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"Quanto a trypanozomiase americana nada
custara erradical-a das zonas extensas onde é
endemica, uma vez que tudo ahi depende da
providéncia elementar de melhorar a residencia
humana e nao mais consentir que O NOSSO
camponez tenha como abrigo a cafta primitiva,
infestada pelo insecto que |lhe suga o sangue e
lhe injecta o parazito, cafla as vezes imprestavel
como habitagdo de suinos e de todo incompativel
com a civilizagdo de um povo" (Carlos Chagas,
1934).

Ha cerca de 100 anos, na pequenina Lassance, uma série de pessoas
humildes participava com Carlos Chagas de sua grande descoberta. Entre
estas, a menina Berenice, a primeira paciente tratada por Chagas e uma das
primeiras "colaboradoras" do genial cientista.

Ao relembrar este fato, dedico este trabalho a todos os pacientes de

Leishmaniose e doenga de Chagas espalhados por todo o Brasil.
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RESUMO

A pesquisa de medicamentos mais eficazes e que atendam aos padrbes atuais de
seguranga € considerada uma prioridade para o tratamento da leishmaniose e doenga
de Chagas. Os principais objetivos do presente trabalho foram: avaliar a atividade anti-
Leishmania in vitro e in vivo de bloqueadores de canal de calcio (BCC) e dos farmacos
buparvaquona e furazolidona; realizar combinac¢des de BCC com os principais farmacos
usados na clinica da leishmaniose visceral (LV); desenvolver formulagdes lipossomais
de buparvaquona, furazolidona e nimodipino e desenvolver um protocolo de PCR em
tempo real (QPCR) visando quantificar a carga parasitaria de hamsteres infectados com
L. (L.) infantum chagasi apos tratamento experimental. Buparvaquona, furazolidona e
doze dos treze BBC testados (anlodipino, azelnidipino, bepridil, cilnidipino, fendilina,
lercanidipino, lidoflazina, mibefradil nicardipino, nifedipino, nimodipino e nitrendipino)
apresentaram atividade in vitro contra diferentes espécies de Leishmania e contra
Trypanosoma cruzi, com moderada a baixa citotoxicidade contra células de mamiferos.
O estudo de QSAR das 1,4-diidropiridinas permitiu a predigdo de dois analogos com
possivel atividade antiprotozoaria. Anlodipino, bepridil, fendilina e nimodipino nao
apresentaram redugdo na carga parasitaria de hamsteres infectados com L. (L.)
infantum chagasi. Os BCC, quando associados in vitro com os farmacos padréo,
mostraram interagdo indiferente em L. (L.) infantum chagasi. Buparvaquona,
furazolidona e nimodipino lipossomais apresentaram redugéo da carga parasitaria em
hamsteres infectados com L. (L.) infantum chagasi. Foi observado colocalizagcdo da
formulagao lipossomal de furazolidona com os amastigotas de L. (L.) infantum chagasi
em hamsteres infectados. Diante destes resultados, conclui-se que: i) Buparvaquona,
furazolidona e a maioria dos BBC sao ativos in vitro contra Leishmania spp. e podem
ser usados como prototipos na pesquisa de farmacos; ii) Nao houve interagbes
farmacoldgicas entre os BCC e os farmacos padréo testados; iii) Anlodipino, bepridil,
fendilina e nimodipino ndo sao eficazes no tratamento de hamsteres infectados com L.
(L.) infantum chagasi, nas rotas e doses testadas; iv) Lipossomos contendo
fosfatidilserina podem melhorar o indice terapéutico de farmacos devido a liberagéo
dirigida de farmaco aos macrdéfagos infectados; v) O protocolo de gPCR desenvolvido
pode ser usado de forma sensivel e rapida para a quantificagao da carga parasitaria no

tratamento experimental de LV.


http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=65866&loc=ec_rcs

ABSTRACT

The search for more effective drugs that meet current safety standards is
considered a priority for the treatmento of leishmaniasis and Chagas disease. The
main objectives of this study were to evaluate the in vitro and in vivo anti-
Leishmania activity of calcium channel blockers (CCB) and the drugs buparvaquone
and furazolidone; to perform combinations of CCB with the main clinically used
drugs for visceral leishmaniasis (VL) and to develop a liposomal formulation of
buparvaquone, furazolidone and nimodipine. Buparvaquone, furazolidone and
twelve of the thirteen tested CCB (amlodipine, azelnidipine, bepridil, cilnidipine,
fendiline, lercanidipine, lidoflazine, mibefradil nicardipine, nifedipine, nimodipine and
nitrendipine) showed in vitro activity against different species of Leishmania and
against Trypanosoma cruzi, with moderate to low cytotoxicity against mammalian
cells. The QSAR study of 1,4-dihydropyridines allowed the prediction of two
analogues with potential antiprotozoal activity. The liposomal formulations of
buparvaquone, furazolidona and nimodipine showed reduction in the parasitic
burden of infected hamsters. It was observed colocalization of liposomal
furazolidone and L. (L.) infantum chagasi amastigotes in infected hamsters. Given
these results, we conclude that: i) Buparvaquone, furazolidone and most of the
tested CCB were in vitro active against Leishmania spp. and T. cruzi and can be
used as prototypes in the search for new drugs, ii) There were no pharmacologic
interactions between the CCB and the tested pattern drugs, iii) Amlodipine, bepridil,
fendiline and nimodipine were not effective in the treatment of L. (L.) infantum
chagasi infected hamsters, in the tested routes and doses iv) liposomes containing
phosphatidylserine can improve the therapeutic index of drugs, due to the delivery to
the infected macrophages, vi) The developed real-time PCR protocol can be used
as sensitive tool for the fast quantification of the parasitic burden in LV experimental

model.
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1. INTRODUGAO

1.1. Leishmaniose

A leishmaniose € um complexo de doengas causadas por
protozoarios parasitas do género Leishmania. As principais manifestagdes
clinicas incluem a a leishmaniose cutanea (LC), a leishmaniose mucosa
(LM), leishmaniose visceral (LV) e a leishmaniose dérmica pos-calazar
(Figura 1) (Seifert, 2011).
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Figura 1: Manifestagdes clinicas da leishmaniose. a) leishmaniose cutanea;
b) leishmaniose mucocutanea; c) leishmaniose visceral e d) leishmaniose

dérmica pos-calazar.
Fonte: Chappuis etal., 2007.
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Os parasitas apresentam dimorfismo em seu ciclo de vida;
promastigotas (Figura 2a) se desenvolvem no intestino de flebotomineos
fémeas como formas infecciosas que s&o transmitidas para hospedeiros
mamiferos (Bates, 2007; Rogers et al., 2004). No hospedeiro vertebrado, os
parasitas sobrevivem e se multiplicam como amastigotas (Figura 2b) dentro
de vacuolos parasitéforos de macrofagos (Burchmore, Barrett, 2001;
Handman, Bullen 2002).
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Figura 2: Observacao microscopica de protozoarios do género Leishmania.
Promastigotas axénicos (a) e amastigotas (setas) no interior de macréfagos
peritoneais de camundongos (b), ambos cultivados em meio de cultura.
Aumento 100X.

Fonte: Arquivo pessoal.

A transmissao da leishmaniose ocorre pela picada de dipteros da
familia Psychodidae, dos géneros Lutzomyia e Phlebotomus (Mattos et al.,
2004). No Brasil, duas espécies, até o momento, estdo relacionadas com a
transmissao da LV: Lutzomyia longipalpis e Lutzomyia cruzi (Lainson,
Rangel, 2005). Na area urbana, o cédo (Canis familiaris) € a principal fonte de
infecgdo para a LV. A enzootia canina tem precedido a ocorréncia de casos
humanos e a infeccdo em caes tem sido mais prevalente que no homem. No
ambiente silvestre, os reservatorios da LV s&o as raposas (Dusicyon vetulus
e Cerdocyon thous) e os marsupiais (Didelphis albiventris) (MS, 2005).

A infecgdo do vetor ocorre quando as fémeas, ao sugarem o
sangue de mamiferos infectados, ingerem macréfagos parasitados por

formas amastigotas de Leishmania. No trato digestivo anterior ocorre o



rompimento dos macréfagos liberando essas formas. Essas se diferenciam
rapidamente em promastigotas, que se reproduzem por processos
sucessivos de divisdo binaria. As formas promastigotas transformam-se em
paramastigotas, as quais colonizam o es6fago e a faringe do vetor, onde
permanecem aderidas ao epitélio pelo flagelo, quando se diferenciam em
formas infectantes — promastigotas metaciclicas. O ciclo do parasito no
inseto se completa em torno de 72 horas. Apds este periodo, as fémeas
infectantes, ao realizarem um novo repasto sanguineo em um hospedeiro
vertebrado, liberam as formas promastigotas metaciclicas juntamente com a
saliva do inseto. Na epiderme do hospedeiro, estas formas sdo fagocitadas
por células do sistema mononuclear fagocitario. No interior dos macréfagos,
os promastigotas diferenciam-se em amastigotas e multiplicam-se
intensamente até o rompimento dos mesmos. Ocorre, entdo, a liberagao
destas formas, que serdo fagocitadas por novos macréfagos num processo
continuo, ocorrendo a disseminacdo hematogénica para outros tecidos ricos
em células do sistema fagocitico mononuclear (SFM), como linfonodos,
figado, baco e medula 6ssea (CDC, 2007). O ciclo de vida dos protozoarios

Leishmania é ilustrado na Figura 3.
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Figura 3: Ciclo de vida dos protozoarios Leishmania.
Fonte: Chappuis etal., 2007 (modificado).
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A leishmaniose € endémica em 98 paises ou territorios e estima-
se que 350 milhdes de pessoas vivem em areas onde ha o risco de contrair
a infeccdo. A incidéncia é estimada em dois milhdes de casos por ano (0,5
milndes de LV e 1,5 milhdes de LC), com 70 mil mortes a cada ano
(Reithinger et al., 2007). A leishmaniose esta incluida entre as doengas
tropicais negligenciadas (Feasey et al., 2010) e possui forte ligagdo com a
pobreza (Alvar, Yactayo, Bern, 2002).

A LV tem ampla distribuicdo, ocorrendo na Asia, na Europa, no

Oriente Médio, na Africa e nas Américas (Figura 4).

Figura 4: Distribuicdo geografica mundial da leishmaniose visceral.
Fonte: OMS, 2011a.

Dada a sua incidéncia e alta letalidade, principalmente em
individuos nao tratados e criangas desnutridas, a LV é também considerada
emergente em individuos portadores da sindrome da imunodeficiéncia
adquirida (SIDA). A coinfecgao com o HIV intensifica a carga parasitaria por
causar formas graves, que sao mais dificeis de tratar. Em margo de 2010, a
coinfeccdo com HIV havia sido relatada em 35 paises (OMS, 2010). Ambas
as respostas celular e humoral sdo diminuidas em pacientes coinfetados
(Moreno et al., 2000), levando a um aumento no risco de desenvolvimento
de LV, aumento da carga parasitaria no sangue e medula Ossea, baixa

sensibilidade aos testes sorolégicos e alta taxa de falha no tratamento



(Murray, 1999; Deniau, 2003). Além disso, as caracteristicas clinicas podem
ser atipicas em pacientes imunossuprimidos (Rosenthal et al., 2000).

Estima-se que mais de 90% dos casos de LV estdo concentrados
em seis paises: Bangladesh, Brasil, Etiépia, india, Nepal e Suddo (OMS,
2010). A leishmaniose causada por L. (L.) donovani com transmissao
antropondtica abrange o nordeste da india, sudeste do Nepal e central de
Bangladesh e é responsavel por mais de dois tergos dos casos de LV no
mundo. A leishmaniose causada por L. (L.) donovani no Leste Africano,
também com transmisséo antroponética, € o segundo maior foco de LV, com
maior incidéncia na Etiépia e no Sudao. Outros dois focos zoondticos
causados por L. (L.) infantum chagasi constituem a Bacia do Mediterraneo,
Oriente Médio e Asia ocidental, e no Novo Mundo, predominantemente o
Brasil (OMS, 2010).

Os casos de LC sdo ainda mais dispersos. Os principais focos de
transmiss&do antroponética de L. (L.) tropica se estendem desde a india até o
norte da Africa e focos de transmissdo zoondtica de L. (L.) major se
estendem da Asia Central ao norte da Africa, além da Africa Oriental,
causada por L. (L.) aethiopica. A outra area principal de transmissédo é
composta de muitos focos zoonoticos diferentes com varias espécies de
Leishmania e afetam paises das Américas. Estima-se que 90% dos casos de
LC ocorram no Afeganistdo, Argélia, Republica Islamica do Ira, Arabia
Saudita, Republica Arabe, Siria, Bolivia, Brasil, Colémbia, Nicaragua e Peru
(OMS, 2010).

No Brasil foram notificados, no periodo de 1990 a 2007, 561.673
casos de leishmaniose, sendo 508.193 (90,5%) provocados pelas espécies
L. (V.) braziliensis, L. (V.) guyanensis, L. (V.) lainsoni, L. (V.) naiffi, L. (V.)
shawi e L. (L.) amazonensis e 53.480 (9,5%) por L. (L.) infanfum chagasi
(Alves, 2009). De 2000 a 2010, foram notificados 2.422 6bitos de LV, com

maior numero de casos registrados na regido Nordeste e Sudeste (Figura 5).
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Figura 5: Obitos de LV no Brasil de 2000 a 2010.
Fonte: Sinan/SVS/MS - atualizado em 23/7/11.

No Brasil, inicialmente, a LV foi caracterizada como doenca
eminentemente rural; nos Ultimos anos, vem se expandindo para areas
urbanas de municipios de médio e grande porte (Alves, 2009). Apresenta
comportamento epidemiolégico ciclico, com elevacdo de casos em periodos
médios a cada cinco anos. No Pais, a LV atinge 20 Estados, com média
anual de 3.095 casos no periodo de 1996 a 2005 e incidéncia de 2,1 casos
por 100.000 habitantes (Alves, 2009).

Até a década de 1990, o Nordeste correspondeu a 90% dos casos
de LV do Pais. Porém, a doenca vem se expandindo para as regides Centro-
Oeste, Sudeste e Norte, modificando esta situagcdo. Em 2005, os Estados
nordestinos passaram a representar 56% do total de casos (Alves, 2009).

Outra mudanca que se observa é a urbanizacdo de uma doenca
que antes ocorria basicamente em zona rural, atingindo grandes centros
urbanos, tais como Sao Luis (MA), Teresina (PI), Fortaleza (CE), Natal (RN),
Belo Horizonte (MG), Palmas (TO), Campo Grande (MT), Aracatuba (SP) e
Corumba (MS) (Lindoso, Goto, 2006).

No Estado de S&o Paulo, até 1998, os casos de LV eram oriundos
de outras regibes endémicas do pais. A partir de entdo, registrou-se a
enzootia canina no municipio de Aracatuba, regido Oeste do Estado, no qual
foi identificada a espécie L. (L.) infantum chagasi. Posteriormente, em 1999,
foi registrado o primeiro caso humano de LV em S&o Paulo e, desde entéo, a
doenca vem ocorrendo em municipios situados na regido do Planalto

Ocidental Paulista, nos quais a transmissao tem carater urbano. O ambiente




peridomiciliar € o local onde o vetor € encontrado em maior densidade e esta
relacionado a presenga de animais domésticos (Camargo-Neves, 2004).

O primeiro registro de suspeita de autoctonia de caso humano de
LV, no Estado de Sao Paulo, ocorreu em 1978. A partir de agosto de 1998
ocorreram casos autoctones de LV em caes de area urbana do Municipio de
Aracatuba, e em 1999 no homem. Desde entdo, observa-se expansao da
area de transmissdao da doenga. No periodo de 1999 a 2011, foram
notificados 1.845 casos e 159 obitos de LV no Estado (SES/CLVA, 2010). O
programa de controle da LV no Estado de S&do Paulo consiste nas a¢des de
vigilancia epidemiolégica, voltadas para a deteccéo e tratamento dos casos
humanos, vigilancia entomoldgica e controle da populagao canina. O
controle da populagdo canina consiste, principalmente, na eliminagdo dos
animais errantes, na busca ativa e na eliminacdo de céaes infectados,
diagnosticados por exames parasitolégico ou sorolégico (Camargo-Neves,
2004).

A LV canina, até 2002, havia sido registrada em 29 municipios do
Estado de S&o Paulo. Quando sado analisados os numeros de casos
humanos e caninos acumulados de 1999 a 2002, verifica-se que o maior
nimero de casos humanos ocorreu naqueles municipios em que foram
encontradas as maiores prevaléncias caninas. Verifica-se, também, uma
relacdo espacgo-temporal, na qual a LV canina, na grande maioria das vezes,
precedeu a detecgcdo de casos humanos, principalmente em municipios
onde o vetor ja havia sido registrado (Camargo-Neves et al., 2001; Oliveira
et al., 2001).

E possivel que nos préximos anos ocorra uma epidemia na cidade
de Sao Paulo (Zorzetto, 2008). Partindo de Corumba, no oeste do Pantanal
sul-mato-grossense, fronteira com a Bolivia, a LV atravessou o Estado em
direcao a regiao leste do Pais. No final dos anos 1990, a LV ja havia atingido
Campo Grande, e chegado a Trés Lagoas, na divisa com Sdo Paulo. Em seu
avango, acompanhou o caminho do gasoduto Brasil-Bolivia, que segue o
tracado do rio Tieté rumo a capital paulista, e da rodovia BR-262, que liga

Corumba ao Espirito Santo (Zorzetto, 2008). A partir de Trés Lagoas, a



transmissao da LV foi registrada em diferentes cidades do noroeste paulista
e sua disseminagdo seguiu rumo a capital, seguindo o trajeto da rodovia
Marechal Rondon (SP-300), a principal via de conexao entre o Mato Grosso
do Sul e a capital paulista (Zorzetto, 2008).

Analisando a dispersédo da LV, ha estimativas de que a cada ano
o parasita avangca 30 quildbmetros em dire¢cdo a capital, transportado pelo
inseto vetor. Diante desses dados, existe a possibilidade de que a doenca
alcance a maior metrépole da América do Sul, onde vivem 19 milhdes de
pessoas (Zorzetto, 2008).

Diversos fatores contribuem para a expansdao e modificacdo das
caracteristicas epidemioldgicas da LV no Brasil. Situagdo esta que esta
intimamente relacionada ao fluxo migratorio, com introdugcdo de hospedeiros
infectados onde ja havia a presenga do vetor, desmatamento e alteragdes no

ecossistema, provocadas pelo homem (Lindoso, Goto, 2006).

1.1.1. Tratamento disponivel e farmacos em estudo clinico

Os antimoniais foram descobertos ha quase 100 anos e
permanecem como tratamento de primeira escolha para a LV na maior parte
do mundo. Desoxicolato de anfotericina B e pentamidina tém sido usados
como farmacos de segunda linha, porém sua administracdo também envolve
efeitos adversos graves e requer longos cursos de administragdo parenteral
(Tiuman et al., 2011). A necessidade por farmacos mais seguros conduziu a
introducdo da anfotericina B liposomal, em 1996, miltefosina, em 2004 e
paromomicina, em 2006, com limitagdes e eficacia variavel de acordo com a
regido endémica (OMS, 2010).

Os paragrafos seguintes fornecem uma visdo geral dos farmacos
anti-Leishmania utilizados e avaliados clinicamente com relacido aos dados
clinicos, toxicidade e modo de agao. As estruturas, férmulas moleculares e
classificagdo quimica dos farmacos usados no tratamento da LV s&o

mostradas no Anexo 1.



1.1.1.1 Antimoniais pentavalentes

Os antimoniais pentavalentes, antimoniato de meglumina e
estibogluconato de sodio, tém sido utilizados no tratamento da LV e LC,
ambos com eficacia e toxicidade comparavel. Ambos apresentam pobre
absorgao oral e sdo administrados por inje¢des intramuscular ou intravenosa
(Moore, Lockwood, 2010). Além dos longos esquemas posoldgicos exigidos,
sua principal problematica da-se pela cardiotoxicidade e nefrotoxicidade,
sendo contraindicado para gestantes (Gontijo, Melo, 2004). Cardiotoxicidade
grave foi observada em 9 a 10% dos pacientes tratados, principalmente
devido a inadequada formulagcdo do medicamento e uso de lotes com alta
osmolaridade (Sundar et al., 1998; Olliaro et al., 2005).

Em muitas partes do mundo as taxas de resposta sdo maiores
que 95% em pacientes ndo tratados previamente, mas em regides de alta
prevaléncia e alta transmissdo, como em Bihar, na india, resisténcia
adquirida aos antimoniais pentavalente tem sido observada (Croft, Sundar,
Fairlamb, 2006). Razbes potenciais para a selecdo de parasitas resistentes
aos antimoniais em Bihar incluem cursos incompletos de tratamento e o uso
de farmacos genéricos que foram inicialmente mal monitorados para a
qualidade de antiménio (Moore, Lockwood, 2010). Além dos problemas
relacionados a toxicidade e a resisténcia, € importante ressaltar que
pacientes imunodeprimidos com leishmaniose respondem pobremente aos
antimoniais (Desjeux, 1999).

Os antimoniais pentavalentes sdo geralmente aceitos como pro-
farmacos que exigem a reducdo para a forma ftrivalente para atividade
biolégica. O local de reducdo (macréfagos, amastigota ou ambos) e o
mecanismo (enzimatico ou n&o-enzimatico) permanecem obscuros. Os
primeiros estudos tém implicado a inibicdo do metabolismo energético e a
biossintese de macromoléculas por meio da inibigdo da glicdlise e beta-
oxidagcdo de acidos graxos no mecanismo de ag¢ao do estibogluconato de
sodio (Berman, Waddell, Hanson, 1985; Berman, Gallalee, Best, 1987). Os

alvos especfficos nessas vias nao foram identificados. O antiménio trivalente



mostrou interferir diretamente no metabolismo de tidis em L. (L.) donovani
com varios efeitos sobre o metabolismo de glutationa e tripanotiona (Wyllie,
Cunningham, Fairlamb, 2004).

1.1.1.2. Anfotericina B

Anfotericina B € um antibidtico poliénico, que foi originalmente
isolado em 1953 como um subproduto da fermentacdo de Streptomyces
nodosus. Foi nomeado anfotericina B devido a suas propriedades quimicas
anfotéricas, isto é, forma sais solluveis em condi¢des acidas e basicas, mas
€ insoluvel em agua. Devido a isto, a anfotericina B comercial para injecéo
(Fungizone ®) requer a adicdo de desoxicolato de sodio, que produz
dispersao coloidal (Quilitz, 1998).

Anfotericina B € um agente antifingico que adere ao ergosterol,
produzindo aumento da permeabilidade de membrana, que resulta na morte
fungica. Devido a isto, possui atividade antifungica de largo espectro. Da
mesma forma, anfotericina B possui maior seletividade aos esterdis
predominantes na membrana da Leishmania, ao invés do colesterol, os
esteréis predominantes nas células de mamiferos. Sua interagdo com a
membrana de Leishmania leva a formagdo de canais transmembrana,
formando poros e vazamento de cations (Brajtburg, Bolard, 1996; Pourshafie
et al., 2004).

O uso clinico de anfotericina B é recomendado para os casos de
leishmaniose ndo responsiva ao tratamento convencional. Seu uso € restrito
devido aos inumeros efeitos téxicos que apresenta (Berman, 1998). A
necessidade de internacdo, o acompanhamento constante dos pacientes, a
duracdo prolongada do tratamento e os efeitos adversos relacionados a
infusdo (febre, calafrios, tromboflebite) sdo suas desvantagens. Toxicidade,
tal como hipocalemia, nefrotoxicidade e miocardite podem ocorrer (Olliaro et
al., 2005).
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1.1.1.2.1. Formulagées lipidicas de anfotericina B

Os avangos na tecnologia farmacéutica conduziram ao
desenvolvimento de trés formulagdes lipidicas de anfotericina B: complexo
lipidico de anfotericina B, anfotericina B de dispersido coloidal e anfotericina
B lipossomal.

O complexo lipidico de anfotericina B (Abelcet ®) consiste de uma
relacdo 1:1 de anfotericina B em combinagdo com uma relagdo 7:3 dos
fosfolipideos L-a-dimiristoilfosfatidilcolina e L-a-dimiristoilfosfatidilglicerol,
formando estrutura com aproximadamente 250 nm de diametro. Anfotericina
B sulfato de colesterila (Amphotec®) é uma dispersao coloidal produzida por
uma relacdo de 1:1 de anfotericina B e sulfato de colesterila, formando
estrutura de 122 nm de didmetro. Anfotericina B lipossomal (AmBisome®),
por sua vez, é produzida pela incorporagao de anfotericina B em uma Unica
camada lipidica composta de fosfotidicolina hidrogenada de soja, colesterol
e fosfatidilglicerol na propor¢céo de 10:5:4 e possui 60 a 70 nm de didmetro
(Figura 6) (Quilitz, 1998).

a) b) c)

interior polar D
lipideo -
/ sullato anfolencina B

de

fot B
anfotericina coletenl

anfotericina B

bicamada lipidica

Figura 6: Estrutura das formulagbes lipidicas de anfotericina B: Abelcet®,

(a), Amphotec® (b) e Ambisome® (c).
Fonte: Quilitz, 1998.
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Lipossomos sdo vesiculas compostas de arranjos esféricos de
moléculas de fosfolipideos. Substancias quimicas hidrofébicas como
anfotericina B podem ser incorporadas na bicamada lipidica, que
proporciona a liberac&o dirigida ao sistema reticuloendotelial. Devido a isso,
ocorre a penetracdo eficaz nos tecidos com niveis sustentados e
estabilidade no sangue, macréfagos e tecidos alvo (Bern et al., 2006).

O uso de anfotericina B liposomal € mais seguro do que o
desoxicolato de anfotericina B e & também altamente eficaz (Olliaro et al.,
2005; Alvar, Croft, Olliaro 2006). No entanto, seu alto custo limita a utilizagéo
generalizada em muitas regides endémicas. Pregos preferenciais foram
negociados para certos paises (Olliaro et al., 2009).

Cursos de tratamento curtos e regimes de dose unica de
anfotericina B lipossomal tém sido investigados em Bihar (Sundar et al.,
2001, 2003, 2004). Estudo recente testou a eficacia da anfotericina B
lipossomal em uma unica dose de 10 mg/kg em comparagao a 15 infusdes
em dias alternados de anfotericina B na dose de 1 mg/kg. A dose unica de
anfotericina B lipossomal nao foi inferior nem menos dispendiosa do que o
desoxicolato de anfotericina B, mas uma taxa de recaida maior, embora ndo
significativa, foi observada no grupo tratado com a formulagédo lipossomal
(Sundar et al., 2010). Anfotericina B disperséo coloidal foi avaliada também
em Bihar, onde foi observada uma taxa de cura de 97%; efeitos adversos
relacionados a infusdo foram observados em 56 a 68% dos pacientes
(Sundar et al., 2006). Existem, também, relatos de ensaios clinicos que
utilizaram um produto de desoxicolato de anfotericina B pré-misturado com
emulsao lipidica para o tratamento da LV em Bihar, com taxas de cura de
aproximadamente 95%; efeitos adversos relacionados a infusdo foram
observados em 11% dos pacientes (Sundar et al., 2008a; 2008b; 2009).
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1.1.1.3. Miltefosina

Miltefosina é uma alquilfosfocolina originalmente desenvolvida
para o tratamento de céncer. Foi o primeiro farmaco oral registrado para o
tratamento da LV. E usada como ferramenta potencial para o programa de
eliminagdo da LV na india, Bangladesh e Nepal e como tratamento de
segunda linha para LC na Colémbia e Bolivia (Alvar, Croft, Olliaro, 2007).
Sua eficacia ainda nao foi comprovada para espécies de LV do Novo Mundo.

O trato gastrointestinal € o principal 6rgdo alvo de efeitos
colaterais (Sindermann, Engel, 2006). Sintomas gastrointestinais séo os
efeitos adversos mais comuns observados em estudos clinicos
(Bhattacharya et al., 2007). Também, foi observada uma elevagéo transitoria
moderada das enzimas hepaticas. Em um estudo de fase IV e em estudos
anteriores, os efeitos adversos ocorreram mais frequentemente na primeira
semana de tratamento e diminuiram com o tempo (Bhattacharya et al.,
2007). A principal limitagdo da miltefosina é a sua contraindicagdo na
gravidez e contracepc¢ao obrigatéria para mulheres em idade fértil durante a
duracao da terapéutica e dois a trés meses apds o tratamento. Esta restricdo
baseia-se na observagdo de efeitos teratogénicos em estudos pré-clinicos
(Sindermann, Engel, 2006).

A miltefosina possui uma primeira meia-vida de eliminagdo de
sete dias e uma meia-vida terminal de 30 dias (Dorlo et al., 2008). Foram
levantadas preocupacgdes acerca dos niveis subterapéuticos no corpo apods o
término do tratamento, o que poderia contribuir para a sele¢édo de cepas
resistentes (Bryceson, 2001), ja que promastigotas de Leishmania
resistentes a miltefosina sao facilmente gerados em laboratério (Seifert et al.,
2003, 2007).

