxidative stress. The parasitaemia of
P. berghei-infected mice was reduced by treatment with the complex. Our findings demonstrated that using chloroquine
for the synthesis of organoruthenium complexes retains potency and selectivity while leading to an increase in the spec-

trum of action and parasite killing rate relative to CQ.

Key words: Malaria, Plasmodium falciparum, Plasmodium berghei, chloroquine, organoruthenium complexes, oxidative

stress.

INTRODUCTION

Malaria remains a major health problem in the
world. The latest survey published by the World
Health Organization estimates that 3-2 billion
people live in malaria-endemic areas, which accounts
for 214 million cases each year and 438 000 deaths
(WHO, 2015). Malaria is caused by Plasmodium
parasites injected into the mammalian host through
the bite of an infected female Anopheles mosquito.
The life cycle of Plasmodium parasites oscillates
between a mammalian host and an invertebrate
vector. In the mammalian host, sporozoites injected
by an infected mosquito home to the liver, where
they undergo an asymptomatic, yet obligatory,
phase of development inside hepatocytes
(Prudéncio et al. 2006). This results in the formation
of thousands of erythrocyte-infectious merozoites
that invade red blood cells and cause the symptoms
of malaria. The transmission of the human parasite

* Corresponding author: FIOCRUZ, Centro de Pesquisas
Gongalo Moniz, CEP 40296-710, Salvador, BA, Brazil.
Phone: (+55)71-31762292. E-mail: milena@bahia.fiocruz.br
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to the mosquito is due to the gametocyte sexual
form, which, when present in the bloodstream of
the human host, can eventually be ingested by the
mosquito vector during feeding (Nilsson et al.
2015). While P. falciparum is the deadliest human-
infective malaria parasite, there are an additional
four species of Plasmodium, Plasmodium wvivax,
Plasmodium  ovale,
Plasmodium knowlesi, capable of causing malaria in
humans. Moreover, P. wivax and P. ovale are
capable forming hypnozoites, dormant parasite

Plasmodium malariae and

forms that may lead to disease relapses long after
the initial symptomatic infection has been treated.
Chemotherapy has long been a mainstay in the
combat against malaria, but increasing emergence
of drug resistance is limiting malarial control
(Petersen et al. 2011; Price et al. 2014). Another
problem regarding current therapies is that most
available drugs have a narrow spectrum of action.
The front-line antimalarial quinolines chloroquine
(CQ), mefloquine and amodiaquine present long
half-lives, affordable cost and safety profile, but
lack strong activity against sexual and liver parasite
forms, which are important stages for interrupting
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relapse,
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transmission and avoiding respectively
(Prudéncio et al. 2015; 2015).
Therefore, it is necessary to develop new antimalar-
ial drugs with a multistage spectrum of action.
Compounds containing transition metals (i.e.
metal complexes) are considered promising antimal-
arial agents (Scovill ef al. 1982; Gabbiani et al. 2009;
Khanye et al. 2010; Glans et al. 2011, 2012a, b;
Adams et al. 2013; Barbosa et al. 2014; Chellan
et al. 2014; Adams et al. 2015). A substantial
number of metal complexes containing CQ as a
ligand have been investigated as antimalarial
agents, employing various metals, a variety of
ligands and different numbers of chloroquine mole-
cules. An improvement in the potency against
stages of P. falciparum was
observed in most cases, in comparison with metal-
free CQ. An interesting finding is that the antipara-

intraerythrocytic

sitic potency is not superior to complexes containing
two CQ molecules in the structure, which indicates
that metal complexes are not mere drug delivery
systems that act by releasing CQ and that, instead,
the entire chemical structure is involved in the anti-
parasitic activity (Sanchez-Delgado et al. 1996;
Goldberg et al. 1997; Lewis et al. 1997; Navarro
et al. 1997, 2004, 2011a, b, 2014; Rajapakse et al.
2009). Given this promising outlook, CQ analogs
have been employed in the metal complex compos-
ition in the last years and given rise to many success-
ful outcomes (Dubar et al. 2011, 2013; Glans et al.
2012a, b; Salas et al. 2013; Ekengard et al. 2015).
Investigations of the mechanism of action demon-
strated that CQ-metal complexes display different
interactions with S-hematin, optimal oil-aqueous
partition permeability and fast accumulation in the
parasitic vacuoles (Martinez et al. 2009, 2011;
Navarro et al. 2011a, b). Furthermore, it has been
shown that the antimalarial activity of ferroquine, a
CQ-derived iron organometallic compound, is su-
perior to that of CQ, due to its ability to produce re-
active oxygen species (ROS), which induce oxidative
stress (Dubar et al. 2011, 2013). However, CQ-metal
complexes other than ferroquine have not been fully
examined against P. falciparum, especially when
regarding their multistage spectrum of action and
their in vivo efficacy.

From a pharmaceutical point of view, ruthenium
is considered the most promising transition metal
for drug development because of its safe and drug-
able profile (Meier et al. 2013; Maschke et al. 2014;
Clavel et al. 2015). Regarding the use of CQ
during composition of metal complexes, it presents
a variety of advantages for drug development, espe-
cially pleiotropic effects and the possibility of tuning
the spectrum of action by structural modification
(Pérez et al. 2013; Lin et al. 2015; Huta et al.
2016). Bearing this in mind, we investigated here
the activity of CQ-containing organoruthenium
complexes. We found that, in addition to the
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classical activity of CQ against blood stages of P. fal-
ciparum, organoruthenium complexes presented a
fast-action profile, promising activity against
P. bergher liver stages and strong activity against
gametocytes. Moreover, compounds presented in
vivo efficacy and a mechanism of action involving
toxic free heme accumulation in the parasite, which
consequently induces oxidative stress.

MATERIALS AND METHODS
Drugs and dilutions

CQ-containing organoruthenium complexes (BCQ,
MCQ, FCQ and FFCQ) and organoruthenium
complex lacking CQ (FCL) were prepared as
described in the literature (Colina-Vegas et al.
2015). All manipulations were carried out under
argon using common Schlenk techniques. Solvents
were purified by standard procedures immediately
prior to use. Chloroquine, Mefloquine and
Artesunate were supplied by FarManguinhos (Rio
de Janeiro, Brazil). Primaquine was purchased
from Sigma-Aldrich (St. Louis, MO). All drugs
were dissolved in DMSO (PanReac, Barcelona,
Spain) prior to use, and then diluted in culture
medium. The final concentration of DMSO was

less than 0-5% in all in vitro experiments.

Drug stability

The stability of the complexes in solution was mon-
itored using the "H NMR technique. Approximately
15 mg of each complex was dissolved in DMSO-dj
solution containing 20% of D,O (CIL, Tewksbury,
MA) and incubated up to 60 h. Aliquots were col-
lected in the indicated time and analyzed on a 9-4 T
Bruker Advance III (Billerica, MA) spectrometer
with a 5 mm internal diameter indirect probe with
Automatic Tuning Matching, holding the tempera-
ture stable at 300 K.

Animals

Male Swiss Webster mice (4—6 weeks), housed at
Centro de Pesquisas Gongalo Moniz (Fundagio
Oswaldo Cruz, Bahia, Brazil), were maintained in
sterilized cages under a controlled environment, re-
ceiving a rodent balanced diet and water ad libitum.
All experiments were carried out in accordance
with the of [Ethical Issues
Guidelines and were approved by the local Animal
Ethics Committee (protocol number 016/2013).

recommendations

Cell culture

CQ-sensitive 3D7 and CQ-resistant W2 strains of
P. falciparum, NK65 strain of P. berghei as well as
transgenic P. berghei expressing green fluorescent
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protein (GFP) and firefly luciferase (Luc), (PbGFP-
Luccon, parasite line 676mlcll) and 3D7 strain
P. falciparum 3D7elol-pfs-16-CBG99 expressing
the Pyrophorus plagiophthalamus CBG99 luciferase
under the gametocyte specific promoter pfsl6
(Cevenini et al. 2014) were used here. P. falciparum
was cultivated in human O" erythrocytes (donated
by HEMOBA, Salvador, Brazil) at 5% hematocrit
with daily maintenance in Roswell Park Memorial
Institute medium (RPMI-1640, Sigma-Aldrich)
supplemented with 10% v/v. human plasma
(donated by HEMOBA, Salvador, Brazil), 25 mm
HEPES (ChemCruz, Dallas, TX), 300 um hypoxan-
thine (MP Biomedicals, Santa Ana, CA), 11 mm
glucose (Sigma-Aldrich) and 20 ug mL™" of genta-
micin (Life, Carlsbad, CA). Five days prior to use,
P. falciparum was cultivated without hypoxanthine
and synchronized to rings by 5% D-sorbitol (USB,
Santa Clara, CA). Gametocytes were obtained
from cultures of asexual parasites as described else-
where (D’Alessandro et al. 2013). J774 macrophages
were cultured in Dulbecco's modified Eagle's
medium (DMEM) (Sigma-Aldrich) supplemented
with 10% heat-inactivated fetal bovine serum
(FBS, Gibco, Gaithersburg, MD) and 50 ug mL™!
of gentamicin (Life). Hepatocellular carcinoma
cells (HepG2) were cultivated in RPMI supplemen-
ted with 10% heat-inactivated FBS (Gibco) and
50 ug mL ™! of gentamicin (Life).

Mammalian cell toxicity

HepG2 or J774 cells were seeded in 100 L. of RPMI
and DMEM, respectively, at 1 x 10* cells mL™! in
96-well plates. Drugs were added 24 h later in a
volume of 100 ul. suspended in medium and the
plates were incubated for 72 h at 37 °C and 5%
CO,. Drugs were tested in eight concentrations
(150-0-78 um), each one in triplicate. Gentian
violet (Synth) was used as positive control, while un-
treated cells were employed as negative controls.
Then, 25 ul. of 10% AlamarBlue (Life) were added
and incubated for 24 h. Colorimetric readings were
performed at 570 and 600 nm using SpectraMAx
190 instrument (Molecular Devices, Sunnyvale,
CA). CCj5( values were calculated using data-points
gathered from three independent experiments.

Drug-induced hemolysis

Fresh and uninfected human O™ erythrocytes were
washed three-times with sterile phosphate-buffered
saline (PBS), adjusted for 1% hematocrit and 100 uL.
dispensed in a 96-well round bottom plate. Then,
100 uI. of drugs previously in DMSO and sus-
pended in PBS were dispensed in the respective
wells. Each drug was tested in seven concentrations
(100-0-1 um) assayed in triplicate. Untreated cells
received 100 ul. of PBS containing 0-5% DMSO

(negative control), while positive controls received
saponin (Sigma-Aldrich) at 1% v/v. Plates were
incubated for 1 h at 37 °C under 5% CO,. Plates
were centrifuged at 1500 rpm for 10 min and 100 uLL
of supernatant were transferred to another plate, in
which absorbance at 540 nm was measured using a
SpectraMax 190 instrument. The percentage of
hemolysis was in comparison with
positive and negative controls, and plotted against

calculated

drug concentration generated using GraphPad
Prism 5-01. Three independent experiments were
performed.

Cytostatic activity against intraerythrocytic
P. falciparum

One hundred pul. of rings at 1% parasitaemia and
2:5% hematocrit in RPMI were dispensed in a 96-
well round bottom plate. Then, 100 ul. of drugs
(4-:0-0-003 um) previously suspended in RPMI
were dispensed in the respective wells. Each drug
was tested in triplicate, in seven different concentra-
tions. Untreated parasite samples received 100 uL. of
medium containing 0-5% DMSO. Chloroquine and
mefloquine were used as positive controls. Plates
were incubated for 24 h at 37 °C under 3% O,, 5%
CO; and 91% N, atmosphere. Then, 25 uL. of triti-
ated hypoxanthine (0-5uCi well™!, PerkinElmer,
Shelton, C'T) in RPMI was added to each well and
incubated for 24 h. Plates were frozen at —20 °C
and subsequently thawed and the contents trans-
ferred to UniFilter-96 GF/B PEI coated plates
(PerkinElmer) using a cell harvester. After drying,
50 uLL of scintillation cocktail (Maxil.ight, Hidex,
Turku, Finland) was added in each well, sealed
and plate read in a liquid scintillation microplate
counter (Chameleon, Turku, Finland). The per
cent of inhibition was determined in comparison to
untreated and inhibitory concentration for 50%
(ICsp) values were determined by using non-linear
regression with Logistic equation available at
OriginPro 8'5. Three independent experiments
were performed.

Cytocidal activity against intraervythrocytic
P. falciparum

One hundred uL. of trophozoites at 2% parasitaemia
and 3-:0% hematocrit in RPMI were dispensed in a
96-well round bottom plate. Then, 100 ul. of
drugs (10-0-07 um) previously suspended in RPMI
were added to the respective wells. Each drug was
tested in seven concentrations, each one in triplicate.
Untreated parasites received 100 uL. of medium con-
taining 0-5% DMSO, artesunate was used as positive
control. Plates were incubated for 18 h at 37 °C
under 3% O,, 5% CO, and 91% N, atmosphere.
The plate was centrifuged three times with 200 uL.
of drug-free medium at 1500 rpm for 5 min., then
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200 L. of media containing tritiated hypoxanthine
was added and plate incubated for 48 h. Plates
were frozen at —20 °C and thawed and transferred
to  UniFilter-96 GF/B PEI plates
(PerkinElmer) using of a cell harvester. After
drying, 50 uLL of scintillation cocktail was added in

coated

each well, sealed and plate read at liquid scintillation
microplate counter. ICs9 values were determined
employing non-linear regression with Logistic equa-
tion available in the OriginPro 8-5
Minimal parasiticidal concentration (MPC) was
determined as the concentration that reduces para-
site growth by 99 £ 1-0%. At least three independent
experiments were performed.

software.

Activity in the intraerythrocytic P. falciparum cycle

A volume of 100 uL. of rings of P. falciparum W2
strain at 2% parasitemia and 2:5% hematocrit in
RPMI was dispensed per well in 96-well round
bottom plates. Then, 100 uL. of drugs previously
suspended in RPMI were added to the respective
wells. Each drug concentration was tested in tri-
plicate. Untreated parasite received 100 ul. of
medium containing 0-5% DMSO. Plates were incu-
bated for 48 h at 37 °C under 3% O,, 5% CO,, 91%
N, atmosphere followed by centrifugation three
times with 200 uL. of drug-free medium at 1500
rpm for 5min. A volume of 200 ul. of media
containing drugs were added and plates were
incubated for additional 48 h. Thin blood smears
were then prepared, fixed and stained with quick
panoptic stain (Laborclin, Pinhais, Brazil). Slides
were observed in an optical microscope (Olympus
CX41, St. Louis, MO). The number of rings,
trophozoites and schizonts were counted in at least
1500 cells per slide (z=4) and plotted against
drug concentration generated using GraphPad
Prism 5-01. Two independent experiments were
performed.

Activity against P. berghei liver stages

Inhibition of liver-stage infection by test compounds
was determined by measuring the luminescence in-
tensity in Huh-7 cells infected with a firefly lucifer-
ase-expressing P. berghei line as previously described
(Ploemen et al. 2009). Briefly, Huh-7 cells, a human
hepatoma cell line, were cultured in 1640 RPMI
medium supplemented with 10% v/v FBS, 1% v/v
non-essential amino acids, 1% v/v penicillin/strepto-
mycin, 1% v/v glutamine and 10 mm 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES),
pH 7 and maintained at 37 °C with 5% CO,. For in-
fection assays, Huh-7 cells (1:0 x 10* per well) were
seeded in 96-well plates the day before drug treat-
ment and infection. The medium was replaced by
medium containing the appropriate concentration
of each compound approximately 1h prior to
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infection with sporozoites freshly obtained through
disruption of salivary glands of infected female
Anopheles stephensi mosquitoes. An amount of the
DMSO solvent equivalent to that present in the
highest compound concentration was
control. Sporozoite addition was followed by centri-

used as

fugation at 1700 g for 5 min. Parasite infection load
was measured 48 h after infection by a biolumines-
cence assay (Biotium, Hayward, CA). The effect of
the compounds on the viability of Huh-7 cells was
assessed by the AlamarBlue assay (Life) using the
manufacturer’s protocol.

Activity against P. falciparum gametocytes

Drugs were serially diluted in a 96-well round
bottom plate (concentration range 29-0-0-22 uM) in
100 uL. per well. Then, 100 ul. of 3D7elol-pfs16-
CBG99 gametocytes at 0-5-1% parasitaemia and
2% hematocrit were dispensed. Each drug was
tested in triplicate, in seven different concentrations.
The DMSO concentration was not toxic for gameto-
cytes. Methylene blue was used as positive control.
Plates were incubated for 72 h at 37 °C under 3%
0O,, 5% CO,, 91% N, atmosphere. Luciferase activity
was taken as measure of gametocytes viability, as
previously described in the literature (Cevenini
et al. 2014). Briefly, 100 u. of culture medium
were removed from each well to increase hematocrit;
70 ulL of resuspended culture were transferred to a
black 96-well plate; 70 ul. of D-luciferin (1 mMm in
buffer 0-1 M, pH 5-5) added.

Luminescence measurements were performed after

citrate were
10 min with 500 ms integration time. The ICsq was
extrapolated from the non-linear regression analysis
of the concentration—response curve. The percentage
of gametocytes viability was calculated as 100 X
[(OD treated sample — OD blank)/(OD untreated
sample — pc-blank)] where ‘blank’ is the sample
treated with 500 nM of methylene blue, which com-
pletely kills gametocytes.

Determination of the binding constant with
ferriprotoporphyrin I1.X

The association constant of organoruthenium com-
plexes to ferriprotoporphyrin IX (Sigma-Aldrich)
was measured as described previously (Egan et al.
1997). Titration of a 2 mL solution (7-5 um of ferri-
protoporphyrin IX in 40% of DMSO, pH 7-5) in
presence of compound (500 um in 40% of DMSO,
pH 7-5) was performed by UV absorbance at A =
402 nm using Hewlett Packard spectrophotometer,
diode array model 8452 (Santa Clara, CA). The
volume of each titration was 5 ul. and the relative
molar ratio varied from 0 to 10 with regard to
[Fe'''_PPIX]. Spectra were recorded about 1 min
after each addition. The absorption of all com-

pounds was subtracted by adding the same
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amounts to the blank (40% of DMSO, pH 7-5).
Fitting model with a 1:1 association using the equa-
tion described by Egan (Egan et al. 1997):

. Ay +AooK[C]
1+ K[C]

where, A is the absorbance of hemin before addition
of complex or free chloroquine, A, is the absorbance
for the drug-hemin adduct at saturation, A4 is the ab-
sorbance at each point of the titration, and K is the
conditional association constant. Three independent
experiments were performed.