Os possiveis alvos da miltefosina em Leishmania incluem a
interferéncia no  metabolismo  éter-lipidico, biossintese de glicosil-
fosfatidilinositol (GPI) e no sinal de transdugdo (Lux et al., 1996).
Mitocondrias e, especificamente, a citocromo oxidase C tém sido implicados

como alvos da miltefosina em promastigotas de L. (L.) donovani (Luque-
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Ortega, Rivas, 2007). Efeitos sobre o metabolismo lipidico, especialmente
fosfolipideos, acidos graxos e esterdis, também tém sido descritos em

promastigotas de L. (L.) donovani (Rakotomanga et al., 2007).

1.1.1.4. Paromomicina

Paromomicina, um antibiético aminoglicosideo, € o ultimo farmaco
anti-Leishmania registrado para LV na india. Em um estudo de fase Il
paromomicina administrada por injegdo muscular na dose de 11 mg/kg/dia
por 21 dias mostrou eficacia similar ao tratamento com infusdo de
anfotericina B na dose de 1 mg/kg/dia por 30 dias, com taxas de cura de
946% e 98,8%, respectivamente (Gongalves et al.,, 2005; Sundar et al.,
2007).

Este farmaco tem se mostrado eficaz no tratamento da LV na
india e Africa Oriental, porém ndo ha relatos de experiéncia nas Américas
(OMS, 2010). Como efeitos colaterais, a paromomicina pode apresentar
nefro e ototoxidade. A monitorizagdo dos niveis de enzimas hepaticas foi
recomendada em um estudo de curta duragéo (Sundar et al., 2009).

Formulagbes tépicas de paromomicina também foram
desenvolvidas para o tratamento de LC (Alvar, Croft, Olliaro, 2006; Davidson
et al., 2009), como a pomada de cloreto de metilbenzeténio e paromomicina
(Leshcutan®) utilizada no tratamento de LC em Israel (Davidson et al,
2009). Um estudo de fase Il realizado na Tunisia e na Franga relatou taxa de
cura de 94% da pomada do aminoglicosideo de terceira geragao
WR279,396, uma formulagao hidrofilica composta de 15% de paromomicina
e 0,5% de gentamicina (Ben Salah et al., 2009).

Estudos sobre o0 modo de agdo da paromomicina em Leishmania
spp. indicaram depolarizacdo da membrana mitocondrial e disfuncdo

ribossomal e respiratéria (Maarouf et al., 1995; 1997a; 1997b).
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1.1.1.5. Pentamidina

Pentamidina € uma diamidina aromatica, que tem sido usada
como segunda linha no tratamento de LC e LV, em casos ndo responsivos
ao tratamento com antimoniais ou em casos de hipersensibilidade ao
antimoénio (Alvar, Croft, Olliaro, 2006). Este farmaco é administrado por via
intramuscular ou, preferencialmente, por infusdo intravenosa (OMS, 2010).
Efeitos adversos graves, como diabetes mellitus (Olliaro et al., 2005),
hipoglicemia grave, hipotensao, alteragbes cardiolégicas, nefrotoxicidade e,
até mesmo, morte repentina foram descritos (Rath et al., 2003). Auséncia de
resposta a pentamidina foi relatada em 25% dos pacientes (Mishra et al.,
1992).

As mitocdndrias tém sido sugeridas como o local de acumulo de
pentamidina em L. (L.) donovani (Mukherjee et al., 2006) e possivel alvo de
acao deste farmaco. Mudancas morfolégicas como inchago de mitocondrias
e fragmentagdo do DNA do cinetoplasto foram relatadas (Croft, Brazil, 1982;
Langreth et al., 1983). O colapso do potencial de membrana mitocondrial foi
observado em promastigotas de L. (L.) donovani (Vercesi, Docampo, 1992),

assim como a alcalinizagao dos acidocalcisomas (Vercesi et al., 2000).

1.1.1.6. Sitamaquina

Sitamaquina (WR6026) é uma 8-aminoquinolina em fase de
desenvolvimento para o tratamento oral da LV (Yeates, 2002). Estudos de
fase Il no Quénia e na india relataram taxas de cura de 83 e 87%,
respectivamente, apos 28 dias de tratamento na dose de 2 mg/kg/dia
(Wasunna et al., 2005; Jha et al., 2005). Dor abdominal e cefaléia foram
relatados no Quénia e dispepsia, vOmitos e cianose, na India.
Metemoglobinemia esta associada ao uso de 8-aminoquinolinas e foi
relatada em pacientes indianos (Jha et al., 2005). Colapso do potencial de

membrana mitocondrial em promastigotas de L. (L.) donovani foi

15



demonstrado (Vercesi, Docampo, 1992), bem como alcalinizagdo de

acidocalcisomas (Vercesi et al., 2000).

1.2. Doengade Chagas

A tripanossomiase americana, também conhecida como doenca
de Chagas, é uma doenga parasitaria causada pelo protozoario flagelado
Trypanosoma cruzi. A transmissao vetorial se da por insetos hematéfagos da
familia Reduviidae e subfamilia Triatominae, estando atualmente controlada
no Brasil a principal espécie transmissora, Triatoma infestans. Existem,
também, outros mecanismos de transmissao, como a transfusdo sanguinea,
vertical e oral (de Almeida et al., 2007).

A infeccdo chagasica humana é caracterizada por uma fase
aguda, que dura, em média, dois meses, sendo sucedida por uma fase
cronica, que, tipicamente, se prolonga por toda a vida do hospedeiro. Na
maioria dos casos, a fase aguda da doenga € oligossintomatica,
principalmente em adultos. Dependendo do local da inoculagdo, o primeiro
sinal pode ser um edema de pele (chagoma) ou edema unilateral orbital
(sinal de Romana), com linfoadenopatia local e febre durante varias
semanas. Caso a fase aguda se manifeste, outras manifestagbes podem ser
observadas, além do quadro febril, tais como miocardite, alteracdes
eletrocardiograficas, linfadenopatia e hepatoesplenomegalia (Boainain,
Rassi, 1979).

A fase aguda sintomatica ocorre principalmente em criangas, na
primeira década de vida, podendo levar a morte devido a complicagbes
decorrentes de insuficiéncia cardiaca. A medida que os niveis de
parasitemia e as lesbes inflamatérias da fase aguda diminuem em
intensidade, uma miocardite focal se instala durante a fase indeterminada da
doenga, podendo, em muitos casos, evoluir em magnitude e abrangéncia,

com a destruicdo de fibras cardiacas e fibrose (Rossi, 1991).
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A fase crbnica, com parasitas presentes nos tecidos-alvo
(especialmente coragdo e musculo liso digestivo), tem as seguintes formas
clinicas: forma assintomatica indeterminada; forma cardiaca; formas
digestivas (megaesdfago e megacolon) ou formas mistas (cardiaca e
digestiva) (OMS, 2011b).

A maioria das pessoas infectadas permanece assintomatica e
cerca de 30% apresentam complicacbes cardiacas e/ou digestivas na fase
tardia da doenga, como revisto por Moncayo (2003), Higuchi e colaboradores
(2003).

Durante seu ciclo de vida, o parasito possui variacoes
morfolégicas e funcionais, alternando entre estagios que sofrem divisao
binaria e as formas nao replicativas e infectantes. Como formas replicativas
estdo incluidos os epimastigotas presentes no tubo digestivo do inseto vetor
e amastigotas observados no interior das células de mamiferos. As formas
nao replicativas e infectantes, os tripomastigotas metaciclicos, sé&o
encontrados nas fezes e urina do inseto vetor e os tripomastigotas

circulantes no sangue de mamfferos (Figura 7).
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Figura 7: Observagdo microscépica de protozoarios do género
Trypanosoma. a) amastigotas (seta) em musculo cardiaco de camundongo
infectado; b) tripomastigotas sanguineos; c) epimastigotas mantidos em

meio de cultura.
Fonte: FIOCRUZ, 2011.
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O parasito T. cruzi infecta em condicbes naturais mais de 100
espécies de mamiferos de diferentes ordens; existe em diferentes
populacdes de hospedeiros vertebrados tais como seres humanos, animais
silvestres, animais domésticos e em hospedeiros invertebrados, como os
triatomineos. Das 140 espécies de triatomineos conhecidas atualmente, 69
foram identificadas no Brasil e sdo encontradas em varios estratos florestais,
de todos os biomas. Com a interrupgao da transmissao vetorial por Triatoma
infestans no Pais, quatro outras espécies de triatomineos tém especial
importancia na transmissdo da doengca ao homem: T. brasiliensis,
Panstrongylus megistus, T. pseudomaculata e T. sordida (MS, 2009).

O ciclo no hospedeiro vertebrado tem inicio quando formas
infectantes eliminadas pelo inseto vetor entram em contato com mucosas ou
regides lesadas da pele desses hospedeiros. As formas tripomastigotas
metaciclicas podem invadir macréfagos, fibroblastos ou células epiteliais,
entre outras. Ocorre entdo proliferagao intracelular e liberacdo de formas
tipomastigotas e amastigotas no espaco intercelular. Estas formas podem
invadir novas células localizadas no sitio de infeccdo, ou podem atingir
diferentes tecidos do hospedeiro por meio da corrente circulatoria. Durante a
alimentagcdo do inseto, as formas tripomastigotas que se encontram no
sangue do hospedeiro vertebrado sao ingeridas. No hospedeiro
invertebrado, os parasitas se transformam em epimastigotas e entdo, no
intestino posterior, se diferenciam em tripomastigotas metaciclicos, os quais,
eliminados pelas fezes e urina do inseto vetor, sdo capazes de infectar o
hospedeiro vertebrado via mucosa ou ferimentos na pele (Tyler, Engman,

2001). O ciclo de vida do T. cruzi é ilustrado na Figura 8.
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Figura 8: Ciclo de vida dos protozoarios T. cruzi.
Fonte: FAPEAM, 2012.

A doenga de Chagas ocorre principalmente na Ameérica Latina,
onde a doencga é endémica (Figura 9). No entanto, nas ultimas décadas tem
sido cada vez mais detectada nos Estados Unidos, Canada, diversos paises
da Europa e alguns paises do Pacifico. Isto é devido principalmente a
mobilidade populacional entre América Latina e o resto do mundo. Menos
frequentemente, € devido a infecgao por transfusdo sanguinea, transmisséao
vertical ou doagao de 6rgaos. Estima-se que mais de 25 milhdes de pessoas
estdo expostas ao risco de adquirir a doenga e que, em 2008, a doenga de

Chagas matou mais de 10 mil pessoas (OMS, 2010).
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Figura 9: Area endémica de doenca de Chagas.
Fonte: Morel, Lazdins, 2003.

No final dos anos 1970, a area com risco de transmissao vetorial
da doenga de Chagas no Brasil incluia 18 estados com mais de 2.200
municipios, e, desses, 711 municipios com a presenca do vetor. Acdes
sistematizadas de controle quimico foram instituidas a partir de 1975 e,
mantidas em carater regular desde entdo, levaram a uma expressiva
reducado da presenca de T. infestans e, simultaneamente, da transmissao do
T. cruzi ao homem (MS, 2012).

Os casos mais recentes de transmissdao oral da doenca de
Chagas no Brasil estdo relacionados ao consumo de agai fresco,
principalmente na regido Norte. No periodo de 2000 a 2010, foram
registrados no Brasil 1.086 casos de doenga de Chagas aguda (Figura 10).
Destes, 70% (765/1.086) ocorreram por transmissdo oral e 7% por
transmissao vetorial (80/1.086); em 22% dos casos (234/1.086) nao foi

identificada a forma de transmisséo (MS, 2012).
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Figura 10: Distribuicdo espacial dos casos de doenca de Chagas no Brasil

no periodo de 2000 a 2010.
Fonte: SVS/MS.

1.2.1. Tratamento

A doenga de Chagas continua a ser um grave problema de saude
devido a terapia inadequada. Os dois farmacos usados para tratar a doenga
de Chagas, o benznidazol e o nifurtimox, sdo quimicamente relacionados
com os nitrofuranos (McKerrow et al., 2009). O mecanismo de agédo destes
farmacos esta relacionado ao stress redutivo, envolvendo modificagcao
covalente de macromoléculas, como as de DNA, por intermediarios
nitrorredutores (Maya, 2007). As estruturas, formulas moleculares e
classificagdo quimica do benznidazol e do nifurtimox sdo mostradas no
Anexo 1.

Benznidazol e nifurtimox apresentam 60 a 80% de cura da doenca
logo apds a infecgao ou no inicio da fase aguda (Tempone et al., 2007). No
entanto, a eficacia de ambos diminui conforme aumenta o tempo em que
ocorreu a infec¢gao (OMS, 2010). O tratamento também ¢é indicado em casos
de reativacdo da doenga, como por exemplo, devido a imunossupressao, e

para recém-nascidos, em casos de infeccao congénita.
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Os beneficios do tratamento para prevenir ou retardar o
desenvolvimento da doenga devem ser avaliados devido a longa duragéo do
tratamento (até dois meses) e as possiveis reagdes adversas, que ocorrem
em até 40% dos pacientes tratados (OMS, 2011b).

Ha controvérsias quanto a eficacia da terapia na fase cronica da
doenga e, além disso, a resisténcia ao nifurtimox foi documentada (de
Andrade et al., 1996; Nozaki, Engel, Dvorak, 1996, Jannin, Villa, 2007).

Os efeitos colaterais indesejaveis de ambos sao o seu
inconveniente principal. Os efeitos adversos observados com maior
frequéncia no uso de nifurtimox sao: anorexia, perda de peso, alteracdes
psiquicas, excitabilidade, sonoléncia e complicagbes digestivas (nausea ou
vOmito, codlicas intestinais e diarréia). No tratamento com benznidazol, as
manifestacbes cutdneas sao as mais notdrias, como hipersensibilidade,
dermatite  com erupgbes cutdaneas, edema generalizado, febre,
linfoadenopatia e dores articulares e musculares (Castro et al., 2006).

Desde a década de 1980, o nifurtimox teve a sua comercializagao
interrompida, primeiramente no Brasil e depois em outros paises da América
do Sul. Isso se deu em razdo da resisténcia apresentada pelas cepas e,
sobretudo, pelo desinteresse do laboratério farmacéutico em continuar a

produgdo de um medicamento nado lucrativo (Coura, Castro, 2002).

O benznidazol ¢é atualmente produzido pelo Laboratério
Farmacéutico do Estado de Pernambuco (Lafepe), unico fabricante do
medicamento no mundo, apods ter recebido a transferéncia de tecnologia do
laboratério multinacional Roche. Em 2011, o Lafepe suspendeu a producao
do medicamento por falta do principio ativo, cuja producdo € de
responsabilidade do laboratério privado Nortec. Por conta da falta de
abastecimento do benznidazol, diversos programas de tratamento na
América Latina ficaram sem estoque do medicamento por pelo menos um
semestre. A disponibilidade futura do medicamento ainda ndo é conhecida
(MSF, 2012).
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Considerando as 10 milhdes de pessoas em risco e a carga de
infectados da doenca, os recursos para pesquisa € desenvolvimento para a
doenga de Chagas sao extremamente baixos, tornando esta uma das mais
negligenciadas entre as doencgas negligenciadas. Em 2007, menos de um
milhdo de dolares (0,04% dos recursos para pesquisa e desenvolvimento
dedicados a doengas negligenciadas) foi utilizado no desenvolvimento de
novos medicamentos para a doenga de Chagas (Moran et al., 2009; Ribeiro
et al., 2009).

Devido a estes fatores, a necessidade do desenvolvimento de
farmacos para o tratamento da doenca de Chagas € evidente e tem sido
pontuada pela OMS (OMS, 2011b).

1.3. Estratégias para a pesquisa de compostos e alternativas

para o tratamento da leishmaniose e da doenga de Chagas

A pesquisa de farmacos mais eficazes e que atendam aos
padrdes atuais de seguranga € considerada uma prioridade para o controle
da leishmaniose (OMS, 2010) e doenga de Chagas (DNDi, 2011).

A pesquisa e o desenvolvimento de farmacos envolve o
planejamento, a identificacdo e a sintese de compostos biologicamente
ativos (protétipos), bem como o estudo do metabolismo, do mecanismo de
acao e das relagdes entre a estrutura quimica e a atividade biologica destes
protétipos (Lima, 2007; Wermuth, 2008).

Os dois principais gargalos do processo de descoberta e
desenvolvimento de farmacos consistem na identificagdo do protétipo —
ainda na etapa de descoberta — e na passagem do protétipo a candidato a
farmaco, durante a etapa de desenvolvimento (Oprea, 2001; Lima, 2007).
Devido aos gargalos entre estas etapas, os protétipos potenciais para
doencas negligenciadas ficam frequentemente presos nos primeiros estagios

do desenvolvimento (Pécoul, 2004).
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A identificacdo do composto-protétipo constitui etapa chave no
processo da descoberta de farmacos. Ao longo dos anos, diversas
estratégias foram utilizadas em sua identificagdo, incluindo a triagem
(screening) de compostos naturais e sintéticos, eleitos em fungdo da

diversidade estrutural e dos ensaios bioldgicos disponiveis (Lima, 2007).

1.3.1. Reposicionamento de farmacos

A triagem de farmacos desenvolvidos inicialmente para outro
propoésito representa uma das formas mais promissoras na introdugcdo de
novos compostos para doengas negligenciadas, sendo conhecida como
reposicionamento de farmacos. Um grande numero de farmacos que foram
desenvolvidos para outras doencas tem sido utilizado com sucesso como
terapia para doencas infecciosas em paises em desenvolvimento. No
tratamento da LV, um exemplo de reposicionamento € a miltefosina,
inicialmente desenvolvida para o tratamento do cancer de mama (Sundar et
al., 2002), a pentamidina, um agente hipoglicemiante, assim como a
anfotericina B e os azdis, usados no tratamento de infecgbes fungicas (Croft,
Seifert, Yardley, 2006).

O reposicionamento tradicionalmente tem ocorrido ao acaso
(Ashburn, Thor, 2004). Até o0 momento, estes estudos tém sido focados na
tiagem in vitro, no entanto, métodos de triagem computacional (in silico)
também podem ser aplicaveis (Ekins et al., 2007).

Para as empresas farmacéuticas, o reposicionamento tem
significativo valor comercial, uma vez que amplia o0 mercado para um
composto, encontra novos usos para compostos arquivados e oferece menor
risco financeiro e um periodo de tempo mais curto para obtengado dos lucros
(Cavalla, 2009).

Os beneficios da reposicdo incluem: trabalhar com alvos
conhecidos, a disponibilidade de materiais e de dados (como estudos de

toxicologia de longo prazo) que podem ser usados e apresentados as
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autoridades reguladoras, e, como resultado, 0 menor tempo de pesquisa e
menores custos, em comparagdo ao tempo e aos custos tipicamente

observados para trazer uma nova entidade molecular até o mercado (Ekins
et al.,, 2011).

1.4. Justificativa e relevancia

Doencgas negligenciadas séo doengas que nao so prevalecem em
condicbes de pobreza, mas também contribuem para a manutengcao do
quadro de desigualdade, ja que representam forte entrave ao
desenvolvimento dos paises. Como exemplos de doengas negligenciadas,
podemos citar leishmaniose e doenca de Chagas, entre outras. Segundo
dados da OMS, mais de um bilhdo de pessoas estao infectadas com uma ou
mais doengas negligenciadas, o que representa um sexto da populagao
mundial (Decit, 2010).

Embora exista financiamento para pesquisas relacionadas as
doengas negligenciadas, o conhecimento produzido ndo se reverte em
avangos terapéuticos, como, por exemplo, novos farmacos, métodos
diagnésticos e vacinas. Uma das razbes para esse quadro é o baixo
interesse da industria farmacéutica nesse tema, justificado pelo reduzido
potencial de retorno lucrativo para a industria, uma vez que a populacao
atingida € de baixa renda e presente, em sua maioria, nos paises em
desenvolvimento (Decit, 2010).

Devido as limitagbes referentes aos medicamentos existentes no
mercado, ao avango da leishmaniose em varias regides do mundo, aliados
ao surgimento de parasitos ndo responsivos aos medicamentos e ao carater
oportunista da leishmaniose em pacientes co-infectados com HIV, a OMS
caracteriza a leishmaniose como importante doenga emergente,
reconhecendo a necessidade de se priorizar a pesquisa em hovas
estratégias de tratamento (OMS, 2011a). A assembléia da OMS incentiva

pesquisas que busquem encontrar alternativas seguras, efetivas e
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acessiveis a medicina, para o tratamento oral, parenteral ou topico da
leishmaniose, envolvendo ciclos mais curtos de quimioterapia, menor
toxicidade e associagdes de farmacos (OMS, 2007).

No Brasil, a LV é uma doenca de notificacdo compulséria. Porém,
estima-se que ocorra subnotificagdo da doenca, devido, principalmente, ao
ndo reconhecimento da mesma por parte de alguns profissionais de saude.
Ao longo dos anos nota-se que a LV esta em franca expansao no Brasil, e
isto € bem claro no Estado de Sao Paulo. A LV é uma doencga atual de
grande importancia para saude publica e que traz fortes impactos
econdbmicos para o Brasil (Lindoso, Goto, 2006).

O tratamento atual da doenga de Chagas apresenta baixa eficacia
na fase crbnica da doenca, apresenta severos efeitos adversos e necessita
de longo periodo de administragao. Estima-se que apenas 1% dos pacientes
de doenga de Chagas recebe algum tipo de tratamento (Ribeiro et al., 2009).
Portanto, a necessidade por medicamentos acessiveis, seguros e eficazes
para criancas e adultos, bem como medicamentos que tratem ambas as
fases da doencga é urgente.

Diante do restrito arsenal terapéutico para o tratamento da
leishmaniose e doenga de Chagas, o presente trabalho se propde ao estudo
de alternativas terapéuticas para estas doencas negligenciadas. Para
alcancar este objetivo, foram adotadas diferentes estratégias, como a
avaliacdo da atividade anti-Leishmania e anti-T. cruzi de farmacos ja usados
no tratamento de outras patologias, como os bloqueadores de canal de
calcio (BCC), a furazolidona e a buparvaquona; a associagao de farmacos
de diferentes classes quimicas e o desenvolvimento de formulacbes

lipossomais, conforme apresentado nos capitulos a seguir.
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2. OBJETIVOS

2.1. Objetivos gerais

Avaliar a atividade anti-Leishmania in vitro e in vivo dos farmacos
buparvaquona, furazolidona e dos BCC. Realizar combinagdes de BCC com
os principais farmacos usados na clinica da LV. Desenvolver formulagdes

lipossomais de nimodipino, furazolidona e buparvaquona.

2.2. Objetivos especificos

Capitulo 1

° Avaliar a atividade anti-Leishmania, atividade anti-T. cruzi e

citotoxicidade in vitro dos BCC.

. Avaliar a producdo de 6xido nitrico (NO) pelos macrofagos apos

incubacédo com os BCC.

. Avaliar as alteragdes ultraestruturais em promastigotas de L. (L.)

infantum chagasi ap6s a incubagdo com nimodipino

o Avaliar a eficacia in vivo dos BCC anlodipino, bepridil, fendilino,

nimodipino livre e lipossomal.

Capitulo 2

o Realizar o estudo das correlagdes entre estrutura quimica e atividade
biolégica (QSAR) dos BCC com base nos resultados obtidos nos ensaios in

vitro.
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Capitulo 3

. Realizar combinagdes in vitro dos BCC com os farmacos padrao em

promastigotas e amastigotas intracelulares de L. (L.) infantum chagasi.

Capitulo 4

° Avaliar a atividade anti-Leishmania e citotoxicidade in vitro de

furazolidona.

o Avaliar a producdo de NO pelos macroéfagos apods incubagdo com

furazolidona.

. Avaliar as alteragbes ultraestruturais em promastigotas de L. (L.)

infantum chagasi ap6s a incubagéo com furazolidona.

o Avaliar a eficacia in vivo de furazolidona e sua formulagao lipossomal
Capitulo 5
o Avaliar a atividade anti-Leishmania e citotoxicidade in vitro de
buparvaquona.
o Avaliar a eficacia in vivo de buparvaquona e sua formulacéo
lipossomal.
Capitulo 6
o Desenvolver uma formulagao lipossomal de nimodipino, furazolidona

e buparvaquona e avaliar sua eficacia em hamsteres infectados com L. (L.)

infantum chagasi.
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o Avaliar a captacdo e internalizacdo de furazolidona lipossomal no

baco e figado de hamsteres infectados com L. (L.) infantum chagasi.

Capitulo 7

o Desenvolver um protocolo de PCR em tempo real (QPCR) para
quantificacdo de RNA de L. (L.) infantum chagasi presente no bago e figado

de hamsteres infectados, para avaliagdo do tratamento experimental.
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3. MATERIAIS E METODOS

3.1. Reagentes e farmacos

Dimetilsulféxido (DMSO), glicerol, dodecil sulfato de sédio (SDS) e
metanol foram obtidos da Merck. Brometo de 3-[4,5-dimetiltiazol-2-il]-2,5-
difenil tetrazolio (MTT), colesterol, lipopolissacarideo (LPS), meio Roswell
Park Memorial Institute (RPMI-1640) e meio M-199 foram adquiridos da
Sigma. Dicloridrato de 4,6-diamidino-2-fenilindol (DAPI) e isotianato de 5-
fluoresceina (FITC) foram adquiridos da Molecular Probes. Fosfolipideos
hidrogenados foram doados por Lipoid GmbH. Demais reagentes foram
adquiridos da Sigma.

Anrinona, azelnidipino, bepridil, cilnidipino, fendilino, furazolidona,
lercanidipino, lidoflazina, mibefradil, nicardipino, nifedipino, nimodipino e
nitrendipino foram adquiridos da Sigma. Glucantime®, isetionato de
pentamidina e anfotericina B desoxicolato de sddio foram obtidos da Sanofi-
Aventis, Sideron e Cristdlia, respectivamente. Anlodipino e buparvaquona

foram doados por Bayer e GlaxoSmithKline, respectivamente.

3.2. Parasitas

Promastigotas de Leishmania (L.) infantum  chagasi
(MHOM/BR/1972/LD), Leishmania (L.) amazonensis (WHO/BR/00/LT0016),
Leishmania (L.) major (MHOM/1L/80/Fredlin) e Leishmania (V.) braziliensis
(MHO/BR/75/M2903) foram cultivadas em meio 199 (M-199) suplementado
com 10% de soro fetal bovino (SFB) e 0,25% de hemina, a 24 °C em estufa
BOD, sem a adicdo de antibioticos. Amastigotas de L. (L.) infantum chagasi
foram obtidos por meio de centrifugacao diferencial de bago de hamsteres
previamente infectados e o numero de parasitas foi determinado pelo

método de Stauber (1958) apos 60-70 dias apds a infecgao.
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Tripomastigotas de T. cruzi (cepa Y) foram mantidos em células
LLC-MK2 (ATCC CCL 7) em meio RPMI1640 suplementado com 2% de
SFB, a 37 °C, em estufa a 5% de COa,.

3.3. Células de mamiferos

Macréfagos foram coletados da cavidade peritoneal de
camundongos BALB/c fémeas por meio de lavagem com meio RPMI-1640,
suplementado com 10% de SFB. Macréfagos, monocitos THP-1 (human
monocytes ATCC number TIB-202) e células LLC-MK-2 (Rhesus Monkey
Kidney Cells - ATCC CCL 7) foram cultivados em meio RPMI-1640,
suplementado com 10% de SFB e foram mantidos a temperatura de 37 °C

em estufa a 5% de CO..

3.4. Animais de experimentagao

Hamsteres dourados (Mesocricetus auratus) e camundongos
BALB/c foram obtidos do biotério do Instituto Adolfo Lutz de S&o Paulo e
mantidos em caixas esterilizadas com material absorvente, recebendo agua
e alimento ad libitum. Hamsteres dourados foram infectados a cada més
com amastigotas provenientes de bago para manutengdo da cepa.
Camundongos BALB/c fémeas foram utilizados para obtencdo de
macréfagos peritoneais. Todos os procedimentos realizados com animais
tiveram aprovacdo pela Comissdo de Etica em Pesquisa do Instituto de

Medicina Tropical de Sdo Paulo, da Universidade de S&o Paulo (Anexo 12).
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3.5. Determinagao da CEsy em promatigotas e tripomastigotas

Os compostos foram dissolvidos em DMSO, diluidos em meio de
cultura e incubados com os parasitas em diferentes concentragbes em
placas de 96 pocos, em volume final de 150 uL. A CEsg foi determinada apds
incubacdo dos parasitas com os diferentes compostos que foram
serialmente diluidos (base 2) até o sétimo pogo da microplaca, em duplicata.
Em seguida foram adicionados os parasitas (1x10%poco) e a placa foi
incubada por 24 horas a 24 °C em estufa BOD. Foram utilizados
promastigotas de L. (L.) infantum chagasi, L. (L.) amazonensis, L. (L.) major
e L. (V.) braziliensis em meio M-199 e tripomastigotas de T. cruzi em meio
RPMI-1640, ambos sem vermelho de fenol. Apés 24 horas de incubacao
com os compostos, a viabilidade dos parasitas foi determinada por meio de
ensaio colorimétrico com MTT da seguinte forma: os parasitas foram
incubados por 4 horas com 20 pL/pogo de MTT (5 mg/mL) e posteriormente
incubados com 100 pL/pogo de SDS 10% (viv) por 24 horas. O
sobrenadante foi lido a 550 nm em leitor de placas (Multiskan reader 30)
(Tada et al., 1986; Tempone et al.,, 2004) e os valores de densidade éptica
obtidos foram usados para confecgao de graficos dose-resposta utilizando-
se o programa GraphPrism 5.0. Como controle do ensaio, foram usados
pentamidina e benznidazol, pogos com auséncia de parasitas (0% de
sobrevida) e pogos contendo parasitas incubados apenas com meio de
cultura (100% de sobrevida). Foi feito também o controle do solvente
utilizado para dissolver os compostos (DMSO), sendo que o0 mesmo foi

adicionado na propor¢cdo maxima de 0,05% do volume final do poco.

3.6. Determinagao da CEsp em amastigotas intracelulares de

L. (L.) infantum chagasi.

Os macréfagos (4x10° por pogo) foram coletados da cavidade

peritoneal de camundongos BALB/c conforme descrito anteriormente e
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adicionados a laminulas de vidro (13 mm) em placas de 24 pocos,
permanecendo em estufa a 5% de CO, a 37 °C por 24 horas. Amastigotas
de L. (L.) infantum chagasi extraidos de bago e separados por centrifugagéo
foram adicionados aos macréfagos na  proporgdo de  10:1
(amastigotas/macréfago) e incubados com os diferentes compostos a 37 °C
por um periodo de 120 horas. Ao final do ensaio, as laminas foram coradas
por Giemsa e observadas em microscoépio optico. A CE 5 foi determinada por
meio da contagem de 500 macréfagos/pogo, avaliando-se o numero de
macréfagos infectados (Yardley, Croft, 2000). Como controle do ensaio, foi
usado o farmaco Glucantime® e pogos contendo macréfagos e amastigotas
incubados apenas com meio RPMI-PR-1640 contendo 10% de SFB.

3.7. Determinagdao da citotoxicidade contra células de

mamiferos e do indice de seletividade

Para determinacao da citotoxicidade contra células de mamiferos,
foram utilizados mondcitos THP-1 (1x10* células/poco), células LLC-MK2
(4x10* células/pogo) e macréfagos peritoneais de camundongos BALB/c
(4x10° células/poco). Os compostos foram dissolvidos em DMSO e diluidos
serialmente (base 2) em meio RPMI-1640 sem vermelho de fenol contendo
10% de SFB em placas de 96 pocos. As placas foram incubadas por 48
horas a 37 °C em estufa a 5% de CO; e foi determinada a viabilidade celular
por meio de ensaio colorimétrico com MTT como descrito anteriormente
(Tada et al., 1986; Tempone et al., 2005). Como controle do ensaio, foram
utilizados os farmacos pentamidina, anfotericina B ou benznidazol, pogos
com auséncia de células (0% de sobrevida) e pogos contendo células
incubadas apenas com meio RPMI-1640 contendo 10% de SFB (100% de
sobrevida). O indice de Seletividade (IS) dos compostos foi determinado por
meio da seguinte expressao: CEsy em células de mamifero/ CEsp contra os

parasitas.
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3.8. Avaliacao da atividade hemolitica

A atividade hemolitica foi avaliada em eritrécitos de camundongos
BALB/c (Conceigao et al.,, 2006). Suspensdes de 3% dos eritrocitos foram
incubadas por 2 horas com os compostos dissolvidos em DMSO, diluidos
serialmente em PBS em placas de 96 pog¢os com fundo em forma de U. As
placas foram incubadas a 25 °C e, posteriormente, o sobrenadante foi lido a
550 nm em leitor de placas (Multiskan reader 30). Utilizou-se como controle
negativo (0% de hemdlise) eritrocitos incubados apenas com PBS e como

controle positivo (100% de hemolise) eritrécitos incubados com H20.

3.9. Avaliagao da producao de NO

Macréfagos peritoneais foram obtidos conforme descrito
anteriormente e incubados na presenca dos compostos em placas de 24
pocos por 24 horas a 37 °C. A producdo de NO foi avaliada por meio da
quantificacdo de nitrito pelo método de Griess em placas de 96 pocos
(Panaro et al., 1999). Lipopolissacarideo (50 ug/mL) foi utilizado como
controle positivo para produgao de NO. A leitura da placa foi realizada em
espectrofotdbmetro de placas a 550 nm em leitor de placas (Multiskan reader
30).

3.10. Diagrama de Hasse, PCA e QSAR

Foram realizadas modelagens moleculares computacionais em
software SPARTAN para Windows v. 4.0 (Wavefunction, Inc., Irvine, Calif.).
Os compostos foram submetidos a otimizagdo da geometria das estruturas e
analise conformacional (andlise sistematica com angulo diédrico rotacionado
a cada 30°. O método quéntico semi-empirico AM1 foi usado (Austin

Modelo 1) (Dewar et al., 1990). Moléculas de energia minimizada foram
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salvas como MDL MolFiles por varios descritores moleculares usando o
programa DRAGON Professional versao 5.4 (Talete, 2009).

Foram excluidas variaveis constantes, como também aquelas que
apresentaram apenas um valor diferente da série (préxima variavel
constante). Para os descritores restantes, foi realizada a correlagao de pair
wise (r < 0,99) para excluir aqueles que fossem altamente correlacionados
(Livingstone, 1995). Assim, o numero de descritores GETAWAY usado nos
calculos foi reduzido a 89 descritores.

O programa MobyDigs foi usado para o calculo de modelos de
regressao que foram baseados em valores de pCEsy (-logCEsp) usando
algoritmos genéticos (Talete, 2006). A procura por melhores modelos (valor
mais alto de coeficiente de predicdo interna Qcv) foi realizada usando
ordinary least squares regressions (OLS) com o Algoritmo Genético (GA),
quer dizer, pelo método de Variable Subset Selection-Genetic Algorithm
(VSSGA). Na terminologia de GA, uma populacao foi caracterizada por um
conjunto de variaveis candidatas (a herangca genética da populagdo) e foi
constituido pelos individuos e modelos feitos de uma ou mais variaveis de

populacéo (Leardi, Boggia, Terrile, 1992).
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3.11. Determinacao das interagdes entre farmacos in vitro

As possiveis interagdes entre os farmacos foram avaliadas in vitro
por meio do método de isobolograma modificado (Fivelman et al., 2004). Os
valores das CEsp pré-determinados foram utilizados para decidir as
concentragdes maximas dos farmacos individuais, assegurando a CEsp no
quarto ponto da diluicdo seriada. Os compostos foram dissolvidos em DMSO
e diludos em meio RPMI-140. As concentracbes maximas usadas nas
solugdes foram preparadas nas propor¢des de 5.0, 4:1, 3:4, 2.3, 114 e 0:5
dos farmacos A e B, que foram serialmente diluidos (base 2) até o sétimo
poc¢o da microplaca, em duplicata.

Promastigotas de L. (L.) infantum chagasi foram semeados a
1x10° por poco em um volume final de 200 pL. A concentracao inicial usada
foi de 12 pg/mL para anlodipino, 12 pg/mL para bepridil, 100 yg/mL para
lecanidipino, 100 pg/mL para nicardipino, 280 pg/mL para nimodipino, 1,5
Mg/mL para pentamidina e 0,4 ug/mL para anfotericina B. As placas foram
incubadas por 24 horas a 24 °C em estufa BOD e a viabilidade dos
promastigotas foi determinada pelo método colorimétrico de MTT, conforme
descrito anteriormente.

Os macrofagos foram coletados da cavidade peritoneal de
camundongos BALB/c conforme descrito anteriormente e adicionados a
placas de 16 pocos (NUNC®) a 5x10* por poco, permanecendo em estufa a
5% de COz a 37 °C por 24 horas (Yardley, Croft, 2000). Amastigotas de L.
(L.) infantum chagasi extraidos de bago e separados por centrifugagcéo foram
adicionadas aos macréfagos na proporgao de 10:1 (amastigotas/macrofago).
Apos 24 horas de incubagdo, os macrofagos foram lavados com meio RPMI-
PR-1640 para remoc¢ao dos parasitas nao internalizados e, em seguida, foi
adicionado meio contendo as associagbes dos compostos e seguiu-se
incubacao em estufa a 5% de CO2 a 37 °C por 72 horas. Apds este periodo,
0 meio contendo as associagdes dos compostos foi renovado e seguiu-se

incubacado por mais 48 horas. A concentracao inicial usada foi de 21 ug/mL
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para anlodipino, 72 pg/mL para nimodipino, 240 yg/mL para Glucantime® e
0,2 pg/mL para anfotericina B. Ao final do ensaio (120 horas), as laminas
foram coradas com Giemsa e observadas em microscopio optico. A CEs foi
determinada por meio da contagem de 200 macrofagos/poco, avaliando-se o
nimero de macrofagos infectados (Yardley, Croft, 2000). Como controle do
ensaio foram usados poc¢os contendo macrofagos e amastigotas incubados
apenas com meio RPMI-PR-1640 contendo 10% de SFB.

As Figuras 11 e 12 mostram o esquema utilizado nos ensaio de
associacao de farmacos em promastigotas e amastigotas.

a) b)
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Figura 11: Ensaio de associacao de farmacos em promastigotas. a) Imagem
de uma placa de 96 pocos contendo promastigotas L. (L.) infantum chagasi,
apos incubacdo com seis combinacdes de dois farmacos, e posterior
incubacdo com MTT; b) Esquema de um ensaio de associacdo de farmacos
em placa de 96 pocos.

Os circulos em preto indicam 0s pocos que contém os controles positivos (auséncia de farmaco; 0%
de inibicéo) e os circulos em cinza indicam os pogos onde os farmacos foram combinados em seis
proporcdes (5:0, 4:1, 3:4, 2:3, 1:4 e 0:5, em duplicata), indicados pelos nimeros 1 a 6, e foram

serialmente diluidos até a linha G.
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Figura 12: Ensaio de associagao de farmacos em amastigotas. a) Imagem
de uma placa de 16 pogos (NUNC®) contendo amastigotas intracelulares de
L. (L.) infantum chagasi, apds incubagdo com seis combinagdes de dois
farmacos; b) Esquema de um ensaio de associagdo de farmacos em placas
de 16 pogos.

Os circulos em branco indicam os pogos que contém os controles negativos (auséncia de farmaco e
parasitas; 100% de inibi¢do), os circulos em preto indicam os pogos que contém os controles positivos
(auséncia de farmaco; 0% de inibicdo) e os circulos em cinza indicam os pogos onde os farmacos
foram combinados em seis proporgdes (5:0, 4:1, 3:4, 2:3, 1:4 e 0:5, em duplicata), indicados pelos

numeros 1 a 6, e foram serialmente diluidos até a linha G.
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3.12. Determinacao das CIFs e classificacao das associagoes
Foram calculadas as concentragdes inibitorias fracionarias (CIFs),
o somatorio das CIFs (3 CIF) e a média do somatorio das CIFs (¥ > CIF) da

seguinte maneira:

° CIF = CE5p farmaco em associacao

CEsp farmaco individual

o > CIF = CIF farmaco A + CIF farmaco B

J ¥ >CIF = somadas >CIF
4

Foram contruidos isobologramas a partir dos valores de CEs5p e

também a partir dos valores de CIF, conforme segue:

. Os valores de CEsg das associagdes foram plotados e os valores de
CEsy de cada farmaco aplicado isoladamente foram unidos, gerando a
isdbole de aditividade. Em torno da isébole de aditividade foram tragadas
linhas unindo os intervalos de confianga 95% bilaterais de cada um dos
farmacos isolados, formando faixas de confianga.
. Os valores de CIF foram plotados e os valores de CIF de cada
farmaco aplicado isoladamente foram unidos, gerando a isdbole de
aditividade.

As ¥ YCIF foram utilizadas para classificar as associagdes entre

os farmacos avaliados, conforme segue (Odds, 2003):
o X YCIF < 0,5: sinergismo;

o ¥ >CIF > 0,5 e <4: associagao indiferente;

J X 3 CIF > 4: antagonismo.
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De acordo com a configuragao grafica mostrada no isobolograma,
as associagdes entre os farmacos avaliadas foram assim classificadas
(Figura 13):

o Pontos localizados abaixo da isdbole de aditividade: sinergismo;
o Pontos localizados em torno da isdbole de aditividade: associacéo
indiferente;
o Pontos localizados acima da isébole de aditividade: antagonismo.
a) b) c)
Aditividade ou indiferenca Sinergismo Antagonismo
§ somente A T ';/"";cmentee '3'_5 somente A 7/ 3 /_‘/;“;cmenteB § somente A 7:‘;."';'30,“5"‘95
e 994 é 2 444 ¢ ¢ 8 ¢
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Figura 13: Representacédo grafica de um isobolograma. Associagao de dois
farmacos (A e B) e os possiveis tipos de interagdo: aditividade (a) ou

indiferenca; sinergismo (b) e antagonismo (c).

3.13. Avaliacao das alteragdes ultraestruturais causadas por
nimodipino e furazolidona

Com o objetivo de observar as alteragbes causadas em
Leishmania ap6s a incubagdo com os farmacos em estudo, os mesmos
foram incubados com promastigotas de L. (L.) infantum chagasi (5%10°
/pogo) por diferentes periodos, até observacdo de 100% de morte dos
parasitas. Ao final do ensaio os parasitas foram centrifugados a 2000 rpm

por 10 minutos e lavados 3 vezes em PBS. O material foi fixado em solugao
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de glutaraldeido 4%, incluido em tetréxido de 6smio por 30 minutos,
gradualmente desidratado em etanol e aplicado a resina Epon 812 (Duarte et
al,, 1992). O material foi entdo analisado em microscépio eletrbnico de

transmissao JEOL no Instituto Adolfo Lutz.

3.14. Preparo de formulagoes lipossomais

Os lipossomos foram preparados pelo método de hidratagcdo de
lipideos seguido por freeze-thawing (congelamento em nitrogénio liquido
seguido por descongelamento), e sonicagédo, seguido ou ndo por extrusao
por membranas de policarbonato (Szoka, Papahadjopoulos, 1980). Para
preparagao dos lipossomos, fosdatidilcolina saturada de ovo, fosfatidilserina

e colesterol foram usadas na proporcgéo de 7:2:1.

3.15. Determinagao do didametro médio dos lipossomos

Uma aliquota dos lipossomos, logo apés serem preparados, foi
fixada por 5 minutos em tela para microscopia. Em seguida, o material foi
seco em papel de filtro e adicionou-se uma gota de acido fosfotungstico a
1%. Apdés 5 minutos, o material foi nhovamente seco em papel de filtro e
observado sob microscopio eletrdnico de transmissdo (JEOL) no Instituto
Adolfo Lutz.

3.16. Dosagem de fosfolipideos e quantificagdo do

encapsulamento

Apds o preparo dos lipossomos, o material foi centrifugado (4000

X g por 15 minutos) para separagdo do farmaco nao encapsulado e a
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concentragao final de fosfolipideos foi determinada pelo método de Stewart
(1980).

Este ensaio foi realizado com uma amostra de lipossomos em
tubo de ensaio (duplicata), seguido da adigdo de 2 mL de cloroférmio e 2 mL
de solugdo de Stewart (27,03 g de tiocianato de amdénio NH;sSCN e 30,4 g
cloreto férrico hexaidratado-FeCls;. 6H,0 em H,O Milli-Q gsp 1000 mL). Os
tubos foram agitados em voértex por 1 minuto e a leitura da fase organica
(cloroférmio) foi realizada em espectrofotdmetro a 488 nm. Utilizou-se como
referéncia uma curva padrdo com os dois fosfolipidios usados nos
lipossomos. Os resultados foram analisados em curva de regressao linear
utilizando-se o software Graph Pad Prism 5.0.

A concentracdo de farmaco encapsulado foi determinada por
cromatografia liquida de alta eficiéncia (CLAE) (Proeminéncia LC-20;
Shimadzu Corp., Kyoto, Japdo) em coluna C18 (4,6 mm x 250 mm,
particulas de 5 um).

3.17. Avaliacao da atividade anti-Leishmania in vivo

Para se avaliar a atividade anti-Leishmania in vivo dos farmacos e
formulagdes lipossomais, foram realizados estudos em hamsteres dourados
machos recém-desmamados infectados com L. (L.) infantum chagasi.
Amastigotas purificados de bago de hamsteres previamente infectados foram
inoculados por via intraperitoneal, utilizando-se um n = 5 para cada grupo.
Glucantime (50 mg/kg/dia por via i.p.) foi utilizado como referéncia. O grupo
controle recebeu o veiculo usado para diluir os farmacos (PBS, Cremophor e
etanol na proporcdo de 80:15:5 - v/v), ou lipossomos sem adigdo de
farmaco. A porcentagem de inibicdo foi calculada para todos os grupos
tratados em relagdo ao grupo ndo tratado. Ao final do tratamento, os animais
foram eutanasiados em camara de CO,, sendo removidos o baco e o figado

e imediatamente pesados. As doses e esquemas utilizados no tratamento
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experimental dos farmacos anlodipino, bepridil, buparvaquona, fendilina,

furazolidona e nimodipino sdo mostrados na Tabela 1.

Tabela 1: Doses e esquemas utilizados no tratamento experimental dos

farmacos anlodipino, bepridil, buparvaquona, fendilina, furazolidona e

nimodipino.
Farmaco ou Inéculo’  Inicio° Duragdo® Dose® Quantificagao’
formulagao
Anlodipino 1,8x10° 45 10 10 gPCR
Bepridil 1x10° 45 10 12 gPCR
Buparvaquona 1%108 43 8 20 gPCR
Buparvaquona LP 1%10® 43 8 0,33 gPCR
Fendilina 1,8x10° 45 10 3 gPCR
Furazolidona 1x10° 45 12 50 LDU
Furazolidona LP 1x108 45 12 0,5 LDU
Nimodipino 1,8%10° 45 10 40 gPCR
Nimodipino LP 1,8%108 45 10 0,86 gPCR

LP: formulacéo lipossomal; 'Numero de amastigotas inoculado por animal; “Inicio do tratamento (dias
apos o indceulo); 3Durag;éto do tratamento (dias); *Dose administrada por animal (mg/kg/dia); *Método

empregado para quantificagdo da carga parasitaria.

3.18. Quantificagado da carga parasitaria in vivo por LDU

Foram confeccionadas laminas por imprinting de bago e figado,
ap6s fixacdo com metanol e coloragdo com Giemsa. Em seguida, foi
realizada a contagem do numero de amastigotas por 500 ceélulas nucleadas,
e este valor foi multiplicado pela massa do érgao para obtencdo da LDU
(Leishman Donovan Units) (Bradley, Kirkley, 1977).
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3.19. Quantificagao da carga parasitaria in vivo por qPCR

Para avaliagdo do tratamento por gPCR, foram removidos
fragmentos do bago e figado (aproximadamente 200 mg) com o auxiio de
material cirdrgico estéril descartavel e individual para cada animal. Os
fragmentos foram colocados em tubos de microcentrifuga estéreis e foram
pesados. Em seguida, os fragmentos foram congelados por 24 horas, para
extracdo de RNA. O numero absoluto de parasitas presentes em cada
amostra (bago e figado) foi determinado pelo uso de curva padréao, conforme

descrito a seguir.

3.19.1. Extracdo de RNA de L. (L.) infantum chagasi e sintese
de cDNA

Amostras de bago e figado foram processadas conforme
protocolo basico de extracdo de RNA com colunas de afinidade. Os
fragmentos de 6rgaos foram congelados e mantidos a -80 °C, macerados
ainda congelados e lisados com tampé&o especffico do kit (Spin Tissue RNA
Mini Kit, Invisorb). Apos a lise, o0 RNA contido no sobrenadante foi extraido
por colunas de afinidade e congelado imediatamente. A seguir, as amostras
de RNA foram reversamente transcritas para cDNA. A uma quantidade de 11
ML do RNA foi adicionado 1 yL de uma mistura contendo os quatro dNTP’s e
1 uL de random primers. A seguir as reagbes foram levadas ao
termociclador por aproximadamente 5 minutos a 65 °C. Apos este tempo
foram retiradas e colocadas no banho de gelo por 20 segundos. Ao final
deste periodo, foram adicionados 2 uL de DTT e 4 yL de tampao (Tris-HCI,
250mM, pH 8,3; KCI, 375 mM; MgCl, 15 mM) e colocados novamente no
termociclador por 20 segundos a 37 °C. Apds os 20 segundos, adicionou-se
1 yuL da enzima M-MLV RT (Moloney Murine Leukemia Virus Reverse

Transcriptase).
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O grau de pureza das amostras foi analisado em Nanodrop
ND100 (Sambrook et al.,1989). Apdés a verificagcdo da integridade das
amostras por eletroforese e PCR convencional, estas foram congeladas a -
20 °C para posterior uso em qPCR.

O aparelho de PCR em tempo real conferiu automaticamente a
cada segundo o sinal fluorescente e calculou o sinal de fundo da reagdo. O
sistema detectou o sinal gerado pela fluorescéncia criada pelo acumulo de
DNA amplificado. Os resultados foram mostrados como valor de limiar de
ciclo (cycle threshold - Ct) que informa a quantidade de gene alvo ao qual a
fluorescéncia excedeu um limiar prefixado e foi automaticamente

determinado pelo equipamento.

3.19.2. PCR em tempo real single

O marcador molecular HP(LJ31) foi selecionado para a
construgcdo de um marcador para PCR em tempo real (LinJ31), devido a sua
melhor performance e boa visualizagdo no gel de agarose. Os marcadores
foram desenhados no programa Primer Express Software v3.0 (Applied
Biosystems).

Para a PCR em tempo real foram utilizadas sondas de hidrolise
do tipo TagMan, duplamente marcadas. Na extremidade 5’-end foi ligado
covalentemente um fluoréforo FAM (6-carboxi-fluoresceina). Na extremidade
3end, foi ligado um quencher NFQ (non-fluorescent quencher). O desenho
das sequéncias foi: LINJ31F: 5- CCG CGT GCC TGT CG -3'; LINJ31R 5'-
CCC ACA CAA GCG GGA ACT -3 e a sonda TagMan 5'-
CCTCCTTGGACTTTGC -3'. As reagdes foram realizadas em sistema ABI
7300 Real Time PCR (Applied Biosystems), num volume final de 20 uL por
reagao. Ao volume de 3 uL de DNA ou cDNA (amostras ou controles) foram
adicionadas um reagente contendo 10 pyL de 2X TagMan Universal PCR
Master Mix (NoAmpliErase UNG) e 1 pL de uma mistura que inclui os

marcadores forward € o reverse na concentragcdao de 18 uM, e a sonda
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TagMan, marcada com FAM, usando NFQ como quencher na concentragao
de 5 uM. As amplificacbes usaram dois controles negativos e um controle
positivo, assim como nas reagdes de PCR convencional. As amplificacdes
ocorreram em um ciclo inicial de 50 °C por 2 minutos para melhor atividade
da AmpliErase UNG, uma enzima que remove qualquer produto amplificado
anteriormente, evitando contaminagdo cruzada. A segunda etapa constituiu-
se de um ciclo a 95 °C por 10 minutos. Na proxima etapa foram realizados

40 ciclos a 95 °C por 15 segundos e a 60 °C por 1 minuto.

3.19.3. Construgao da curva padrao de DNA

A curva padrao de DNA de promastigotas de L. (L.) infantum
chagasi foi construida por meio de contagem de promastigotas em camara
de Neubauer. Os parasitas foram cultivados conforme descritos
anteriormente e foram centrifugados a 1.000 x g por 10 min e lavados duas
vezes em PBS (pH 7,2). Diferentes concentracbes de L. (L.) infantum
chagasi foram preparadas para obten¢gdo dos pontos na curva padrdao que
variaram de 102 a 108 formas. Os parasitas foram dissolvidos em 10 mM
Tris-HCI, pH 8,0; 10 mM EDTA; 0,5% SDS; 0,01% N-laurilsarcozil e 100
Mg/mL de proteinase K, agitados em vortice e incubados a 56 °C até
completa lise celular. O DNA foi extraido utilizando-se o kit PureLink
Genomic DNA Kit (Invitrogen) conforme instrugdes do fabricante. Foram
obtidas amostras de RNA de fragmentos de bacgo e figado coletados de
hamsters infectados com L. (L.) infanfum chagasi e uma amostra foi
colecionado de animal saudavel e usado como controle negativo. As
moléculas de RNA foram extraidas e purificadas usando o Mini kit Spin

Tissue RNA (Invisorb) conforme instrucbes do fabricante.
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3.20. PCR convencional e selegao dos primers

As amplificacbes foram realizadas utilizando um kit comercial
(GoTaq®Green Master Mix - Promega) contendo dois corantes (azul e
amarelo) que permitem monitorar o progresso das amostras durante a
eletroforese. Cada 12,5 pyL do mix continha uma unidade de Taq DNA
polimerase em 10 mM, Tris-HCI, pH 8,5; 50 mM KCI; 1,5 mM MgCl, e 200
mM de cada um dos dNTP’s. Cada reacao foi realizada adicionando-se 5 L
do DNA alvo e 50 pmol de cada marcador molecular num volume final de 25
ML. As amplificagbes foram realizadas utilizando um termociclador
(LongGene).

As PCRs realizadas a partir do DNA e do cDNA foram executadas
da mesma forma. Foram adotadas medidas de controle em todas as etapas
da reagdo. A cada conjunto de reagdes foram adicionados dois controles
negativos, um contendo agua miliQ e outro contendo DNA extraido de
amostra sabidamente negativa para Leishmania sp.; € um controle positivo,
extraido de cultura de promastigotas de L. (L.) infantum chagasi
(MHOM/BR/72/LD/strain 46).

A deteccdo do DNA de Leishmania nas amostras de figado e
baco foi realizada com os primers RV1/RV2 (5'- CTT TTC TGG TCC CGC
GGG TAG G -3'e 5- CCA CCT GGC CTA TTT TAC ACC A -3'), marcador
molecular que identifica L. (L.) infantum chagasi e amplifica um fragmento de
145 pb de uma regido variavel do minicirculo do kDNA (regido LT1),
especifica para o complexo L. (L.) donovani (Ravel et al., 1995, Le Fichoux
et al., 1999; Gomes et al., 2007). As amplificagbes foram constituidas de um
ciclo inicial de desnaturacédo a 94 °C por 5 minutos. A segunda etapa
constituiu-se de desnaturagdo (94 °C por 30 segundos), anelamento (60 °C
por 30 segundos) e extensao (72 °C por 30 segundos) repetida por 30 ciclos.
A Ultima etapa constituiu-se de um ciclo de extenséo final a 72 °C por 5

minutos.
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3.21. Estudos de biodistribuicao

Os hamsters foram previamente infectados i.p. com 1x108
amastigotas de L. (L.) infantum chagasi. Apos 60 dias, os lipossomos
contendo furazolidona e marcados com o fluoroforo DIL C18, foram
administrados aos animais (300 uL/animal, n = 4) e apds 7 horas os animais
foram eutanaziados e foram removidos figado, bago, medula dssea e
cérebro. O material foi fixado em solugao de formaldeido a 3,5%, lavados em
PBS e permeabilizados com solugdo de PGN (PBS, 0,2% gelatina e 0,15%
NaN3) contendo 0,1% de saponina e posteriormente submetidos a
marcacgao. O material foi incubado por 1 hora com soro de cao positivo para
L. (L.) infantum chagasi, lavado por trés vezes com PBS e incubados por 1
hora com o conjugado anti-cido IgG e 10 uM de DAPI (Molecular Probes,
Eugene OR, EUA) para marcagao de estruturas ricas em DNA. O material foi
observado em um microscoépio confocal BioRad 1024UV, na Escola Paulista
de Medicina, utilizando-se objetiva de 100x em contraste de fase. O
programa Image J (http:/rsb.info.nih.goV/ij) foi utilizado para analise da
intensidade de distribuicdo da flourescéncia, e para ajustes de contraste e
claridade, assim como para combinar as imagens. Sec¢bes sequenciais
Opticas (z-series) foram realizadas utilizando-se o programa Voxx
(http://mwww.nephrology.iupui.edu/imaging/voxx/) ou  Huygens  Essential
(www.svi.nl). As imagens também foram observadas em microscépio de
fluorescéncia convencional Olympus BX-51 com objetiva de 100X e
contraste de fase. As imagens foram adquiridas com um sistema Olympus
DP71 CCD camera, operando com o Image-Pro Plus (Version 6.2,
MediaCybernetics, USA).
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3.22. Analises estatisticas

Os resultados representam a média e o desvio padrao de ensaios
realizados em duplicatas em dois ensaios independentes. As CEsp das
substancias e combinag¢des, os graficos de isobolograma, os intervalos de
confianga 95% e coeficientes lineares foram determinados pelo software
Graph Pad Prism 5.0. As diferencas entre as amostras foram
estatisticamente avaliadas por meio dos valores de p (Mann-Whitney,

unpaired two-tailed).
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CAPITULO 1

Bloqueadores de canal de calcio

1. INTRODUGAO

Os bloqueadores de canal de calcio (BCC) constituem uma classe
de farmacos que agem inibindo seletivamente a entrada de calcio através da
membrana celular ou liberando calcio em reservatérios intracelulares. Como
s&o indutores do relaxamento do musculo liso vascular, eles sdo usados no
tratamento da hipertensdo e dos espasmos cerebrovasculares, como
agentes protetores do miocardio e no relaxamento de espasmos uterinos
(Abernethy, Schwartz, 1999). Constituem um grupo heterogéneo de
farmacos que compde trés familias distintas: os derivados das 14-
diidropiridinas (como, por exemplo, anlodipino nifedipino e lacidipino), os
benzotiazepinicos (como, por exemplo, diltiazem) e as fenilalquilaminas
(como, por exemplo, verapamil) (Motro et al 2001).