Assessment of inhibition of B-hematin formation by
infrared spectroscopy

Polymerization of hemin into f-hematin in acid
acetate buffer was studied using the method previ-
ously described in the literature (Egan et al. 1994).
Briefly, 12 mg of hemin (Sigma-Aldrich) dissolved
in 3mL of NaOH 0-1 M were added in 0-3 mL
of HCl1 0-1 M and 1:7 mL of acetate buffer 10 M
(pH 5), keeping the temperature at 60 °C during re-
action. Primaquine and chloroquine were used as
positive and negative controls, respectively. In a
control test, after 0, 10, 30 and 60 min, 1 mL of each
solution was collected, cooled on ice for 10 min, and
then filtered over cellulose acetate (0:22 um). The
effect of the compounds was studied by performing
the reaction as described above, adding three equiva-
lents of each compound to the reaction mixture,
where the reaction was stopped after 30 min. prior
acidification. Pellets were thoroughly washed with
water in order to remove acetate salts. Each solid
was dried in silica gel and P,O5 for 48 h. Disks were
mounted in KBr pellets and infrared spectra were
analyzed in a Bomem—Michelson F'T MB-102 in-
strument in the 4000-200 cm™" region. Three inde-
pendent experiments were performed.

Assessment of inhibition of B-hematin formation by

UV-Vis spectroscopy

The assay was performed according to the method
previously described in the literature (Parapini
et al. 2000). A solution of hemin chloride (50 uL.,
4 mm) dissolved in DMSO was distributed in 96-
well plates. Different concentrations (1-100 mm) of
each complex was dissolved in DMSO and added
in triplicate (50 uL.) to a final concentration of
1-25-25 mMm well™'.  Control contained water or
DMSO. The formation of B-hematin was initiated
by addition of acetate buffer (100 L, 0-2 M, pH
4-4). The plates were incubated at 37 °C for 48 h
and then centrifuged. After removing the super-
natant, the solid was washed twice with DMSO
and finally dissolved in NaOH (200 L, 0-2 N).
After diluting with NaOH (0-1 N), absorbance was

measured at 405 nm in a spectrophotometer. The in-
hibition of f-hematin was calculated in comparison
with negative control, plotted against drug concen-
tration generated using GraphPad Prism 5-01.
Three independent experiments were performed.

SYTO 61 staiming of P. falciparum

100 uL. of rings of P. falciparum 3D7 strain at 2%
parasitemia and 2:0% hematocrit in RPMI were
dispensed in a 96-well round bottom plate. Then,
100 uL. of drugs previously suspended in RPMI
were added to the respective wells. Each drug con-
centration was tested in triplicate. Untreated para-
site received 100 ul. of medium containing 0-5%
DMSO. Plates were incubated for 48 h at 37 °C
under 3% O,, 5% CO,, 91% N, atmosphere. Plate
was centrifuged with 200 ul. of drug-free medium
at 1500 rpm for 5 min. and 100 uL. of SYTO 61
(Life) at 0-5 um suspended in medium was added
to each well and incubated in the dark for 30 min.
After washing and adding 400 uL. of isoton diluent,
samples were analyzed in a flow cytometer
(LSRFortessa, BD, Franklin Lakes, NJ). Gate of
infected cells was determined in comparison with
uninfected control. At least 200-000 events were
acquired in the allophycocyanin channel (633, 660
nm). The analysis was performed using Flow]Jo
(LLC, Ashland, Covington, LLA). Three independ-

ent experiments were recorded.

CM-H2-DCFDA and SYTO 61 staiming of

P. falciparum

A volume of 100 uL. of rings of P. falciparum 3D7
strain at 3:0% parasitaemia and 1:0% hematocrit in
RPMI were dispensed per well in a 96-well round
bottom plate. A volume of 25ul. of CM-H2-
DCFDA (Life) at 15 um suspended in media was
added to each well and incubated in the dark for 20
min. Then, 100 ul. of drugs previously suspended
in RPMI were added to the respective wells. Each
drug
Untreated parasite received 100 ul. of medium con-
taining 0-5% DMSO. Plates were incubated for 3-5
h at 37 °C under 3% O,, 5% CO,, 91% N, atmosphere.
A volume of 25 ul. of SYTO 61 (Life) at 0-5 um sus-

pended in media was added to each well and incu-

concentration was tested in triplicate.

bated in the dark for 30 min. Plates were centrifuged
at 1500 rpm for 5 min, supernatant was discarded
and 200 uL of isoton diluent was added and samples
were analyzed in a flow cytometer (LSRFortessa,
BD). Gate of infected cells was determined in com-
parison with uninfected control. At least 200-000
events were acquired in the fluorescein isothiocyanate
channel (488, 585 nm) for CM-H2-DCFDA and allo-
phycocyanin channel (633, 660 nm) for SYTO 61.
The analysis was performed using Flow]Jo (LLC),
in three independent experiments.
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In vivo blood schizontocidal activity

Male Swiss Webster mice (4-6 weeks) were infected by
intraperitoneal injection of 10° NK65 strain P. berghei-
infected erythrocytes and randomly divided into
groups of n=5. Each drug was solubilized in
DMSO/saline  (20:80 v/v) prior administration.
Treatment was initiated within 3 h post-infection and
given daily for 4 consecutive days orally by gavage or
by intraperitoneal injection of 100 uL.. Chloroquine
treated mice were used as positive control group,
while untreated infected mice were used as negative
control group. The following parameters were evalu-
ated: parasitaemia counted at 4, 5, 6, 7 and 8 days
post-infection and 30 days post-infection animal sur-
vival. The per cent of parasitaemia reduction was cal-
culated as follows ([mean vehicle group — mean
treated group)/mean vehicle group] X 100%). T'wo in-
dependent experiments were performed.

Ex vivo drug-induced cardiotoxicity in rat hearts using
Langendorff system

Male Wistar rats of 6-8 weeks-old were heparinized
(800 IU kg™, i.p.) and following 20 min anaesthetized
with ketamine (90 mg kg™, i.p.) and xylazine (10 mg
kg_l, 1.p.). Heart was quickly excised via thoracotomy
and immediately cannulated through the aorta to retro-
grade perfusion on the Langendorff system apparatus
with peristaltic pump Minipuls 3 (Peristaltic Pump,
ADInstruments, Sydney, Australia) under constant
flow 6:5mL min~'. The heart was immersed in
Krebs-Henseleit buffer (KHB) solution containing (in
mM): 47 KCl, 1-2KH,PO,, 118NaCl, 25
Na,HCOj3, 12 MgSO,, 1-75 CaCl,, 0-5 EDTA and
8:0 D-glucose, pH74; 37 °C; 5% CO,, warmed to 37 °C.
Two electrodes were then positioned at atrium and
ventricle to obtain optimal electrocardiographic
recordings. These electrodes were connected to the
differential inputs of a Bioamplifier (PowerLab 8/
35, AD Instrument) and a third was connected to
ground. Recordings were displayed on a computer.
Experimental protocol consisted of taking control
records for 20 min in Krebs’ solution, 10-min, per-
fusion period with MCQ or FCQ drugs (0-1; 1-0
and 10 ug mL™") dissolved in DMSO and suspended
in KHB solution and a return to Krebs’ solution for
20 min. Each drug was tested in triplicate at the
three different concentrations. Electrocardiography
recordings were registered as the presence of
arrhythmias, heart rate, ventricular activation time,
PR intervals, amplitude and time intervals of QT
waves. Each drug was tested in at least three isolated
hearts, LabChart Pro software including blood pres-
sure and ECG analysis was used.

Statistical analyses

Non-linear regression analysis was used to calculate
CCs¢ and ICsqy values by using GraphPad Prism

6

version 5.01 (Graph Pad Software, San Diego,
USA), OriginPro version 8.5 (OriginLab,
Northampton, USA) or Gen5 1-10 software provided
with the Synergy4 plate reader (Biotek, Winooski,
USA). One-way ANOVA analysis and Bonferroni
multiple comparison tests were used. Results were
considered statistically significant when P <0-05 as
analysed by GraphPad Prism version 5.01.

RESULTS

Chemical structure and stability of ovganoruthenium
complexes

The structures of organoruthenium complexes with
general formula [RuCQn°-CoH;)(N-N)]** studied
in this work are shown in Fig. 1, where n6—C10H14 is
a-phellandrene and N-N is 2'-bipyridine (BCQ),
5,5'-dimethyl-2,2'-bipyridine (MCQ), 1,10-phenan-
throline (FCQ), 4,7-diphenyl-1,10-phenanthroline
(FFCQ). An organoruthenium complex lacking
CQ in its composition, named FCL, was used
during pharmacological evaluation. All these com-
plexes were previously characterized by usual chem-
ical tools (Colina-Vegas et al. 2015). To assess
whether these organoruthenium complexes are dis-
sociating in cell culture media and releasing CQ,
stability in 80% DMSO-dg and 20% D,O solution
was monitored by '"H NMR at different times up
to 60 h. Spectra of FCQ samples are shown in
Fig. 2. Any modification in intensity and chemical
shifts were observed in the spectra up 60 h of incuba-
tion time. The same profile was observed after the
monitoring of MCQ samples (data not shown).

Organoruthenium complexes are active against asexual
blood stages and display low toxicity against
mammalian cells

The mean 1Csq values of the compounds were deter-
mined against CQ-sensitive and CQ-resistant strains
of P. falciparum, while the CCs values in mammalian
cells were determined against J774 macrophages and
HepG2 hepatocellular cells (Table 1). In the CQ-sen-
sitive strain, all complexes were 2-fold less active than
CQ. In the CQ-resistant strain, with the exception of
compound FFCQ, the activity of complexes was
similar to that of CQ. Apart from the FFCQ
complex, susceptibility to drugs tested was in general
similar for CQ-sensitive and CQ -resistant strains.
Complexes did not either cause hemolysis in concen-
tration up 100 um (Fig. S1, supporting information)
or cardiotoxicity in ex vivo isolated rat hearts
(Table S1, supporting information). Regarding mam-
malian cytotoxicity, CCsgs for complexes were 5- to
10-fold higher than for the reference drug gentian
violet. The only exception was observed for the
FFCQ compound, which was cytotoxic in low micro-
molar concentrations. The cytotoxicity of complexes
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complex in DMSO-dg containing 20% of D,0. The incubation times are displayed in the left side. At least two

independent experiments were performed.

was similar or lower than that of CQ. Calculated select-
ivity index (SI) values of 513 and 450 were obtained for
FCQ and BCQ, respectively, which are similar or
higher than that of CQ. Of note, the FCL complex
showed low antiparasitic activity and SI values
several folds lower than CQ-ruthenium complexes.

Organoruthenium complexes impair asexual parasite
differentiation

Once antiparasitic activity had been observed, the
onset of action and the activity against erythrocytic
parasite cycle was investigated for MCQ and
FCQ complexes (Fig. 3). Treatment with an ICs,
concentration of MCQ decreased parasitaemia at
the onset of drug exposure, while an accumulation
of parasites in the trophozoite stage and consequent

impairment to schizont progression were observed
96 h post exposure. In the presence of approximately
2-fold the ICs( of MCQ, substantial accumulation of
trophozoites was achieved 48 h post exposure, while
progression in parasite growth and differentiation
was abrogated 96 h post exposure. Similar treat-
ments with FCQ led to a similar impairment on
parasite cycle at the ICs, values of the drugs and
complete blockage of the parasite cycle twice that
concentration. A morphological examination of
stained blood smears revealed that during treatment
with the ICs, concentration of MCQ and FCQ, di-
gestive vacuoles containing hemozoin crystals were
absent in trophozoites (data not shown). This is typ-
ically observed for CQ, a well-known hemozoin in-
hibitor. At higher concentration of complexes,
most parasites appeared as a picnotic mass.
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Table 1. Cytostatic activity against intraerythrocytic P. falciparum, mammalian cell cytotoxicity and se-
lectivity indexes of organoruthenium complexes

Selectivity

P. falciparum, 1Csq £ s.E.M. (um)® Cells, CCs + s.E.M. (upn)® index®

Compounds CQ-sensitive 3D7 CQ-resistant W2 1774 HepG2 3D7 W2
FCL 3:4%£0-75 46 £0-54 111-3+ 51 29:7%+2-6 32 23
BCQ 0-34+0-13 0-52+0-04 1539+ 6-3 >300 450 307
MCQ 0-30 £ 0-007 0-30+0-1 42:6.£1-6 77714 142 142
FCQ 0-30+0-03 0-31+£0-01 154-0+6-9 84:9+2-2 513 513
FFCQ 0-21£0-039 2:1+£0-3 24102 2121208 11 1
CcQ 0-11 £0-035 0-43+0-09 376 £36 76:1 % 3-1 690 190
Mefloquine - - - -

Gentian violet -

0-0035 £ 0-0004

4-3£0-8 14-2£0-3 - -

? Determined 48 h after incubation with compounds.

Determined 72 h after incubation with compounds. Values were calculated as mean of three independent experiments.
¢ Determined as CCsq (J774 cells)/ICso. ICsg, inhibitory concentration at 50%. CCs, cytotoxic concentration at 50%.

S.E.M., standard error of the mean.

Organoruthenium complexes are fast-acting
parasiticidal agents against asexual blood stages

To assess the parasiticidal activity of complexes,
time- and concentration-dependent effects were
studied in synchronized P. falciparum trophozoites.
Growth inhibition by drug exposure for 6, 18, 24
or 48 h was monitored by microscopy examination.
At 2 X the IC5s( values of the FCQ and MCQ, para-
site inhibition was detected after 18 h of compound
exposure (data not shown). This incubation time
was selected for the parasiticidal activity study.
After 18 h of exposure to different drug concentra-
tions, followed by extensive washing to remove
drugs, the culture was maintained for 48 h and
growth was quantified by hypoxanthine incorpor-
ation relative to untreated control. Artesunate was
used as a positive control. Parasite clearance was esti-
mated as 99 + 1-0% parasite growth and expressed as
MPC. Table 2 shows mean LCs, and MPC values.
Complexes show parasiticidal activity, with LCsg
values comparable with CQ. MPC values show
that MCQ was more potent than FCQ. The parasi-
ticidal potency of the complexes was lower than arte-
sunate but higher than CQ, which did not lead to
parasite clearance in concentrations up 10 um.

Antiparasitic activity is not governed by inhibition of
B-hematin formation

Given their potent in vitro growth inhibition against
trophozoites, the effects of organoruthenium com-
plexes within hemin polymerization as well as their
interaction to ferriprotoporphyrin IX (a-hematin)
were investigated. Firstly, we determined the
binding constant to ferriprotoporphyrin IX by ana-
lyzing the absorption spectra at various concentra-
tions of complexes. As shown in Fig. 4, increasing

the concentration of complex caused a reduction in
the absorption intensity, ranging from 60 to 70%.
These titration curves were further fitted to a 1:1 as-
sociation model to give the binding constant values
expressed as logK (Table 3). LogK values for orga-
lower than the
observed for CQ and in general, there was no great

noruthenium complexes were
difference when the complexes were compared with
each other.

After measuring the interaction with hematin, the
compounds’ ability to inhibit hemin aggregation
into f-hematin was evaluated by UV-Vis spectros-
copy analysis (Soret’s porphyrin band). This experi-
ment was performed in acetate buffer at pH 4-9 and
determined 48 h after incubation (Table 3).
Comparison of ICsy values revealed that FFCQ
complex was unable to inhibit hemin aggregation
process in concentration up 2:0 mM. In contrast,
other organoruthenium complexes inhibited hemin
aggregation with potency similar to CQ.
Additionally, the hemin aggregation process was
evaluated by infrared spectra. Figure S2 illustrates
the infrared spectrum of hemin in the absence or
presence of CQ, primaquine and organoruthenium
hemin aggregates into
B-hematin, leading to the formation of iron-carboxyl-
ate bonds observed as bands at 1-660 and 1-:210 cm™".
Adding primaquine did not impair f-hematin forma-

complexes. Over time,

tion, while adding CQ or its ruthenium complexes
inhibited B-hematin formation.

Oxidative stress induced by organoruthenium
treatment

Firstly, we determined parasite viability in 3D7
strain trophozoites by staining with SYTO 61 ac-
cordingly to a previously described protocol (Fu
et al. 2010) and analyzing by flow cytometry.
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Fig. 3. Drug-susceptibility testing against blood stage W2
strain P. falciparum. Ring stage parasites (2% parasitaemia,
2:5% hematocrit) were incubated with vehicle (DMSO
0-5%) as a untreated control, CQ, MCQ (panel A) and
FCQ (panel B) at 0 and 48 h. Quantification of
intraerythrocytic stages at 48 and 96 after addition of the
compounds are shown. Values are shown from one of two
independent experiments. Error bars represent standard
deviation. *p < 0-05 for quantification of rings vs untreated
0 h. **%p < 0-05 for quantification of trophozoites vs
untreated 48 h. CQ, chloroquine.

Treatment at 1-:25 um of CQ, MCQ and FCQ for 48
h incubation time led a population of non-viable
parasites, while at 0-31 um we observed two popula-
tions: a non-viable population and another that is
viable but with decreased SYTO 61 staining, pos-
sible due to delay in parasite growth (Fig. S3, sup-
porting information). Trophozoites were treated
with CQ or complexes and incubated for 4 h and
co-labelled with ROS probe CM-H2DCFDA and
SYTO 61 (Fig. S4, supporting
Parasite viability following treatment at 0-15 um
and monitored by SYTO 61 staining was not

information).

altered in comparison to untreated parasites

(Fig. 5). In contrast, at the same incubation and
treatment, MCQ and FCQ increased DCF fluores-
cence levels in approximately 2-fold in comparison
with untreated parasites. CQ treatment at same con-
centration increased in approximately 50% DCF
fluorescence, while the complex lacking CQ in its
composition (FCL) did not increase DCF when
compared with untreated parasites.