Alguns BCC tém sido considerados promissores candidatos
antiparasitarios, como por exemplo, nifedipino e verapamil, que bloqueiam a
ligacdo de amastigotas de L. (L.) donovani aos macrofagos previamente
tratados, sugerindo um papel importante do calcio durante a infecgao de
novos macréfagos pelo parasita (Misra et al., 1991). Foi relatado que alguns
BCC podem reverter parcialmente a multirresisténcia a farmacos,
provavelmente pelo acumulo no interior celular. Esse efeito foi observado em
cepas resistentes de Plasmodium falciparum (Martin et al., 1987), L. (L.)
donovani e Trypanosoma cruzi (Neal et al.,, 1989; Valiathan et al., 2006).
Além disso, existem relatos de atividade in vitro e in vivo das 1,4-
diidropiridinas anlodipino e lacidipino contra L. (L.) donovani (Palit, Ali, 2008).
Com base no exposto, o presente trabalho avaliou a atividade anti-
Leishmania dos BCC, visando contribuir para a descoberta de novas

alternativas para o tratamento da Leishmaniose e doenga de Chagas.
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2. RESULTADOS

21. Determinagdao da atividade antiparasitaria e
citotoxicidade

Foi realizada a determinacdo da atividade anti-Leishmania e anti-
T. cruzi e da citotoxicidade contra monécitos THP-1 e células LLC-MK2 de
treze BCC (anlodipino, anrinona, azelnidipino, bepridil, cilnidipino, fendilina,
lercanidipino, lidoflazina, mibefradil, nicardipino, nifedipino, nimodipino e
nitrendipino). Os valores de CEso contra os parasitas sdao mostrados em
Mg/mL e pM nas Tabelas 2 e 3, respectivamente. Os valores de
citotoxicidade e IS sdo apresentados na Tabela 4.

Nao foi possivel avaliar a CEsp do azelnidipino sobre amastigotas
intracelulares de L. (L.) infantum chagasi devido a sua baixa seletividade
(CEsp contra amastigotas préximo ao CEsp contra células de mamiferos).
Anrinona e mibefradil ndo apresentaram atividade contra amastigotas
intracelulares. Os valores de CEs5p dos demais BCC sobre amastigotas de L.
(L.) infantum chagasi variaram de 2 a 61 ug/mL (Tabela 2).

Os valores de CEsp e IS dos farmacos padrdo pentamidina,

Glucantime e benznidazol sdo mostrados na Tabela 5.

51


http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=65866&loc=ec_rcs

Tabela 2: Valores de CEs, contra Leishmania spp. e T. cruzi dos BCC em estudo. Valores expressos em ug/mL.

CEsp (ng/mL)

(IC 95%)
Composto Promastigotas Amastigotas Promastigotas Promastigotas Promastigotas Tripomastigotas
L. (L.) infantum L. (L.) infantum L. (L.) amazonensis L. (L.) major L. (V.) braziliensis T. cruzi
chagasi chagasi
Anlodipino 1,07 2,19 1,20 1,37 1,28 3,30
(0,99 - 1,17) (2,19 - 2,19) (1,05 - 1,37) (0,97 - 1,93) (1,16 - 1,40) (3,04 - 3,58)
Anrinona na na na nd na 115,7
(96,43 - 138,8)
Azelnidipino 19,46 nd 11,97 9,94 7,97 1,69
(15,39 - 24,62) (9,07 - 15,78) (8,70 - 11,36) (7,33 - 8,67) (1,62 -1,77)
Bepridil 1,40 2,19 1,73 2,69 1,30 1,58
(1,13 - 1,73) (2,15 - 2,24) (1,21 - 2,48) (2,54 - 2,84) (1,15 - 1,46) (1,41 -1,78)
Cilnidipino 16,26 14,00 54,51 10,56 7,52 2,77
(13,12 - 20,14) (13,05 - 15,01) (45,75 - 64,93) (9,92 - 11,24) (7,28 - 7,76) (2,21 - 3,47)
Fendilina 6,93 3,67 2,70 nd 2,87 3,71
(3,77 - 12,73) (3,30 - 4,08) (2,33 - 3,13) (2,64 - 3,13) (2,89 - 4,76)
Lercarnidipino 11,73 6,34 10,37 7,07 6,32 5,16
(10,34 - 13,31) (6,19 - 6,49) (8,98 - 11,97) (6,42 - 7,79) (5,67 - 7,04) (3,62 -7,35)
Lidoflazina 8,67 7,70 5,63 nd 7,10 5,03
(8,23 - 9,14) (5,82 - 10,19) (4,94 - 6,40) (6,59 - 7,65) (4,19 - 6,03)
Mibefradil 1,72 ne 1,09 nd 1,34 1,46
(1,61 - 1,84) (0,90 - 1,31) (1,17 - 1,55) (1,27 - 1,69)
Nicardipino 17,10 10,55 12,71 10,47 9,15 5,08
(16,60 - 17,62) (9,89 - 11,25) (11,47 -14,09) (9,38 - 11,68) (7,75 - 10,82) (4,89 - 5,29)
Nifedipino 50,71 61,04 40,83 62,72 33,16 35,24
(41,92 - 61,34) (58,77 - 63,40) (37,15 - 44,88) (46,80 - 84,05) (29,70 - 37,04) (29,64 - 41,90)
Nimodipino 34,68 9,14 56,60 15,77 17,91 13,52
(33,10 - 36,33) (6,39 - 13,07) (39,74 - 80,60) (12,56 - 19,80) (17,08 - 18,79) (11,61 - 15,73)
Nitrendipino 23,11 15,80 13,81 11,99 14,07 9,69
(17,59 - 30,36) (15,47 — 16,13) (11,61 - 16,41) (10,98 - 13,10) (12,15 - 16,30) (8,49 - 11,06)

CEso: concentragéao efetiva 50%; IC 95%: intervalo de confianga 95%; na: ndo ativo; nd: ndo determinado.



Tabela 3: Valores de CEs, contra Leishmania spp. e T. cruzi dos BCC em estudo. Valores expressos em pM.

CEso (uM)
(IC 95%)
Composto Promastigotas Amastigotas Promastigotas Promastigotas Promastigotas Tripomastigotas
L. (L.) infantum L. (L.) infantum L. (L.) amazonensis L. (L.) major L. (V.) braziliensis T. cruzi
chagasi chagasi
Anlodipino 2,61 5,35 2,93 3,35 3,13 8,07
(2,42 — 2,86) (4,35 — 6,35) (2,56 — 3,35) (2,37 — 4,72) (2,83 —3,42) (7,43 — 8,75)
Anrinona na na na nd na na
Azelnidipino 33,39 nd 20,54 17,06 13,67 2,90
(26,43 —42,25) (15,56 — 27,08) (14,93 - 19,49) (12,58 - 14.88) (2,78 - 3,03)
Bepridil 3,81 21,55 4,71 7,33 3,54 4,31
(3,43 — 4,25) (21,22 - 21,90) (3,30 — 6,76) (6,92 —7,74) (3,13 — 3,98) (3,84 —4,85)
Cilnidipino 33,01 28,42 110,67 21,44 15,26 5,62
(26,63 —40,89) (26,49 — 30,47) (92,88 — 131,83) (20,14 —22,82) (14,78 — 15,75) (4,48 —7,04)
Fendilina 21,97 11,63 8,56 nd 9,09 11,76
(11,95 —40,35) (10,46 —13,93) (7,39 — 9,92) (8,37 — 9,92) (9,16 — 15,09)
Lercarnidipino 19,17 10,36 16,95 11,55 10,33 8,43
(16,90 — 21,75) (10,11 —10,60) (14,67 - 19,56) (10,49 —12,73) (9,26 — 11,50) (5,91 —12,01)
Lidoflazina 17,63 15,66 11,45 nd 14,44 10,23
(16,74 — 18,59) (11,84 — 20,73) (10,05 —13,02) (13,40 — 15,56) (8,52 — 12,26)
Mibefradil 3,47 na 2,20 nd 2,70 2,94
(3,49 — 3,71) (1,81 — 2,64) (2,36 — 3,13) (2,56 — 3,41)
Nicardipino 35,66 22,00 26,50 21,83 19,08 10,59
(34,61 — 36,74) (20,62 — 23,46) (23,91 —29,38) (19,56 — 24,35) (16,16 — 22,56) (10,19 — 11,03)
Nifedipino 146,41 176,24 117,89 181,09 95,74 101,75
(121,03 —177,11) (169,69 — 183,05) (107,26 — 129,58) (135,12 — 242,68) (85,75 — 106,94) (85,58 —120,98)
Nimodipino 82,68 21,62 128,16 31,04 42,80 32,31
(83,33 —197,11) (15,05 — 30,99) (83,33 —197,11) (24,68 — 39,05) (40,81 —44,90) (27,74 - 37,59)
Nitrendipino 64,13 43,84 38,32 33,27 39,04 26,88

(48,81 — 84,24)

(42,92 — 44,76)

(32,21 — 45,53)

(30,46 — 36,35)

(33,71 — 45,23)

(23,55 — 30,69)

CEso: concentragao efetiva 50%; IC 95%: intervalo de confianga 95%; na: ndo ativo; nd: ndo determinado.
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Tabela 4: Valores de CEs, contra células de mamifero e IS dos BCC em estudo.

CEsg IS
Composto (IC 95%)
Citotoxicidade Citotoxicidade Amastigotas Tripomastigotas
LLC-MK2 LLC-MK2 L. (L.) infantum T. cruzi
(ng/mL) (HM) chagasi
Anlodipino 28,96 70,82 13,3 8,77
(10,83 - 77,46) (26,48 — 189,44)
Anrinona > 500 > 2671 nd > 4,30
Azelnidipino 19,51 33,48 nd 11,54
(19,42 - 19,59) (33,33 - 33,62)
Bepridil 24,66 67,27 3,12 15,61
(20,54 - 29,61) (56,03 —80,78)
Cilnidipino 109,1 221,51 7,79 39,41
(93,38 - 127,4) (189,59 — 258,67)
Fendilina 15,52 49,20 4,2 4,18
(13,15 - 18,30) (41,69 —58,01)
Lercarnidipino 266,1 434,99 42,0 51,60
(248,6 - 284,9) (406,39 — 465,73)
Lidoflazina 43,94 89,38 5,70 8,73
(23,87 -80,88) (48,55 — 164,52)
Mibefradil 5,91 11,92 nd 4,05
(5,42 - 6,44) (10,93 —12,99)
Nicardipino 34,33 71,59 3,25 6,76
(29,69 - 39,70) (61,91 — 82,79)
Nifedipino 203,9 588,73 4,21 11,55
(140,2 - 296,5) (404,81 — 856,10)
Nimodipino 40,25 96,19 4,45 2,98
(36,12 - 44,85) (95,87 —96,50)
Nitrendipino 49,63 137,72 3,14 5,12

(45,91 - 53,66)

(127,40 — 148,91)

CEso: concentragdo efetiva 50%; IC 95%: intervalo de confianga 95%; nd: ndo determinado; IS: Indices de Seletividades
dos BCC, dados pelarazao entre a toxicidade para LLC-MK-2 e a atividade antiparasitaria.
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Tabela 5: Valores de CEs, contra Leishmania spp., T. cruzi e citotoxicidade dos farmacos padrao.

CEso (ug/mL) CEsp (MM)
(1C 95%) (IC 95%)
Pentamidina Glucantime Benznidazol Pentamidina Glucantime Benznidazol
L. (L.) infantum chagasi (promastigotas) 0,38 nd nd 0,80 nd nd
(0,30 - 0,49) (0,05 —1,56)
L. (L.) infantum chagasi (amastigotas) nd 30,13 nd nd nd nd
(28,97 - 31,33)
L. (L.) amazonensis (promastigotas) 0,17 nd nd 0,51 nd nd
(0,15 - 0,18) (0,35 - 0,67)
L. (L.) major (promastigotas) 0,16 nd nd 0,37 nd nd
(0,17 - 0,20) (0,16 — 0,59)
L. (V.) braziliensis (promastigotas) 0,052 nd nd 0,13 nd nd
(0,046 - 0,06) (0,01 - 0,26)
T. cruzi (tripomastigotas) Nd nd 44,86 Nd nd 187,87
(25,9 —77,5) (83,74 -292,01)
THP-1 2,84 > 500 > 500 nd > 1366 > 1400
(2,06 - 3,93)
LLC-MK2 8,72 > 500 > 500 23,48 > 1366 > 1400
(7,47 - 10,19) (19,95 —27,01)

CEso: concentragao efetiva 50%; IC 95%: intervalo de confianga 95%; nd: ndo determinado.
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A incubagdo dos BCC (anlodipino, azelnidipino, bepridil,
cilnidipino, lercanidipino, nicardipino, nimodipino e nitrendipino) com
hemacias de camundongo resultou em atividade hemolitica menor que 10%
na concentracdo de 50 pg/mL (Figura 14) e auséncia de hemolise em

concentragdes menores. Os demais BCC nao foram avaliados.

110
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Figura 14: Efeito dos BCC em eritrocitos de camundongos BALB/c a 50
ug/mL. Agua foi utilizada como controle positivo (100% de hemdlise) e PBS

como controle negativo (0% de hemodlise).

2.2. Avaliacao da produgao de NO

A incubagdo dos BCC (anlodipino, azelnidipino, bepridil,
cilnidipino, lercanidipino, nicardipino, nimodipino e nitrendipino) com
macréfagos peritoneais resultou em auséncia na produgdo de NO apoés 24
horas de incubagéo na concentragdo préoxima ao valor de CEsg (Figura 15).

Os demais BCC nao foram avaliados.
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Figura 15: Dosagem da produgdo de NO por macréfagos apds incubagao

com os BCC.

2.3. Alteragoes ultraestruturais em promastigotas de L. (L.)

infantum chagasi causadas por nimodipino

Os danos ultraestruturais em promastigotas de L. (L.) infantum
chagasi causados pela incubagdo com nimodipino foram observados apés
diferentes periodos (Figura 16). Apds duas horas de incubacgéo, a morfologia
geral das células nao foi alterada, porém, um aumento dos vacuolos
intracitoplasmaticos foi observado (Figura 16b). A membrana plasmatica do
parasita foi também afetada, como indicam as setas. Nao foram observadas
alteragdes no nucleo, porém observou-se um aumento nas mitocondrias e
cinetoplastos. Apos quatro horas de incubagdo, a membrana nuclear foi
claramente afetada, com destacamento da bicamada (Figura 16e), porém a
morfologia geral da célula foi preservada. Foi observado um grande numero
de vacuolos intracitoplasmaticos, mitocdndrias ampliadas (Figura 16c) e
descolamento da membrana plasmatica (Figura 16f, setas). Apds seis horas
de incubacao, a fusdo dos vacuolos citoplasmaticos pode ter ocorrido, ja que
grandes vacuolos foram observados dentro das células com uma perda

intensa de organelas intracitoplasmaticas (Figura 16d).
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Figura 16: Imagem adquirida em MET. Observacdo de promastigotas de L.

(L.) infantum chagasi incubados com nimodipino. Os promastigotas foram

incubados por diferentes periodos a 24 °C em estufa BOD.

a) controle; b) 2 horas de incubagéo;c) 4 horas de incubagao; d) 6 horas de incubagao; e) 4 horas de
incubacéo; f) 4 horas de incubacéo; g) 4 horas de incubacgéo; K- cinetoplasto; M- mitocéndria; N-
nucleo; F- flagelo; L- incluséo lipidica; V- vactolo; MT- microtubulo; NM- membrana nuclear.
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2.4. Avaliacao in vivo dos BCC anlodipino, bepridil, fendilina

e nimodipino livre e lipossomal

A atividade in vivo dos BCC anlodipino, bepridil, fendilina e
nimodipino foi avaliada em hamsteres infectados com L. (L.) infantum
chagasi e a carga parasitaria foi determinada por qPCR, apods a construgéo
de uma curava padrao de DNA, conforme descrito no capitulo 7. A
preparacao de nimodipino lipossomal sera descrita no capitulo 6.

Anlodipino, bepridil, fendilina e nimodipino mostraram auséncia de
atividade anti-Leishmania, ja que nado foi observada diferenca significativa
entre o grupo tratado e o grupo controle (Figura 17). Uma significativa (P <
0,05) diminuicdo da carga parasitaria no bago e figado foi observada no
grupo tratado com Glucantime (50 mg/kg/dia) quando comparado ao grupo
controle.

Nimodipino lipossomal, administrado em uma dose 46 vezes
menor que o farmaco livre, apresentou reducdo significativa de 97% na
carga parasitaria do bago de hamsteres infectados com L. (L.) infantum
chagasi em relagcdo ao grupo controle (Figura 17). Nao foi observada

reducdo na carga parasitaria do figado.
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Figura 17: Avaliacdo da atividade anti-Leishmania in vivo dos BCC
anlodipino (a), bepridil (b), fendilina (c) e nimodipino (d). Numero de
parasitas encontrados no baco e figado de hamsters infectados com L. (L.)
infantum chagasi determinado por gPCR e calculado de acordo com a curva
padrao de DNA.

*p < 0,05 quando comparado ao controle.
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Figura 17 (continuagao): Avaliagao da atividade anti-Leishmania in vivo dos

BCC anlodipino (a), bepridil (b), fendilina (c) e nimodipino (d). Numero de

parasitas encontrados no baco e figado de hamsters infectados com L. (L.)

infantum chagasi determinado por gPCR e calculado de acordo com a curva
padrao de DNA.

*p < 0,05 quando comparado ao controle.
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3. DISCUSSAO

No presente estudo, doze dos treze BCC foram ativos contra
promastigotas de Leishmania. Culturas de promastigotas axénicos
representam uma ferramenta Util para triagens iniciais. Entretanto, o ensaio
com a forma intracelular pode dar informacdes essenciais acerca da
atividade do composto sobre o parasita em seu ambiente natural (Sereno et
al.,, 2007). Portanto, apds a triagem utilizando promastigotas, os BCC foram
testados contra amastigotas intracelulares de L. (L.) infantum chagasi e
observou-se que dez destes compostos foram também ativos contra a forma
amastigota.

Os compostos anlodipino, azelnidipino, cilnidipino, lercanidipino,
nicardipino, nifedipino, nimodipino e nitrendipino sdo BCC que pertencem a
classe das 1,4-diidropiridinas. Trabalhos anteriores com 1,4-diidropiridinas
demonstraram a atividade antimicrobiana (Kumar et al, 2003) e
antiparasitaria (Misra et al., 1991) destes compostos. Devido a seu nucleo
farmacoforico, alguns autores consideram os compostos pertencentes a esta
classe estruturas privilegiadas, pois sao estruturas versateis para fins de
modelagem molecular (Triggle, 2003).

Dentre os BCC testados, anlodipino demonstrou os menores
valores de CEs5p contra Leishmania. Além disso, anlodipino mostrou-se 13,76
vezes mais ativo que o antiménio e consideravel atividade contra
tipomastigotas de T. cruzi. Esta € a primeira descricdo de atividade
tripanocida deste composto, além de sua atividade contra L. (L.)
amazonensis, L. (V.) braziliensis, L. (L.) infantum chagasi e L. (L.) major.

Palit e colaboradores (2008) demonstraram atividade in vitro e in
vivo do BCC anlodipino contra L. (L.) donovani. No presente trabalho, foi
demonstrado que a espécie L. (L.) infantum chagasi, agente da LV no Brasil,
foi menos suscetivel a este farmaco do que a espécie L. (L.) donovani,
comparando-se os dados obtidos por Palit e colaboradores (2 ug/mL e 5,35

Mg/mL, respectivamente). Embora anlodipino seja um BCC usado no

62



tratamento de hipertensdo e angina, também foi descrita inibi¢ao in vitro de
células cancerigenas (Li et al., 2006, Taylor, Simpson, 1992) e atividade
antimicrobiana (Kumar et al., 2003).

Apesar da toxicidade apresentada, azelnidipino mostrou atividade
contra tripomastigotas de T. cruzi, sendo 26,54 vezes mais toxico para o
parasita do que o benznidazol. A elevada toxicidade para macréfagos
impossibilitou a realizagdo do ensaio com amastigotas intracelulares.
Contudo, a atividade contra tripomastigotas de T. cruzi foi maior que a
citotoxicidade, tornando o IS satisfatério.

Cilnidipino apresentou atividade contra T. cruzi e seletividade para
este parasita. Baseado na seletividade observada, sugerimos que futuros
testes sejam realizados para determinagdo da atividade contra amastigotas
intracelulares de T. cruzi.

Lercanidipino apresentou o IS mais elevado levando-se em
consideracdo sua atividade anti-Leishmania. A seletividade ¢é uma
caracteristica importante para definir protétipo a farmacos (Tasdemir et al.,
2006). Juntamente com anlodipino, lercanidipino foi o composto mais ativo
para a LV dentre os BCC testados, considerando a atividade contra
amastigotas intracelulares de L. (L.) infantum chagasi, a forma clinicamente
relevante do parasita (Callahan et al., 1997). Além disso, anlodipino foi 2,57
vezes mais ativo que o antiménio.

Nimodipino é wusado clinicamente no tratamento de danos
isquémicos causados por espasmos arteriais em hemorragias
subaracnodideas (Allen et al., 1983). A atividade in vitro contra promastigotas
mostrou que L. (L.) major foi mais suscetivel a este BCC, com um valor de
CEso 2,6 menor do que o valor de CEsq para L. (L.) infantum chagasi.
Nimodipino mostrou-se quatro vezes mais ativo que o farmaco padrao
Glucantime® (P < 0,001) levando-se em consideragcdo formas amastigotas
intracelulares de L. (L.) infantum chagasi.

Nicardipino, nifedipino e nitrendipino apresentaram efeito similar a
nimodipino contra o0s parasitas e células de mamiferos. Misra e

colaboradores (1991) demonstraram que nifedipino pode bloquear a ligagao
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dos amastigotas de L. (L.) donovani aos macréfagos previamente tratados,
sugerindo a participagcao do calcio na infeccdo de novos macréfagos pelo
parasita.

Dentre os BCC nao pertencentes a classe das 1,4-diidropiridinas
(anrinona, bepridil, fendilina, lidoflazina e mibefradil), apenas um deles
(anrinona) nao apresentou atividade antiparasitaria in vitro, embora tenha
apresentado baixa citoxicidade contra células de mamiferos. Destes
compostos, apenas bepridil, fendilina e lidoflazina demostraram atividade
contra amastigotas intracelulares. Este resultado permite concluir que a
atividade antiparasitaria ndo € uma caracteristica comum a todos os BCC,
conforme observado por Valiathan e colaboradores (2006), que descrevem a
auséncia de atividade anti-Leishmania do BCC verapamil.

Bepridil mostrou atividade contra Leishmania spp. e atividade
contra tripomastigotas de T. cruzi, sendo 28,39 mais ativo que o farmaco
benznidazol. Existem relatos de atividade in vifro contra Plasmodium
falciparum (Nassira et al., 2006) e Toxoplasma gondii (Song et al., 2004),
confirmando sua atividade antiprotozoaria.

Palit e Ali (2008) mensuraram as concentragdes intracelulares de
calcio dos parasitas apds o tratamento com anlodipino, lacidipino, verapamil
e diltiazem. Os quatro BCC inibiram a captacido de calcio pelos parasitas a
niveis semelhantes (Palit e Ali, 2008). Embora anlodipino e lacidipino
demonstrem atividade anti-Leishmania significativa, verapamil e diltiazem
foram completamente ineficazes contra os parasitas e ndo mostraram efeito
inibitério no consumo de oxigénio. Da mesma forma, isradipino e lacidipino
se mostraram ativos contra T. cruzi, ao contrario de verapamil e diltiazem
(Nunez-Vergara et al.,, 1998). De forma semelhante, no presente trabalho,
anrinona mostrou auséncia de atividade antiparasitaria, enquanto que os
demais BCC testados mostraram-se ativos. Estes resultados sugerem que o
efeito anti-Leishmania nédo esta relacionado a um rompimento na
homeostase de calcio dos parasitas (Nunez-Vergara et al., 1998; Palit e Ali,
2008).
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Os danos ultraestruturais causados a promastigotas de L. (L.)
infantum chagasi por nimodipino revelaram um aumento das mitocéndrias,
descolamento da membrana plasmatica e alteragcbes na membrana nuclear.
Os danos mitocondriais ndo foram acompanhados por alteracbes do
cinetoplasto, sugerindo que esta organela nao deve ser o alvo preferencial
do farmaco. Apesar dos microtubulos subpeliculares terem sido
conservados, a membrana do parasita foi claramente afetada, ja que foram
observados deslocamentos em forma de bolhas em curto periodo de
incubacdo. Apesar desta alteragdo, nenhuma atividade de formacao de
poros na membrana plasmatica foi observada.

Os danos mitocondriais causados por nimodipino observados por
microscopia eletrénica de transmissdao em promastigotas de L. (L.) infantum
chagasi corroboram os resultados encontrados por Palit e Ali (2008). Palit e
Ali (2008) afirmam que a interferéncia nos complexos da cadeia respiratoria
mitocondrial do parasita poderia ser aparentemente responsavel pelos
efeitos letais das 1,4-diidropiridinas anlodipino e lacidipino, levando a
redugdo no consumo de oxigénio e morte por apoptose, por ativacdo de
proteases como a caspase 3, sendo a mitocdndria o alvo intracelular
fundamental (Luque-Ortega, Rivas. 2007). A inibicdo do consumo de
oxigénio causa um aumento no oxigénio intracelular reativo, conduzindo a
perda de potencial de membrana mitocondrial (Sen et al., 2004) e liberagéo
de citocromo ¢ no citoplasma. Isto seria responsavel pela ativagcao de
proteases como as caspases (Kroemer, Dallaporta, Resche-Rigon, 1998),
que desempenham papéis importantes na cascata apoptotica destes
parasitas (Sen et al.,, 2004). Palit e Ali (2008) observaram um aumento
significativo na atividade de caspase 3 em parasitas tratados com anlodipino
e lacidipino, indicando a atuacado destes compostos na cascata apoptoética.

Mukherjee et al. (2002) demonstraram que o aumento dos niveis
de calcio no citosol pela ativagdo de canais de calcio ndo seletivos causa
despolarizagdo mitocondrial, que conduz a morte por apoptose em
promastigotas de L. (L.) donovani. A manutengdo do potencial de membrana

mitocondrial (PMM) é essencial para a sobrevivéncia da célula, pois ela
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dirige a sintese de ATP e mantém a fosforilagdo oxidativa (Gottlieb, 2001).
Nao s6 foi reconhecida a importadncia do PMM na sobrevivéncia da célula em
mamiferos, mas também em parasitas protozoarios (Vercesi e Docampo,
1992). O rompimento do PMM constitui um evento que precede o processo
de apoptose e a desintegragdo nuclear e resulta em deplegdao de ATP
(Cossarizza et al., 1994; Zamzami et al., 1995, 1996). Supde-se que a
elevacao do nivel de calcio livre no citosol participa na ativagado de nucleases
que estado envolvidas na apoptose nuclear (Tagliarino et al., 2001).

Visando elucidar o possivel modo de agao por inibicdo do
consumo de oxigénio, Palit e Ali (2008) avaliaram a captacéo de oxigénio por
parasitas apos o tratamento com anlodipino, lacidipino, verapamil e
diltiazem. Foi relatado que a inibicdo da captacdo de oxigénio por parasitas
apdés o tratamento causa um aumento no numero de células apoptoticas
(Sen et al., 2004). Com o objetivo de investigar o papel de proteases como a
caspase na cascata apoptotica de parasitas tratados com diferentes
compostos, Palit e Ali (2008) realizaram um ensaio fluorométrico com
caspase 3 no citosol de parasitas apés o tratamento. Os resultados
demonstraram que a atividade da caspase 3 em células tratadas aumenta
significativamente em concentragdes crescentes de anlodipino e lacidipino.

O papel do calcio na regulagdao de muitos processos celulares
vitais foi demonstrado em diferentes tripanossomatideos (Benaim, 1996;
Moreno, Docampo, 2003; Mendoza et al., 2008). Em T. cruzi, T. brucei e
diferentes espécies de Leishmania, o controle do calcio citoplasmatico é feito
por trés organelas principais: o reticulo endoplasmico, a mitocéndria e o
acidocalcissoma, um compartimento que € dedicado ao acumulo de
polifosfatos e que também esta envolvido no controle de calcio (Docampo,
Moreno, 2001). A mitocéndria do parasita possui um transportador de calcio
em sua membrana interna que utiliza a diferenca no potencial de prétons
entre o espacgo intramitocondrial e o citoplasma como a forga motriz para o
acumulo deste cation (Docampo, Vercesi, 1989; Benaim, Bermudez, Urbina,
1990). Este sistema de transporte mitocondrial de calcio é caracterizado por

uma baixa afinidade e alta capacidade de acumulo de calcio. Todos estes
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atributos sdo bem parecidos ao sistema de transporte de calcio em
mamiferos (Docampo, Vercesi, 1989; Benaim, Bermudez, Urbina, 1990). Os
acidocalcissomas, porém, sdo organelas acidas com niveis altos de
pirofosfatos e polifosfatos, que sdo capazes de acumular altas quantidades
de calcio (Docampo et al,, 1996, Docampo, Moreno, 2001). Todos estes
sistemas que operam de maneira combinada contribuem a manutengdo da
homeostase intracelular de calcio, enquanto mantém a concentragao
intracelular (citoplasmica) de calcio abaixo de 100 nM, bem abaixo da
concentragao de calcio extracelular (que estda na ordem de mM), permitindo
que este cation execute sua fungdo essencial como um mensageiro
sinalizador interno (Benaim, 1996). Benaim e colaboradores (2006)
previamente demonstraram que o hipertensivo amiodarona, um bloqueador
de sodio-potassio, afeta a viabilidade de T. cruzi rompendo a homeostase
mitocondrial de calcio no parasita. Serrano-Martin e colaboradores (2009)
demonstraram que este composto afeta a viabilidade de promastigotas de
Leishmania por meio da destabilizagdo da homeostase de calcio na
mitocondria e no acidocalcisoma.

Kaur e colaboradores (2009) avaliaram o mecanismo de morte
celular de analogos glicosilados de 1,4-diidropiridinas contra L. (L.) donovani.
Este estudo mostra a indugdo da morte celular programada por um analogo
glicosilado de 1,4-diidropiridina. Andlises de citometria de fluxo revelaram
que este analogo induz a demora do ciclo celular na fase G2/M com
aumento subsequente da fase G1. A incubagdo de promastigotas de
Leishmania com este analogo causa exposicdo de fosfatidilserina para o
exterior da membrana plasmatica, formacdo de espécies reativas de
oxigénio, despolarizagdo da membrana mitocondrial e alteragbes nucleares
concomitantes, que incluem a fragmentacdo do DNA (Kaur et al., 2009).
Sugerimos que as 1,4-diidropiridinas usadas no presente estudo podem
apresentar o mecanismo de agao semelhante ao encontrado por Mukherjee
e colaboradores (2002). Por se tratarem, também, de 1,4-diidropiridinas, os
compostos em estudo podem induzir a morte programada dos parasitas por

meio de alteragdes no ciclo celular e mudangas no potencial da membrana
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mitocondrial, visto que foram observadas alteracbes nas mitocdndrias e
cinetoplasto dos promastigotas apds a incubagdo com nimodipino. Porém,
estudos adicionais sdo necessarios para confirmacao desta hipotese.

Foi demonstrado que na presenca do BCC verapamil, o antiménio
se torna novamente efetivo contra isolados clinicos resistentes de L. (L.)
donovani (Valiathan et al., 2006). Em estudos com linhagens celulares de
carcinoma resistentes, verapamil previne o efluxo de farmaco das células
(Fojo et al., 1985). Efeito semelhante foi encontrado com amostras de P.
falciparum resistentes a cloroquina (Martin et al., 1987), L. (L.) donovani e T.
cruzi resistentes (Neal et al., 1989). Se este efluxo ativo € inibido, o farmaco
entdo se acumula e as células resistentes se tornam sensiveis novamente.
Diante destes resultados, os BCC sao considerados uteis para o
planejamento de estratégias quimioterapéuticas para espécies de
Leishmania resistentes.

Os macréfagos sdo as células hospedeiras na leishmaniose e
desempenham um papel importante no controle imunolégico do parasita
intracelular com a produgdo de citocinas e metabdlitos de oxigénio
(Balaraman et al., 2004). Com a regulacao eficaz do NO dentro da célula, os
macrofagos provocam a morte dos amastigotas (Mauel e Ransijn 1997). No
presente trabalho, a possivel ativagdo dos macréfagos induzidos pelos BCC
foi avaliada. Os resultados obtidos demonstraram que nao houve producgéo
de NO, sugerindo que os BCC possuem acéao antiparasitaria especifica, sem
a necessidade de intervencdo do macréfago para o efeito anti-Leishmania. A
dependéncia da ativacdo do macréfago para o efeito anti-Leishmania do
antiménio pentavalente foi demonstrado (Mookerijee Basu et al., 2006).
Assim, para pacientes imunocomprometidos, o tratamento de LV com
antimoniais € claramente limitado. Portanto, os BCC aqui estudados
demonstraram eficacia contra L. (L.) infantum chagasi, eliminando
seletivamente os parasitas intracelulares sem a necessidade de ativagdo do
macroéfago.

Com relagdo aos estudos experimentais, anlodipino, bepridil,

fendilina e nimodipino ndo apresentaram atividade in vivo contra L. (L.)
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infantum chagasi em hamsteres infectados, embora estes BCC tenham
apresentado atividade in vitro contra Leishmania e seletividade contra
células de mamiferos. As doses para administragao in vivo foram escolhidas
com base na toxicidade in vivo destes farmacos, quando descrita na
literatura, e na eficacia in vivo dos BCC anlodipino e lacidipino contra L. (L.)
donovani a 10 mg/kg (Palit e Ali, 2008).

Palit e Ali (2008) relatatam a atividade anti-Leishmania in vivo dos
BCC anlodipino e lacidipino. As diferengas entre os resultados encontrados
por Palit e Ali (2008) e os resultados encontrados no presente trabalho
podem ser atribuidas a diferentes fatores: i) a diferenga na suscetibilidade de
espécies de Leishmania para um farmaco especffico, especialmente quando
considerado o modelo in vivo (L. (L.) donovani versus L. (L.) infantum
chagasi); ii) o diferente modelo animal (hamster versus camundongo); iii) a
via de administragdo (intraperitoneal versus oral) e iv) o diferente regime de
tratamento (administracao diaria durante dez dias consecutivos versus
administracdo semanal).

Vale ressaltar também que Palit e Ali (2008) utilizaram o farmaco
comercial (comprimidos de anlodipino; Sun Pharmaceuticals Ltda.), que
contétm em sua composi¢cdao celulose microcristalina, glicolato de sédio e
estereato de magnésio, os quais podem ter atividade contra o parasita. Além
disso, a falta de atividade in vivo dos BCC poderia estar relacionado a uma
pobre biodistribuicdo para os macrofagos infetados do baco e figado. Outras
formulagdes farmacéuticas, como sistemas de liberagéo dirigida de farmaco,
poderiam ser uma alternativa futura para evitar esta pobre distribuigao.

Embora nimodipino tenha apresentado atividade in vitro contra
Leishmania spp e T. cruzi, este BCC nado apresentou atividade in vivo em
hamsteres infectados com L. (L.) infantum chagasi, conforme observado por
gPCR. Observou-se um aumento da carga parasitaria no figado do grupo
tratado com nimodipino livre em relacido ao controle. Os motivos para este
fato ndo foram analisados.

Nimodipino é um farmaco pouco soluvel em agua e esta é uma

das razbes de sua baixa biodisponibilidade e eficacia clinica limitada
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(Yunzhe et al, 2008). Diante disso, foi desenvolvida uma formulacdo
lipossomal de nimodipino, visando a liberagao dirigida deste farmaco aos
orgaos infetados (capitulo 6). O tratamento com a formulagao lipossomal de
nimodipino levou a diminuigdo na carga parasitaria no bago em relagado ao
controle, mostrando que possivelmente ocorreu a liberagdo dirigida de
nimodipino neste orgao.

Os resultados referentes aos BCC sao também apresentados nos
anexos na forma de artigo cientifico; sdo apresentados os resultados dos
testes in vitro do BCC nimodipino (anexo 3), os resultados in vitro das
demais 1,4-diidropiridinas (anexo 6), os resultados in vitro e in vivo do BCC
bepridil (anexo 7) e os resultados in vitro e in vivo dos BCC anlodipino,

fendilino e nimodipino (anexo 10).
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CAPITULO 2

Estudo quantitativo das relagdes entre a estrutura quimica e
a atividade biolégica

1. INTRODUGAO

O estudo quantitativo das relacdes entre a estrutura quimica e a
atividade bioldgica, cuja sigla inglesa é QSAR (Quantitative structure-activity
relationship) € um processo pelo qual a estrutura quimica de um composto &
quantitativamente correlacionada com um processo bem definido, como a
atividade biolégica. As andlises de QSAR tém como principal objetivo a
construcdo de modelos matematicos que relacionem a estrutura quimica a
atividade biologica de uma série de compostos que, em geral, diferem entre
si pela presenga de um ou mais grupos substituintes na estrutura quimica
comum a série (Ferreira, Montanari, Gaudio, 2002; Keseru, Makaro, 2006).

Muitos trabalhos com abordagens teéricas foram relatados para o
desenho de novos farmacos, para controlar parametros de toxicidade e
encontrar padrées estruturais comuns de farmacos conhecidos. Este método
tem sido utilizado para o desenho de farmacos analgésicos, antivirais
(Garcia-Domenech et al., 1996; Julian-Ortiz et al., 1999), antibacterianos
(Gregorio Alapont et al, 2000) e antifungicos (Gozalbes et al, 2000).
Portanto, a investigagcdo da relacdo entre estrutura-atividade biolégica pode
ser uma ferramenta Util para avaliar e comparar as propriedades
antiprotozoarias e citotdxicas de uma série de compostos, visando a
caracterizacdo de novos derivados com atividade antiparasitaria e melhor
seletividade (Miert et al., 2005).

As 1,4-diidropiridinas tém se mostrado ativas contra Leishmania
spp. e T. cruzi (Palit e Ali, 2008), conforme apresentado no capitulo 1. Diante

do exposto, buscou-se o estudo de QSAR desta classe de BCC.
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2. RESULTADOS

2.1. Diagrama de Hasse e PCA

O programa DRAGON gerou grupos diferentes de descritores:
autocorrelagdes 2D (Moran, 1950; Geary, 1954; Moreau, Broto, 1980),
descritores geométricos (Diudea, Horvath, Graovac, 1995; Balaban, 1997;
Randic, Kleiner, Dealba, 1994), descritores de RDF (Hemmer et al., 1999),
descritores 3D-Morse (Gasteiger, 1996; Schuur, Selzer, Gasteiger, 1996) e
Weighted Holistic Invariant Molecular (WHIM) (Todeschini, Gramatica , 1997)
e descritores GETAWAY (Geometry Topology, e Atom-Weights Assembly)
(Consonni, Todeschini, Pavan, 2002; Consonni et al., 2002), dentre outros.

As 14-diidropiridinas foram numeradas como segue: 1:
azelnidipino; 2: anlodipino; 3: cilnidipino; 4: lercanidipino; 5: nicardipino; 6:
nifedipino; 7: nimodipino; 8: nitrendipino. No diagrama de Hasse os
compostos foram classificados em niveis, do mais ativo ao menos ativo
(Figura 18). Os graficos de PCA (scores e loadings) sao mostrados na
Figura 19.

Primeiramente, as atividades antiprotozoarias e citotoxicidade
foram relacionadas com todas as diidropiridinas em estudo, com excegéo do
azelnidipino, pois ndo possui valor de atividade contra amastigotas de L. (L.)
infantum chagasi. A partir do diagrama de Hasse (Figura 18a), verifica-se
que os compostos 2 e 3 sdo os mais ativos para todos os organismos
testados. No segundo nivel, estdo os compostos 4, 5 e 7, seguidos pelo
composto 8 e depois pelo composto 6. Em sequéncia decrescente de
atividade, tem-se: 2>4>6e2>5>8>6¢e2>7e finaimente 3 > 6.

O resultado do diagrama é confirmado pelo PCA (Figura 19a),
mostrando que o composto 2 € o mais ativo para todos os organismos,
conforme observado no grafico de scores, sendo o composto mais a
esquerda. Comparando-se o grafico de scores com o grafico de loadings,

verifica-se que todas as atividades contribuem negativamente para o
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primeiro componente principal. O composto menos ativo € o 6 (nifedipino).
Com relagao a citotoxidade, o composto 4 € um dos menos todxicos,
juntamente com o composto 6 (posicdo inversa a segunda componente
principal com relagdo a citotoxicidade). Foi possivel visualizar um espago
com 7 variaveis para 2, explicando 89,5 % de toda a variancia.

A citotoxicidade foi retirada desta andlise e a atividade
antiprotozoaria foi analisada exclusivamente (Figura 18b). Esta analise foi
feita sem azelnidipino, pois este composto ndo apresentou valor de atividade
contra amastigotas de L. (L.) infantum chagasi. A partir do diagrama de
Hasse, observam-se relacdes mais simples e diretas: 2>4>5>8>6¢e 2 >
4 >7 e 3 > 6, ou seja, o numero de cadeias de comparagdo € menor.
Percebe-se um comportamento semelhante no PCA (Figura 19b). Apenas
uma componente explica 87% de toda a varidncia e a disposicdo dos
compostos no grafico de scores. Assim como na analise anterior, verifica-se
um grupo de compostos mais ativos (2, 4, 3 e 5) e um grupo de compostos
menos ativos (6, 7 e 8).

Foi feita uma andlise de todos os compostos e todas as
atividades, exceto contra amastigotas de L. (L.) infantum chagasi (Figura
18c). A partir do diagrama de Hasse, sao observadas as seguintes relagoes:
1>3>6e1>5>8>6e2>4>6e2>5>8>6e2>5>7.Portanto, os
compostos 1 e 2 mostram-se mais ativos e o composto 6, 0 menos ativo. A
partir da analise do PCA (Figura 19b), verifica-se que o composto 1, além de
ser citotdéxico, apresenta consideravel atividade anti-T. cruzi, conforme
observado pelo grafico de scores e loadings.

Finalmente, foi feita uma analise de todos os compostos e todas
as atividades, exceto contra amastigotas de L. (L.) infantum chagasi e
citotoxicidade (Figura 18d). O diagrama de Hasse obtido demonstra a
seguinte relagdo: 1 >5>8>6e2>4>5>7e3>7e3>6. Aanalise do
PCA (Figura 19d) confirma que os compostos 1, 2, 3, 4 e 5 sdo os
compostos mais ativos e os compostos 6, 7 e 8 sdo os menos ativos.
Também aumenta-se a variancia explicada, onde apenas a primeira

componente explica 85% de toda a variancia.
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Figura 18: Diagrama de Hasse para atividades antiprotozoaria e citotoxica
(a); para atividade antiprotozoaria (b); para atividades antiprotozoaria e
citotoxica, exceto contra amastigotas de L. (L.) infantum chagasi (c) e para
atividade antiprotozoaria, exceto contra amastigotas de L. (L.) infantum
chagasi (d).

1: azelnidipino; 2: anlodipino; 3: cilnidipino; 4: lercanidipino; 5: nicardipino; 6: nifedipino; 7: nimodipino;

8: nitrendipino.
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Figura 18 (continuagao): Diagrama de Hasse para atividades
antiprotozoaria e citotoxica (a); para atividade antiprotozoaria (b); para
atividades antiprotozoaria e citotoxica, exceto contra amastigotas de L. (L.)
infantum chagasi (c) e para atividade antiprotozoaria, exceto contra

amastigotas de L. (L.) infantum chagasi (d).
1: azelnidipino; 2: anlodipino; 3: cilnidipino; 4: lercanidipino; 5: nicardipino; 6: nifedipino; 7: nimodipino;

8: nitrendipino.
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Figura 19: Grafico de scores (esquerda) e loadings (direita) para atividades
antiprotozoaria e citotdxica (a); para atividade antiprotozoaria (b); para
atividades antiprotozoaria e citotoxica, exceto contra amastigotas de L. (L.)

infantum chagasi (c) e para atividade antiprotozoaria, exceto contra

amastigotas de L. (L.) infantum chagasi (d).

1: azelnidipino; 2: anlodipino; 3: cilnidipino; 4: lercanidipino; 5: nicardipino; 6: nifedipino; 7: nimodipino;
8: nitrendipino; c_p: promastigotas de L. (L.) infantum chagasi; c_a: amastigotas de L. (L.) infanfum
chagasi; a_p: promastigotas de L. (L.) amazonensis; m_p: promastigotas de L. (L.) major; b_p:
promastigotas de L. (V.) braziliensis; c_t: tripomastigotas de T. cruzi; mk2: citotoxicidade contra LLC-

MK2.
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Figura 19 (continuagao): Grafico de scores (esquerda) e loadings (direita)
para atividades antiprotozoaria e citotdxica (a); para atividade antiprotozoaria
(b); para atividades antiprotozoaria e citotdxica, exceto contra amastigotas

de L. (L.) infantum chagasi (c) e para atividade antiprotozoaria, exceto contra

amastigotas de L. (L.) infantum chagasi (d).

1: azelnidipino; 2: anlodipino; 3: cilnidipino; 4: lercanidipino; 5: nicardipino; 6: nifedipino; 7: nimodipino;
8: nitrendipino; c_p: promastigotas de L. (L.) infantum chagasi; c_a: amastigotas de L. (L.) infanfum
chagasi; a_p: promastigotas de L. (L.) amazonensis; m_p: promastigotas de L. (L.) major; b_p:
promastigotas de L. (V.) braziliensis; c_t: tripomastigotas de T. cruzi; mk2: citotoxicidade contra LLC-

MK2.
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2.2. Predicao de analogos de 1,4-diidropiridinas

Os diagramas de Hasse e PCA tornaram possivel propor algumas
caracteristicas fisico-quimicas e estruturais responsaveis pela atividade
biolégica. Relativo a estas caracteristicas, o grupamento difenilpropil e
difenilmetilazetidina na posi¢do 4 do anel das 1,4-diidropiridinas e o atomo
de cloro na posi¢cao orto do grupo fenil mostrou-se determinante para a
atividade antiprotozoaria, embora estas caracteristicas sejam também
responsaveis pelo aumento da citotoxicidade, e por isso nao foram usadas
para a construgdo dos analogos 1 e 2. As equagdes geradas pelas analises
de QSAR sdo mostradas no Anexo 6.

Com base nestas andlises, foi possivel projetar dois novos
analogos de 1,4-diidropiridinas: os compostos (S)-3-etil-5-metil 2-((2-
aminoetoxi)metil)-1,4-diidro-4-(3-nitrofenil)piridina-3,5-dicarboxilato (Figura
20a) e (S)-3-[2,2-dimetil-3-(metil-fenil-amino)-propil]-5-metil-2-(2-Amino-
etoximetil)-4-(3-nitro-fenil)-1,4-diidro-piridina-3,5-dicarboxilato  (Figura 20Db).

Os valores tedricos de CE5p e IS sdo mostrados na Tabela 6.

a) b)

Figura 20: Estruturas quimicas dos analogos de 1,4-diidropiridina projetados
por QSAR: (S)-3-etil-5-metil 2-((2-aminoetoxi)metil)-1,4-diidro-4-(3-
nitrofenil)piridina-3,5-dicarboxilato  (a) e (S)-3-[2,2-dimetil-3-(metil-fenil-
amino)-propil]-5-metil-2-(2-Amino-etoximetil)-4-(3-nitro-fenil)-1,4-diidro-

piridina-3,5-dicarboxilato (b).
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Tabela 6: Valores tetricos de CEs5p e IS dos analogos de 1,4-diidropiridinas.

CEs (MM) IS
Atividade
Analogo 1 Analogo 2 Analogo 1 Analogo 2
cp 14,79 4,47
c_a 7,76 6,46 5,76 9,77
ap 8,32 10,72
m_p 8,91 6,17
b_p 24,55 6,03
c_t 15,14 3,02 2,95 20,89
mk2 44,67 63,10

CEso: concentragao efetiva 50%; IS: Indices de Seletividades, dados pela razio entre a toxicidade
para LLC-MK-2 e a atividade antiparasitaria; c_p: promastigotas de L. (L.) infantum chagasi; c_a:
amastigotas de L. (L.) infantum chagasi; a_p: promastigotas de L. (L.) amazonensis; m_p:

promastigotas de L. (L.) major; b_p: promastigotas de L. (V.) braziliensis; c_t: tripomastigotas de T.
cruzi; mk2: citotoxicidade contra LLC-MK2.

79



3. DISCUSSAO

O diagrama de Hasse é uma ferramenta muito utilizada na
matematica discreta, que aos poucos vem conquistando espag¢o na
experimentagdo. Caracterizado por Lohr (1995) como uma ferramenta
facilitadora, tanto no processo de planejamento quanto no processo de
analise de experimentos, o diagrama auxilia na compreensao da estrutura
presente entre os fatores experimentais. No presente trabalho, inicialmente
foi feita uma analise das atividades contra os parasitas e da citotoxicidade
em relacdo as 1,4-diidropiridinas em estudo. Por meio do diagrama de
Hasse e PCA, foi possivel ter uma visao geral do comportamento de cada
composto com relagéo as atividades bioldgicas.

Primeiramente, a atividade antiprotozoaria e citotoxicidade foram
relacionadas com todas as 1,4-diidropiridinas em estudo, exceto com
azelnidipino, pois ndo possui valor de atividade contra amastigotas de L. (L.)
infantum chagasi. Em seguida, a citotoxicidade foi retirada e a atividade
antiprotozoaria foi analisada exclusivamente. Em seguida, todos os
compostos e todas as atividades, exceto contra amastigotas de L. (L.)
infantum chagasi, foram analisados. Finalmente, foi feita uma analise de
todos os compostos e todas as atividades, exceto contra amastigotas de L.
(L.) infantum chagasi e citotoxicidade. Desta forma, foi possivel identificar os
compostos mais ativos, levando-se em consideragao o efeito antiparasitario
e citotoxico de uma forma geral.

O QSAR proveu informagdes sobre as caracteristicas estruturais
requeridas para a atividade antiprotozoaria. Com base nestas analises, foi
possivel projetar dois novos analogos de 1,4-diidropiridina, que poderiam ser
usados como protétipos para o desenvolvimento de compostos mais
seletivos. A metodologia deste estudo pode ser usada como uma ferramenta
para o desenvolvimento de compostos anti-Leishmania e anti-T. cruzi ou
como filtro para triagens virtuais. Estes resultados sdo apresentados e

discutidos no anexo 6 na forma de artigo cientffico.
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CAPITULO 3

Associacao de farmacos

1. INTRODUGAO

Existem varias razbes pelas quais tem crescido o consenso ao
longo dos ultimos anos para a utilizagcédo de regimes de associagao na LV
(Bryceson, 2001; Alvar, Croft, Olliaro, 2006; Croft, Sundar, Fairlamb, 2006;
Den Boer, Davidson, 2006; Singh, Pandey, Sundar, 2006). Primeiro, a
associagcao de farmacos de diferentes classes quimicas pode reduzir a
duragdo do tratamento ou reduzir a dose total administrada, resultando em
reducéo dos efeitos tdxicos, maior adesdo e menor carga sobre o sistema de
saude (Griensven et al., 2010; OMS, 2010). Isso também poderia reduzir os
custos globais (diretos e indiretos) e fornecer opgao mais rentavel (EI-On,
2009). A terapia combinada pode ajudar a retardar o aparecimento de
resisténcia e aumentar a vida util dos respectivos farmacos, como ja foi visto
em doengas como tuberculose, malaria e na sindrome da imunodeficiéncia
adquirida (SIDA) (Bryceson, 2001; Kremsner, Krisma, 2004). Finalmente, a
terapia de associagcdo pode melhorar a eficacia do tratamento em casos
mais complicados, como os pacientes coinfectados com o virus HIV, onde os
resultados do tratamento com a monoterapia tém sido pobres (Alvar et al.,
2008).

Varias combinagcbes estdo em estudo clinico, o que
provavelmente trara opgdes eficazes para o tratamento da LV em um futuro
proximo (Griensven et al, 2010; OMS, 2010). A associagdo de
estibogluconato de sédio e paromomicina foi eficaz no tratamento de LV,
com cura de 95% dos pacientes que sofrem de infecgao por L. (L.) donovani
(Thakur et al.,, 2000). Além disso, a anfotericina B lipossomal combinada
com miltefosina mostrou-se eficaz contra espécies resistentes ao antimonio
pentavalente na india (Sundar et al., 2008a; 2008b). A associacdo de

estibogluconato de sédio com alopurinol foi considerada mais eficaz do que
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o estibogluconato de sdédio sozinho. A associacdo de paromomicina e
antiménio resultou em maior taxa de cura em pacientes com LV em Bihar
(india), onde a falta de resposta aos antimoniais é comum (OMS, 2010).

No estudo de associagao de farmacos, a natureza das interacdes
€ primeiramente determinada in vitro, por meio de isobologramas (Seifert,
Croft, 2006). Isobologramas sao representagdes graficas em um eixo de
coordenadas de doses efetivas de dois farmacos. Em cada eixo sé&o
representadas as doses efetivas individuais de ambos os farmacos. Estes
dois pontos sao unidos por meio de uma linha, chamada de isébole ou linha
de aditividade. Os demais valores de dose efetiva obtidos da associagao em
diferentes propor¢cbes podem, entdo, ser analisados em relagdo a sua
posicao diante da isdbole de aditividade. Se esses pontos se posicionarem
em torno da isébole de aditividade, a acao é indiferente; ao se colocarem
abaixo, a agdo é sinergérgica; ao se situarem acima, a acédo é antagbnica
(Berembaum, 1978). Uma forma complementar de analise das doses de
CEsp para os farmacos aplicados isolados e em associagao é o calculo da
somatéria das concentragcdes inibitérias fracionarias (> CIF). Este indice
relaciona as doses de CEsy empregadas na associagdo com as CEsg dos
produtos isolados (Kruse et al., 2006).

O método de isobolograma baseado em proporgdes fixas foi
originalmente desenvolvido para estudos de interagcdo de farmacos com
bactérias (Hall, Middleton, Westmacott, 1983), mas seus principios sao
também aplicados para o estudo das interagcdes in vitro entre farmacos anti-
Leishmania. Desta forma, € possivel identificar as combina¢des capazes de
potencializar a atividade dos farmacos associados, visando a redu¢do dos
efeitos toxicos, dentre outras vantagens.

Cosiderando-se a atividade anti-Leishmania dos BCC, conforme
apresentado no capitulo 1, o estudo das associagdes destes farmacos com
os farmacos padrdo disponiveis para o tratamento da LV poderia levar ao
encontro de associagdes sinergicas ou aditivas, que poderiam sugerir novas

alternativas para o tratamento da leishmaniose.
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2. RESULTADOS

2.1. Analise dos valores de CIF e dos isobologramas

As curvas de dose-resposta obtidas pela associagao dos BCC e
os farmacos padrdo em promastigotas e amastigotas sdo mostrados nas
Figuras 21 e 22, respectivamente. Os valores de CEs e CIFs das
associacoes sao mostrados nas Tabelas 7 e 8 e os valores de ¥ Y CIFs sao
mostrados na Tabela 9. Os isobologramas foram feitos com base nos
valores de CEs5p (Figura 23 e 24) e nos valores de CIF (Figura 25 e 26) das
associacgoes. As interagdes foram classificadas como indiferente de acordo
com os valores de ¥ YCIF e de acordo com os isobologramas.

De acordo com a anadlise grafica dos isobologramas em
promastigotas (Figuras 23 a 26), foi observada indiferenca em todas as
combinagbes, ja que todos os pontos (P2 a P4, correspondendo as
proporgdées 4:1, 3:2, 2.3 e 14 dos BCC o os farmacos padrao,
respectivamente) ficaram situados préximo a linha de aditividade.

A associagdo de nimodipino e Glucantime (Figura 24d) mostrou
sinergismo em trés dos pontos no isobolograma, sendo que o maior efeito
sinérgico foi observado no ponto P4 (associagao de nimodipino e Glucantime
na proporcao de 2:3). Porém, de acordo com a classificacdo adotada, esta
combinagdo nado foi considerada sinérgica, pois o valor da X > CIF desta
combinagéo foi 0,79 (Tabela 9).

A anadlise grafica dos isobologramas mostrou que, apesar de
alguns pontos estarem situados abaixo da linha de aditividade (ponto P, da
associagcao de anlodipino e anfotericina B; ponto Ps da associacdo de
anlodipino e Glucantime e ponto P; e Ps da associacdo de nimodipino e
Glucantime), quando se consideram os valores de SEM, percebe-se que
estes pontos estdo localizados proximos a faixa de confianga, e, portanto,
foram considerados como interacdes indiferentes, considerando-se também

os valores de X YCIF.
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Tabela 7: Valores de CE5pe ClIFs das associagdes entre BCC e os farmacos
padrao em promastigotas de L. (L.) infantum chagasi.