Multistage action of organovuthenium complexes

We next examined whether ruthenium complexes
possess multistage activity. Firstly, the ability to
inhibit Plasmodium hepatic infection was assessed
in a well-established @n ovitro infection model,
employing P. berghei-infected Huh7 cells, a human
hepatoma cell line (Prudéncio et al. 2011). Huh7
cells were cultured in the presence of each complex
followed by addition of luciferase-expressing
P. berghet sporozoites. Infection load and host cell
cytotoxicity were analyzed 48 h post-infection.
Primaquine, the only licensed drug against
Plasmodium liver stages (Rodrigues et al. 2012),
was used as the reference drug. As shown in Fig. 6,
the FCQ compound did not decrease infection in
comparison to the untreated control. The MCQ
compound inhibited approximately 50% infection
at a 10 uM concentration, without affecting host cell
confluency. A similar concentration of primaquine
inhibited infection by 50%. For comparison, CQ

Table 2. In vitro parasiticidal property of organoruthenium complexes against intraerythrocytic P.

falciparum

CQ-sensitive 3D7% CQ-resistant W2*
Compounds LCso % s.E.M. (uM)® MPC (um)© LCso % s.E.M. (um)® MPC (um)©
MCQ 0-81+0-073 5-0 0-37+0-017 25
FCQ 1-05£0-078 5-0 0-87+0-04 5-0
CQ 0-64 +0-04 >10 0-43+0-03 >10
Artesunate 0-0053 £0-00032 0-12 0-0049 £ 0-0009 0-19

# Activity determined in trophozoites incubated for 18 h with drugs then for 48 h in drug-free conditions.

b 1.Cs, lethal concentration at 50%.
¢ MPC, minimal parasiticidal concentration.
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Fig. 4. Spectroscopic titration of Fe(IIT)PPIX at pH 7-4 with organoruthenium complexes. Panel A, FCQ complex; Panel
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Table 3. Binding constant for hematin and inhibition of hemin polymerization for organoruthenium

complexes

Hematin
. Hemin
UV-—vis titration
Presence of peaks at
Compounds logK* % hypochromism” ICsp £ 5.0, (mMm)°© 1660 and 1210 cm™'¢
BCQ 4771004 58 0-30t£0-11 -
MCQ 4-98 +0-05 60 0-43+0-03 -
FCQ 444 £0-03 57 0-50+0-01 -
FFCQ 5:02+0-01 62 >2-0 —
CQ 5-:09+0-02 55 0-40+0-11 -
PQ - - — +
? Binding constant expressed as logK.
Determined in comparison with untreated (no drug).

¢ Determined 48 h after drug incubation.
4 Determined by infrared spectrum.
reduces hepatic infection by 50% at a 15 um concen- low micromolar range. Although less potent than
tration (Rodrigues et al. 2012). We then assessed the methylene blue, this compound was active, while
transmission-blocking potential of each compound CQ is inactive in impairing gametocyte viability.

against stage V P. falciparum gametocytes.
Inhibition of viability of stage V P. falciparum 3D7
gametocytes was evaluated and the compounds’
ICs5q values were determined. Methylene blue was
used as positive control (Table 4). In concentrations Before evaluating efficacy, compounds were exam-
up 14 um, the MCQ complex did not inhibit gameto- ined regarding lethal doses in Swiss Webster mice
cytes, while the FCQO and FFCQ complexes pre- (n=23). A single intraperitoneal injection of MCQ
sented inhibitory activity. The BCQO complex was or BCO was not lethal at a dose of 50 mgkg™!
the most potent, exhibiting an ICsq value in the weight™!. FCQO was lethal at 50 mg kg™, but safer

Ovrganoruthenium complexes reduce parasitaemia in
infected mice
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Fig. 5. 3D7 strain P. falciparum trophozoites (3:0%
parasitaemia, 1% hematocrit) double stained with CM-
H2-DCFDA (probe for reactive oxygen species) and
SYTO 61 (probe for cell viability). Drugs were incubated
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experiments. MIF, median intensity fluorescence. Error
bars represent standard deviation.
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Fig. 6. Drug-susceptibility testing against P. berghei
sporozoites. Seeded Huh7 cells were treated with drugs
and infected with sporozoites. Bioluminescence intensity
was measured 48 h post-infection. Bars represent infection
and red dots represent Huh7 cell confluency. Untreated
control received only DMSO. PQ, Primaquine. Error bars
represent standard deviation from each concentration in
triplicate. Results of two independent experiments.

at 50 mg kg™'. Due to its low SI, FFCQO was not
tested in mice. By following 4-day treatment test in
P. berghei-infected mice, parasitaemia suppression
and survival rate were evaluated in comparison
with untreated infected mice (vehicle). CQ was
used as the reference drug (Table 5, Fig. S5). On
day 8 post-infection, 50 mg kg™! of MCQ caused a
95:1% reduction in parasitaemia in comparison
with untreated group, with 40% of animal survival
observed 30 days post-infection. When MCQ was
used at 10 mgkg™!, a 46:2% reduction in parasit-
aemia was observed and no survival was achieved.
In infected mice treated with FCQ, parasitaemia
was reduced by 76'9% wvs untreated group.
Treatment with 10 mg kg™! BCO led to a 62-3% re-
duction in parasitaemia and 40% protection in

Table 4. In vitro activity of organoruthenium
complexes against stage V gametocytes of 3D7
P. falciparum

Compounds ICsp = s.D. (uMm)?
CcQ >20

MCQ >14-5

FCQ 428+ 1-05

BCQ 0-78 £ 0-24
FFCQ 1-43+0-24
Methylene blue 0-047 £0-015

? Activity determined in gametocytes incubated for 72 h
with drugs. Three independents experiments performed,
each concentration in duplicate.

Table 5. Summary of activities of organoruthe-
nium complexes against blood stage in vivo infection

Doses % infection
Compounds (mg kg™)? reduction® Survival®
Vehicle 0 - 0/5
MCQ 50 95-1 2/5
10 46-2 0/5
5-0 48-7 0/5
FCQ 5-0 769 0/5
BCQ 10 62-3 2/5
CQ 50 (oral) 100 5/5
10 100 4/5
5-0 (oral) 596 0/5

? Given for 4 days, by intraperitoneal route, with the ex-
ception for CQ at 50 and 5-0 mg kg™!, which were given
orally. Vehicle = DMSO:saline (20:80 v/v).

P Determined on day 8 post infection.

¢ Number of mice alive 30 days post infection/(n = 5).

animal survival vs untreated group. In comparison,
treatment with CQ at same dose reduced in 100%
the parasitaemia and conferred 80% protection in
animal survival.

DISCUSSION

The insertion of CQ into organoruthenium complex
resulted in compounds with antiparasitic activity,
while a ruthenium complex lacking CQ did not
present such property. Most complexes displayed
potency and selectivity against the Plasmodium
blood asexual stage with a magnitude similar to
that of free CQ. Unspecific cytotoxicity was only
observed for the FFCQ complex, possibly due to
the presence of 4,7-diphenyl-1,10-phenanthroline
ligand in its composition. Like CQ, complexes pre-
sented activity against all forms of blood asexual
stages (rings, trophozoites and schizonts), which is
an important characteristic to reduce a mixed para-
A common

site population during infection.

feature of metal complexes is dissociation in



Tais S. Macedo and others

solution, with concomitant ligand exchange
(Peacock and Sadler, 2008). Here we showed that
these organoruthenium complexes do not release
CQ upon solution in the same incubation time in
the pharmacological evaluation, indicating that the
entire organoruthenium complex is responsible for
activity.

CQ-complexes present advantages in terms of
pharmacological profile. Firstly, complexes inhib-
ited the growth of all tested P. falciparum strains, ir-
respective of their drug resistance background.
Secondly, they exhibited an onset of action detect-
able after 18 h drug exposure, which is faster than
what is observed for CQ treatment. The LCsg
values for complexes fall in the same micromolar
range of ICsq values, indicating that compounds
act as a cytotoxic rather than as a cytostatic drug.
The MPC values revealed that complexes were
able to clear parasites after 18 h drug exposure.
Although these properties were not as potent as
those of the fast-acting artesunate, they were super-
ior to those observed for CQ. These findings show
that ruthenium complexes induce parasite killing
and this is achieved in short time. The fast parasite
killing rate displayed by these complexes is attract-
ive, especially because this can shorten treatment
time as well as prevent parasite escape.

We further observed that ruthenium complexes
present activity in the liver and in the blood sexual
stages. In the liver-stage Plasmodium, MCQ
complex displayed antiparasitic activity comparable
with Primaquine and superior to CQ. Regarding
the action in the sexual stage, we observed reduction
of gametocyte viability in response to ruthenium
complex treatment. Therefore, unlike CQ, which is
classically an effective drug during blood schizog-
ony, the ruthenium complexes show a multistage
antiplasmodial profile. In fact, the effective concen-
trations of ruthenium complexes against sporozoites
and gametocytes stages are higher than in the blood
asexual stages. However, to the best of our knowl-
edge, this is the first time that a multistage activity
profile is demonstrated for metal complexes. This
is desirable since drugs targeting different stages of
the parasite vertebrate life cycle can work effectively
in the prevention and against the relapse of malaria.

The strong activity of the complexes against tro-
phozoites, where hemozoin formation takes place,
led us to investigate whether organoruthenium com-
plexes inhibit f-hematin formation. Except FFCQ,
which was inactive, other complexes inhibited poly-
merization of hemin into f-hematin with potency
similar to CQ. In contrast, all complexes presented
lower binding constant to ferriprotoporphyrin IX
(a-hematin) than CQ. These results argued that
complexes are more potent in interaction with
hemin rather than S-hematin, which is a finding
also observed for other CQ-metal complexes

(Martinez et al. 2009). CQ binds to free heme
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through its quinoline nitrogen, while in the CQ-ru-
thenium complexes this nitrogen is bound to ruthe-
nium, indicating that these complexes interact with
heme in a binding process different to CQ.

We demonstrated that the organoruthenium treat-
ment increased ROS levels in trophozoites, where
B-hematin formation is most active. Their effects
on inducing oxidative stress were more pronounced
than CQ-treatment and absence under treatment
with CQ-lacking complex FFCL. Importantly, these
properties were observed in viable parasites, which
reflect a primary mechanism of action of organor-
uthenium complexes rather than secondary conse-
quences of cell death. Therefore, organoruthenium
complexes achieved antiparasitic activity against
asexual forms because they inhibit f-hematin forma-
tion, which cause an insult in parasites since it raises
toxic free heme and consequently produces oxidative
stress.

MCQ complex exhibited a dose-dependent effect
and presented an optimal efficacy when treatment
was given at 50 mg kg~!. This reduced blood para-
sitaemia and increased survival, showing that or-
ganometallic complexes are efficacious and kill
parasites. A similar property was observed for
BCQ treatment, while the FCQ complex presented
narrow therapeutic window, restricting its evalu-
ation. As a limitation, the efficacy of organoruthe-
nium complexes is inferior to CQ treatment. Apart
from FFCQ complex, unspecific cytotoxicity was
not a concern since complexes were not toxic for
two different cell linages (macrophages and hepato-
cellular cells). Absence of hemolysis of uninfected
erythrocytes and of cardiotoxicity in isolated hearts
suggests low toxicity for these organoruthenium
complexes. Therefore, a major challenge that
remains is to optimize the efficacy of this class of
compounds to enable effective reduction of parasit-
aemia in vivo.

CONCLUSION

We have evaluated the antimalarial activity of orga-
complexes containing CQ. We
showed that this class of compounds is stable in

noruthenium

mixed DMSO-aqueous media without releasing
CQ, and presented potency against blood asexual
forms similar to CQ. Organoruthenium complexes
exhibited moderate activity against liver stage and
potent activity against sexual stage, while CQ is
devoid of such properties. They operate by a mech-
anism of action that is distinct from that of CQ, by
causing oxidative stress. Importantly, we demon-
strated that organoruthenium complex treatment
presented efficacy in inhibiting parasitaemia in
mice, pointing out that further pharmacological in-
vestigation, as well as chemical modification are rele-
vant to strengthen antimalarial drug development
based on inorganic compounds.



Chloroquine-containing organoruthenium complexes are fast-acting multistage antimalarial agents 13

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be found
at http://dx.doi.org/10.1017/50031182016001153.

ACKNOWLEDGEMENTS

We are thankful to the flow cytometry facility of CPqGM
(Brazil) and AVIS Comunale Milano (Italy) for providing
blood samples for gametocyte culture.

FINANCIAL SUPPORT

This research was funded by FAPESB (grant PET0042/
2013, Brazil) to M.B.P.S, FAPESP (grant 14/10516-7,
Brazil) to A.A.B. and Fundagdo para a Ciéncia e
Tecnologia (grant PTDC/SAU-MIC/117060/2010
Portugal) to M.P. A.A.B. and M.B.P.S. are recipients of
senior fellowships by CNPq (Brazil).

TRANSPARENCY DECLARATIONS

The authors declare no competing financial interest.

CONTRIBUTING AUTHORS

A.AB.,, D.RM.M. and M.B.P.S. initiated the
project and provided guidance for experimental
design and interpretation of data. T.S.M. performed
in vitro and in wvivo drug susceptibility studies;
M.D.P. assisted with cell culture; L.C.V. and
M.N. synthesized and validated drugs, performed
hematin assays; M.P. and M.M. performed liver
stage drug activity assays; S.D. and NB performed
drug susceptibility assays in gametocytes; P.C.M.O.,
B.C.B. and S.G.M. performed cardiotoxicity evalu-
ation; D.R.M.M. initiated manuscript preparation.
All authors have read and approved the final
manuscript.

REFERENCES

Adams, M., Li, Y., Khot, H., De Kock, C., Smith, P.]J., Land, K.,
Chibale, K. and Smith, G. S. (2013). The synthesis and antiparasitic ac-
tivity of aryl- and ferrocenyl-derived thiosemicarbazone ruthenium(II)-
arene complexes. Dalton Transactions 42, 4677—4685.

Adams, M., de Kock, C., Smith, P.J.,, Land, K.M., Liu, N.,
Hopper, M., Hsiao, A., Burgoyne, A.R., Stringer, T., Meyer, M.,
Wiesner, L., Chibale, K. and Smith, G. S. (2015). Improved antiparasi-
tic activity by incorporation of organosilane entities into half-sandwich ru-
thenium(II) and rhodium(III) thiosemicarbazone complexes. Dalton
Transactions 44, 2456-2468.

Barbosa, M.I., Corréa, R.S., de Oliveira, K. M., Rodrigues, C.,
Ellena, J., Nascimento, O.R., Rocha, V.P., Nonato, F.R.,
Macedo, T.S., Barbosa-Filho, J. M., Soares, M. B. and Batista, A. A.
(2014). Antiparasitic activities of novel ruthenium/lapachol complexes.
FJournal of Inorganic Biochemistry 136, 33-39.

Cevenini, L., Camarda, G., Michelini, E., Siciliano, G.,
Calabretta, M. M., Bona, R., Kumar, T.R., Cara, A., Branchini, B.
R., Fidock, D. A., Roda, A. and Alano, P. (2014). Multicolor biolumin-
escence boosts malaria research: quantitative dual-color assay and single-
cell imaging in Plasmodium falciparum parasites. Analytical Chemistry 86,
8814-8821.

Chellan, P., Land, K. M., Shokar, A., Au, A,, An, S. H., Taylor, D.,
Smith, P.]J., Riedel, T., Dyson, P.]J., Chibale, K. and Smith, G.S.
(2014). Synthesis and evaluation of new polynuclear organometallic Ru

(II), Rh(III) and Ir(III) pyridyl ester complexes as in vitro antiparasitic
and antitumor agents. Dalton Transactions 43, 513-526.

Clavel, C. M., Paunescu, E., Nowak-Sliwinska, P., Griffioen, A. W.,
Scopelliti, R. and Dyson, P.J. (2015). Modulating the anticancer activity
of ruthenium(II)-arene complexes. Journal of Medicinal Chemistry 58,
3356-3365.

Colina-Vegas, L., Villarreal, W., Navarro, M., de Oliveira, C.R.,
Graminha, A.E.,, Maia, P.I, Deflon, V.M., Ferreira, A.G.,
Cominetti, M.R. and Batista, A.A. (2015). Cytotoxicity of Ru(II)
piano-stool complexes with chloroquine and chelating ligands against
breast and lung tumor cells: interactions with DNA and BSA. Journal of
Inorganic Biochemistry 153, 150-161.

D’Alessandro, S., Silvestrini, F., Dechering, K., Corbett, Y.,
Parapini, S., Timmerman, M., Galastri, L., Basilico, N.,
Sauerwein, R., Alano, P. and Taramelli, D. (2013). A Plasmodium fal-
ciparum screening assay for anti-gametocyte drugs based on parasite lactate de-
hydrogenase detection. Journal of Antimicrobial Chemotherapy 68, 2048-2058.
Dubar, F., Egan, T.]J., Pradines, B., Kuter, D., Ncokazi, K.K.,
Forge, D., Paul, J.F. Pierrot, C., Kalamou, H., Khalife, J.,
Buisine, E., Rogier, C., Vezin, H., Forfar, I, Slomianny, C.,
Trivelli, X., Kapishnikov, S., Leiserowitz, L., Dive, D. and Biot, C.
(2011). The antimalarial ferroquine: role of the metal and intramolecular
hydrogen bond in activity and resistance. ACS Chemical Biology 6,
275-287.

Dubar, F., Slomianny, C., Khalife, J., Dive, D., Kalamou, H.,
Guérardel, Y., Grellier, P. and Biot, C. (2013). The ferroquine antimal-
arial conundrum: redox activation and reinvasion inhibition. Angewandte
Chemie International Edition in English 52, 7690-7693.

Egan, T.]., Ross, D. C. and Adams, P. A. (1994). Quinoline anti-malarial
drugs inhibit spontaneous formation of beta-haematin (malaria pigment).
FEBS Letters 352, 54-57.

Egan, T.]., Mavuso, W. W., Ross, D. C. and Marques, H. M. (1997).
Thermodynamic factors controlling the interaction of quinoline antimalar-
ial drugs with ferriprotoporphyrin IX. Journal of Inorganic Biochemistry
68, 137-145.

Ekengard, E., Glans, L., Cassells, 1., Fogeron, T., Govender, P.,
Stringer, T., Chellan, P., Lisensky, G.C., Hersh, W.H.,
Doverbratt, 1., Lidin, S., de Kock, C., Smith, P.J., Smith, G.S. and
Nordlander, E. (2015). Antimalarial activity of ruthenium(ii) and
osmium(ii) arene complexes with mono- and bidentate chloroquine ana-
logue ligands. Dalton Transactions 44, 19314-19329.

Fu, Y., Tilley, L., Kenny, S. and Klonis, N. (2010). Dual labeling with a
far red probe permits analysis of growth and oxidative stress in P. falcip-
arum-infected erythrocytes. Cytometry Part A. 77, 253-263.

Gabbiani, C., Messori, L., Cinellu, M. A., Casini, A., Mura, P.,
Sannella, A.R., Severini, C., Majori, G., Bilia, A.R. and
Vincieri, F.F. (2009). Outstanding plasmodicidal properties within a
small panel of metallic compounds: hints for the development of new
metal-based antimalarials. Journal of Inorganic Biochemistry 103, 310-312.
Glans, L., Taylor, D., de Kock, C., Smith, P. J., Haukka, M., Moss, J. R.
and Nordlander, E. (2011). Synthesis, characterization and antimalarial
activity of new chromium arene-quinoline half sandwich complexes.
FJournal of Inorganic Biochemistry 105, 985-990.

Glans, L., Ehnbom, A., de Kock, C., Martinez, A., Estrada, J.,
Smith, P.J., Haukka, M., Sanchez-Delgado, R.A. and
Nordlander, E. (2012a). Ruthenium(II) arene complexes with chelating
chloroquine analogue ligands: synthesis, characterization and in vitro anti-
malarial activity. Dalton Transactions 41, 2764-2773.