CEs, da associagdo

CIF da associagao

Associacao (IC 95%) (IC 95%) >CIF
anlodipino pentamidina anlodipino pentamidina
5:0 0,757 - - - -
(0,629 a 0,912)
4:1 0,842 0,026 1,11 0,07 1,18
(0,746 a 0,950) (0,023 a 0,029)
3:2 1,01 0,084 1,33 0,23 1,56
(0,879 a1,163) (0,073 a 0,096)
2:3 0,875 0,164 1,15 0,45 1,60
(0,775 a 0,988) (0,145 a 0,185)
1:4 0,565 0,282 0,75 0,78 1,53
(0,491 a 0,650) (0,245 a 0,325)
0:5 - 0,360 - - -
(0,322 a 0,404)
anlodipino anfotericina B anlodipino anfotericina B
5:0 0,851 - - - -
(0,744 a 0,972)
4:1 0,937 0,007 1,10 0,20 1,30
(0,708 a 1,241) (0,005 a 0,010)
3:2 0,706 0,015 0,83 0,44 1,27
(0,556 a 0,896) (0,012 a 0,019)
2:3 0,707 0,035 0,83 1,00 1,83
(0,602 a 0,829) (0,030 a 0,041)
1:4 0,241 0,032 0,28 0,91 1,19
(0,193 a 0,300) (0,025 a 0,040)
0:5 - 0,035 - - -
(0,029 a 0,042)
bepridil pentamidina bepridil pentamidina
5:0 2,443 - - - -
(2,127 a 2,806)
4:1 2,360 0,073 0,97 0,19 1,16
(2,175 a 2,561) (0,067 a 0,080)
3:2 2,076 0,173 0,85 0,54 1,39
(1,989 a 2,166) (0,165 a 0,180)
2:3 1,259 0,236 0,51 0,61 1,13
(1,129 a 1,404) (0,211 a 0,263)
1:4 0,6338 0,316 0,26 0,82 1,08
(0,600 a 0,668) (0,300 a 0,334)
0:5 - 0,385 - - -
(0,337 a 0,440)
bepridil anfotericina B bepridil anfotericina B
5:0 1,505 - - - -
(1,350 a 1,677)
4:1 1,318 0,010 0,87 0,28 1,15
(1,165 a 1,490) (0,009 a 0,012)
3:2 0,889 0,019 0,59 0,53 1,12
(0,762 a 1,038) (0,016 a 0,023)
2:3 0,570 0,028 0,38 0,78 1,16
(0,493 a 0,659) (0,024 a 0,032)
1:4 0,2711 0,036 0,18 1,00 1,18
(0,232 a 0,316) (0,031 a 0,042)
0:5 - 0,036 - - -

(0,030 a 0,042)
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Tabela 7 (continuagao): Valores de CEsp e CIFs das associagdes entre BCC e
os farmacos padrao em promastigotas de L. (L.) infantum chagasi.

CEs, da associagao

CIF da associagao

Associagio (IC 95%) (IC 95%) >CIF
lercanidipino pentamidina lercanidipino pentamidina
5:0 5,791 - - - -
(5,385 a 6,228)
4:1 6,870 0,025 1,19 0,31 1,50
(5,839 a 8,082) (0,021 a 0,030)
3:2 6,354 0,063 1,10 0,77 1,87
(5,556 a 7,267) (0,055 a 0,072)
2:3 3,119 0,070 0,54 0,85 1,39
(2,769 a 3,513) (0,062 a 0,079)
1:4 1,324 0,079 0,23 0,96 1,19
(1,227 a 1,428) (0,073 a 0,085)
0:5 - 0,082 - - -
(0,076 a 0,088)
lercanidipino anfotericina B  lercanidipino anfotericina B
5:0 7,800 - - - -
(6,704 a 9,075)
4:1 10,18 0,010 1,30 0,25 1,55
(9,290 a 11,150) (0,009 a 0,011)
3:2 9,299 0,024 1,19 0,60 1,79
(8,774 a 9,855) (0,023 a 0,026)
2:3 6,320 0,037 0,81 0,92 1,73
(5,698 a 7,010) (0,034 a 0,042)
1:4 3,254 0,052 0,42 1,30 1,72
(2,836 a 3,733) (0,045 a 0,059)
0:5 - 0,040 - - -
(0,032 a 0,050)
nicardipino pentamidina nicardipino pentamidina
5:0 6,367 - - - -
(5,682 a 7,134)
4:1 6,168 0,023 0,97 0,33 1,3
(5,404 a 7,041) (0,020 a 0,026)
3:2 4,302 0,043 0,67 0,61 1,29
(3,760 a 4,922) (0,037 a 0,049)
2:3 2,520 0,056 0,39 0,81 1,20
(2,174 a 2,921) (0,048 a 0,065)
1:4 1,222 0,073 0,19 1,04 1,24
(1,147 a 1,301) (0,068 a 0,078)
0:5 - 0,070 - - -
(0,059 a 0,083)
nicardipino anfotericina B nicardipino anfotericina B
5:0 10,59 - - - -
(9,817 a 11,43)
4:1 10,81 0,010 1,02 0,23 1,25
(10,49 a 11,14) (0,010 a 0,011)
3:2 8,650 0,023 0,82 0,53 1,35
(8,075 a 9,266) (0,021 a 0,024)
2:3 6,108 0,036 0,58 0,84 1,41
(5,254 a 7,102) (0,031 a 0,042)
1:4 2,760 0,044 0,26 1,02 1,28
(2,501 a 3,046) (0,040 a 0,048)
0:5 - 0,043 - - -

(0,035 a 0,052)
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Tabela 7 (continuagao): Valores de CEsp e CIFs das associagdes entre BCC
e os farmacos padrao em promastigotas de L. (L.) infantum chagasi.

CEs, da associagao

CIF da associagao

Associagao (IC 95%) (IC 95%) >CIF
nimodipino pentamidina nimodipino pentamidina
5:0 26,53 - - - -
(24,87 a 28,30)
4:1 28,74 0,038 1,08 0,10 1,18
(28,02 a 29,47) (0,037 a 0,039)
3:2 26,60 0,095 1,00 0,26 1,26
(24,91 a 28,42) (0,088 a 0,101)
2:3 22,22 0,178 0,84 0,48 1,32
(21,27 a 23,21) (0,170 a 0,186)
1:4 13,78 0,295 0,52 0,80 1,32
(12,45 a 15,25) (0,266 a 0,326)
0:5 - 0,367 - - -
(0,354 a 0,380)
nimodipino anfotericina B nimodipino anfotericina B
5:0 30,30 - - -- -
(28,32 a 32,42)
4:1 30,26 0,010 0,99 0,16 1,15
(29,18 a 31,38) (0,010 a 0,011)
3:2 24,22 0,023 0,79 0,38 1,17
(22,61 a 25,94) (0,021 a 0,024)
2:3 17,95 0,038 0,59 0,64 1,23
(16,47 a 19,57) (0,035 a 0,041)
1:4 7,72 0,044 0,25 0,74 0,99
(7,00 a 8,52) (0,040 a 0,048)
0:5 - 0,059 - - -

(0,056 a 0,063)
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Tabela 8: Valores de CEspe CIFs das associagdes entre BCC e os farmacos
padrao em amastigotas de L. (L.) infantum chagasi.

CEso da associagao

CIF da associagao

Associacao (IC 95%) (1C 95%) >CIF
anlodipino anfotericina B anlodipino anfotericina B
5:0 3,05 - - - -
(1,26 - 7,43)
4:1 2,57 0,006 0,84 0,04 0,88
(1,97 - 3,36) (0,004 - 0,008)
3:2 4,09 0,026 1,34 0,18 1,52
(3,48 - 4,82) (0,022 - 0,031)
2:3 4,54 0,065 1,49 0,46 1,95
(2,15 - 9,59) (0,031 - 0,137)
1:4 2,28 0,087 0,74 0,62 1,36
(1,13 - 4,61) (0,043 - 0,175)
0:5 - 0,14 - - -
(0,13 - 0,16)
anlodipino Glucantime anlodipino Glucantime
5:0 2,93 - - - -
(2,08 a 4,12)
4:1 1,43 4,09 0,49 0,56 1,05
(1,29 a 1,58) (3,69 a 4,53)
3:2 0,97 7,37 0,33 1,02 1,35
(0,83 a 1,13) (6,31 a 8,61)
2:3 0,43 7,46 0,15 1,03 1,18
(0,37 a 0,50) (6,43 a 8,64)
1:4 0,14 6,46 0,05 0,89 0,94
(0,12 a 0,16) (5,52 a 7,55)
0:5 - 7,25 - - -
(6,13 a 8,57)
nimodipino anfotericina B nimodipino anfotericina B
5:0 21,97 - - - -
(16,71 a 28,89)
4:1 30,85 0,021 1,40 0,19 1,59
(25,24 a 37,70) (0,017 a 0,026)
3:2 24,94 0,047 1,13 0,19 1,32
(20,37 a 30,54) (0,037 a 0,059)
2:3 13,43 0,055 0,61 0,49 1,10
(12,08 a 14,92) (0,05 a 0,062)
1:4 7,82 0,086 0,35 0,77 1,12
(6,94 a 8,82) (0,077 a 0,098)
0:5 - 0,112 - - -
(0,088 a 0,14)
nimodipino Glucantime nimodipino Glucantime
5:0 16,89 - - - -
(12,71 a 22,44)
4:1 6,84 5,70 0,40 0,83 1,23
(5,69 a 8,23) (4,75 a 6,85)
3:2 2,37 5,26 0,14 0,76 0,9
(1,83 a 3,05) (4,07 a 6,79)
2:3 0,36 1,82 0,02 0,14 0,16
(0,23 a 0,56) (1,18 a 2,79)
1:4 0,44 5,82 0,03 0,84 0,87
(0,40 a 0,47) (5,37 a 6,31)
0:5 - 6,91 - - -
(6,18 a 7,74)
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Tabela 9: Valores de ¥ > CIF das associa¢des entre os BCC e os farmacos

padrdo em promastigotas e amastigotas intracelulares de L. (L.) infantum

chagasi.
Associagéo ¥ 2CIF Forma parasitéria

anlodipino + pentamidina 1,47

anlodipino + afotericina B 1,40

bepridil + pentamidina 1,19

bepridil + afotericina B 1,15

lercanidipino + pentamidina 1,49

lercanidipino + afotericina B 1,70 promastigotas
nicardipino + pentamidina 1,26

nicardipino + afotericina B 1,32

nimodipino + pentamidina 1,27

nimodipino + afotericina B 1,13

amlodipino + Glucantime 1,19

amlodipino + afotericina B 1,43 amastigotas
nimodipino + Glucantime 0,79

nimodipino + afotericina B 1,28

¥ > CIF: médiada somatéria das concentragdes inibitérias fracionarias.
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Figura 21 (continuagao): Curvas de dose-resposta obtidas pela associagao

nicardipino (g,

)

h) e nimodipino (i, j) com os farmacos padrdo anfotericina B (esquerda) e

3

dos BCC anlodipino (a, b), bepridil (c, d), lercanidipino (e

pentamidina (direita) em promastigotas de L. (L.) infantum chagasi.
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Figura 23: Isobologramas obtidos com base nos valores de CEso pela
associagdo dos BCC anlodipino (a, b), bepridil (c, d), lercanidipino (e, f),
nicardipino (g, h) e nimodipino (i, j) com os farmacos padrao anfotericina B
(esquerda) e pentamidina (direita) em promastigotas de L. (L.) infantum

chagasi.

As barras ao redor dos pontos correspondem aos valores de desvio padrdo. Os pontos P1 a P6
correspondem as proporgbes 5:0, 4:1, 3:2, 2:3, 1.4 e 0:5 dos BCC e farmacos padrao,
respectivamente. Alinha continua corresponde a linha de aditividade e as linhas pontilhadas indicam
os intervalos de confianga da linha de aditividade.
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Figura 23 (continuagao): Isobologramas obtidos com base nos valores de
CEsp pela associagdo dos BCC anlodipino (a, b), bepridil (c, d), lercanidipino
(e, f), nicardipino (g, h) e nimodipino (i, j) com os farmacos padrao
anfotericina B (esquerda) e pentamidina (direita) em promastigotas de L. (L.)

infantum chagasi.

As barras ao redor dos pontos correspondem aos valores de desvio padrdo. Os pontos P1 a P6
correspondem as proporgbes 5:0, 4:1, 3:2, 2.3, 114 e 0:5 dos BCC e farmacos padrao,
respectivamente. Alinha continua corresponde a linha de aditividade e as linhas pontilhadas indicam

os intervalos de confianga da linha de aditividade.
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Figura 24: Isobologramas obtidos com base nos valores de CEsp pela
associagao dos BCC anlodipino (a, b) e nimodipino (c, d) com os farmacos

padrdo anfotericina B (esquerda) e Glucantime (direita) em amastigotas de
L. (L.) infantum chagasi.

As barras ao redor dos pontos correspondem aos valores de desvio padrdo. Os pontos P1 a P6
correspondem as proporgbes 5:0, 4:1, 3:2, 2:3, 1.4 e 0:5 dos BCC e farmacos padrao,
respectivamente. Alinha continua corresponde a linha de aditividade e as linhas pontilhadas indicam

os intervalos de confianga da linha de aditividade.
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Figura 25: Isobologramas obtidos com base nos valores de CIFs pela

associagao dos BCC anlodipino (a, b), bepridil (c, d), lercanidipino (e, f),

nicardipino (g, h) e nimodipino (i, j) com os farmacos padrao anfotericina B

(esquerda) e pentamidina (direita) em promastigotas de L. (L.) infantum

chagasi.
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Figura 25 (continuagao): Isobologramas obtidos com base nos valores de

CIFs pela associagdo dos BCC anlodipino (a, b), bepridil (c, d), lercanidipino

(e, f), nicardipino (g, h) e nimodipino (i, j) com os farmacos padrao

anfotericina B (esquerda) e pentamidina (direita) em promastigotas de L. (L.)

infantum chagasi.
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Figura 26: Isobologramas obtidos com base nos valores de CIFs pela
associagao dos BCC anlodipino (a, b) e nimodipino (c, d) com os farmacos
padrao anfotericina B (esquerda) e Glucantime (direita) em amastigotas de

L. (L.) infantum chagasi.
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3. DISCUSSAO

No presente trabalho foram realizados isobologramas in vitro em
formas promastigotas de L. (L.) infantum chagasi, para identificacdo das
interagcdes entre os BCC anlodipino, bepridil, lercanidipino, nicardipino e
nimodipino e os farmacos padrao pentamidina e anfotericina B. Os BCC
anlodipino e nimodipino foram também combinados com Glucantime e
anfotericina B para identificacdo das interagbes in vitro em amastigotas
intracelulares de L. (L.) infantum chagasi.

O isobolograma € uma representagao grafica, onde sao plotados
os valores das CEsp ou CIFs de dois farmacos, quando administrados em
conjunto. Neste grafico, os interceptos sdo os pontos que definem a linha de
aditividade, e todos os pontos desta linha sdo coordenadas que representam
teoricamente os pares de doses dos farmacos administrados em conjunto
que dariam um efeito aditivo. A representagdo grafica do isobolograma
fornece uma visdo das doses aditivas tedricas (e doses experimentais) e é
conveniente para representar os resultados, mas nio € usado para analises
estatisticas (Tallarida et al., 1997). Para esta finalidade, sdo usados os
valores de Y CIF (Tallarida, Kimmel, Holtzman, 1997).

Tradicionalmente, os valores de CIFs podem ser assim
classificados: sinergismo: CIF < 1; antagonismo: CIF > 1; interagdo
indiferente: CIF = 1 (Berembaum 1978). Porém, observa-se que esta
classificagdo leva a erros de interpretacdo, devido as variacdes
experimentais. Diante disso, Odds (2003) propés a interpretacdo dos valores
de CIF da seguinte maneira: sinergismo: CIF < 0;5; antagonismo: CIF > 4;
interacao indiferente: CIF > 0,5 e < 4. Por este motivo, a classificacdo
proposta por Odds (2003) foi adotada para a analise dos valores de CIF no
presente trabalho.

A terminologia utilizada para interpretar os resultados dos
isobologramas é muitas vezes objeto de debate (Johnson et al., 2004).

Greco e colaboradores (1995) propuseram um conjunto de termos que séo
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consenso instrutivo. Nesta proposta, sinergismo e antagonismo tém
significado claro e intuitivo. Os termos utilizados para descrever os
resultados que ndo sao nem sinérgicos nem antagénicos, no entanto, podem
causar interpretacdes equivocadas. Isso porque o termo "aditivo" transmite
uma imprecisa mensagem e pode ser interpretado como se referindo a uma
interacdo positiva. Termos como "subaditivo" sé reforcam essa concepgao
errbnea. Possiveis alternativas ao termo "aditivo" incluem os termos
"auséncia de interagdo” e "indiferente" (Odds, 2003; Johnson et al., 2004). A
utilizacdo destes termos oferece ao leitor um lembrete constante da natureza
neutra do resultado. Por esta razdo, neste trabalho sdo usados os termos
“sinérgico”, “indiferente”, e “antagbnico” para a interpretagcdo das interagdes
entre os farmacos.

Apesar de os amastigotas intracelulares proverem informacoes
mais relevantes nos estudos de farmacos in vitro para LV, o uso de
promastigotas axénicos também poderia prover informacdes Uteis,
especialmente em estudos de associacado de farmacos. A presenca da célula
hospedeira poderia contribuir para a ocorréncia de sinergismo, por exemplo,
devido a ativagdo do macréfago. Realizando-se o estudo com ambas as
formas do parasita, os resultados obtidos podem ser comparados, levando-
se em consideragao a interferéncia do macréfago no experimento.

O método de isobolograma baseado em proporgcbes fixas,
utilizado no presente trabalho, é mais vantajoso em relagdo ao método do
xadrez (ou checkerboard) porque as curvas dose-resposta geradas pelas
proporcdes fixas dependem das taxas de concencentragées dos farmacos,
cada um sendo calculado em uma faixa de 100 a 0% de inibicdo do
crescimento do parasita, permitindo uma curva de regressdo acurada e o
calculo do CEs5p (Fivelman, Adagu, Warhurst, 2004). Entretanto, este método
nao determina necessariamente a eficacia de uma associagao de farmacos
no hospedeiro, ja que isto depende de caracteristicas farmacocinéticas
(Seifert, Croft, 2006).

Vale ressaltar que os ensaios de associagao in vitro medem a

atividade parasitaria direta, mas ignoram a farmacocinética destes farmacos.
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Os ensaios in vitro nem sempre sédo preditivos de interacdes in vivo e nao
avaliam os possiveis eventos adversos causados por associagdes de
farmacos (Kremsner, Krishna 2004; Seifert e Croft, 2006). Este contexto € o
raciocinio para a realizagdo de estudos in vitro e para a identificagdo de
interagdes sinérgicas em nivel celular como um primeiro passo; o segundo
passo € a avaliagao das interagdes in vivo (Seifert e Croft, 2006).

A posicao relativa dos pontos no isobolograma foi avaliada com
os valores das CIFs e com a representacao dos intervalos de confianca
entre os CEsp obtidos. Neste Ultimo, pbéde-se observar uma faixa de
confianga em torno da isébole de aditividade e os intervalos de confianga em
torno dos valores de CEsp, tornando possivel a visualizagdo da amplitude de
variagdo da dose estimada (Kruse et al., 2006). A comparagao entre estas
duas diferentes formas de construcdo de isobologramas mostrou que a
visualizagdo dos intervalos de confianga e faixas de confianga torna o grafico
mais informativo e a interpretagao das interagdes desta forma é mais segura.
Mesmo assim, os valores de CIF sdo usados com mais frequéncia para
construcdo de isobologramas, e por isso foram também apresentados neste
trabalho. Neste tipo de grafico de dispersdo, podem ser adicionadas as
linhas de tendéncia, que permitem fazer uma estimativa da relagao entre
variaveis para que determinado valor possa ser previsto. Desta forma,
ambos os isobologramas (baseado nos valores de CEsp ou das CIFs)
apresentam caracteristicas peculiares e podem ser considerados em
conjunto.

As associagbes dos BCC com os farmacos padrao foram
classificadas como indiferente, de acordo com os valores de ¥ > CIFs. Estes
resultados sugerem que nao ocorreram interagdes fisico-quimicas e
biolégicas entre os BCC e os farmacos padréo. A associagao de nimodipino
e Glucantime mostrou-se mais promissora em amastigotas, de acordo com a
andlise grafica do isobolograma e conforme observado pelo valor da ¥ > FIC,
embora tenha sido também classificada como indiferente.

Os resultados das associagdes de BCC e os farmacos padrao sao

também apresentados no anexo 8 na forma de artigo cientifico.

100



CAPITULO 4

Furazolidona

1. INTRODUGAO

Furazolidona ¢é um nitrofurano sintético, com atividade
antibacteriana e antiprotozoaria. Este farmaco é ativo contra uma série de
microorganismos incluindo Staphylococcuos spp., Enterococcus spp.,
Escherichia coli, Salmonella spp., Shigella spp (Llovet et al., 1990),
Pneumocystis jiroveci (Walzer, Kim, Foy, 1991), Helicobacter pylori
(Guslandi 2001; Cianci et al., 2006) e diferentes espécies de Leishmania
(Berman, Lee 1983; Neal, Bueren, Hooper, 1988). Furazolidona é usada no
tratamento de tricomoniase (Giron Blanc, 1959), cdlera e giardiase (Webster,
1960; Lerman, Walker, 1982; Khaw, Panosian, 1995).

Quando administrado por via oral a camundongos, furazolidona
mostrou baixa toxicidade, com um valor de DLsp de 1,78 mg/kg (Beveridge et
al.,, 1980). Costa el al. (1985) demonstraram auséncia de atividade clinica da
furazolidona administrada oralmente a pacientes com as lesées cutdneas
causadas por L. (V.) braziliensis e sugeriram que os resultados foram
devidos a pobre absorcéo oral do farmaco.

Levando-se em consideracdo que a furazolidona apresenta
atividade in vitro contra diferentes microrganismos, incluindo protozoarios
patogénicos como Leishmania spp, e sabendo-se que este farmaco
apresenta pobre absorcéo oral (Costa el al., 1985), o desenvolvimento de
formulagbes lipossomais de furazolidona poderia contribuir para a

descoberta de novas alternativas para o tratamento da leishmaniose.
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2. RESULTADOS

21. Determinagcao da atividade antiparasitaria e da
citotoxicidade

Furazolidona  apresentou  atividade contra  amastigotas
intracelulares de L. (L.) infantum chagasi e um IS de 8, considerando-se a
citotoxicidade contra mondcitos THP-1. Promastigotas de Leishmania foram
também suscetiveis a furazolidona, com valores de CEsy entre 0,47 a 0,73

pug/mL (Tabela 10).

Tabela 10: Valores de CEs5p contra Leishmania spp. e citotoxicidade da

furazolidona.

Célula CEs (95% IC)
Mg/mL MM
Promastigotas de L. (L.) infantum chagasi 0,71 3,15
(0,56 - 0,90) (2,49 - 3,99)
Amastigotas de L. (L.) infantum chagasi 1,58 7,02
(1,51 - 1,66) (6,71 -7,37)
Promastigotas de L. (L.) amazonensis 0,47 2,09
(0,41 - 0,53) (1,82 - 2,35)
Promastigotas de L. (L.) major 0,61 2,71
(0,54 - 0,68) (2,39 - 3,02)
Promastigotas de L. (V.) braziliensis 0,73 3,24
(0,66 - 0,80) (2,93 - 3,55)
Citotoxicidade - mondcitos THP-1 13,08 58,09
(10,14 - 16,88) (45,03 - 74,97)
Citotoxicidade - macrofagos peritoneais 13,45 59,73

(11,49 - 15,75)

(51,03 - 69,95)

CEso: concentragédo efetiva 50%; IC 95%: intervalo de confianga 95%.
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2.2. Alteragoes ultraestruturais em promastigotas de L. (L.)

infantum chagasi causadas por furazolidona

Os danos ultraestruturais em promastigotas de L. (L.) infantum
chagasi causados por furazolidona foram observados apos diferentes
periodos de incubacéo (Figura 27). As alteragbes foram tempo-dependente,
iniciando os danos apds 12 horas de incubagdo. Apds este periodo,
verificou-se abundancia de vacuolos intracitoplasmaticos (Figura 27a). Apés
20 horas (Figura 27c) verifica-se alteragdo da forma promastigota para uma
forma arredondada, semelhante a forma amastigota, com abundancia de
vacuolos, porém sem danos ao cinetoplasto e nucleo. A perda de organelas
citoplasmaticas foi verificada apds 26 horas de incubacgédo (Figura 27d, e),
com significativo aumento da area das mitocondrias e danos intensos ao
nucleo, como o descolamento da membrana nuclear (Figura 27d, seta).
Apesar do intenso dano celular, ndo se verificou a indugdo de poros na
membrana plasmatica. Todos os parasitas foram destruidos apés 40 horas

de incubagao.
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Figura 27: Imagem adquirida em MET. Observagao de promastigotas de L.

(L.) infantum chagasi incubados com furazolidona. Os promastigotas foram

incubados por diferentes periodos a 24 °C em estufa BOD.
a) controle; b) 12 horas de incubacgao; c) 20 horas de incubagédo; d,e) 26 horas de incub acéo; f) 40

horas de incubacao; K- cinetoplasto; M- mitocéndria; N- nicleo; F- flagelo; V- vactolo.

104



2.3. Avaliacao da produgao de NO

Furazolidona foi incubada por com macréfagos peritoneais em
concentragdes nao toxicas. Apos 24 horas, observou-se que furazolidona
nao induziu a produgéo de NO e causou inibicdo de 50% na produgao de NO
quando incubado com LPS (Figura 28).

=
o
?

50

L1

1 2 3 4

% producéo de NO

Figura 28: Dosagem da produgdo de NO por macréfagos apds incubagao

com furazolidona.

1: Furazolidona; 2: Furazolidona + LPS; 3: LPS; 4: controle.

2.4. Avaliagao in vivo da furazolidona livre e sua formulagao
lipossomal

Furazolidona reduziu a carga parasitaria em 82% (p < 0,05) no
baco e 85% no figado (p < 0,05) dos hamsteres infectados com L. (L.)
infantum chagasi. Glucantime reduziu a carga parasitaria em 95% (p < 0,05)
e 92% (p < 0,05) no bago e figado, respectivamente. Furazolidona
lipossomal reduziu a carga parasitaria do bago em 74% (p < 0,05), porém
ndo se observou reducdo significativa no figado quando comparado ao
grupo controle (Figura 29 e Tabela 11).
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Figura 29: Avaliacdo da atividade anti-Leishmania in vivo do farmaco
furazolidona e sua formulacéo lipossomal. Carga parasitaria no baco (a) e no
figado (b) de hamsteres infectados com L. (L. infantum chagasi,

determinada pela técnica de LDU.

1: controle; 2: Glucantime; 3: furazolidona; 4: furazolidona lipossomal; * P < 0,05 quando comparado

ao grupo controle.

Tabela 11: Avaliagdo da atividade anti-Leishmania in vivo do farmaco
furazolidona e sua formulagdo lipossomal. Carga parasitaria no bago e

figado de hamsteres infectados com L. (L.) infantum chagasi.

Bacgo Figado
Famaco ou Carga % reducao Carga % reducao
formulacao parasitaria na carga parasitaria na carga
(SEM) parasitaria* (SEM) parasitaria*
Furazolidona 84,94 82,25 379,85 85,00
(11,48)** (202,99)**
Furazolidona LP 126,09 74,1 1710,67 32,3
(58,72)** (711,44)
Glucantime 24,46 95,0 191,73 92,4
(26,63)** (179,7)**
Controle 486,05 0 2526,16 0
(98,08) (830,47)

LP: formulagao lipossomal; SEM: Desvio padrdo da média; *carga parasitaria determinada pela técina

de LDU; ** P < 0,05 quando comparado ao grupo controle
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3. DISCUSSAO

Furazolidona apresentou atividade semelhante ao farmaco padrao
pentamidina em promastigotas (P < 0,05), e apresentou atividade 17 vezes
maior que Glucantime contra amastigotas intracelulares de L. (L.) infantum
chagasi. Existem relatos sobre a atividade de furazolidona contra
amastigotas de L. (L.) tropica (CEso = 0,53 pg/mL), L. (L.) donovani (0,33
pug/mL), L. (L.) major (3,1 pg/mL), e L. (L.) enriettii (3,26 pg/mL) (Berman,
Lee, 1983; Neal, Bueren, Hooper, 1988). Estes valores de CEsy estédo
proximos ao encontrado no presente estudo contra amastigotas de L. (L.)
infantum chagasi (CEsp = 1,58 pg/mL).

O estudo das alteragdes ultraestruturais causadas por
furazolidona em promastigotas de L. (L.) infantum chagasi confirmam sua
atividade anti-Leishmania, como observado pela completa alteragcdo da
morfologia e perda de organelas. Estes resultados sugeriram que a
mitocondria € a membrana nuclear sao os alvos de agao deste farmaco.

A produgdo de NO pelo macréfago apdés a incubagdo com
furazolidona foi mensurada, com o objetivo de avaliar se a morte dos
amastigotas intracelulares esta relacionada a ativagdo do macrofago. O NO
€ um metabdlito frequentemente produzido pelos macréfagos como um
mecanismo defensivo contra microorganismos, devido a sua capacidade de
formar espécies reativas de nitrogénio (Balestieri et al., 2002). Nao foi
observado aumento na producdo de NO pelos macréfagos na presenga de
furazolidona, o que sugere que sua acgao seja resultado de uma atividade
direta contra o parasita. Observou-se, também, que furazolidona inibiu a
producdo de NO pelo macréfago, sugerindo um possivel mecanismo
antinflamatério. No entanto, sdo necessarios estudos adicionais para
confirmar esta hipotese. No organismo, o NO é sintetizado a partir de
arginina e O, pela enzima oxido nitrico sintase (NOS) (Moncada et al.,
1991). Na literatura, ndo ha relatos da inibicado da atividade da NOS mediada

por furazolidona.
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No presente estudo, furazolidona apresentou um IS igual a 8,5 e
nao foi observada toxicidade para os macrofagos em concentracdes
préximas ao CEsp contra amastigotas. Com base na atividade in vitro
apresentada por furazolidona contra L. (L.) infantum chagasi, foram
realizados estudos experimentais para avaliar a eficacia in vivo deste
farmaco. Desta forma, foi possivel observar que furazolidona reduziu a carga
parasitaria do bacgo e figado de hamsteres infectados com L. (L.) infantum
chagasi e apresentou eficacia semelhante ao Glucantime, quando
administrado na mesma dose.

Furazolidona mostrou redugdo ndo significativa da carga
parasitaria no tratamento oral de camundongos BALB/c infectados com L.
(L.) donovani (Neal, Bueren, Hooper, 1988). Costa e colaboradores (1985)
demonstraram auséncia de atividade clinica quando administrada oralmente
a pacientes com as lesdes cutédneas causadas por L. (V.) braziliensis e
sugeriram que os resultados foram devidos a pobre absorgdo oral do
farmaco. Em contraste, os resultados apresentados no presente trabalho
demonstram a eficacia de furazolidona no tratamento de hamsteres
infectados com L. (L.) infantum chagasi. Estas diferengas entre resultados
podem ser atribuidas aos seguintes fatores: i) a diferenga na suscetibilidade
de espécies de Leishmania para um farmaco especifico, especialmente
quando considerado o modelo in vivo; ii) o diferente modelo animal e iii) a
diferente via de administracao.

Os ensaios in vivo demostraram que o tratamento com
furazolidona lipossomal (0,5 mg/kg/dia) levou a redugao da carga parasitaria
no bago, em uma dose 100 vezes menor que o farmaco livre (60 mg/kg/dia).
Estes resultados serdo discutidos no capitulo 6. Os resultados dos testes in
vitro e in vivo da furazolidona sdo também apresentados nos anexos 4 € 5

na forma de artigo cientifico.
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CAPITULO 5

Buparvaquona

1. INTRODUGAO

Buparvaquona é uma naftoquinona usada na clinica veterinaria
para terapia e profilaxia da teileriose. Além disso, este farmaco apresenta
promissora atividade contra protozoarios, incluindo Leishmania spp. (Croft et
al.,, 1992), Plasmodium falciparum (Gokhale et al., 2003) e Cryptosporidium
parvum (Muller, Jacobs, 2002).

Apesar de sua atividade anti-Leishmania in vitro em
concentragdes nanomolares e notavel seletividade (Croft et al., 1992), em
experimentos in vivo, buparvaquona a 100 mg/kg/dia mostrou baixa
supressao da carga parasitaria em camundongos infectados com L. (L.)
donovani (Croft et al., 1992). Outro experimento relata o tratamento de caes
infetados com L. (L.) infantum com buparvaquona a 5 mg/kg/dia por 12 dias,
mas nenhum efeito foi observado (Vexenat et al., 1998).

Desde a sua descoberta como um agente anti-Leishmania (Croft
et al,, 1992), varios derivados de buparvaquona foram propostos, visando
superar a elevada lipofilicidade (log P = 5,3). Como alternativa, pré-farmacos
soluveis em agua foram sintetizados e testados em camundongos infectados
com L. (L.) donovani. Buparvaquona-3-fosfato mostrou ser a melhor
formulagdo oral, mas apenas uma leve redugdo na carga parasitaria no
figado (34%) pOde ser observada quando administrado a 50 mg/kg/dia
(Garnier et al., 2007a; 2007b). A baixa atividade in vivo deste composto é
consequéncia de sua baixa hidrossolubilidade (< 1 mg/L), 0 que compromete
a biodisponibilidade pelas vias oral, subcutanea e tépica (Mduller, Jacobs,
2002). Diante disso, buscou-se desenvolver uma formulagéo lipossomal de
buparvaquona, visando a liberagdo dirigida de farmaco aos macrofagos
infectados. Buscou-se, ainda, avaliar a atividade in vitro da buparvaquona

contra espécies de Leishmania encontradas nas Américas.
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2. RESULTADOS

21 Determinagcdao da atividade antiparasitaria e da
citotoxicidade
Buparvaquona apresentou atividade contra  amastigotas

intracelulares de L. (L.) infantum chagasi e auséncia de citotoxicidade na
concentragdo maxima testada (100 pg/mL), o que indicou um IS maior que
136. Promastigotas de L. (L.) infantum chagasi foram incubados com
buparvaquona por 24 e 72 horas e nao foram observadas diferencas nos
valores de CEsp. Outras espécies de Leishmania foram também suscetiveis

a buparvaquona, com valores de CEsg entre 1,5 a 4,19 uM (Tabela 12).

Tabela 12: Valores de CEs5y contra Leishmania spp. e citotoxicidade da

buparvaquona.
CEso
Célula (95% IC)
Hg/mL UM
Promastigotas de L. (L.) infantum chagasi’ 0,73 2,24
(0,67 - 0,80) (2,05 - 2,45)
Promastigotas de L. (L.) infantum chagasi’ 0,76 2,33
(0,68 - 0,86) (2,08 - 2,63)
Amastigotas de L. (L.) infantum chagasi 0,49 1,50
(0,46 - 0,53) (1,41 - 1,62)
Promastigotas de L. (L.) amazonensis 37 4,19
(1,18 - 1,59) (3,61 -4,87)
Promastigotas de L. (L.) major 1,07 3,28
(0,93 - 1,23) (2,85 -3,77)
Promastigotas de L. (V.) braziliensis 0,49 1,50
(0,38 - 0,62) (1,16 - 1,90)
Citotoxicidade - células LLC-MK2 > 100 > 229,75
Citotoxicidade - mondcitos THP-1 > 100 > 229,75
Citotoxicidade - macrdéfagos peritoneais >100 > 229,75

CEx: concentracéo efetiva 50%; IC 95%: intervalo de confianga 95%; ': 24 horas de incubagao; <72

horas de incubacgao.
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2.2. Avaliagao in vivo da buparvaquona e sua formulagao

lipossomal

Nao foi observada redugdo da carga parasitaria nos animais
tratados com buparvaquona livre a 20 mg/kg/dia. Estes animais
apresentaram em média 1.944 amastigotas por grama no bago (SEM = 770)
e 8.532 amastigotas no figado (SEM = 3.424).

Buparvaquona lipossomal reduziu em 89,4% (P < 0,05) o numero
de amastigotas no bagco e em 67,2% (P > 0,05) no figado, e os animais
neste grupo apresentatam uma meédia de 120 amastigotas por grama no
baco (SEM =120) e 2.372 amastigotas no figado (SEM = 1.963)

Glucantime a 50 mg/kg/dia reduziu o niumero de amastigotas em
84,3% (P < 0,05) e 99,7% (P < 0,05), com uma média de 179 (SEM =71) e
21,6 (SEM = 5,7) amastigotas por grama no baco e figado, respectivamente.

O grupo controle resultou em uma média de 1.141 amastigotas
por grama no bago (SEM = 259) e 7.234 amastigotas por grama no figado
(SEM = 4.089) (Figura 30).

1.0x10°7

Numero de parasitas/g

1.0x1096
1.0%100°5
1.0%1004
1.0x1093
1.0%x10°2
1.0x10°"
1.0x10°0

1.0x10-0

o > o o

buparvaquona - bago
buparvaquona lipossomal - bago
Glucantime - bago

controle - bago

buparvaquona - figado
buparvaquona lipossomal - figado
Glucantime - figado

controle - figado

Figura 30: Avaliacdo da atividade anti-Leishmania in vivo do farmaco
buparvaquona e sua formulacdo lipossomal. NUmero de parasitas presentes
no bacgo e figado dos hamsteres infectados, obtido por qPCR, calculado de
acordo com a curva padrdo de DNA de promastigotas de L. (L.) infantum

chagasi.

* P < 0,05 quando comparado ao grupo controle.
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3. DISCUSSAO

No presente trabalho, espécies cutaneas brasileiras foram
suscetiveis a buparvaquona, sendo que a espécie L. (V.) braziliensis
apresentou o menor valor de CEsp. Buparvaguona também foi eficaz contra
outras espécies, como L. (L.) amazonensis, L. (L.) major e L. (L.) infantum
chagasi, com valores de CE5p semelhante a pentamidina.

A atividade anti-Leishmania in vitro de buparvaquona foi descrita
na literatura, com valores de CEsy entre 0,001 e 0,042 pM contra
promastigotas (Mantyla et al., 2004), valores inferiores aos aqui encontrados
(CEsp = 1,50 a 4,19 uM). Ainda que sejam espécies distintas, consideramos
que estas diferengas sejam devidas aos diversos protocolos adotados nos
experimentos.

Buparvaquona apresentou também atividade contra amastigotas
intracelulares de L. (L.) infantum chagasi, com valor CEsy aproximadamente
27 vezes menor do que o farmaco padrao Glucantime. Este é o primeiro
relato de atividade de buparvaquona contra L. (L.) infantum chagasi e L. (V.)
braziliensis. Considerando as diferencas de suscetibilidade entre as
espécies de Leishmania, o valor de CEsy observado contra amastigotas de
L. (L.) infantum chagasi (CEsp = 1,50 yuM) mostrou-se consistente com o
relatado para amastigotas de diferentes espécies de Leishmania (CEsp entre
0,43 e 5,49 uM) (Mantyla et al., 2004).

Buparvaquona ndo mostrou nenhuma atividade hemolitica e
citotoxicidade para células de mamiferos até a concentragcdo maxima
testada, o que indicou um IS maior que 150. Devido a isto, consideramos
promissores a sintese de analogos e estudos de QSAR utilizando
buparvaquona como protétipo. O estudo de analogos de buparvaquona
levou a sintese de um composto com alta solubilidade em agua e boa
estabilidade quimica para formulagdo, sendo rapidamente hidrolisado

enzimaticamente in vivo. No entanto, em estudos experimentais, este
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analogo mostrou baixa eficacia (Mantyla et al., 2004a, 2004b, Garnier et al.,
2007a, 2007Db).

Em experimentos in vivo, buparvaquona livre nao levou a redugao
da carga parasitaria do baco e figado de hamsteres infectados com L. (L.)
infantum chagasi. O grupo tratado com este farmaco nao foi
significativamente diferente do grupo controle. Estes resultados corroboram
os achados de Vexenat e colaboradores (1998). Os autores relataram a
auséncia de eficacia deste farmaco no tratamento de cdes naturalmente
infectados com L. (L.) infantum chagasi, apés 12 dias de tratamento a 5
mg/kg/dia (Vexenat et al., 1998). Em contraste, exite relato de reducdo de
60% da carga parasitaria do figado de camundongos infectados com L. (L.)
donovani apos tratamento com buparvaquona a 100 mg/kg/dia (Croft et al.,
1992). Estas diferengas podem ser explicadas pelas diferentes espécies e
modelos animais, doses e vias de administragao utilizados.

Sabendo-se que este composto apresenta baixa
hidrossolubilidade, o que compromete sua biodisponibilidade (Mdlller,
Jacobs, 2002), desenvolveu-se uma formulagdo lipossomal de
buparvaquona e avaliou-se sua atividade in vivo em hamsteres infectados
com L. (L.) infantum chagasi. A confecgéo de buparvaquona lipossomal e os
resultados do ensaio in vivo com esta formulacdo serao descritos no capitulo
6. Os resultados dos testes in vitro e in vivo da buparvaquona sao também

apresentados no anexo 9 na forma de artigo cientifico.
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CAPITULO 6

Lipossomos

1. INTRODUGAO

Lipossomos s&o vesiculas constituidas de uma ou mais
bicamadas fosfolipidicas orientadas concentricamente em torno de um
compartimento aquoso; sao biodegradaveis, biocompativeis e nao
imunogénicos (Batista, Carvalho, Magalhdes, 2007). Devido a sua
versatilidade estrutural em termos de tamanho, composigdo, carga de
superficie, fluidez de membrana e habilidade para incorporar farmacos
hidrofilicos e/ou lipofilicos, os lipossomos se tornaram bons candidatos a
transportadores de farmacos, aumentando a eficacia e reduzindo os efeitos
toxicos da terapia (Torchilin, 2005). Inumeros trabalhos de desenvolvimento
de formulagbes com objetivo terapéutico para varias doengas relatam a
eficacia e a segurangca dos tratamentos realizados com formulagdes
lipossomais, constatando uma grande vantagem em relagdo aos tratamentos
convencionais (Schwendener 2007; Owais, Gupta, 2008).

A carga da superficie dos lipossomos pode ser manipulada pela
introducado de lipideos neutros, como também carregados positivamente ou
negativamente na bicamada lipidica (Batista, Carvalho, Magalhdes, 2007).
Em geral, a presenca de uma carga eletrostatica na superficie dos
lipossomos promove a interagdo com biomoléculas, tais como as opsoninas,
e com células, sendo entdo removidos mais rapidamente da circulagao do
que os lipossomos neutros (Laverman et al., 1999). Banerjee (2001) afirma
que a captura de lipossomos carregados negativamente no bago é cerca de
duas vezes maior do que os carregados positivamente.

As propriedades do lipossomo, como tamanho, composic¢ao e teor
de colesterol na superficie da bicamada lipidica determinam o grau de
penetragdo dos lipossomos nos macrofagos (Agrawal, Gupta, 2000;

Katragadda, Bridgman, Betageri, 2000; Schiffelers, Storm, Bakker-
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Woudenberg, 2001; Ahsan et al, 2002). Lipossomos carregados
negativamente contendo fosfatidilserina sdo capazes de fornecer maior
quantidade de farmaco aos macrofagos do que os lipossomos neutros ou
positivos (Katragadda, Bridgman, Betageri, 2000).

A inclusdo de colesterol na composicdo dos lipossomos, que é
uma pratica frequente, aumenta a rigidez da bicamada lipidica, que entdo
dificulta a interagdo com a célula. Assim, a presengca de quantidades
crescentes de colesterol diminui a penetracdo celular de vesiculas
(Katragadda, Bridgman, Betageri, 2000; Ahsan et al., 2002). O colesterol
também favorece a estabilidade dos lipossomos contra lipoproteinas séricas,
aumentando o tempo de circulagdo no sangue, mas diminui a porcentagem
de encapsulacido do farmaco, pois modifica a espessura da membrana
(Karlowsky, Zhanel, 1992; Vitas, Diaz, Gamazo, 1996).

Apos administragdo intravenosa, lipossomos convencionais sao
rapidamente capturados pelo SFM. A tendéncia dos lipossomos de serem
capturados pelo SFM pode ser uma vantagem no tratamento de diversas
doencas infecciosas causadas por agentes intracelulares (Batista, Carvalho,
Magalhdes, 2007). Além disso, foi demonstrado que a inclusdo de
fosfatidilserina na membrana de lipossomos resulta na liberagao dirigida de
farmacos para amastigotas intracelulares, como resultado da interagdo com
os receptores scavenger de macrofagos (SRs) (Tempone et al., 2004).

O principal mecanismo pelo qual os lipossomos sao capturados
pelas células fagociticas segue varias etapas: adsorgdo pela membrana
celular, interiorizacdo da vesicula por meio de um mecanismo dependente
de energia, fusdo das vesiculas de endocitose com os lisossomos e
degradagao dos lipossomos por enzimas lisossomais, liberando o farmaco
encapsulado dentro deles (Karlowsky, Zhanel, 1992; Ahsan et al., 2002).
Devido a isto, os lipossomos sao uteis no tratamento de infecgbes causadas
por microorganismos que residem no lisossoma (Briones, Colino, Lanao,
2008).

Os amastigotas vivem no interior de fagolisossomos localizados

dentro dos macrofagos, que constituem importantes barreiras estruturais que
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devem ser superadas pelos farmacos anti-Leishmania. O uso de farmacos
encapsulados em lipossomos visa superar essas barreiras, visto que este
trasportador é facilmente fagocitado pelas células-alvo (Romero, Morilla,
2008).

Varios métodos sao preconizados para a preparagao dos
diferentes tipos de lipossomos. A maioria dos métodos inclui a hidratagdo de
um filme lipidico, onde primeiramente os lipideos s&o dissolvidos em
solvente organico, seguido da evaporagdo do solvente com consequente
formacao do filme lipidico. A hidratacdo deste ultimo pode ser efetuada com
agua ou solugdo tampéao, sob agitagdo. Diferentes métodos sdo utilizados
para produzir dispersdées homogéneas de lipossomos, podendo-se empregar
processos mecanicos, eletrostaticos ou quimicos. Os mais frequentes sao os
processos mecanicos, em que estdo incluidos: extrusdo atraves de
membranas de policarbonato com diferentes porosidades, congelamento e
descongelamento sucessivos e sonicagao (Lasic, 1993).

Durante a confeccdo de lipossomos, o farmaco pode ser
incorporado a solugcdo tampao, caso seja um composto hidrofilico, ou pode
ser dissolvido na mistura lipidica, caso seja um composto lipofilico (Figura
31) (Batista, Carvalho, Magalhaes, 2007).

Composto lipofilico Regido lipofilica

v
Composto hidrofilico
v

Regido hidrofilica

Figura 31: Estrutura de um lipossomo e representacdo esquematica da

possivel incorporagao de compostos hidrofilicos ou lipofilicos.
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Na LV, as formulacées lipossomais sao amplamente utilizadas,
como as ja mencionadas formulagdes de anfotericina B. Embora o preco
desses farmacos fosse inicialmente proibitivo para paises subdesenvolvidos,
hoje estdo disponiveis a pregos mais baixos devido aos esforgos da OMS e
organizagcbes nao governamentais (Griensven et al., 2010). Além da
anfotericina B, existem relatos de estudos experimentais com antimoniais
encapsulados em lipossomos, 0s quais se mostraram significativamente
mais efetivos in vitro e in vivo em relacdo ao farmaco livre (Schettini et al.,
2006; Tempone, de Andrade Jr, 2008; Borborema et al., 2011).

Considerando-se a atividade anti-Leishmania apresentada por
nimodipino, furazolidona e buparvaquona, conforme apresentado nos
capitulos 1, 4 e 5, o encapsulamento destes farmacos em lipossomos
carregados negativamente poderia contribuir para a liberagdo dirigida aos

macréfagos infectados.
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2. RESULTADOS

2.1. Preparacgao de furazolidona lipossomal

A concentragdo de furazolidona presente na formulagao
lipossomal foi estimada em 250 ug/mL. O conteudo lipidico da formulagcéo
resultou em uma média de 15,5 mg/mL de fosfolipideos por formulagao.
Verificou-se que os lipossomos apresentaram um diametro médio interno de

149 nm (Figura 32).

Figura 32: Imagem adquirida em MET de lipossomos contendo furazolidona.

2.2. Estudo de biodistribuicao de furazolidona lipossomal em

hamsters infectados com L. (L.) infantum chagasi

Apos 7 horas de administracdo, furazolidona lipossomal foi
encontrada no bacgo, figado e na medula 6ssea de hamsteres infectados com
L. (L.) infantum chagasi. A observacdo sob microscopio de fluorescéncia
convencional permitiu a visualizagdo de lipossomos no bago, figado e
medula 6ssea (Figura 33). Sob microscopio confocal, foi possivel a
observacdo de lipossomos co-localizados com os parasitas (Figura 34). A
sequencia de secgdes Opticas gerou uma imagem tridimensional que pode
ser acessada no seguinte endereco eletrénico:
doi:10.1016/j.ijantimicag.2010.04.006 (Tempone et al, 2010 - dados

suplementares).
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Figura 33: Imprinting de bago (a), figado (b) e esfregagco de medula 6ssea
(c) de hamsters infectados com L. (L.) infantum chagasi observados sob
microscopio de fluorescéncia. Furazolidona lipossomal visualizada em

vermelho.
Barra: 20 pm.
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Figura 34: Imprinting de baco (a, b) e figado (c, d) e esfregaco de medula
Ossea (e, f) de hamsters infectados com L. (L.) infantum chagasi observados
sob microscoépio confocal. Furazolidona lipossomal visualizada em vermelho;

parasitas em verde; nucleos e cinetoplastos em azul.
Setas em B e D indicam lipossomos co-localizados com os amastigotas. Barras: A: 20 ym, B: 10 ym,

C:50 ym, D: 10 ym, E: 50 ym; F: 10 ym.
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2.3. Preparacgao de nimodipino lipossomal

O diadmetro médio dos lipossomos foi estimado em 568 nm (SEM
= 45) (Figura 35). A concentragdo de nimodipino presente na formulagéo
lipossomal foi estimada em 515,64 pg/mL (SEM = 44.36), utilizando-se uma
curva padrdo (2 = 0,99898).

Figura 35: Imagem adquirida em MET de lipossomos contendo nimodipino.

2.4. Preparagao de buparvaquona lipossomal

O didmetro médio dos lipossomos foi estimado em 561 nm (SEM
= 21) (Figura 36). A concentragdo de buparvaquona presente na formulagao
lipossomal foi estimada em 72,63 pg/mL (SEM = 17,27) pela construgéo de

uma curva padrao (r* = 0,9988).

Figura 36: Imagem adquirida em MET de lipossomos contendo

buparvaquona.
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3. DISCUSSAO

Quando administrados a hamsteres infectados com L. (L.)
infantum chagasi, nimodipino, furazolidona e buparvaquona lipossomais
reduziram significativamente a carga parasitaria do bago, conforme exposto
nos capitulos 1, 4 e 5, respectivamente. Este fato possivelmente foi devido a
liberagdo dirigida de farmaco aos macrofagos infectados, por meio da
interagcdo dos lipossomos com os SRs, causando a morte dos amastigotas
nos orgaos infectados (Tempone et al., 2004).

Lipossomos contendo fosfatidilserina s&o direcionados aos
amastigotas intracelulares no interior dos macréfagos, através dos SRs
(Platt, Silva, Gordon, 1999; Rigotti, Acton, Krieger, 1995). Os SRs séao
abundantes nos macréfagos como também nas células endoteliais do
figado, e representam candidatos atrativos para mediar a ligagao e captagao
de lipossomos contendo fosfolipideos carregados negativamente devido a
sua ampla especificidade de ligacdo a compostos polianidnicos (Dhaliwal,
Steinbrecher, 1999). Macrofagos infectados com L. (L.) infantum chagasi
apresentam um aumento na regulagdo dos SRs CD36, SR-B1 e MARCO, e
consequentemente podem representar um importante alvo para os
lipossomos com fosfatidilserina (Tempone, 2004).

Furazolidona foi encapsulada em lipossomos contendo
fosfatidilserina e marcada com o fluorérofo DIL C18, um ligante de alta
afinidade para membranas lipossomais. Quando administrado aos hamsters
infectados com L. (L.) infantum chagasi, verificou-se a presenca de
furazolidona lipossomal nos 6rgaos-alvo como figado, bago e medula éssea.
Observou-se co-localizacdo desta formulagcdo com os amastigotas de L. (L.)
infantum chagasi. Sugerimos que duas caracteristicas desta formulacéo
tenham contribuido para seu direcionamento as células-alvo: i) o tamanho
nanométrico e ii) a inclusdo de fosfatidilserina.

As diferengas de tratamento encontrado no baco e no figado do

grupo tratado com as formulagdes lipossomais poderiam ser atribuidas as
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diferencas na carga parasitaria de ambos os 6rgédos. Além disso, este fato
corrobora a eficacia da biodistribuicao, que provavelmente contribuiu para a
eficacia da formulagdo no bago. A baixa redugdo da carga parasitaria do
figado por estas formulagdes pode ser consequéncia de baixa dosagem
administrada em relagdo a elevada carga de parasitos. O estudo de outras
técnicas de confeccdo de lipossomos, visando a encapsulacdo de maior
quantidade do farmaco, podera resultar em maior eficiéncia nos estudos in
vivo, especialmente no figado.

A dose administrada de nimodipino, furazolidona e buparvaquona
lipossomais foi 46, 100 e 60 vezes menor do que o farmaco livre,
respectivamente. Estes dados demonstram uma melhora consideravel na
atividade destes farmacos, o que confirma os achados de Tempone e
colaboradores (2004), que sugeriram que lipossomos contendo
fosfatidilserina podem melhorar o indice terapéutico de farmacos. O presente
estudo enfatiza o uso de sistemas de liberacéo dirigida de farmacos, como
liposomos, no tratamento de doencas infecciosas envolvendo o SFM,
corroborando os achados de Borborema e colaboradores (2011).

Buparvaquona lipossomal foi injetado i.p. por oito dias
consecutivos, resultando em uma redugdo significativa do numero de
amastigotas no bago quando comparado ao grupo nao tratado. Esta
formulagdo causou reducao nao significativa da carga parasitaria no figado,
quando comparado ao grupo controle. Também deve ser notado que,
gquando o numero absoluto de parasitas € considerado, 80% dos animais
apresentaram menos que 1.000 amastigotas por grama. As diferengcas de
tratamento encontrado no bago e no figado do grupo tratado com
buparvaquona lipossomal poderiam ser atribuidas as diferengas na carga
parasitaria de ambos os 6rgdos. Para alcangar niveis semelhantes de
tratamento no bago, uma maior quantidade de farmaco deve ser entregue
em um tratamento prolongado, como consequéncia do numero seis vezes
maior de amastigotas no figado quando comparado com o bago. Além disso,
o maior acumulo de lipossomos no bago pode ter contribuido para as

diferencas encontradas.
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O uso de lipossomos contendo fosfatidilserina mostrou-se eficaz
na liberacao dirigida de farmacos aos macrofagos infectados, possivelmente
devido a interagcdo com os SRs (Tempone et al, 2004). Desta forma,
consideramos o uso de lipossomos contendo fosfatidilserina uma estratégia
promissora para o desenvolvimento de novas formulacdes para o tratamento

da LV.
Os resultados dos testes in vivo das formulagbes lipossomais de

buparvaquona, furazolidona e nimodipino sdo também apresentados na

forma de artigo cientifico nos anexos 9, 5 e 10, respectivamente.
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CAPITULO 7

Avaliacao do tratamento experimental por qPCR

1. INTRODUGAO

Nos Ultimos anos, a biologia celular tem mudado de forma
significativa as oportunidades para realizagdo de investigagdes
epidemiologicas, estudos da patogénese, diagnéstico e controle das
doencgas infeciosas. Em 1983, o desenvolvimento da PCR foi considerado
como o grande avango da biologia molecular (Mullis, 1990). Porém, apesar
da PCR convencional ser altamente sensivel e especifica, esta técnica
apresenta algumas limitagdes, tais como, a necessidade de se realizar a
eletroforese em gel de agarose ou poliacrilamida, o uso de reagentes
nocivos a saude do operador, como o brometo de etidio, riscos de
contaminagado e a auséncia da capacidade quantitativa. Estas desvantagens
passaram a ser mais evidenciadas no final do século XX e inicio do século
XXI devido ao surgimento de uma nova tecnologia, a PCR em tempo real,
cuja sigla em inglés € gPCR (quantitative Polymerase Chain Reaction).

As caracteristicas da qPCR possibilitam a eliminacdo da etapa
laboriosa  pés-amplificacdo (preparo do gel para eletroforese),
convencionalmente necessaria para visualizagdo do produto amplificado.
Desta forma, pode-se observar que as vantagens da qPCR em relagao a
PCR convencional sao inumeras e incluem: rapidez na obtencdo dos
resultados, reprodutibilidade e capacidade quantitativa (Sundsfjord et al.,
2004; Yang, Rothman, 2004). Essa tecnologia € altamente sensivel e ja esta
sendo desenvolvida para o acompanhamento de inUmeras doencgas, tais
como AIDS, hepatite C, dengue, toxoplasmose e leishmaniose (Nicolas et
al., 2002; Mary et al., 2004; Raoult; Fournier, Drancourt, 2004; Francino et
al., 2006; Manna et al., 2006; Kompalic-Cristo et al., 2007; Manna et al.,,
2008; Solano-Gallego et al., 2007).
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A gPCR é uma técnica capaz de promover a quantificacdo
acurada e o monitoramento, em tempo real, do produto amplificado. No
diagnéstico da LV, a técnica vem sendo utilizada em animais e em humanos,
possibilitando a realizagdo do diagnostico e monitoramento da terapia
humana ou experimental (Bretagne et al., 2001; Nicolas et al., 2002;
Bossolasco et al., 2003; Mortarino et al., 2004; Roldo et al., 2004; Roura,
Sanchez;, Mary et al, 2004; Vitale et al.,, 2004; Wortmann et al., 2004;
Francino et al., 2006; Colombo et al, 2011). Mary et al. (2004)
demonstraram uma boa correlagado entre a quantificagao de L. (L.) infantum
chagasi em amostras de sangue dos pacientes, permitindo discriminar entre
pacientes sintomaticos, pacientes curados e portadores assintomaticos,
promovendo o diagndstico e monitoramento da terapia com seguranga e
rapidez.

Os estudos de determinacao de eficacia de farmacos em modelos
experimentais de leishmaniose envolvem mlltiplas dificuldades técnicas,
como a necessidade de um grande numero de animais, que devem ser
mantidos por longos periodos. Em modelo experimental de LV, a avaliagao
do progresso da infecgdo em hamsters é realizada pela quantificagcdo da
carga parasitaria, comumente feita por protocolos de diluigdo limitante e pela
observacdo microscopica de laminas confeccionadas por aposicdo dos
orgaos infectados. Estas técnicas envolvem enorme variabilidade, sao
laboriosas e demandam muito tempo. Além disso, a técnica de diluicdo
limitante requer enorme gasto de material. Em contrapartida, a
implementacdo da gPCR representa um enorme ganho de tempo e aumento
do potencial de avaliacdo de farmacos e possibilita a avaliacao de parasitas
viaveis, por meio da quantificacdgo de RNA nos tecidos dos animais
experimentais.