Glans, L., Hu, W., Jost, C., de Kock, C., Smith, P.]J., Haukka, M.,
Bruhn, H., Schatzschneider, U. and Nordlander, E. (20125).
Synthesis and biological activity of cymantrene and cyrhetrene 4-amino-
quinoline conjugates against malaria, leishmaniasis, and trypanosomiasis.
Dalton Transactions 41, 6443-6450.

Goldberg, D.E., Sharma, V., Oksman, A., Gluzman, LY.,
Wellems, T.E. and Piwnica-Worms, D. (1997). Probing the chloro-
quine resistance locus of Plasmodium falciparum with a novel class of multi-
dentate metal(I11) coordination complexes. Journal of Biological Chemistry
272, 6567-6572.

Huta, B.P., Mehlenbacher, M. R., Nie, Y., Lai, X., Zubieta, C., Bou-
Abdallah, F. and Doyle, R.P. (2016). The lysosomal protein saposin B
binds chloroquine. ChemMedChem 11, 277-282.

Khanye, S.D., Smith, G.S., Lategan, C., Smith, P.J., Gut, J,
Rosenthal, P. J. and Chibale, K. (2010). Synthesis and in vitro evaluation
of gold(I) thiosemicarbazone complexes for antimalarial activity. Journal of
Inorganic Biochemistry 104, 1079-1083.

Lewis, M.D., Behrends, J., Sa, E., Cunha, C., Mendes, A.M.,
Lasitschka, F., Sattler, J. M., Heiss, K., Kooij, T. W., Navarro, M.,
Pérez, H. and Sanchez-Delgado, R.A. (1997). Toward a novel


http://dx.doi.org/10.1017/S0031182016001153
http://dx.doi.org/10.1017/S0031182016001153

Tais S. Macedo and others

metal-based chemotherapy against tropical diseases. 3. Synthesis and
antimalarial activity in vitro and in vivo of the new gold-chloroquine
complex [Au(PPh3)(CQ)]PF6. Fournal of Medicinal Chemistry 40,
1937-1939.

Lin, J. W., Spaccapelo, R., Schwarzer, E., Sajid, M., Annoura, T.,
Deroost, K., Ravelli, R.B., Aime, E., Capuccini, B., Mommaas-
Kienhuis, A.M., O’Toole, T., Prins, F., Franke-Fayard, B.M.,
Ramesar, J., Chevalley-Maurel, S., Kroeze, H., Koster, A.]J.,
Tanke, H.]J., Crisanti, A., Langhorne, J., Arese, P., Van den
Steen, P.E., Janse, C.J. and Khan, S.M. (2015). Replication of
Plasmodium in reticulocytes can occur without hemozoin formation, result-
ing in chloroquine resistance. Journal of Experimental Medicine 212,
893-903.

Martinez, A., Rajapakse, C.S., Jalloh, D., Dautriche, C. and
Sanchez-Delgado, R. A. (2009). The antimalarial activity of Ru-chloro-
quine complexes against resistant Plasmodium falciparum is related to
lipophilicity, basicity, and heme aggregation inhibition ability near
water/n-octanol interfaces. Journal of Biological Inorganic Chemistry 14,
863-871.

Martinez, A., Suarez, J., Shand, T., Magliozzo, R. S. and Sanchez-
Delgado, R. A. (2011). Interactions of arene-Ru(lI)-chloroquine com-
plexes of known antimalarial and antitumor activity with human serum
albumin (HSA) and transferrin. Journal of Inorganic Biochemistry 105,
39-45.

Maschke, M., Alborzinia, H., Lieb, M., Wolfl, S. and Metzler-
Nolte, N. (2014). Structure-activity relationship of trifluoromethyl-
containing metallocenes: electrochemistry, lipophilicity, cytotoxicity, and
ROS production. ChemMedChem 9, 1188-1194.

Meier, S. M., Novak, M., Kandioller, W., Jakupec, M. A., Arion, V.
B., Metzler-Nolte, N., Keppler, B. K. and Hartinger, C. G. (2013).
Identification of the structural determinants for anticancer activity of a ru-
thenium arene peptide conjugate. Chemistry 19, 9297-9307.

Navarro, M., Vasquez, F., Sanchez-Delgado, R.A., Pérez, H.,
Sinou, V. and Schrével, J. (2004). Toward a novel metal-based chemo-
therapy against tropical diseases. 7. Synthesis and in vitro antimalarial
activity of new gold-chloroquine complexes. Fournal of Medicinal
Chemistry 47, 5204-209.

Navarro, M., Castro, W., Higuera-Padilla, A.R., Sierraalta, A.,
Abad, M.].,, Taylor, P. and Sanchez-Delgado, R.A. (2011a).
Synthesis, characterization and biological activity of trans-platinum(II)
complexes with chloroquine. Journal of Inorganic Biochemistry 105,
1684-1691.

Navarro, M., Castro, W., Martinez, A. and Sanchez Delgado, R. A.
(20116). The mechanism of antimalarial action of [Au(CQ)(PPh(3))]
PF(6): structural effects and increased drug lipophilicity enhance heme ag-
gregation inhibition at lipid/water interfaces. Journal of Inorganic
Biochemistry 105, 276-282.

Navarro, M., Castro, W., Madamet, M., Amalvict, R., Benoit, N. and
Pradines, B. (2014). Metal-chloroquine derivatives as possible anti-malar-
ial drugs: evaluation of anti-malarial activity and mode of action. Malaria
Fournal 13, 471.

Nilsson, S.K., Childs, L.M., Buckee, C. and Marti, M. (2015).
Targeting human transmission biology for malaria elimination. PLoS
Pathogens 11, €1004871.

Parapini, S., Basilico, N., Pasini, E., Egan, T.]J., Olliaro, P.,
Taramelli, D. and Monti, D. (2000). Standardization of the physico-
chemical parameters to assess in vitro the beta-hematin inhibitory activity
of antimalarial drugs. Experimental Parasitology 96, 249-256.

14

Peacock, A.F. and Sadler, P. J. (2008). Medicinal organometallic chem-
istry: designing metal arene complexes as anticancer agents. Chemistry
Asian Journal 3, 1890-1189.

Pérez, B. C., Teixeira, C., Albuquerque, I. S., Gut, J., Rosenthal, P.J.,
Gomes, J.R., Prudéncio, M. and Gomes, P. (2013). N-cinnamoylated
chloroquine analogues as dual-stage antimalarial leads. Fournal of
Medicinal Chemistry 56, 556-567.

Petersen, 1., Eastman, R. and Lanzer, M. (2011). Drug-resistant
malaria: molecular mechanisms and implications for public health. FEBS
Letters 585, 1551-1562.

Ploemen, I.H., Prudéncio, M., Douradinha, B.G., Ramesar, J.,
Fonager, J., van Gemert, G.]J., Luty, A.J., Hermsen, C.C.
Sauerwein, R.W., Baptista, F.G., Mota, M. M., Waters, A.P.,
Que, I, Lowik, C.W., Khan, S.M., Janse, C.]J. and Franke-
Fayard, B.M. (2009). Visualisation and quantitative analysis of the
rodent malaria liver stage by real time imaging. Plos ONE 4, ¢7881.
Price, R.N., von Seidlein, L., Valecha, N., Nosten, F., Baird, J. K.
and White, N.J. (2014). Global extent of chloroquine-resistant
Plasmodium vivax: a systematic review and meta-analysis. Lancet
Infectious Diseases 14, 982—991.

Prudéncio, M., Rodriguez, A. and Mota, M. M. (2006). The silent path
to thousands of merozoites: the Plasmodium liver stage. Nature Reviews
Microbiology 4, 849-856.

Prudéncio, M., Mota, M. M. and Mendes, A. M. (2011). A toolbox to
study liver stage malaria. Trends in Parasitology 27, 565-574.
Prudéncio, M., Bringmann, G., Frischknecht, F. and Mueller, A. K.
(2015). Chemical attenuation of Plasmodium in the liver modulates severe
malaria disease progression. Journal of Immunology. 194, 4860—4870.
Rajapakse, C.S., Martinez, A., Naoulou, B., Jarzecki, A.A.,
Suarez, L., Deregnaucourt, C., Sinou, V., Schrével, J., Musi, E.,
Ambrosini, G., Schwartz, G. K. and Sanchez-Delgado, R. A. (2009).
Synthesis, characterization, and in vitro antimalarial and antitumor activity
of new ruthenium(II) complexes of chloroquine. Inorganic Chemistry 48,
1122-1131.

Rodrigues, T., Prudéncio, M., Moreira, R., Mota, M.M. and
Lopes, L. (2012). Targeting the liver stage of malaria parasites: a yet
unmet goal. Journal of Medicinal Chemistry 55, 995-1012.

Salas, P.F., Herrmann, C., Cawthray, J.F., Nimphius, C.,
Kenkel, A., Chen, J., de Kock, C., Smith, P.J., Patrick, B.O.,
Adam, M.]J. and Orvig, C. (2013). Structural characteristics of chloro-
quine-bridged ferrocenophane analogues of ferroquine may obviate
malaria drug-resistance mechanisms. Journal of Medicinal Chemistry 56,
1596-1613.

Sanchez-Delgado, R. A., Navarro, M., Pérez, H. and Urbina, J. A.
(1996). Toward a novel metal-based chemotherapy against tropical
diseases. 2. Synthesis and antimalarial activity in vitro and in vivo of new
ruthenium- and rhodium-chloroquine complexes. Journal of Medicinal
Chemistry 39, 1095-1099.

Scovill, J.P., Klayman, D.L. and Franchino, C.F. (1982). 2-
Acetylpyridine thiosemicarbazones. 4. Complexes with transition metals
as antimalarial and antileukemic agents. Journal of Medicinal Chemistry
25, 1261-1264.

Stone, W., Gongalves, B.P., Bousema, T. and Drakeley, C. (2015).
Assessing the infectious reservoir of falciparum malaria: past and future.
Trends in Parasitology 31, 287-296.

WHO Global Malaria Programme. World Malaria Report (2015),
World Health Organization, Geneva, 2015. http://apps.who.int/iris/
bitstream/10665/200018/1/9789241565158_eng.pdfPua=1


http://apps.who.int/iris/bitstream/10665/200018/1/9789241565158_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/200018/1/9789241565158_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/200018/1/9789241565158_eng.pdf?ua=1

15

1 Supporting infor mation
2
3 Table Sl. Effects of ruthenium complexes on ECG parameters on ex vivo isolated rat hearts.
Compounds/ Heart rate (bpm) RR intervals (ms) QT (ms) sinus rhythm
concentration
(ng/mL)
Untreated 287+27 194 70+3 regular
(MCQ) 10 294+7 204 90+5 regular
(MCQ) 1.0 275+11 217 70+1 regular
(MCQ) 0.1 263+5 227 70+2 regular
(FCQ) 10 323+9 185 69+1 regular
(FCQ) 1.0 316+11 189 70+3 regular
(FCQ)0.1 308+15 194 69+2 regular
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6 Figure Sl: Percentage of hemolysis in uninfected erythrocytes after 1 h incubation with the compounds.

7 ***p<0.001 in comparison to Saponine.
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3 Figure S2. Fourier transform infrared spectroscopy of B-hematin formation. Left: solutions extracted in
4 different times of formation without drug. Right: formation in presence of Primaguine (PQ), CQ or FFCQ
5 complex (2). The characteristic peaks for iron-carboxylate bonds at 1.660 cm™® and 1.210 cm™ are highlighted
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Figure S3: 3D7 strain P. falciparum culture (2.5 % hematocrit, 2.0% parasitemia, ring stage) was labeled with
SYTO 61 a 37°C for 30 min. and analyzed by flow cytometry. Panel A: Uninfected erythrocytes. Panel B:
Infected erythrocytes. Dot plots showing side scatter versus SYTO 61 staining (red fluorescence). Panel C: P.
falciparum culture after 42 h incubation in absence (red curve) or presence of lethal (1.25 uM, blue) and
sublethal (0.31 uM, orange) concentrations of Chloroquine. Panel D: P. falciparum culture after 48 h
incubation in absence (red curve) or presence of letha (1.25 uM, blue) and sublethal (0.31 uM, orange)
concentrations of organoruthenium complex MCQ. Panel E: Median fluorescence intensity (MFI) obtained in
P. falciparum culture after 48 h incubation in presence of compounds. MFl was normalized to untreated. Data
correspond to mean + standard deviation.
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Figure $4: 3D7 strain P. falciparum trophozoites (3.0 % parasitemia, 1 % hematocrit) staining with CM-H2-
DCFDA and analyzed by flow cytometry. Panel A: Uninfected erythrocytes. Panel B: infected erythrocytes.
Ordinate shows side scatter and the abscissa displays forward scatter. Panels C-F: infected erythrocytes. Panel
C: Unlabeled. Panel D: single labeling with SYTO 61. Panel E: single labeling with CM-H2-DCFDA.. Panel F:
double labeling SYTO 61 and CM-H2-DCFDA.
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54 Figure S5: (Left) Blood parasitemia and (Right) surviva in P. berghei-infected mice. Swiss Webster mice
55 (n=5/group) were infected with P. berghel and treated daily for four consecutive days. Values represent the
56 meantS.E.M. of one experiment. * p<0.05; **p<0.01; ***p<0.001 in comparison to vehicle group.
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4 ARTIGO 2

Tais S. Macedo, Wilmer J. V. Pefia, Diogo R. M. Moreira, Camila C. Couto, Maribel
Navarro, MartaMachado, Miguel Prudéncio, Alzir A. Batista, MilenaB. P. Soares

Platinum(l1)-chloroquine complexes are antimalarial agents against blood and liver
stages by impairing with mitochondrial function, artigo a ser submetido ao periddico
Molecular and Biochemical Parasitology.

O manuscrito descreve a atividade antimalérica de complexos metdlicos de platina
contendo cloroquina, em diferentes fases do parasita, bem como a andlise do mecanismo de agdo
antiparasitaria
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SUMMARY

The identification of new antimalarial compounds presenting multistage activity is urgently needed.
Chloroquineis apotent antimalarial agent against blood stage, but has no activity activity for theliver
stage. In addition, the presence of parasite stains resistant to chloroquine has limited its clinical use.
Previoudly, it was shown that platinum complexes composed of chloroquine and phosphine displayed
stronger affinity to DNA and abumin than chloroquine. To investigate whether this class of platinum
complexes has improved antimalarial activity, we examined the in vitro antimalarial activity of four
platinum complexes contai ning chloroquine. The platinum complexes WV-90, WV-92, WV-93, WV -
94 presented activity similar to chloroguine against the blood stage of two strains of Plasmodium
falciparum. In addition, the selectivity index of these complexeswas also of similar range, being WV -
90 and WV-93 those of higher indexes. Regarding the mechanism of action against blood stages,
complexes incubated for 4 h did not elevate the production of reactive oxygen species. However,
when incubated for 24 h, we observed that complexes inhibited mitochondrial viability, while 48 h
after incubation, loss of mitochondrial viability and an initial reduction of parasite integrity were
observed. In addition, complexes inhibited the polymerization of hemin into b-hematin at the same
order of potency when compared to chloroquine. In agreement to this, we showed that platinum
complexes are able to interrupt the intraerythrocytic parasite cycle as well as exert parasiticidal
property against trophozoites. Against liver stage of P. berghel, complex WV-93 presented activity,
while chloroquine is inactive a the same concentration range. Importantly, WV-90 given
intraperitoneally at 25 mg/kg has reduced parasitemiain P. berghei-infected mice. In conclusion, we
demonstrated that platinum complexes containing chloroquine are endowed with in vitro and in vivo
antiparasitic activities, which are achieved by inhibiting b-hematin formation and mitochondrial

function.

Keywords: Malaria, Plasmodium falciparum, Plasmodium berghei, chloroquine, platinum,

mitochondria
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1.0 INTRODUCTION

Maariais awidespread infectious disease caused by five Plasmodium parasite species, which affect
in special the Sub-Saharan Africa, Southeast Asia and Latin America populations [1]. The
employment of insecticide-treated bed nets in epidemic areas [2,3], along with arapid diagnosis [4]
and the implementation of artemisinin-based combination therapies [5,6] have substantially
decreased the spread of disease in the last three decades. However, reports of decreasing parasite
sensitivity to artemisinin- therapy, mainly in the Southeast Asia [7], support the urgency to the
development of novel antimalarial drugs.

In the antimalarial drug discovery, two well-established therapeutic targets are the
hemoglobin-derived Fe(l11)-protoporphyrin 1X (heme) [8-10] and the mitochondrial electron
transport chain [11]. Crystallization of heme into the insoluble pigment hemozoin takes place in the
digestive vacuole of trophozoites [8-10]. Chloroquine and other 4-aminoquinolines, such as
mefloquine and amodiaquine, achieve antiparasitic activity by impairing the hemozoin biosynthesis.
An important advantage of this target is its absence in humans. Given the fact that hemozoin
formation is restricted to the blood stage, antimalaria drug discovery based on hemozoin inhibitors
result in compounds with alimited spectrum of action [9].

The mitochondrial electron transport chain of Plasmodium sp. is its only way to regenerate
ubiguinone (coenzyme Q10), making this pathway crucial for parasite surviva [11] not only in the
blood but also against liver and sexual parasite stages [12]. Electron transport chain is mainly
composed of cytochrome bcl complex Il and dihydroorotate dehydrogenase [11]. The
naphthoquinone atovaguone, an approved antimalaria drug, achieves activity by blocking bcl
complex of the mitochondrial electron transport chain of Plasmodium sp. [13,14].

In recent years, the discovery of novel antimalaria agents endowed with multiple-stages
activity has been possible, in part by approaching these two therapeutic targets [15,16]. Regarding
the chemical structure, quinolones and quinones are very often employed within drug design, giving
successful antimalarial drug candidates with multiple-stages properties [15,16]. In fact, drug design
of aminoquinoline derivatives, including chloroquine, has shown the possibility of modifying the
structure of this class of compounds seeking improvement of action spectrum [17-22]. In thisline
of research, we recently showed that organoruthenium complexes containing chloroquine in their
composition presented in vitro and in vivo antimalaria activity. These organoruthenium complexes

affected trophozoites by inhibiting hemozoin formation and producing reactive oxygen species but,
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unlike chloroquine, they exhibited fast parasiticidal activity against blood stage and reduced
gametocytes viability [23]. To advance the knowledge of antiparasitic metal complexes, here we
examined a new class of platinum complexes composed of chloroquine and phosphine in their
composition. We demonstrate that these platinum complexes are antiparasitic agents, inhibit b-
hematin formation and mitochondrial function. Importantly, complexes presented superior activity

against liver parasites than chloroquine.

20MATERIALSAND METHODS

2.1 Drugs and dilutions: Platinum complexes containing chloroguine (WV-90, WV-92, WV-93,
WV-94) and a complex lacking chloroquine (WV-48) were prepared as described in the literature
[24]. All manipulations were carried out under argon using common Schlenk techniques. Solvents
were purified by standard procedures immediately prior to use. Chloroquine, mefloquine and
artesunate were supplied by FarManguinhos (Rio de Janeiro, Brazil). Primaguine was purchased from
Sigma-Aldrich (St. Louis, MO). All drugs were dissolved in DMSO (PanReac, Barcelona, Spain)
prior to use, and then diluted in culture medium. The final concentration of DM SO was less than 0.5

% in all in vitro experiments.

2.2 Animals: Male Swiss Webster mice (4-6 weeks), housed at Centro de Pesquisas Gongalo Moniz
(Fundacgéo Oswaldo Cruz, Bahia, Brazil), were maintained in sterilized cages under a controlled
environment, receiving arodent balanced diet and water ad libitum. All experiments were carried out
in accordance with the recommendations of Ethical Issues Guidelines and were approved by thelocal
Animal Ethics Committee (protocol number 016/2013).

2.3 Cdll culture: CQ-sensitive 3D7 and CQ-resistant W2 strains of P. falciparum, NK65 strain of P.
berghei as well as transgenic P. berghel sporozoites expressing green fluorescent protein (GFP) and
firefly luciferase (Luc), (PbGFP-Luccon, parasite line 676m1cl1) were used here. P. falciparum was
cultivated in human O* erythrocytes (donated by HEMOBA, Salvador, Brazil) at 5 % hematocrit with
daily maintenance in Roswell Park Memorial Institute medium (RPMI-1640, Sigma-Aldrich)
supplemented with 10 % v/v human plasma (donated by HEMOBA, Salvador, Brazil), 25 mM
HEPES (ChemCruz, Dallas, TX), 300 mM hypoxanthine (MP Biomedicals, Santa Ana, CA), 11 mM
glucose (Sigma-Aldrich) and 20 pg/mL of gentamicin (Life, Carlsbad, CA). Five days prior to use,
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P. falciparum was cultivated without hypoxanthine and synchronized to rings by 5 % D-sorbitol
(USB, Santa Clara, CA). J774 macrophages were cultured in Dulbecco®& modified Eagle® medium
(DMEM) (Sigma-Aldrich) supplemented with 10 % hesat-inactivated fetal bovine serum (FBS, Gibco,
Gaithersburg, MD) and 50 pg/mL of gentamicin (Life). Hepatocellular carcinoma cells (HepG2 and
Huh7) were cultivated in RPMI supplemented with 10 % heat-inactivated FBS (Gibco) and 50 pg/mL

of gentamicin (Life).

2.4 Mammalian cell toxicity: HepG2 or J774 cells were seeded in 100 nL. of RPMI and DMEM,
respectively, at 1 x 10* cells/mL in 96-well plates. Drugs were added 24 h later in a volume of 100
L suspended in medium and the plates were incubated for 72 h at 37 °C and 5 % COx. Drugs were
tested in eight concentrations (150-0.78 M), each onein triplicate. Gentian violet (Synth) was used
as positive control, while untreated cells were employed as negative controls. Then, 20 ni of
AlamarBlue (Life) were added and incubated for 24 h. Colorimetric readings were performed at 570
and 600 nm using SpectraMAx 190 instrument (Molecular Devices, Sunnyvae, CA). CCso values

were cal culated using data-points gathered from three independent experiments.

2.5 Hemolysis assay: fresh uninfected human O erythrocytes were washed three-times with sterile
phosphate-buffered saline (PBS), adjusted for 1 % hematocrit and 100 L dispensed in a 96-well
round bottom plate. Then, 100 nL of drugs previously in DMSO and suspended in PBS were
dispensed in the respective wells. Each drug was tested in four concentrations (100-0.1 V) assayed
in triplicate. Untreated cells received 100 nL of PBS containing 0.5 % DM SO (negative control),
while positive controls received saponin (Sigma-Aldrich) at 1 % v/v. Plates were incubated for 1 h at
37 °C under 5 % CO.. Plates were centrifuged at 1500 rpm for 10 min and 100 uL of supernatant
were transferred to another plate, in which absorbance at 540 nm was measured using a SpectraM ax
190 instrument. The percentage of hemolysis was calculated in comparison to positive and negative
controls, and plotted against drug concentration generated using GraphPad Prism 5.01. One
experiment was performed.

2.6 Cytostatic activity against intraerythrocytic P. falciparum: One hundred nL of rings at 1 %
parasitemia and 2.5 % hematocrit in RPMI were dispensed in a 96-well round bottom plate. Then,
100 i of drugs (4.0-0.003 M) previously suspended in RPMI were dispensed in the respective

wells. Each drug wastested in triplicate, in seven different concentrations. Untreated parasite samples
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received 100 niL of medium containing 0.5 % DMSO. Chloroquine and mefloquine were used as
positive controls. Plates were incubated for 24 h at 37 °C under 3 % Oz, 5 % CO2 and 91 % N2
atmosphere. Then, 25 ni of tritiated hypoxanthine (0.5 nCi/well, PerkinElmer, Shelton, CT) in RPMI
was added to each well and incubated for 24 h. Plates were frozen at -20 °C and subsequently thawed
and the contents transferred to UniFilter-96 GF/B PEI coated plates (PerkinElmer) using a cell
harvester. After drying, 50 L of scintillation cocktail (MaxiLight, Hidex, Turku, Finland) was added
in each well, sealed and plate read in a liquid scintillation microplate counter (Chameleon, Turku,
Finland). The % of inhibition was determined in comparison to untreated and inhibitory concentration
for 50 % (ICso) values were determined by using non-linear regression with Logistic equation

available at OriginPro 8.5. Three independent experiments were performed.

2.7 Cytocidal activity against intraerythrocytic P. falciparum: One hundred ni of trophozoites at
2 % parasitemia and 3.0 % hematocrit in RPMI were dispensed in a 96-well round bottom plate.
Then, 100 L of drugs (10-0.07 M) previously suspended in RPMI were added to the respective
wells. Each drug was tested in seven concentrations, each one in triplicate. Untreated parasites
received 100 nL of medium containing 0.5 % DM SO, artesunate was used as positive control. Plates
were incubated for 18 h at 37 °C under 3 % O, 5 % COz and 91 % N atmosphere. The plate was
centrifuged three times with 200 yL of drug-free medium at 1500 rpm for 5 min, then 200 L of
media containing tritiated hypoxanthine was added and plate incubated for 48 h. Plates were frozen
at -20 °C and thawed and transferred to UniFilter-96 GF/B PEI coated plates (PerkinElmer) using of
acdl harvester. After drying, 50 L of scintillation cocktail was added in each well, sealed and plate
read at liquid scintillation microplate counter. ICso values were determined employing non-linear
regression with Logistic equation available in the OriginPro 8.5 software. Minimal parasiticidal
concentration (M PC) was determined as the concentration that reduces parasite growth by 99+1.0 %.

At least three independent experiments were performed.

2.8 Activity in the intraerythrocytic P. falciparum cycle: A volume of 100 ni of trophozoites of
P. falciparum W2 strain at 2 % parasitemiaand 2.5 % hematocrit in RPMI was dispensed per well in
96-well round bottom plates. Then, 100 nL of drugs previously suspended in RPMI were added to
the respective wells. Each drug concentration was tested in triplicate. Untreated parasite received 100
nL of medium containing 0.5 % DM SO. Plates were incubated for 48 h at 37 °C under 3 % Oz, 5%
COz, 91 % N2 atmosphere followed by centrifugation three times with 200 pL of drug-free medium
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at 1500 rpm for 5 min. A volume of 200 L of media containing drugs were added and plates were
incubated for additional 48 h. Thin blood smears were then prepared, fixed and stained with quick
panoptic stain (Laborclin, Pinhais, Brazil). Slides were observed in an optical microscope (CX41,
Olympus, St. Louis, MO). The number of rings, trophozoites and schizonts were counted in at least
1500 cells per dide (n=4) and plotted against drug concentration generated using GraphPad Prism

5.01. Two independent experiments were performed.

2.9 Activity against P. berghei liver stages: inhibition of liver-stage infection by test compounds
was determined by measuring the luminescence intensity in Huh-7 cells infected with a firefly
luciferase-expressing P. berghei line as previously described [25]. For infection assays, Huh-7 cells
(1.0 x 10* per well) were seeded in 96-well plates the day before drug treatment and infection. The
medium was replaced by medium containing the appropriate concentration of each compound
approximately 1 h prior to infection with sporozoites freshly obtained through disruption of salivary
glands of infected female Anopheles stephens mosquitoes. An amount of the DMSO solvent
equivalent to that present in the highest compound concentration was used as control. Sporozoite
addition was followed by centrifugation at 1700 g for 5 min. Parasite infection load was measured 48
h after infection by a bioluminescence assay (Biotium, Hayward, CA). The effect of the compounds
on theviability of Huh-7 cells was assessed by the AlamarBlue assay (Life) using the manufacturer’s
protocol.

2.10 Assessment of inhibition of b-hematin formation by UV-Vis spectroscopy: The assay was
performed according to the method previously described in the literature [26]. A solution of hemin
chloride (50 ul, 0.5 mg/mL) dissolved in NaOH 0.2 M was distributed in 96-well plates. Each
complex was dissolved in DM SO and added in triplicate (50 uL) to afinal concentration of 2 mM.
Control contained water or DMSO. The formation of 3-hematin was initiated by addition of acetic
acid (25 uL, 17.4 M, pH 4.4). The plates were incubated at 37 ° C for 24 h and then centrifuged. After
removing the supernatant, the solid was washed twice with DM SO and finally dissolved in NaOH
(150 pl, 0.1 M). After diluting, absorbance was measured at 405 nm in a spectrophotometer. The
inhibition of b-hematin was calculated in comparison to negative control, plotted against drug
concentration generated using GraphPad Prism 5.01. Three independent experiments were
performed.
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2.11 CM-H2-DCFDA staining of P. falciparum: A volume of 100 ni of trophozoites of P.
falciparum 3D7 strain at 3.0 % parasitemia and 1.0 % hematocrit in RPMI were dispensed per well
in a96-well round bottom plate. A volume of 25 ni. of CM-H2-DCFDA (Life) at 15 nM suspended
in media was added to each well and incubated in the dark for 20 min. Then, 100 niL of drugs
previously suspended in RPM | were added to the respective wells. Each drug concentration wastested
in triplicate. Untreated parasites received 100 niL of medium containing 0.5 % DM SO. Plates were
incubated for 3.5 h at 37 °C under 3 % Oz, 5 % CO2, 91 % N, atmosphere. Plates were centrifuged at
1500 rpm for 5 min, supernatant was discarded and 200 pL of isoton diluent was added and samples
were analyzed in a flow cytometer (LSRFortessa, BD). Gate of infected cells was determined in
comparison to uninfected control. At least 200.000 events were acquired in the fluorescein
isothiocyanate channel (488, 585 nm) for CM-H2-DCFDA. The anaysis was performed using
FlowJo (LLC), in three independent experiments.

2.12 Double mitotracker and SYBR staining of P. falciparum: 100 nL of trophozoites of P.
falciparum 3D7 strain at 2 % parasitemia and 1.0 % hematocrit in RPMI were dispensed in a 96-well
round bottom plate. Then, 100 nL of drugs previously suspended in RPMI were added to the
respective wells. Each drug concentration was tested in triplicate. Untreated parasite received 100 L
of medium containing 0.5 % DM SO. Plates were incubated for 24 h and 48 h at 37 °C under 3 % Oa,
5% COz, 91 % N, atmosphere. Plate was centrifuged with 200 pL of drug-free medium at 1500 rpm
for 5 min and then 150 ni of mitotracker deep red FM (Life) at 5.0 nM and SYBRgreenl (at 2.5x
suspended in medium) were added to each well and incubated in the dark for 30 min. After washing
and adding 400 pL of isoton diluent, samples were analyzed in a flow cytometer (L SRFortessa, BD,
Franklin Lakes, NJ). The gate of infected cells was determined in comparison to uninfected control.
At least 200.000 events were acquired in the allophycocyanin channel (633, 660 nm) for mitotracker
and fluorescein isothiocyanate channel (488, 585 nm) for SYBR. The analysis was performed using
FlowJo (LLC, Ashland, Covington, LA). Three independent experiments were recorded.

2.13 In vivo blood schizontocidal activity: Male Swiss Webster mice (4-6 weeks) were infected by
intraperitoneal injection of 10° NK65 strain P. berghei-infected erythrocytes and randomly divided
into groups of n=5. Each drug was solubilized in DM SO/saline (20:80 v/v) prior to administration.
Treatment was initiated within 1-3 h post infection and given daily for four consecutive days by

intraperitoneal injection of 100 pL. Chloroquine-treated mice were used as positive control group,
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while untreated infected mice were used as negative control group. The following parameters were
evaluated: parasitemia counted at 4, 5, 6, 7 and 8 days post-infection and 30 days post-infection
animal survival. The % of parasitemia reduction was calculated as follows: [mean vehicle group —

mean treated group/mean vehicle group] x 100%. One experiment was performed.

2.14 Statistical analyses:. Nonlinear regression analysis was used to calculate CCsp and ICsp values
by using GraphPad Prism version 5.01 (Graph Pad Software, San Diego, USA), OriginPro version
8.5 (OriginLab, Northampton, USA). One-way ANOVA analysis and Bonferroni multiple
comparison tests were used. Results were considered statistically significant when p < 0.05 as
analyzed by GraphPad Prism version 5.01. Log-rank (Mantel-Cox) test was employed for survival

anaysis.

3.0RESULTS

The structures of platinum complexes containing chloroquine are shown in Figure 1.
Complex WV48 is the chemical precursor of complex WV90 but without chloroquine in its
composition. In vitro antiparasitic activity was firstly performed against blood stage of 3D7 and W2
strains of P. falciparum and activity was expressed as mean ICsp values. In paralel, in vitro
cytotoxicity was performed in J774 and HepG2 linages, and activity was expressed as mean CCso
values. Selectivity indexes were calculated for both parasite strains versus J774 lineage. All these
values are summarized in Table 1.

Chloroquine had an ICsp value of 0.11+0.035 nM against sensitive 3D7 strain. In comparison
to chloroquine, platinum complexes WV-90 and WV-93 were twice less active, while WV92 and
WV 94 were four times less active. In contrast, WV 48 did not inhibit parasite growth up to 2.0 M.
Against resistant W2 strain, chloroquine had an 1Cso value of 0.43+0.09 mM. Platinum complexes
WV-90 and WV-94 were as active as chloroquine, while WV-92 and WV-93 were twice less active.
WV 48 aso did not inhibit parasite growth up to 2.0 miM against W2 strain. Regarding cytotoxicity,
gentian violet displayed CCso vaues of 14.2+0.3 and 4.3 +0.8 nM. Platinum complexes and
chloroquine were less cytotoxic than gentian violet. In comparison to Chloroquine, platinum complex
WV-93 was equally cytotoxic to J774 lineage, while other platinum complexes were approximately

twice more cytotoxic. Selectivity indexes revealed that none platinum complexes were as selective
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as chloroquine. Among the platinum complexes, WV 90 and WV 93 were the most selective ones and
were further investigated.

To examine the activity of platinum complexes on intraerythrocytic cell cycle, synchronous
cultures of P. falciparum 3D7 was incubated for 48 and 96 h in presence of approximately twice the
ICso of the compound. Growth of all three asexual erythrocytic forms (rings, trophozoites and
schizonts) was quantified by microscopy and results were compared to untreated controls. Figure 2
shows that untreated parasites developed from rings to trophozoites and to schizonts, while
mefloquine inhibited development of ring into trophozoites. After 48 h incubation, treatment with
WV 90 did not inhibit parasite cell cycle, while in contrast treatment with WV93 or chloroquine
delayed parasite development. Treatment with WV 90 for 96 h caused a delay in parasite cycle,
remaining only few viable parasites at ring stage. In contrast, WV 93 or chloroquine treatment
completely abrogated cell cycle.

Next, the in vitro parasiticidal activity was determined in parasites synchronized into
trophozoites stage and incubated for 18 h in the presence of drugs. After this period of exposure, the
compound was removed by extensive washing and was quantified by hypoxanthine incorporation
relative to untreated controls. Activity was expressed as mean LCsp and MPC vaues. Artesunate
presented LCso values of 0.0053+0.00032 and 0.0049+0.0009 mM against 3D7 and W2 strains,
respectively. In comparison to artesunate, chloroquine and platinum complexes WV90 and WV 93
were less potent parasiticidal agents. Chloroquine was more active than platinum complexes, and
presented similar parasiticidal activity for both strains. However, platinum complex WV90 at
concentration range of 5.0-8.0 nM was able in eliminate parasitemia, while chloroquine did not
(Table 2). Importantly, platinum complex WV 90 did not induce hemolysis in concentration below
12.5 nM (Figure 3), showing a parasite clearance activity without affecting host cells.

Given that platinum complexes exhibited parasiticidal activity against trophozoites, where
hemozoin formation takes place, we investigated whether platinum complexesinhibit polymerization
of hemeinto hemin. Table 3 shows that chloroquine inhibits hemin formation with an 1Csp of 0.6+0.2
mM, while WV 48 did not inhibit hemin formation in concentrations up to 2.0 mM. All chloroquine-
platinum complexes inhibited polymerization of heme with potency similar to that of chloroquine.
Considering that there was no difference of hemin inhibitory activity among complexes, this led us
to think that other mechanisms are involved in the antiparasitic activity.

The ability of platinum complexesin inducing oxidative stressin trophozoites was studied by

flow cytometry using CM-H2-DCFDA, a general probe for reactive oxygen species. Figure 4 shows
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that, in comparison to untreated trophozoites, chloroquine at 0.6 M increased the content of reactive
oxygen species. At the same concentration, neither WV90 nor WV 93 increased reactive oxygen
species. Therefore, in contrast to chloroquine, which inhibits hemozoin formation leading to
accumulation of toxic heme and generating an oxidative stress insult, platinum complexes inhibit
hemozoin formation, but heme accumulation was not followed by oxidative stress. It has been
reported that heme can be decomposed by glutathione present in the host cells [27], which may
explain the escape of the parasite to the heme toxic insult. Interestingly, previous investigated
ruthenium complexes presenting chloroquine induced oxidative stress in similar conditions. This
shows us that the nature of transition metal result in different pharmacological profile [23], which is
also asimilar finding observed in the literature [ 28,29]

Based on the fact that chloroquine also acts on lysosomal enzymes and coenzyme Q, involved
in mitochondria function [30,31], we studied the effect of platinum complexes on parasite
mitochondrial viability. To this end, untreated and treated trophozoites were co-stained with
MitoTracker deep red (probe for mitochondria) and SY TO 61 (DNA staining) and analyzed by flow
cytometry (Figure 5). In comparison to untreated parasites, treatment with 2.5 miM of chloroquine or
WV 90 for 24 h incubation reduced in approximately 50 % mitochondria staining. This effect was not
followed by reduction of parasitemia, as observed by SYTO 61 staining. When parasites were
incubated for 48 h, reduction in both mitochondria viability and parasitemia were observed under
treatment with 2.5 M of chloroquine or WV 90. At 0.6 mM concentration of chloroquine or WV 90,
the reduction of mitochondria staining was greater than the reduction in parasitemia. These effects
were not observed under treatment with WV 48 complex. These results suggest that the initial action
of platinum complexesis by affecting mitochondrial function inducing mitophagy and interfering on
the mitochondria electron transport chain of the parasite.

After ascertaining activity against blood stage, the activity of platinum complexes on liver
stage was studied in Huh-7 cells infected by sporozoites of P. berghei (Figure 6). In comparison to
untreated control, treatment with WV90 complex did not inhibit parasite load at the concentrations
tested. In contrast, WV 93 reduced in 50 % parasite load at 10 nM without affecting viability of Huh-
7 cells. In regard to parasite load, calculated 1Cso for WV 93 complex was of 10.88 + 0.68 mM. For
comparison, primaquine and chloroquine presented ICsg of 10 and 15 M, respectively.

Finally, we studied the efficacy of complex WV 90 in P. berghei-infected mice. By using a4-
day treatment test in P. berghei-infected mice, parasitemia suppression and survival rate were
evaluated in comparison to untreated infected mice (vehicle). Chloroquine was used as the reference
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drug (Figure 7). On day 8 post-infection, chloroquine at 10 mg /kg of animal weight reduced in 100
% the parasitemia and conferred 80 % protection in animal survival. Treatment with 25 mg/kg WV 90
caused a 46 % reduction in parasitemiain comparison to untreated group, but did not protect against
mortality, as observed 30 days post-infection, therefore having an inferior in vivo efficacy than

chloroquine.

4.0 CONCLUSION

The incorporation of chloroquine into platinum compounds produced antiparasitic agents
against Plasmodium. These complexes presented classical properties like chloroquine, such as
activity against blood stage and inhibitory activity in b-hematin. However, unlike chloroquine,
platinum complexes did not induce oxidative stress but they reduced parasite load in the liver stage.
Both chloroquine and WV 90 impaired mitochondrial activity, although amore pronounced effect was
observed under platinum complex treatment. Complex WV 90 had in vivo efficacy in mice but lower
than Chloroquine. Further experiments are under progress to full investigate the efficacy and
underlying mechanism of action of this class of compounds.
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Figure 1. Chemical structures of chloroquine and its platinum complexes.
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Table 1. Cytostatic activity of platinum complexes against intraerythrocytic P. falciparum,
mammalian cell cytotoxicity and selectivity indexes.

Comp. P. falciparum, 1Csp £S.E.M.(1mM)? Cells, CCsS.E.M.(mM1)® Selectivity index®
CQ-sensitive 3D7 CQ-resistant W2 J774 HepG2 3D7 W2
(WV48) >20 3.6x£0.3 94.4+6.4 37.5£4.0 N.D. 26
(WV90) 0.38+0.06 0.5+0.07 396443 87.4+1.2 104 79
(WV92) 0.6x0.01 0.7£0.2 179124 35.5+£1.7 29 25
(WV9I3) 0.32+0.02 0.76+0.10 78.1+1.7 58.5+2.8 244 102
(WV94) 0.41+£0.1 0.5+0.06 21.5+1.0 29.3+0.4 52 43
CQ 0.11+0.035 0.43+0.09 76.1+3.1 37.6£3.6 690 190
Gentian - - -
violet 14.2+0.3 4.3+0.8

aDetermined 48 h after incubation with compounds. ® Determined 72 h after incubation with compounds. ¢ Determined as CCso (J774
cells) /1Cso. 1Cso = inhibitory concentration at 50 %. V a ueswere cal culated as mean of three independent experiments. CCso = cytotoxic
concentration at 50 %. S.E.M. = standard error of the mean.

Table 2. Parasiticidal activity of platinum complexes against intraerythrocytic P. fal ciparum.

Compounds CQ-sensitive 3D72 CQ-resistant W22
LCso +S.E.M.(mv1)® MPC (M) LCs +S.EM.(mM)P  MPC (mvi)©
(WV90) 1.03+0.038 8.0 0.84+0.03 5.0
(WV9I3) 1.8+0.16 10 1.0+0.2 10
CQ 0.64+0.04 >10 0.43+0.03 >10
Artesunate 0.0053£0.00032 0.12 0.0049+0.0009 0.19

3Activity determined in trophozoites incubated for 18 h with drugs then for 48 h in drug-free conditions. PLCso = lethal
concentration at 50 %. MPC = minimal parasiticidal concentration.
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Figure 2: Drug-susceptibility testing against blood stage 3D7 strain P. falciparum. Ring stage
parasites (2 % parasitemia, 2.5 % hematocrit) were incubated with vehicle (DMSO 0.5 %) as a
untreated control or 0.65 mM of each compounds at 0 and 48 h. Mefloquine was used at concentration
of 0.1 mM. Quantification of intraerythrocytic stages at 48 and 96 after addition of the compounds
are shown. Two independent experiments were determined. Error bars represent standard deviation
from pooling triplicate values of one experiment. CQ = chloroquine. MQ = mefloquine. * p < 0.05
for quantification of parasitemia versus untreated O h.
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Figure 3: Percent of hemolysis in uninfected erythrocytes after 1 h incubation of compounds at

indicated concentration. Two independent experimentswere performed. Error bars represent standard
deviation from pooling triplicate values of one experiment.
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Table 3. Inhibitory activity of platinum complexes against polymerization of hemin into b-hematin.

Comp. b-hematin, ICsp £S.D.(mM)?
WwWv48 N.D.
(WV90) 0.6+0.4
(WV92) 0.51+0.1
(WV9I3) 0.8+0.2
(WV94) 0.8+0.2
CQ 0.610.2

aDetermined 24 h after incubation with compounds. S.D. = standard deviation from triplicate values of one experiment.
N.D. = not determined.
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Figure 4: 3D7 strain P. falciparum trophozoites (3.0 % parasitemia, 1 % hematocrit) stained with
CM-H2-DCFDA, aprobe for reactive oxygen species. Drugs were incubated for 4 h and analyzed by
flow cytometry. Bars represent DCF signal. Median fluorescence intensity (MFI) were normalized
from untreated control and obtained from pooling data gathered of two independent experiments.
Error bars represent standard error of the mean (S.E.M.).
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Figure5: 3D7 strain P. falciparum trophozoites (2.0 % parasitemia, 1 % hematocrit) double stained
with mitotracker deep red FM (probe for mitochondria) and SY BRgreenl (nucleic acid stain). Panel
A) Drugs were incubated for 24 h and analyzed by flow cytometry. Panel B) Drugs were incubated
for 48 h and analyzed by flow cytometry Bars represent mitotracker signal and red dots represent
SYBR signal. Median fluorescence intensity (MFI) were normalized from untreated control and
obtained from pooling data gathered of two independent experiments. Error bars represent S.E.M.
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Figure 6: Drug-susceptibility testing against P. berghel sporozoites. Seeded Huh7 cells were treated
with drugs and infected with sporozoites. Bioluminescence intensity was measured 48 h post-

infection. Bars represent infection and red dots represent Huh7 cell confluency. Untreated control

received only DMSO. Compound WV-93 presented 1Cso

10.8+0.68 nM. Error bars represent

standard deviation from each concentration in triplicate. Results of two independent experiments are

shown.
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Figure 7: Blood parasitemia (top) and survival (bottom) in P. berghei-infected mice. Swiss Webster
mice (n=5/group) were infected with P. berghel and treated daily for four consecutive days. Values
represent the meantS.E.M. of one experiment. i.p. = intraperitoneal. (Top): ***p<0.001 in
comparison to vehicle group. (Bottom): p<0.05 for vehicle versus Chloroquine group (Log-rank and
Mantel-Cox).
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5DISCUSSAO

A cloroquina € um farmaco antimalérico com amplo uso em areas endémicas mesmo diante
da existéncia de cepas resistentes. Algumas caracteristicas da cloroquina, tais como a sua baixa
toxicidadade, perfil farmacocinético adequado e baixo custo de producéo tem tornado este composto
um protétipo para a descoberta de novos farmacos antimalaricos. Além disso, a cloroquina é
considerada um farmaco com propriedades farmacol ogicas ple otropicas, exercendo inclusive acéo
imunossupressora e como potencia farmaco naterapia combinada anticancer (KOVACS et a. 1989;
HUTA et al. 2016). Sendo assim, neste trabal ho utilizamos a cloroquina como principal componente
na producdo de complexos metélicos antimalaricos.

Os complexos de platina ou ruténio sem cloroquina na composi¢do foram destituidos de acéo
antiparasitaria in vitro frente ao P. falciparum. Entretanto, a incorporacdo da cloroquina na
composicao de complexos com platina ou ruténio resultou em compostos com atividade
antiparasitéria. Em muitos casos, os complexos metdlicos podem ser instaveis em solucdo, sofrendo
dissociacdo e liberando as moléculas orgéanicas ligadas ao meta (PEACOCK; SADLER, 2008;
SALAS et d., 2013). Porém, a andlise de estabilidade dos complexos metdlicos com cloroquina por
ressonancia magnética nuclear revelou que ndo houve dissociagdo da cloroquina mesmo apos
incubagd em solucdo mantida por 60 horas. Portanto, foi possivel estabelecer que a agéo
antiparasitaria dos complexos metalicos da cloroquina se deve ao conjunto da estrutura quimica ao
invés de ser um sistema de liberacéo de cloroquina.

Em relacdo a atividade no ciclo eritrocitico assexuado do P. falciparum, tanto os complexos
com platina como os de ruténio apresentaram poténciainferior ouigual acloroquina. Ao se comparar
as duas classes de complexos metdlicos (platina versus ruténio), ndo se observou diferenca na
magnitude da poténcia antiparasitaria. Além disso, os complexos metalicos apresentaram indice de
seletividade similar ao observado com a cloroquina. Um aspecto importante € o grau de resisténcia
das cepas de P. falciparum utilizadas. Nao observamos diferenca de atividade antiparasitaria dos
complexos metalicos frente a cepa sensivel e resistente a cloroquina. Estes resultados sugerem que
os complexos metdlicos sdo capazes de contornar 0 mecanismo de resisténcia a cloroquina.

A avaliacdo davelocidade de acdo em trofozoitos do P. falciparum tratados com 2.5a5.0 miv
dos complexos de ruténio MCQ e FCQ, um efeito parasiticidafoi observado apds 18 h de incubagéo,
enguanto que a cloroquina ndo apresentou acdo mesmo testada na concentragéo de 10 mM, revelando

assim que os complexos de ruténio possuem uma agao antiparasitéria mais rapida que a cloroquina.
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Os complexos de platina apresentaram vel ocidade de agdo mais |enta que os de ruténio, apresentando
perfil maissimilar acloroquina. A efetividade rdpida contratodos os estagios eritrociti cos assexuados
do plasmadio (anéis, trof ozoitos e esquizontes) € um critério essencial para o desenvolvimento de um
novo antimalarico. De fato, este critério se baseia na premissa de que uma reducédo rgpida em
popul agdo misturada de parasitos pode diminuir arecrudescéncia. Maisimportante ainda é o fato que
uma eficécia rapida pode ser crucial no uso da terapia combinada, eliminando a fragdo de parasitos
gue ndo foram afetados pelo outro fa&rmaco da combinacgdo. Outrossim, 0 comeco da acéo
antiparasitaria rapida pode reduzir o tempo do tratamento (SANZ et a., 2012; LE MANACH et a.,
2013).

Exceto a primaguina, a maioria dos compostos 4-aminoguinolinicos interagem no sentido de
evitar a formagdo da hemozoina presente nos trofozoitos. Este mecanismo € importante para o
desenvolvimento de novos antimaléricos, pois € ausente em células humanas. Como limitante, a
biossintese da hemozoina ocorre somente no ciclo sanguineo da doenca, sendo entdo necessario
desenvolver farmacos que atuem por mais de um mecanismo de agdo (EGAN; ROSS; ADAMS, 1994;
EGAN et al., 1997). Neste trabalho, verificamos que, tal como a cloroquina, os complexos de platina
e de ruténio foram capazes de inibir a polimerizagdo da heminaem b-hematina. Em geral, a poténcia,
expressa com os valores de Clsp, mostrou que os complexos t&o potentes ou menos do que a
cloroquina. Sendo assim, a interacdo dos complexos metalicos com b-hematina ndo explica as
diferencas das propriedades anti parasitarias observadas entre cloroquina e seus complexos metdlicos.

Uma vez que a biossintese da hemozoina é interrompida, 0 acilumo de heme no interior do
parasito é téxico, pois leva a uma sequencia de eventos que interferem na cadeia respitaroria, sintese
de proteinas e balanco homeostético (OLAFSON et al., 2015). De fato, desvendou-se agui que 0s
complexos de ruténio exercem acdo parasiticida em trofozoitos através da producdo de especies
reativas de oxigénio, enquanto que os complexos de platina ndo induzem a sua producéo de maneira
significativa. Esta observagdo nos pareceu intrigante ao primeiro momento, poisaprincipal diferenca
entre estas duas classes dos complexos metalicos € o tipo de metal usado. Porém, analisando a
literatura, verificamos que complexos de platina sdo descritos classicamente como moléculas que
atuam ao nivel do DNA, enquanto que complexos de ruténio interagem com proteinas citosolicas
(SALAS; HERRMANN; ORVIG, 2013). De fato, nés observamos uma propriedade farmacol dgica
para os complexos de platina gue ndo foram observados para os complexos de ruténio. Os complexos

de platina reduziram a viabilidade da mitocondria em trofozoitos, possivelmente por exercerem acao
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mitof&gica. Estas observagdesindicam anecessidade de estudar se os complexosde platinainterferem
com a cadeia transportadora de el étrons do plasmadio.

Outro importante achado refere-se ao espectro de acéo frente aos estagios do ciclo de vida do
P. falciparum. Um novo farmaco antimalarico para ser aprovado, necessita apresentar um espectro
de agdo multiestagio, atuando na infeccdo, progressdo e transmissdo da doenca. Anterior a0 NnOsso
trabalho, ndo havia nenhuma literatura de compostos inorgéanicos com agdo frente ao estégio ndo-
sanguineo damalaria.

Em nosso trabalho demonstramos que, ao contrério da cloroquina, que apresenta um espectro
de ac&o basicamente restrita ao ciclo eritrocitico assexuado do P. falciparum, tanto os complexos de
ruténio quanto os complexos de platina apresentaram um espectro de agéo mais amplo. Os complexos
de ruténio, em especial o composto BCQ, inibiu aviabilidade celular de gametdcitos da cepa 3D7 do
P. falciparum, enquanto que a cloroquina € destituida de tal efeito. Além do ciclo assexuado, 0s
complexos de ruténio foram capazes de reduzir a carga parasitiria em células infectadas com
esporozoitos do P. berguel, embora com poténciainferior quando comparado com a primagquina. Por
outro lado, o complexo de platina WV-93 inibiu a proliferacéo de esporozoitos do P. berguei com
poténcia igual a primaquina, enquanto que a cloroquina ndo apresentou atividade frente aos
esporozoitos. Embora nés tenhamos investigado alguns dos mecanismos envolvidos na agéo
antiparasitériano estagio sanguineo, ainda ndo sabemos qual 0 mecanismo de a¢do dos complexos de
ruténio na reducéo da viabilidade dos gametdcitos nem a agdo dos complexos de platina na redugéo
da carga parasitaria na fase hepatica.

Exceto o complexo de ruténio FCCQ, os demais complexos de ruténio foram capazes de
reduzir a parasitemia em camundongos Suicos infectados com a cepa NK65 do P. berghei. Dentre
estes, 0 complexo MCQ foi 0 que apresentou maior eficacia, reduzindo em 95.1 % a parasitemia e
em 40 % a taxa de mortalidade quando administrado na dose de 50 mg/kg por viaintraperitoneal. A
cloroquina na mesma dose por via ora resultou na cura e reduziu em 100 % a taxa de mortalidade.
Portanto, os complexos de ruténio apresentaram eficacia inferior a da cloroquina. Em relacéo aos
complexos de platina, nos verificamos que o complexo WV90 na dose 25 mg/kg por via
intraperitoneal foi capaz de reduzir a parasitemia in vivo. Este estudo ainda precisa ser concluido,
verificando o efeito dose-resposta, todavia é aparente que os complexos de platinasdo menos eficazes
gue os de ruténio, que apresentaram eficacia similar numa dose de 10 mg/kg.

A demonstracdo que os complexos metalicos com cloroguina possuem eficacia in vivo

representa uma etapa importante na consolidacéo de compostos inorganicos no desenvolvimento de
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um novo antimalérico. E importante frisar que, embora aliteratura seja abundante nainvestigacio de
compostos inorganicos como antimal &ricos, somente um Unico trabalho descrito em 1996 investigou
um complexo metalico da cloroquinaem modelo murino deinfeccéo pelo P. berghel, sem todaviater
estudado o efeito dose dependente nem ter apresentado dados de sobrevivéncia (LEWIS et al., 1997).

Nosso trabalho avangcou na compreensdo de compostos inorganicos como potenciais
candidatos a farmacos antimal&ricos em desenvolvimento, principalmente por ter apresentado um
estudo mais completo da eficacia in vivo e por ter demonstrado pela primeira vez a acéo frente
estagios de transmisséo e hepético. No entanto, ainda existem barreiras no desenvolvimento
farmacol 6gico desta classe de compostos candidatos a farmacos. Uma das principais barreiras é a
auséncia de informagdes sobre a farmacocinética de compostos inorganicos. Considerando que 0s
complexos de ruténio apresentaram atividade antiparasitéria in vitro similar a da cloroquina, porém
com eficacia in vivo inferior, conclui-se que os complexos de ruténio possuam um perfil
farmacocinético inadequado. Tendo em vista que os complexos foram estédveis em solugdo aquosa
por 60 horas de incubagdo e que os mesmos foram administrados por via intraperitoneal, no qual a
metabolizacdo hepética de primeira passagem € menos intensa, € plausivel que esta classe de
compostos apresente um perfil de distribuic¢éo nos fluidos biol 6gicos inadequado.

Por fim, sdo necesséri os experimentos futuros visando avaliar a eficacia dos outros complexos
de platina em reduzir a parasitemia em camundongos Suicos infectados com a cepa NK65 do P.
berghei. Além disso, avaliar também a atividade de tais complexos na viabilidade de gametécitos da
cepa 3D7 do P. falciparum. Diante da atividade antiparasitaria observada com o complexo de platina
WV-93 em esporozoitos do P. berguel, é importante investigar se este composto apresenta acao
antiparasitaria no P. vivax, onde o estagio hepatico tem um papel importante no quadro clinico da
doenca. Outra perspectiva importante € a investigagdo da atividade e do espectro de a¢do quando
outra quinolina antimalarica é utilizada na composicdo de complexos metdlicos no lugar da

cloroquina, a exemplo da amodiaguina e mefloquina.
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6 CONCLUSAO

No presente trabalho foi possivel observar que o desenvolvimento de complexos metdlicos
contendo quinolinas como ligantes pode resultar em agentes antiparasitarios com amplo espectro de
acao. Neste estudo aincorporacdo de clorogquinaem compostos de ruténio ou platina produziu agentes
antimal &ricos com as propriedades cl assicas da cloroquina, mas também com agdo em outros estagios
do ciclo do plasmédio. Além disso, foi observado que o mecanismo pelo qual tais complexos exercem
atividade antiparasitaria parece ser distinto da cloroquina.

No estudo in vivo os complexos testados reduziram a parasitemia de camundongos
infectados, mas com eficaciainferior a cloroquina, sugerindo um perfil farmacocinético inadequado.
Fica evidenciado a importancia de uma investigacdo farmacol 6gica mais aprofundada, bem como a
modificagdo quimica, visando fortalecer o desenvolvimento de medicamentos contraa maaria.

Os dados aqui apresentados sdo de extrema relevancia na compreensdo de compostos

inorganicos, em especial complexos metalicos, como candidatos a agentes antimal aricos.
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ARTICLE INFO ABSTRACT

Article history:

The present study describes the synthesis, characterization, antileishmanial and antiplasmodial activities of novel
diimine/(2,2’-bipyridine (bipy), 1,10-phenanthroline (phen), 4,4’-methylbipyridine (Me-bipy) and 4,4'-
methoxybipyridine (MeO-bipy)/phosphine/ruthenium(Il) complexes containing lapachol (Lap, 2-hydroxy-3-
(3-33 methyl-2-buthenyl)-1,4-naphthoquinone) as bidentate ligand. The [Ru(Lap)(PPhs),(bipy)]PFe (1),
[Ru(Lap)(PPhs)>(Me-bipy)]PFs (2), [Ru(Lap)(PPhs),(MeO-bipy)]PFs (3) and[Ru(Lap)(PPh;),(phen)]PFs (4)
complexes, PPh; = triphenylphospine, were synthesized from the reactions of cis-[RuCl,(PPhs),(X-bipy)] or
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Ruthenium (II) and (III) lapachol complex cis-[RuCl,(PPhs),(phen)], with lapachol. The [RuCl,(Lap)(dppb)] (5) [dppb = 1,4-bis(diphenylphosphine)butane]
Cytotoxicity was synthesized from the mer-[RuCl;(dppb)(H,0)] complex. The complexes were characterized by elemental

analysis, molar conductivity, infrared and UV-vis spectroscopy, >'P{*H} and "H NMR, and cyclic voltammetry.
The Ru(Ill) complex, [RuCl,(Lap)(dppb)], was also characterized by the EPR technique. The structure of the com-
plexes [Ru(Lap)(PPhs),(bipy)]PFs and [RuCl,(Lap)(dppb)] was elucidated by X-ray diffraction. The evaluation of
the antiparasitic activities of the complexes against Leishmania amazonensis and Plasmodium falciparum demon-
strated that lapachol-ruthenium complexes are more potent than the free lapachol. The [RuCl,(Lap)(dppb)] com-
plex is the most potent and selective antiparasitic compound among the five new ruthenium complexes studied in

Antileishmanial and antiplasmodial activities

this work, exhibiting an activity comparable to the reference drugs.

© 2014 Elsevier Inc. All rigts reserved.

1. Introduction

Leishmaniasis and malaria are diseases caused by protozoan
parasites and are characterized by high morbidity. It is estimated that
leishmania disease causes about seventy thousand deaths annually
and malaria kills around 1 million children only in Africa [1]. The first
line treatment for leishmaniasis still relies on the use of pentavalent
antimonials, although other drugs are also used for the treatment of
Leishmania infection, such as pentamidine isethionate, amphotericin B
and miltefosine [2,3]. Malaria treatment relies on the use of quinoline-
based drugs, such as chloroquine, primaquine and mefloquine, as well
as antifolates and artemisinin derivatives, depending on the parasite's
susceptibility [4]. Common problems with these antiparasitic drugs
are severe side effects and development of drug resistance. Based on
this scenery, the research of new active compounds against these para-
sites is pivotal.

* Corresponding author. Tel.: +55 1633518285; fax: +55 1633518350.
E-mail address: daab@power.ufscar.br (A.A. Batista).

http://dx.doi.org/10.1016/jjinorgbio.2014.03.009
0162-0134/© 2014 Elsevier Inc. All rigts reserved.

The Tabebuia genus, belonging to the bignoniaceae plant family, is
widely used in the traditional medicine in South America [5,6]. Among
the active secondary metabolites present in this genus, 2-hydroxy-3-
(3-methyl-2-buthenyl)-1,4-naphthoquinone (lapachol, Fig. 1) is one
of the most studied. Lapachol is endowed with anticancer and antimi-
crobial properties [7,8]. Because of its antiproliferative activity, lapachol
has been employed as a prototype for the design and synthesis of new
anticancer and antimicrobial agents. This has led to the identification
of fewer lapachol derivatives with an enhanced activity [9-12].

Like other naphthoquinones [13,14], lapachol is a feasible ligand for
the preparation of coordinating or organometallic compounds. In fact,
there are some findings showing that lapachol-metal complexes are bi-
ologically more active than the free molecule [15-18]. Ruthenium com-
plexes are considered to be one of the most promising types of metal
compounds for cancer treating, due its interesting chemical properties,
such as: versatility in ligand exchange, octahedral geometry and vari-
ability of oxidation states [19,20]. Recently it was observed that the
lapachol-Ru(Il) complex is a more potent anticancer agent than
lapachol-Os(1I) and Rh(III) complexes [18], suggesting that the use of
ruthenium is promising to improve the biological activity of lapachol.
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Fig. 1. Lapachol structure.

Therefore, the present study describes the synthesis, characterization,
antileishmanial and antiplasmodial activities of novel diimines (2,2’-
bipyridine (bipy), 1,10-phenantroline (phen), 4,4’-methylbipyridine
(Me-bipy) and 4,4’-methoxybipyridine (MeO-bipy) and monophosphine
ruthenium(Il) and (IlI) complexes containing lapachol as a bidentate
ligand.

2. Experimental section
2.1. Materials for synthesis

Solvents were purified by standard methods. All chemicals used were
of reagent grade or comparable purity. The RuCls-3H,0 was purchased
from Degussa or Aldrich. The ligands 1,4-bis(diphenylphosphino)butane
(dppb), triphenylphosphine (TPP), bipy, Me-bipy, MeO-bipy and phen
were used as received from Aldrich.

2.2. Instrumentation

Elemental analyses were performed in a Fisons EA 1108 model
(Thermo Scientific). The IR spectra of the powder complexes were re-
corded using Csl pellets in the 4000-200 cm™ ! region in a Bomen-
Michelson FT MB-102 instrument. The UV-Visible (UV-vis) spectra of
the complex were recorded in CH,Cl, solution, in a Hewlett Packard
diode array—8452A. The electron paramagnetic resonance (EPR)
spectrum was measured in solid state at —160 °C using a Varian
E-109 instrument, recorded at the X band frequency, within a rectangu-
lar cavity (E-248) fitted with a temperature controller. Cyclic voltamm-
etry (CV) experiments of the complexes in solution were promoted in
an electrochemical analyzer BAS model 100B. These experiments
were carried out at room temperature, in CH,Cl, containing 0.10 M
BuyN"ClO; (TBAP) (FlukaPurum) as support electrolyte, and using
an one-compartment cell, with both working and auxiliary electrodes,
which were stationary Pt foils, while the reference electrode was
Ag/AgCl, 0.10 M TBAP in CH,Cl,. Under these conditions, the ferro-
cene is oxidized at 0.43 V (Fc™*/Fc).

All NMR experiments were run on a BRUKER, DRX400 MHz equip-
ment, in a BBO 5 mm probe, at 298 K, and TMS (tetramethylsilane) for
internal reference. For 'H and '>C NMR, DMSO-ds was used as solvent,
while CH,Cl, was used as solvent for (3'P{'H}) NMR. The splitting of
proton, carbon and phosphorus resonances was reported as s = singlet
and m = multiplet.

2.3. X-ray crystallography

Blue single crystals of complexes (1) and (5) were grown by slow
evaporation of a dichloromethane/n-hexane solution. X-ray diffraction
experiments were carried out using a suitable crystal mounted on
glass fiber, and positioned on the goniometer head. Intensity data
were measured with the crystal at room temperature on an Enraf-
Nonius Kappa-CCD diffractometer with graphite monochromated
MoKa radiation (A = 0.71073 A). The cell refinements were performed

using the software Collect [21] and Scalepack [22], and the final cell pa-
rameters were obtained on all reflections. Data reduction was carried
out using the software Denzo-SMN and Scalepack [22]. The structures
were solved by the Direct method using SHELXS-97 [15] and refined
using the software SHELXL-97 [23]. A Gaussian method implemented
was used for the absorption corrections [24]. Non-hydrogen atoms of
the complexes were unambiguously located, and a full-matrix, least-
square refinement of these atoms with anisotropic thermal parameters
was carried out. The aromatic C—H hydrogen atoms were positioned
stereochemically and were refined with fixed individual displacement
parameters [Uiso(H) = 1.2 Ueq(Csp?)] using a riding model with an aro-
matic, C—H bond length fixed at 0.93 A. Methylene groups of the dppb
ligand in the complex (5), and methine group of the lapachol were set as
isotropic with a thermal parameter 20% greater than the equivalent
isotropic displacement parameter of the atom to which each one
was bonded, whereas methyl groups were set with Ujso(H) values of
1.5Ueq(Crmethy1)- Tables were generated by WinGX [25] and the structure
representations by ORTEP-3 [18] and MERCURY [21]. The main crystal
data collections and structure refinement parameters for (1) and (5)
are summarized in Table 1.

2.4. Synthesis

All the solvents used in this work were of reagent quality and used
without further purification. Lapachol was obtained according to the
procedure described in [24]. The precursors cis-[RuCl,(PPhs),(X-bipy)]
(X = H, methyl (Me) and methoxy (MeO)) and cis-[RuCly(PPhs),
(phen)] were prepared according to literature [26,27]. Typically
[100.0 mg; 0.1 mmol] of the [RuCl,(PPhs)3] was dissolved in degassed
20 mL of dichloromethane (Merck) and N-heterocyclic (X-bipy or

Table 1
Crystal data and structure refinement for complex [Ru(Lap)(PPhs),(bipy)]PFs (1) and
[RuCly(Lap)(dppb)] (5).

[Ru(Lap)(PPhs),(bipy)]PFs  [RuCly(Lap)(dppb)]

Empirical formula [RuCes1Hs1N203P,]PFs [RuCy43H41Cl,05P5]

Formula weight 1168.02 839.67

Crystal system Monoclinic Monoclinic

Space group P2,/c P2,/c

Unit cell dimensions

a(A) 15.950(5) 9.1790(1)

b (A) 16.744(5) 29.6950(5)

c(A) 20.316(5) 14.7120(3)

B 93.151(5) 104.564(1)

Volume (A3) 5418(3) 3881.20(11)

z 4 4

Density calculated 1432 1.437

(Mg/m?)

p(mm™1) 0.447 0.663

F(000) 2392 1724

Crystal size (mm?>) 0.26 x 0.28 x 0.53 0.11 x 0.19 x 0.29

6 range (°) 2.96 to 26.76° 2.94 to 26.75°

Index ranges —20<h<20 —11<h<8
—19<k<21 —37<k<37
—25<1<23 —18<1<18

Reflections collected 36,197 27,401

Independent reflections
Completeness to 6

11,479 [R(int) = 0.0423]
99.4%

8251 [R(int) = 0.0617]
99.7%

Max. and min. 0.942 and 0.795 0.947 and 0.867
transmission

Data/restraints/ 11,479/0/687 8251/0/462
parameters

Goodness-of-fit on F2 1.209 1.129

Final R indices R1 = 0.0566, R1 = 0.0376,
[I> 2sigma(l)] wR2 = 0.1321 wR2 = 0.0724

R indices (all data) R1 = 0.0669, R1 = 0.0692,

wR2 = 0.1386 wR2 = 0.0776

APmaxandApmin,
(eA™?)

0.553 and —0.641

0.557 and —0.541
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phen) [22.0 mg; 0.11 mmol] ligand was added. The reaction mixture
was stirred for 30 min at room temperature and the volume of the
resulting blue solution was reduced, under vacuum, to ca. 2 mL and
diethyl ether (Merck) was then added to precipitate a red solid, which
was filtered off, washed several times with diethyl ether, and dried
under vacuum. Yield: ~78 mg (80-90%).

Microanalyses suggested the formation of the complexes with
general formula [Ru(Lap)(PPhs),(bipy)]PFs (1), [Ru(Lap)(PPhs),(Me-
bipy)]PFes (2), [Ru(Lap)(PPh;)>(MeO-bipy)|PFs (3), [Ru(Lap)(PPhs),
(phen)]PFs (4) and [RuCly(Lap)(dppb)] (5). The molar conductivity
data reveal that the complex 5 (3.46 uS cm™!) is non-electrolyte and
complexes 1-4 (129.1, 146.8, 166.2 and 125.0 uS cm™ ' respectively)
are 1:1 electrolytes (CH,Cl,), in accordance with the proposed
formulations.

2.4.1. [Ru(Lap)(PPh3)»(X-bipy)] and [Ru(Lap)(PPhs),(phen)]

The ruthenium(Il) complexes with N-N = bipy(1), Me-bipy(2),
MeO-bipy(3) and phen(4) were prepared by reacting an excess of
lapachol ligand (0.137 mmol; 33.0 mg), previously dissolved in
degassed mixture of CH,Cl,:MeOH (50:50) solvent, and the same equiv-
alent of triethylamine Et3N, and the cis-[RuCl,(PPhs),(N-N)] precursors
(0.114 mmol; =100.0 mg). The reaction mixture was refluxed and
stirred for about 72 h, under Ar atmosphere. The final blue solutions
were concentrated to ca. 2 mL and 10 mL of water was added in order
to obtain dark blue precipitates. The solids were filtered off, well rinsed
with water and diethyl ether and dried in vacuum.

2.4.1.1. [Ru(Lap)(PPhs)(bipy)]PFs (1). Yield: 121 mg (88%). Anal. calcd
for Cg1Hs1FsN,03PsRu: exptl (calc) C, 62.30 (62.72); H, 4.20 (4.40); N,
2.18 (2.40). 3'P{'H} NMR: 8(ppm) 29.3 (s); 'H NMR (400.21 MHz,
DMSO-dg, 298 K): (ppm) 9.80-7.00 (overlapped signals, 30H aromatic
hydrogen for PPh; and 14H aromatic hydrogen for bipy and Lap) 4.88
(m, 1H, CH of Lap); 3.22 (m, 2H, CH, of Lap); 1.83 (s, 3H, CH; of Lap);
1.56 (s, 3H, CHs of Lap). '3C NMR (400.21 MHz, DMSO-dg, 298 K):
5(ppm) 198.1 (C;==0 of Lap), 180.6 (C4=O0 of Lap), 167.2 (C; -0 of
Lap). UV-vis (CH,Cl,, 107> M): N\/nm (¢/M~ ! Lcm™!) 370 (shoulder),
573 (6.30 x 10%).

2.4.1.2. [Ru(Lap)(PPhs)»(Me-bipy)]|PFs.CH30H (2). Yield: 115 mg (84%).
Anal. calc. for Cg4Hs9FsN204PsRu: exp (calc) C, 62.70 (62.59); H, 4.61
(4.84); N, 2.32 (2.28). >'P{'H} NMR: &(ppm) 29.1 (s); 'H NMR
(400.21 MHz, DMSO-dg, 298 K): 8(ppm)2.30 (s, 3H, CH3); 2.42 (s, 3H,
CHy’) (aliphatic hydrogen for Me-bipy); 8.09-7.00 (overlapped signals,
30H aromatic hydrogen for PPh; and 8H aromatic hydrogen of Me-
bipy); 4.87 (m, 1H, CH of Lap); 3.19 (m, 2H, CH; of Lap); 1.81 (s, 3H,
CH; of Lap); 1.55 (s, CH5 of Lap).'3C NMR (400.21 MHz, DMSO-dg,
298 K): &(ppm) 198.7 (C;=0 of Lap), 182.3 (C4=O0 of Lap), 168.0
(C,—0 of Lap). UV-vis (CH,Cl5, 107> M): N/nm (¢/M~! cm™1) 297
(shoulder), 572 (6.40 x 10%).

2.4.1.3. [Ru(Lap)(PPhs),(MeO-bipy) |PFs (3). Yield: 110 mg (84%). Anal.
calcd for Cg3HssFgN,OsPsRu: exp.(calc) C, 61.97 (61.61); H, 4.39
(4.51); N, 2.43 (2.28). >'P{'H} NMR: &(ppm) 29.8 (s). 'H NMR
(400.21 MHz, DMSO-dg, 298 K):5(ppm) 3.91 (s, 3H, CHs); 3.84 (s, 3H,
CHy’) (aliphatic hydrogen of MeO-bipy); 9.45-7.00 (overlapped signals,
30H aromatic hydrogen for PPh; and 12H aromatic hydrogen for MeO-
bipy and Lap); 4.85 (m, 1H, CH of Lap); 3.16 (m, 2H, CH, of Lap); 1.80
(s, 3H, CH; of Lap); 1.54 (s, CHs of Lap).’3C NMR (400.21 MHz, DMSO-
de, 298 K): &(ppm) 198.2 (C;==0 of Lap), 180.4 (C,=O0 of Lap), 167.6
(C,-0 of Lap). UV-vis (CH,Cl,, 107> M): N/nm (¢/M~ ! cm™') 297
(shoulder), 586 (6.11 x 10%).

2.4.14. [Ru(Lap)(PPhs),(phen)]PFs(4). Yield: 128 mg (94%). Anal. calcd
for Cg3Hs1FsNoO3PsRu: exp.(calc) C, 63.97 (63.48); H, 3.99 (4.31); N,
2.39 (2.35). 3'P{'H} NMR: 6(ppm) 32.6 (s). 'H NMR (400.21 MHz,
DMSO0-dg, 298 K):6(ppm)10.00-7.00 (overlapped signals, 30H aromatic

hydrogen of PPh; and 18H aromatic hydrogen for phen and Lap); 4.91
(m, 1H, CH of Lap); 3.26 (m, 2H, CH, of Lap); 1.83 (s, 3H, CH; of Lap);
1.55 (s, CHs of Lap).">CNMR (400.21 MHz, DMSO-dg, 298 K): 6(ppm)
198.4 (C;=0 of Lap), 180.6 (C,=O0 of Lap), 167.4 (C,— O of Lap). UV-
vis (CH,Cl,, 1073 M): N/nm (¢/M~ ' L cm™ ') 290 (shoulder), 300
(2.66 x 10%), 408 (5.25 x 10°).

2.4.1.5. [RuCly(Lap)(dppb)], (5). The ruthenium (III) complex [RuCl,
(Lap)(dppb)] (5) was prepared dissolving (0.137 mmol; 33.0 mg) of
lapachol ligand in a mixture of CH,Cl,:MeOH (50:50) solvent and the
same equivalent of triethylamine (EtsN) and then added the mer-
[RuCl3(dppb)(H,0)] [28] precursor (0.137 mmol; 33.0 mg). The reac-
tion mixture was refluxed and stirred for 24 h, under Ar atmosphere.
The final purple solution was concentrated to ca. 2 mL, and 10 mL of
diethyl ether was added in order to obtain dark purple precipitate.
The solid was filtered off, well rinsed with diethyl ether and dried in
vacuo. Yield: 189 mg (98%). Anal. calc. for C43H41Cl;03P2Ru: exp.
(calc) C, 61.40 (61.50); H, 4.80 (4.92). UV-vis (CH,Cl,, 107> M): N/nm
(¢/M~'Lcem™") 315 (shoulder), 330 (shoulder), 356 (2.77 x 10%) and
558 (5.6 x 10°).

2.5. Biological experiments

2.5.1. Cells and cultures

Antiparasitic activity was performed with Leishmania amazonensis
(MHOM/BR88/BA-125) and W2 strain Plasmodium falciparum, while
hemolysis assays were done using O* human erythrocytes and cytotox-
icity assays were done in J774 macrophages. The L. amazonensis
promastigotes were maintained in Schneider's insect medium (Sigma-
Aldrich, St. Louis, USA) supplemented with 10% fetal bovine serum
(Gibco Laboratories, Gaithersburg, USA) and 50 pg/mL of gentamicin
(Hipolabor, Belo Horizonte, Brazil). ]774 macrophages were cultivated
in RPMI-1640 medium (Sigma-Aldrich, St. Louis, USA) supplemented
with 10% fetal bovine serum and 50 pg/mL of gentamicin. W2 strain
P. falciparum was maintained in continuous culture of human erythro-
cytes (blood group O) using RPMI-1640 medium supplemented with
10% human plasma without hypoxanthine.

2.5.2. Cytotoxicity assays

J774 macrophages (5 x 10* cells/mL) were distributed in 96-well
plate (100 pL/well) and incubated for 24 h at 37 °C in 5% CO,. Each
drug was solubilized in DMSO as a stock solution and diluted in culture
media in the tested concentrations ranging from 0.1 to 10 ug/mL
(100 pL/well). The final concentration of DMSO was 0.1%. Each concen-
tration was tested in triplicate. After incubation for 72 h, 20 pL of Alamar
blue (Invitrogen, CA, USA) was added to each well and incubated for 24
h in the dark. Gentian violet was used as control. The absorbance was
evaluated at 570 and 600 nm according to manufacturer's instructions.
The LCsq values were calculated using a non-linear regression curve fit
in the Prism version 5.03 (GraphPad Software).

For the hemolysis assay, human erythrocytes type O" were washed
three times in phosphate buffered saline and 100 pL of this suspension
(1% hematocrit) was distributed into a 96-well plate. Then, 100 pL of
each drug, previously dissolved in phosphate buffered saline, was
added in triplicate to the plate and incubated for 1 h. Saponin (Sigma-
Aldrich, St. Louis, USA) was used as reference drug at 1% v/v. After incu-
bation the cells were centrifuged (1500 rpm for 10 min) and 100 pL of
each supernatant was transferred to another microtiter plate. Released
haemoglobin was monitored by measuring the absorbance at 540 nm
in a spectrophotometer. The percentage of hemolysis was determined
in comparison to untreated cells.

2.5.3. Antileishmanial activity against promastigotes

L. amazonensis promastigotes (2 x 10° cells/mL) in stationary
growth phase were distributed in a 96-well plate (100 pL/well) at
24 °C. Each drug was solubilized in DMSO as described above,



36 MLLF. Barbosa et al. / Journal of Inorganic Biochemistry 136 (2014) 33-39

c12 ’\
%:40"15(23' c2 J?;z \o
TR DO

- X ;»:CG Cl -
o — e~ (AL
c9 CSﬂé} 1 ‘ u\.Q ‘

NONA
v e N

Fig. 2. X-ray structures for (a) [Ru(Lap)(PPhs),(bipy)]PFs (1
diluted in the culture medium and added in serial dilution from 0.1
to 10 ug/mL (100 pL/well). The final DMSO concentration was 0.1%.
Amphotericin B (Gibco Laboratories, Gaithersburg, USA) was used as
reference drug. After 72 h incubation at 24 °C, the number of viable par-
asites was counted in a Neubauer chamber. The ICsq values were calcu-
lated in Prism version 5.03 (GraphPad Software) using non-linear
regression.

2.5.4. In vitro leishmania infection

J774 macrophages (2 x 10°cells/mL) were plated in 96-well plate
(100 pL/well) and incubated overnight at 37 °C in 5% CO,.
L. amazonensis promastigotes in the stationary growth phase were
added to the cell culture (100 pL/well) at a parasite/macrophage ratio
of 10:1 and incubated for 24 h. Plates were washed to remove non-
phagocytosed parasites. Each drug, solubilized as described above, was
added and incubated for 72 h. Amphotericin B was used as reference
drug. Infected macrophages were lysed by addition of 0.01% sodium do-
decyl sulfate (Sigma-Aldrich, St. Louis, USA) in PBS (phosphate-buffered
saline) at 37 °C for 30 min.

Amastigotes from lysed macrophages were incubated at 24 °C for
48 h, which then differentiated in promastigotes. The number of viable

Table 2
Selected bond length (A) and angles (°) for complexes (1) and (5).
Fragment Complex (1) Complex (5)
Ru(1)-0(1) 2.0710(19) 2.1707(15)
Ru(1)-0(2) 2.133(2) 2.0580(15)
Ru(1)-P(2) 2.3952(11) 2.3728(6)
Ru(1)-P(1) 2.4104(10) 2.2910(6)
Ru(1)-N(2) 2.038(2) -
Ru(1)-N1(1) 2.050(2) -
Ru(1)-Cl(1) - 2.3308(7)
Ru(1)-Cl(2) - 2.3343(7)
0(1)-C(1) 1.250(3) 1.235(3)
0(2)-C(2) 1.308(3) 1.309(3)
0(3)-C(4) 1.236(4) 1.230(3)
0(2)-Ru(1)-0(1) 76.22(7) 77.85(6)
O(1)-Ru(1)-P(1) 174.56(5) 91.69(6)
0(2)-Ru(1)-P(2) 90.02(6) 171.11(5)
O(1)-Ru(1)-P(2) 89.95(6) 93.39(5)
(1)-Ru(1)-P(2) 178.25(3) 92.01(2)
3

P
Cl(1)-Ru(1)-Cl(2) -

) and (b) [RuCl,(Lap)(dppb)] (5), showing atoms labeling and 50% of probability ellipsoids.

promastigotes was determined by adding Alamar Blue (20 pL/well) and
incubated for 24 h. The absorbance was evaluated at 570 and 600 nm
according to the manufacturer's instructions. The ICsq values were cal-
culated in Prism version 5.03 (GraphPad Software) using non-linear
regression.

2.5.5. Antimalarial activity

The antimalarial effects of the compounds were measured with the
[>H]-hypoxanthine (PerkinElmer, Boston, USA) incorporation assay.
W2 P. falciparum grown at 1-2% parasitemia and 2.5% hematocrit were
aliquoted in a 96-well plate. Drugs were solubilized as described above
in a concentration range of 0.1 to 10 ug/mL; each concentration was per-
formed in triplicates. Mefloquine (Farmanguinhos, Rio de Janeiro, R],
Brazil) was used as reference drug. After 24 h of incubation with the test-
ed compounds, 25 L of medium containing [*H]hypoxanthine (0.5 pCi/
well) was added per well, followed by another 24 h of incubation. The
parasites were harvested using a cell harvester to evaluate the [*H]-hy-
poxanthine incorporation in a B-radiation counter (Multilabel Reader;
Hidex, Turku, Finland). Inhibition of parasite growth was evaluated by
comparing the [*H]-hypoxanthine uptake in untreated versus treated
cells. ICso values were calculated in a Graph Pad Prism version 5.03
(Graph Pad Software, San Diego, CA) using non-linear regression.

3. Results and discussion

In this work the lapachol acted as bidentate ligand and monoanionic
species, coordinating with the ruthenium atoms through its ortho oxy-
gens (01, 02—Fig. 1). The structures of the complexes [Ru(Lap)(PPhs),
(bipy)]PFs (1) and [RuCl,(Lap)(dppb)] (5) were confirmed based on
X-ray diffraction data (see Fig. 2). These compounds crystallize in the

Table 3
Cyclic voltammetry data for complexes (1)-(4) (TBAP 0.1 M; CH,Cl,; Ag/AgCl; work
electrode Pt; 100 mVs~ ).

Complex Epa (V) Ei2 (V) pKa (N-N)
[Ru(Lap)(PPhs),(bipy)]PFs (1) 1.03 0.99 4.86
[Ru(Lap)(PPhs ) Me-bipy) PFs (2) 096 087 492
[Ru(Lap)(PPhs )o(MeO-bipy)]PFs (3) 077 071 574
[Ru(Lap)(PPhs),(phen)|PFs (4) 1.08 1.00 444
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Fig. 3. Cyclic voltammogram of [Ru(Lap)(PPhs),(phen)]PFs (4) (TBAP 0.1 M; CH,Cl,; Ag/AgCl; work electrode Pt; 100 mV.s~1).

monoclinic system, with the space group P2;/c. It is observed that the O1
and 02 atoms are involved in the coordination, where 02, is negatively
charged and 01, is neutral. A distorted octahedral geometry is observed
for both crystal structures, as observed by the bond angles (Table 2).

Some distance and selected angles in the X-ray structure of complex
(1) and (5) are shown in Table 2, which are, in general, in accordance
with values expected for similar phosphine complexes of Ru(Il) and
Ru(Ill) for Ru-N, Ru-P and Ru-Cl [28-30]. But, it is interesting to point
out that the distances of Ru(II)-O for complex (1) are also in accordance
with the expected values, where the distance Ru-02 [2.133(2) A] is lon-
ger than the distance Ru-01 [2.0710(19) A], since the 02 has charge
minus one and its radius is bigger than the one for the neutral species.
Therefore, the same was not observed for complex (5), where the dis-
tance Ru-O1 [2.1707(15) A] is longer than the distance Ru-02
[2.0580(15) A]. Probably in this case the strong trans effect of phospho-
rus atoms is more effective when it is trans to neutral atoms, and not
when it is trans to negatively charged atoms. As it can be seen in
Table 2 the distance of Ru(lll)-01 is 0.1 A longer than Ru(I1)-01, show-
ing the strong trans effect phosphorus atoms. On other hand the dis-
tance Ru(Il)-01, is shorter than Ru(Il)-01, as expected, considering
the size of the radius of Ru(lIll) and Ru(II).

In the 3'P{'H} NMR spectra of the complexes (1-4) just one singlet
at about 30 ppm is observed in all cases, indicating the magnetic equiv-
alence of the two trans phosphorus atoms, as expected. Also, each >'P
{'H} NMR spectra exhibit a heptet signal at — 144 ppm, corresponding
to the phosphorus atoms of the PFg counter ion. The EPR spectra in
solid state, for complex (5), confirms the presence of Ru (Ill) paramag-
netic species, showing g; = 2.578, g, 2.128 and g5 = 1.822 typical of
ruthenium (III) complexes [29].

Cyclic voltammograms of Ru(Il) complexes (1-4) show a quasi-
reversible process between 0.71 and 1.0 V, which correspond to the

redox pair Ru(IlI)/Ru(Il), as can be seen from the Table 3, and Fig. 3 for
the case of complex (4). In the negative region a quasi-reversible one-
electron reduction process was observed in all cases, which most prob-
ably correspond to the ligand reduction to the semiquinone form [31].
As can be seen in Table 3 the redox potential of 1-4 decreases when
the diimine basicity is increased. Analyzing the complex [RuCl,
(Lap)(dppb)] (5), in the same experimental conditions, it is observed
a Ru(III)/Ru(lI) reversible process with E1/2 of 0.18 V.

The IR spectra of complexes (1-5) confirm the presence of
the lapachol ligand coordinated to the metal. The band located at
3351 cm™ ! in the free lapachol [31,32] assigned to OH, disappears upon
coordination, as expected. The characteristic ¥(C=0) stretching bands,
found at ¥(C;=0) 1664 and v(C,~0) 1641 cm~! in free lapachol
[11] shifted to lower frequencies in complexes, 1561-1591 cm™ ! and
1581-1533 cm™ !, respectively. This behavior was also observed for
other complexes like Ru(II), Co(II), Ni(Il) and Cu(Il) containing the
lapachol as ligand [5,11,12]. The characteristic v/(C; - O) stretching band
found in 1028 cm™ ! in the free lapachol shifted to higher frequencies in
complexes (1065-1079 cm ™~ !). Finally, new bands of medium intensities,
located below 500 cm™ ! are present in the spectra of complexes, which
may be related to metal-ligand vibrations.

The antiparasitic and toxicity of host cell were evaluated. For com-
parison, the metal-free lapachol was included in the pharmacological
evaluation. Firstly, compounds were evaluated on their ability to inhibit
the L. amazonensis promastigote proliferation, as well as against intra-
cellular amastigotes, according to standard methodology [33]. Secondly,
the antimalarial activity of the complexes was determined against the
erythrocytic stage of W2 strain P. falciparum. Host cell cytotoxicity in
J774 macrophages as well as the hemolysis in uninfected erythrocytes
was determined [34,35]. The results were expressed in terms of ICsq
and LCsq values. Amphotericin B and mefloquine were respectively

Table 4

Antiparasitic activity and cytotoxicity for the ruthenium complexes.
Compounds L. amazonensis, ICso + SEM(uM) P. falciparum'® Cytotoxicity® si®

Promastigotes(® In vitro infection® [Cso & SEM(kM) LCso & SEM(kM)

Lapachol 12.4 + 0.69 >10 113 + 41 >10 N.D.
(1) >10 0.07 £ 0.002 435 £ 0.71 0.33 £ 0.08 47
(2) 0.18 + 0.04 0.17 £ 0.01 0.35 £ 0.26 1.0 &+ 046 59
(3) 042 + 0.03 >10 0.53 + 0.28 67+ 13 N.D.
(4) 16 + 044 N.D. 0.19 + 0.17 19+13 N.D.
(5) 0.14 + 0.04 0.57 0.21 £ 0.10 >10 175
Mefloquine - - 0.04 + 0.01 - N.D.
Amphotericin B 0.13 £ 0.01 0.23 £+ 0.09 - >10 N.D.
Gentian Violet - N.D. N.D. 0.60 + 0.07 -

(MValues determined 72 h after incubation with drugs. (®Values determined for infected macrophages 72 h after incubation with drugs ()Determined against W2 strain P. falciparum
(erythrocytic stage) 24 h after incubation with drugs. (“'Cytotoxicity was determined in J774 macrophages after 72 h incubation with drugs. ()SI value is given from the ratio LCsq in
J774/1Cs (L. amazonensis, in vitro infection). ICso and LCso values were determined from two independent experiments, concentration in triplicates. SEM = standard error of the

mean; N.D. = not determined. SI = selectivity index.
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Fig. 4. Hemolytic activity of lapachol and complexes. The hemolytic activity of the com-
pounds was assayed in fresh human erythrocytes type O . Saponin was used as hemolytic
drug at 1% v/v. Released hemoglobin was monitored by measuring the absorbance at
540 nm in a spectrophotometer. Results shown are mean =+ SD of one experiment per-
formed in triplicate.

used as reference drugs for Leishmania and Plasmodium tests respective-
ly, while gentian violet was used as control in host cell cytotoxicity.

Amphotericin B, which was used as a reference drug, exhibited an
ICso = 0.13 &£ 0.01 M}, while lapachol was in practice, inactive against
L. amazonensis promastigotes. Complex (1) was inactive to inhibit
promastigotes, while complexes (2-5) were able to inhibit their prolif-
eration. Specifically, complexes (2) and (5) exhibited activity against
promastigotes similar to the observed for amphotericin B. Regarding
the inhibitory activity in L. amazonensis-infected macrophages,
amphotericin B displayed an IC5o = 0.23 4 0.09 uM, while lapachol
was inactive. In this assay, complexes (3) and (4) were also inactive.
In contrast, complexes (1), (2) and (5) were able to reduce the Leish-
mania infection in macrophages, with similar potency to the observed
for amphotericin B.

The cytotoxicity towards host cells was also determined for all five
complexes, including lapachol. Gentian violet had a LCsg = 0.60 +
0.07, while lapachol was non-toxic, having a LCso > 10 M for J774 mac-
rophages. In comparison to lapachol, complexes (1-4) were more cyto-
toxic, while complex (5) was not cytotoxic. The selectivity index was
calculated and shown in Table 4. Considering the antileishmania activi-
ty, complex (5) exhibited high selectivity index, while complexes (1-2)
showed indexes lower than complex (5).

Next, the antimalarial activity for these complexes was evaluated.
Lapachol displayed a weak activity to inhibit P. falciparum in comparison
to mefloquine. It was observed that complex (1) showed a poor activity,
while the complexes (2-5) were several times more potent than free
lapachol. The most potent complexes against P. falciparum were (4)
and (5). These complexes were fifty times more potent than free
lapachol and only five times less potent than mefloquine. In addition,
the effects of complexes (1-5), as well as of free lapachol, in causing he-
molysis were evaluated and the percentage of hemolysis was calculated.
Saponin, was used as the reference drug to cause hemolysis to the
erythrocytes (Fig. 4). Lapachol did not cause hemolysis. The complexes
(1-5) failed to cause not even 50% of hemolysis at 200 pM. This suggests
that the reported anti-P. falciparum activity was not caused by the red
blood cells lyses.

4. Conclusions

In summary, five new ruthenium (II) and (III) complexes containing
lapachol as ligand were synthesized and characterized by a combination
of NMR, EPR, FTIR, and X ray diffraction techniques. The evaluation of
antiparasitic activities of the complexes against L. amazonensis and
P. falciparum demonstrated that the lapachol-ruthenium complexes are
more potent than the free lapachol. The [RuCl,(Lap)(dppb)] complex is
the most potent and selective antiparasitic compound among the five

new ruthenium complexes studied in this work, exhibiting an
activity comparable to the one of reference drugs. Specifically,
lapachol-ruthenium complexes displayed potent and selective
antileishmanial activity.
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plexes (1) and (5), respectively. Copies of this information may be ob-
tained from The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ,
UK, Fax: +44 1233 336033, E-mail: deposit@ccdc.cam.ac.uk or www.
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