Diante do exposto, buscou-se desenvolver um protocolo de gPCR
visando quantificar a carga parasitaria de hamsteres infectados com L. (L.)

infantum chagasi ap6s tratamento experimental.
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2. RESULTADOS

2.1. Construcao da curva padrao de DNA de L. (L.) infantum

chagasi

A curva padréo de DNA de L. (L.) infantum chagasi foi obtida por
diluicdo seriada de promastigotas obtidos de meio de cultura. O nimero de
Ct (valor cycle threshold) foi plotado contra o numero de parasitas,
resultando em uma curva padrdao de promastigotas (Figura 37).
Subsequentemente, o numero de parasitas do experimento in vivo foi
calculado no bago e figado. O numero de parasitas foi calculado pelo Cr,
usando os dados de regressao linear de promastigotas, pela equagao: y = a

+ bx. Assim, foi possivel calcular o nimero de parasitas presentes em cada
amostra

50

40-

30+

Cr

204

104

O T T T
0 2 4 6 8

DNA de L. (L.) infantum chagasi (log)

Figura 37: Curva padrao de DNA de promastigotas de L. (L.) infantum

chagasi, obtida pelo valor Ct e pelo numero de promastigotas de Leishmania

(Log).
Slope = 3.28; 2= 0.993;y intercept = 37.74.
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2.2. PCR convencional

Os animais dos grupos tratados com bepridil, Glucantime e o
grupo controle deste experimento foram positivos na PCR convencional.
Além do controle positivo do experimento, que constituiu-se de animais
tratados com o veiculo utilizado na diluicdo do bepridil, também foi utilizado
como controle positivo DNA extraido de promastigotas de cultura. Como
controle negativo do experimento, utilizou-se bago e figado de hamsteres
nao infectados, e este se mostrou negativo no PCR convencional (Figura
38).
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PM G1F1 G1F2 G1F3 G1F4 G1F5 G1B1 G1B2 G1B3 G1B4 G1BS CN CP

PM G3F1 G3F2 G3F3 G3F4 G3F5 G3F6 G3B1 G3B2 G3B3 G3B4 G3B5 G3B6 CN CP

Figura 38: Fotografia de gel de agarose com amostras de cDNA
amplificadas de bacgo e figado de hamsteres infectados com L. (L.) infantum
chagasi apoés tratamento experimental. Grupo tratado com bepridil (a), grupo

tratado com Glucantime (b) e grupo controle (c).
G1: grupo tratado com bepridil a 12 mg/kg/dia por 10 dias; G2: grupo tratado com Glucantime a 50
mg/kg/dia por 10 dias; G3: Grupo controle. B: bago; F: figado; CN: Controle negativo; CP: controle

positivo; PM: marcador molecular.
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2.3.qPCR

O experimento de avaliagao da eficacia in vivo do BCC bepridil foi
utilizado para padronizagcdo da qPCR para a finalidade de quantificacdo do
tratamento experimental. Este experimento constituiu-se de trés grupos (n =
5/grupo), conforme exposto no capitulo 1. Além do controle positivo do
experimento, que se constituiu de animais tratados com o veiculo utilizado
na diluicdo do bepridil, também foi utilizado como controle positivo DNA
extraido de promastigotas de cultura. Como controle negativo do
experimento, utilizou-se bacgo e figado de hamsteres nao infectados.

Os animais dos grupos tratados com bepridil, Glucantime e o
grupo controle deste experimento foram positivos na qPCR. No bacgo, foram
observados valores de Ct entre 17 e 26 (bepridil), entre 27 e 36
(Glucantime) e entre 22 e 29 (grupo controle). No figado, foram observados
valores de Ct entre 20 e 29 (bepridil), entre 32 e 40 (Glucantime) e entre 26
e 35 (grupo controle) (Figura 39). Em relagdo aos controles da reagao, as
amostras apresentaram valores de Cr entre 17 e 18 (controle positivo) e

entre 38 e 40 (controle negativo).
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Figura 39: Valores de Ct obtidos por gPCR das amostras de bago e figado

apos tratamento experimental.

* P < 0,05 quando comparado ao grupo controle.
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Foi feita a pesagem dos érgaos (massa total), visando comparar a
massa do 6rgao com o valor de Cr. Conforme observado na Figura 40,
encontrou-se correlagao entre os valores de Ct e massa dos 6rgaos, exceto

entre os valores encontrados no bago do grupo controle.
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Figura 40: Comparagao entre os valores de Ct e a massa do bago (a) e
figado (b) dos animais infectados com L. (L.) infantum chagasi, submetidos a

tratamento experimental.

Os demais experimentos que utilizaram a qPCR para a avaliagcéo
da carga parasitaria foram realizados da mesma maneira, como foi descrito
para o tratamento experimental do BCC bepridil, e o nimero de parasitas por
grama de material foi calculado de acordo com a curva padrao de DNA, a
partir dos valores de Ct obtidos na qPCR, apds pesagem dos fragmentos de

0rgaos.
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3. DISCUSSAO

O protocolo de gPCR apresentado no presente trabalho mostrou-
se util para a quantificacdo de Leishmania em hamsteres, permitindo a
avaliacdo de um maior numero de candidatos a farmacos em modelo
experimental em menor tempo. Além disso, este o protocolo pode ser
particularmente util em situagdes experimentais nas quais ndo podem ser
visualizados parasitas por aposi¢céo de érgéos de animais com baixo nimero
de parasitas.

O hamster é considerado o modelo ideal para o estudo de
candidatos a farmacos para a LV, como resultado de uma infeccao
semelhante a humana (Kaur et al., 2010). A avaliagdo do tratamento in vivo
habitualmente € baseada em técnicas de contagem por microscopia 6ptica,
por observagdo de laminas coradas com Giemsa (Stauber et al., 1958). A
quantificacdo de parasitas por microscopia tem baixa sensibilidade, é
demorada e nao é segura quando os parasitas ndo estdo dispersos
igualmente na lamina (Bretagne et al., 2001). A diluicao limitante em meio de
cultura tem sido usada como uma técnica complementar na avaliacdo de
farmacos in vivo (Buffet et al, 1995), mas os ensaios permanecem
laboriosos e podem ser limitados por contaminagdo microbiana (Bretagne et
al.,, 2001). Estes problemas podem ser superadas pelo uso da qPCR, que &
uma técnica altamente sensivel, embora ainda ndo disponivel em todos os
laboratérios, devido ao elevado custo do equipamento.

Segundo Prina e colaboradores (2007), o DNA de Leishmania é
degradado rapidamente apds a morte de parasita. Ainda assim, optou-se por
utilizar a quantificacdo de RNA, ja que a tecnologia da expressado génica é
usualmente usada para demonstrar parasitas vivos.

A comparagdo dos valores de Ct com a massa dos 0Orgaos
sugeriu que existe alguma correlagdo entre estes valores, ou seja, a massa
total do 6rgdo € inversamente proporcional ao numero de amastigota

presente no fragmento de &rgdo. Porém investigacbes adicionais sao
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necessarias para confirmar esta hipotese, j@ que ndo foi observada
correlacao entre os valores de Cte a massa do bago no grupo controle.

Os resultados dos testes in vivo que utilizaram a metodologia de
gPCR séo também apresentados nos anexos 7, 9 e 10, na forma de artigo
cientifico, para avaliacdo do tratamento experimental dos farmacos bepridil
(anexo 7), buparvaquona (anexo 9), anlodipino, fendilina e nimodipino

(anexo 10).
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5. CONSIDERAGOES FINAIS

As doengas parasitarias representam uma ameaca crescente para
a saude e o bem-estar humanos. A leishmaniose e doenga de Chagas sao
causa de sofrimento para muitos milhdes de pessoas em todo o mundo,
especialmente nas zonas tropicais e subtropicais. No entanto, as
ferramentas terapéuticas disponiveis para o tratamento destas doencas sao
extremamente limitadas. Muitas delas foram desenvolvidas na primeira parte
deste século e envolvem riscos. A selegcao de parasitas resistentes aos
farmacos disponiveis é também responsavel pela persisténcia da doenca e
elevado numero de 6bitos. Novos farmacos nao estdo sendo desenvolvidos
com rapidez suficiente e vacinas potenciais até agora ndo cumpriram as
expectativas em ensaios clinicos. Embora alternativas antiparasitarias sejam
urgentemente necessarias, a resposta a esta crise € inadequada devido a
falta de financiamento e comprometimento da industria farmacéutica para
converter estas abordagens em novas terapias (OMS, 2009).

A pesquisa por farmacos mais eficazes que atendam aos padrdes
atuais de seguranca e o estudo de associagdes de farmacos, visando reduzir
a duragdo do tratamento da leishmaniose continua a ser alta prioridade.
Neste cenario encontra-se o presente estudo, cujo objetivo foi a pesquisa de
novas alternativas terapéuticas antiparasitarias.

Inicialmente, investigou-se a atividade do BCC nimodipino e do
nitrofurano furazolidona contra diferentes espécies de Leishmania e o0s
danos ultraestruturais causados aos parasitas foram avaliados apds curto
periodo de incubagdo com estes farmacos. Ambos compostos apresentaram
atividade contra Leishmania spp. e moderada citotoxicidade in vitro contra
células de mamiferos. Sob microscopia eletrbnica de transmissdo, em
colaboragao com a Profa. Noemi Nosomi Taniwaki (Instituto Adolfo Lutz/SP)
observou-se que nimodipino induziu alteragbes principalmente na

mitocéndria e membrana plasmatica, enquanto que furazolidona causou
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alteracbes no nucleo e mitocondrias de promastigotas de L. (L.) infantum
chagasi.

Nesta primeira etapa, verificou-se o potencial anti-Leishmania do
BCC nimodipino, uma 1,4-diidropiridina. Outros medicamentos pertencentes
a esta mesma classe foram entdo incluidos no estudo (anlodipino,
azelnidipino, cilnidipino, lercanidipino, nicardipino, nifedipino e nitrendipino),
visando a triagem farmacoldgica e ao estudo de QSAR, em colaboragao com
o Prof. Dr. Marcus Tulius Scotti (Universidade Federal da Paraiba).
Posteriormente, ampliou-se o estudo dos BCC para compostos nao
pertencentes a classe das 1,4-diidropiridinas (bepridil, fendilina, lidoflazina e
mibefradil). Estes compostos apresentaram variavel atividade contra
Leishmania spp. e citotoxicidade média a baixa.

Embora o foco principal do trabalho fosse a leishmaniose, foram
também realizados ensaios para avaliagdo da atividade contra T. cruzi. A
descoberta de um composto Util para o tratamento de ambas as infecgbes
seria um resultado importante, especialmente nas Américas. No presente
trabalho, encontrou-se atividade dos BCC testados contra T. cruz,
mostrando o potencial desta classe de farmacos como candidatos a
protétipos contra cinetoplastideos.

Apods esta primeira etapa de triagem, decidiu-se pela associagéo
dos BCC com alguns dos farmacos usados no tratamento da LV.
Considerando a atividade anti-Leishmania dos BCC, sua associacdo com 0s
farmacos padrao poderia contribuir para a descoberta de novas alternativas
para o tratamento da LV. Foram realizados isobologramas visando identificar
as interagdes in vitro em promastigotas ou amastigotas intracelulares de L.
(L.) infantum chagasi. Anlodipino, bepridil, lercanidipino, nicardipino e
nimodipino, foram combinados com os farmacos pentamidina e anfotericina
B e mostraram interagao indiferente em promastigotas de L. (L.) infantum
chagasi. Anlodipino e nimodipino, quando combinados com Glucantime e
anfotericina B mostraram interagdo indiferente em amastigotas intracelulares

de L. (L.) infantum chagasi.
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Com o objetivo de aprimorar a técnica de associagdo de
farmacos, foi realizado um estagio na London School of Hygiene and
Tropical Medicine (Universidade de Londres) no periodo de margo a julho de
2011, sob orientacdo do Prof. Dr. Simon L. Croft e Dra. Karin Seifert.
Decidiu-se incluir o famaco buparvaquona no presente estudo, tendo em
vista que sua atividade e seletividade ja haviam sido descritas para L. (L.)
donovani. Nesta etapa do trabalho, ainda no Brasil, foram realizados estudos
in vitro com buparvaquona e verificou-se grande potencial contra L. (L.)
infantum chagasi. Em seguida, foi desenvolvida uma formulagao lipossomal
de buparvaquona e esta foi avaliada em hamsteres infectados com L. (L.)
infantum chagasi. Em Londres, realizou-se a associagdo de buparvaquona
com alguns dos farmacos usados na clinica da leishmaniose. Estes
resultados nao foram apresentados, pois este estudo ainda nao foi finalizado
e tera continuidade.

No decorrer do trabalho, em colaboracdo com a Profa. Dra. Vera
L. Pereira-Chioccola e com seu aluno Fabio Colombo (Instituto Adolfo
Lutz/SP), desenvolveu-se um protocolo de qPCR para quantificagdo de RNA
de Leishmania em hamsteres infectados. Esta ferramenta mostrou-se Util na
avaliagdo do tratamento experimental, permitindo a quantificagdo de
parasitas viaveis nos 6rgaos infectados. Com a padronizagdo da qPCR para
detecgcado e quantificagdo de RNA de L. (L.) infantum chagasi, quatro BCC
(anlodipino, bepridil, fendilina e nimodipino) foram ensaiados em hamsteres
infectados com L. (L.) infanfum chagasi. Os resultados foram negativos, pois
nenhum farmaco conseguiu eliminar ou mesmo reduzir parcialmente a
infecgdo em hamsteres.

No presente trabalho, foram também desenvolvidas formulagbes
lipossomais de buparvaquona, furazolidona e nimodipino. Sob microscopia
confocal, em colaboragdo com o Prof. Renato Arruda Mortara (Universidade
Federal de Sao Paulo), observou-se a colocalizagdo dos lipossomos de
furazolidona com os amastigotas de L. (L.) infantum chagasi em hamsteres
infectados. Buparvaquona, furazolidona e nimodipino lipossomais

apresentaram reducdo da carga parasitaria em hamsteres infectados. Estes
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resultados corroboraram o potencial de formulagdes lipossomais contendo
fosfatidilserina para a liberacao dirigida as células alvo na LV, possivelmente
devido a interagcdo com os SRs.

Levando-se em consideragcao que furazolidona livre e lipossomal,
assim como buparvaquona lipossomal, se apresentaram eficazes no
tratamento da LV, sugerem-se futuros experimentos que considerem
diferentes doses, regimes terapéuticos e vias de administracdo. O QSAR e a
sintese de analogos utilizando buparvaquona e furazolidona como protétipos
seriam também promissores, assim como o QSAR de BCC, utilizando um
numero maior de compostos.

Ao longo deste trabalho, pode-se notar que a pesquisa de
farmacos para doencas parasitarias € uma atividade multidisciplinar e
depende da interagdo de grupos de pesquisa de diferentes areas do
conhecimento.

Por fim, espera-se que os resultados obtidos tenham contribuido
para a pesquisa de novas alternativas para leishmaniose e doenca de
Chagas e tenham criado novos caminhos e questionamentos para futuros

estudos.

137



6. CONCLUSOES

e Buparvaquona, furazolidona e os BCC sao ativos in vitro contra
Leishmania spp. e podem ser usados como protétipos na pesquisa de
farmacos;

e Nao houve interagdes farmacoldgicas entre os BCC e os farmacos
padrao testados;

e Anlodipino, bepridil, fendilina e nimodipino ndo sao eficazes no
tratamento de hamsteres infectados com L. (L.) infantum chagasi, nas
vias e doses testadas;

e As 1,4-diidropiridinas podem ser usadas como protétipos para o
desenho de novos analogos com possivel atividade antiprotozoaria;

e Lipossomos contendo fosfatidilserina podem melhorar o indice
terapéutico de farmacos devido a liberacdo dirigida de farmaco aos
macréfagos infectados;

e O protocolo de qPCR desenvolvido pode ser usado de forma sensivel
e rapida para a quantificacdo da carga parasitaria no tratamento

experimental de LV.
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Férmula molecular, estrutura e classificacao dos farmacos

usados no tratamento da LV e doeng¢a de Chagas.

Nome e formula Estrutura Classificagao
molecular
Antimoniato de Antimonial
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Férmula molecular, estrutura e classificagcdo dos farmacos

usados no tratamento da LV e doenca de Chagas

(continuagao).
Nome e formula Estrutura Classificagao
molecular
Paromomicina Aminoglicosideo
H H
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Férmula molecular, estrutura e classificagcdo dos farmacos

usados no tratamento da LV e doenca de Chagas

(continuagao).
Nome e formula Estrutura Classificagao
molecular
Cetoconazol : Imidazol
(C26H25CI2N4O4) .".7"/\\».--"""\ 5‘ S0
N
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Beznidazol — N Nitroimidazol
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Fonte: PubChem, 2011.
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ANEXO 2



Nome, estrutura, formula e classificacdo dos farmacos em

estudo.
Formula Classificagao
Nome Estrutura molecular
Anlodipino C20H25CIN2Os 1,4-
diidropiridina
Anrinona C10HoN3O Aminopiridina
H
H"hl'l“"x_,_.;;ij:.\'“ - ‘ I ”
]
o \’7'/
H
Azelnidipino . 033H34N406 1 ,4-
O N diidropiridina
Bepridil Co4Ha4N5O Pirrolidina
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H/\[
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Buparvaquona C,1H2604 Naftoquinona
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Nome, estrutura, formula e classificagcdo dos farmacos em

estudo (continuagao).

Formula Classificagao
Nome Estrutura molecular
Cilnidipino C27H2N207 1,4-
diidropiridina
Fendilina Co3HasN Fenetilamina
Furazolidona 0 CgH7N3O5 Nitrofurano
0 /A N /H :
\N t—-—"i\\‘ o T _?//? — '|III
f H _—
0
Lercanidipino o CasHa1N306 1,4-
[
Nz diidropiridina
Lidoflazina C3oH35F2N30 Piperazina
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Nome, estrutura, formula e classificacao dos farmacos em

estudo.
Formula Classificagao
Nome Estrutura molecular
Mibefradil o o . CooH3sFN3O3  Benzimidazol
_,.4—“5_ /5\
HN—T::;:if \
L
Cr
Nicardipino C26H29N306 1 ,4-
diidropiridina
leedlplno C17H18N206 1,4-
diidropiridina
Nimodipino Ca21H26N207 1,4-
diidropiridina
Nitrendipino o C18H20N206 1 ,4-
diidropiridina

Fonte: PubChem, 2011.
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Abstract In a search for novel antileishmanial drugs, we
investigated the activity of the calcium channel blocker
nimodipine against Leishmania spp. and explored the ultra-
structural damages of parasites induced by nimodipine after a
short period of incubation. Nimodipine was highly effective
against promastigotes and intracellular amastigotes of
Leishmania (L.) chagasi, with 50% inhibitory concentration
values of 81.2 and 21.5 uM, respectively. Nimodipine was
about fourfold more effective than the standard pentavalent
antimony against amastigotes and showed a Selectivity Index
of 4.4 considering its mammalian cells toxicity. Leishmania
(L.) amazonensis and Leishmania (L.) major promastigotes
were also susceptible to nimodipine in a range concentration
between 31 and 128 puM. Ultrastructural studies of L. (L.)
chagasi revealed intense mitochondria damage and plasma
membrane blebbing, resulting in a leishmanicidal effect as
demonstrated by the lack of mitochondrial oxidative metab-
olism. The amastigote-killing effect suggests other mechanism
than macrophage activation, as no upregulation of nitric oxide
was seen. This calcium channel blocker is an effective in vitro
antileishmanial compound and if adequately studied could be
used as a novel drug candidate or as a novel drug lead
compound for drug design studies against leishmaniasis.

Introduction

Neglected parasitic diseases affect millions of people in
developing countries and protozoan parasites are among the
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most important pathogens, causing a high morbidity and
mortality. Leishmaniasis affects 12 million people worldwide
and was responsible for almost 59,000 deaths in 2003 (Davies
et al. 2003) The visceral form, with more than 500,000 cases,
is a fatal disease and is caused by Leishmania (L.) chagasi in
Latin America and by Leishmania donovani in India. The
therapy of leishmaniasis is particularly difficult, with a
restricted therapeutic arsenal, very toxic drugs, and resistance
cases especially in India (Santos et al. 2008; Croft et al.
2006). Despite the introduction of the oral anticancer drug
Miltefosine in the clinical therapy in India, pentavalent
antimonials remain the first line drugs for the New World’s
disease. Miltefosine is still under investigation, but it fails to
treat the American cutaneous species (Soto and Berman
2006). Chemotherapeutic switching or “piggy-back therapy”
has been one of the most important methods for the study and
clinical introduction of novel drugs for leishmaniasis. This
approach can deliver new drugs more quickly and at lower
cost as much of the development work has already been done
(Croft 2005). Some examples include the use of Miltefosine,
amphotericin B, antifungal azoles for leishmaniasis.
Nimodipine (Fig. 1) is a 1,4-dihydropyridine calcium
channel blocker that acts by relaxing the arterial smooth
muscle (Blardi et al. 2002). Able to cross the blood-brain
barrier, nimodipine can dilate the cerebral arterioles (Haws et
al. 1983); thus, it is currently used to prevent and treat the
ischemic damage caused by cerebral arterial spasm in
subarachnoid hemorrhage (Allen et al. 1983). Nimodipine
has also been used in other cerebrovascular disorders, such
as ischemic stroke (Langley and Sorkin 1989) and multi-
infarct dementia (Pantoni et al. 2000). Dihydropyridines
have been presenting promising antimicrobial and antipara-
sitic activities. Dasgupta and coworkers (Dasgupta et al.
2007) demonstrated that lacidipine, a dihydropyridine,
inhibited Gram-positive and negative bacteria in a range
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Fig. 1 Chemical structure of nimodipine

concentration of 50-200 pg/mL. Antibacterial activity was
also demonstrated for amlodipine (Kumar et al. 2003).
Protozoan parasites as Trypanosoma cruzi were also suscep-
tible to calcium channel blockers, as demonstrated by a
significant activity of isradipine and lacidipine (Nuiiez-
Vergara et al. 1998). Despite no antileishmanial activity,
Misra and coworkers (Misra et al. 1991) demonstrated the
inhibition effect of nifedipine and verapamil on Leishmania—
macrophage attachment, suggesting a role of the Ca®" ion on
the invasion process. Recently, amlodipine and lacidipine
were demonstrated to be in vitro and in vivo effective against
L. donovani, the Indian agent of visceral leishmaniasis (VL).
In this work, we report for the first time the antileishmanial
activity of nimodipine, a 1,4-dihydropyridine calcium chan-
nel blocker, against cutaneous and visceral species of
Leishmania. We have also investigated the ultrastructural
damages caused by nimodipine in Leishmania parasites and
the possible macrophage activation by nimodipine.

Materials and methods

Materials Lipopolysaccharide (LPS), nimodipine (chemical
name O5-(2-methoxyethyl) O3-propan-2-yl 2,6-dimethyl-4-
(3-nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate),
sodium dodecyl sulfate, 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT; thiazol blue), M-199,
and RPMI-PR™ 1640 medium (without phenol red) were
purchased from Sigma (St. Louis, MO, USA). Pentavalent
antimony (Glucantime, Aventis-Pharma, Brazil) and pentam-
idine (Sideron, Brazil) were used as standard drugs. Other
analytical reagents were purchased from Sigma (St. Louis,
MO, USA) unless where stated otherwise.

Animals BALB/c mice and golden hamsters (Mesocricetus
auratus) were supplied by the animal breeding facility at the
Adolfo Lutz Institute of Sdo Paulo and maintained in
sterilized cages under a controlled environment, receiving
water and food ad libitum. Animal procedures were
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performed with the approval of the Research Ethics
Commission (project CCD-BM 16/2004), in agreement with
the Guide for the Care and Use of Laboratory Animals from
the National Academy of Sciences (http:/www.nas.edu).

Parasite maintenance L. (L.) chagasi (MHOM/BR/1972/
LD) was maintained in golden hamsters, up to approximately
60 to 70 days postinfection. Promastigotes were maintained
in M-199 medium supplemented with 10% calf serum and
0.25% hemin at 24°C (Tempone et al. 2004). Isolated
promastigotes of Leishmania (L.) amazonensis (WHO/BR/
00/LT0016) and Leishmania (L.) major (MHOM/1L/80/
Fredlin) were maintained in M-199 medium supplemented
with 10% calf serum and 0.25% hemin at 24°C.

Peritoneal macrophage collection Peritoneal macrophages
were collected from the peritoneal cavity of female BALB/c
mice by washing with RPMI-1640 without phenol red,
supplemented with 10% calf serum. Cells were dispensed
in 96- or 24-well microplate and maintained for 1 h in the
same medium at 37°C in a 5% CO, humidified incubator
for attachment. Nonadherent cells were removed by two
step washings with medium.

Determination of the 50% inhibitory concentration Pro-
mastigotes were counted in a Neubauer hemocytometer and
seeded at 1x10° cells/well in 96-well microplates using
pentamidine as standard.'* Nimodipine was dissolved in
methanol, diluted in M-199 medium, and incubated with
parasites in different concentrations (based on dry weight)
for 24 h at 24°C. Parasite viability was determined using the
MTT assay at 550 nm (Tada et al. 1986). Each assay was
performed in triplicate. The activity against L. chagasi
intracellular amastigotes was determined with infected
macrophages, using pentavalent antimony as standard.
Briefly, peritoneal macrophages were seeded at 4x10°
cells/well in 13 mm glass cover slips in 24-well microplates
for 24 h at 37°C in a 5% CO, humidified incubator.
Amastigotes obtained from hamster spleen by differential
centrifugation (Stauber et al. 1958) were added to macro-
phages at 10:1 ratio (amastigotes/macrophage) and incubated
for 24 h. Noninternalized parasites were removed by
washing and test compounds were then incubated for 120 h
at the same conditions. Finally, glass cover slips were fixed
with methanol, stained with Giemsa, and observed in a light
microscope. The parasite burden was defined as the mean
number infected macrophages out of 600 cells (Tempone et
al. 2004).

Cytotoxicity against mammalian cells Kidney Rhesus mon-
key cells (LLC-MK2) were cultured using RPMI-1640
medium supplemented with 10% calf serum at 37°C in a
5% CO, humidified incubator. Cells were removed by
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scrapping, seeded at 4x10* cells/well in 96-well micro-
plates, and further incubated with drugs for 48 h at 37°C,
using pentamidine and Glucantime® as control. The
viability of the cells was determined using MTT assay at
550 nm (Tada et al. 1986).

Hemolytic activity The capacity of nimodipine to induce
hemolysis at concentrations close to the 50% inhibitory
concentration (ICsg) against Leishmania was verified using
a 3% suspension of BALB/c mice erythrocytes. The drug
was incubated for 2 h with cells at different concentrations
in 96-well U-shape microplates at 25°C. The supernatant
was removed and analyzed at 550 nm (Moreira et al. 2007)
in a multiwell scanning spectrophotometer (Labsystems;
Multiskan EX).

Macrophage nitric oxide production In order to detect the
macrophage activation induced by nimodipine, the produc-
tion of nitric oxide (NO) was evaluated using the Griess
reaction (Panaro et al. 1999). Briefly, macrophages were
dispensed in a 24-well microplate and incubated for 24 h
with the drug at a nontoxic concentration (<ICsg) at 37°C.
LPS (50 pg/mL) was used to induce NO upregulation. The
absorbance was determined at 550 nm using a multiwell
scanning spectrophotometer (Labsystems; Multiskan EX).

Transmission electron microscopy analysis The ultrastruc-
tural changes of L. (L.) chagasi promastigotes induced by
nimodipine (21 uM) were evaluated in different periods (2,
4, 6 h). Subsequently, promastigotes were processed and
observed in a JEOL transmission electron microscope
(Duarte et al. 1992).

Inhibition of amastigotes invasion in macrophages The
inhibitory effect of nimodipine on amastigote invasion in
macrophages was evaluated using different drug concen-
trations and periods. Peritoneal macrophages (24-well
microplates) were pretreated with nimodipine at 48, 24,
and 2.4 uM for 1 to 3 h. Before infection, cells were

washed twice with RPMI-1640 medium and further
incubated with previously isolated amastigotes at 10:1
(amastigotes/macrophage) ratio for 1 h. Cells were washed
to remove noninternalized parasites.

Statistical analysis The data obtained represent the mean
and standard deviation of triplicate samples from two
independent assays. The ICsq values were calculated using
sigmoid dose—response curves performed using GraphPad
Prism version 5.0 for Windows, GraphPad Software, San
Diego, CA, USA.

Results

In vitro antileishmanial activity of nimodipine Leishmania
parasites were incubated for 24 h with nimodipine using the
MTT assay for viability. The drug was effective against
both L. (L.) chagasi forms, the axenic promastigotes and
intracellular amastigotes. The evaluation of the ICsq
demonstrated that promastigotes were less susceptible than
amastigotes, with an ECs,y value of 82.68 and 21.62 uM,
respectively (Table 1). L. (L.) major, an etiological agent of
the Old World Cutaneous Leishmaniasis, was the most
susceptible to nimodipine with an ICsy value of 31 puM.
Nimodipine was also effective against an etiological agent
of Brazilian cutaneous leishmaniasis, L. (L.) amazonensis,
showing an ICsq value of 128.16 uM. Based in the
mitochondrial oxidation of MTT and by light microscopy,
nimodipine presented a leishmanicidal activity as observed
by the sigmoidal dose-response curves, with 100% of L.
(L.) chagasi death at the highest concentration of 191 uM,
at 37 uM for L. major, and at 358 uM for L. amazonensis
(data not shown). Pentamidine was used as internal control
against promastigotes and resulted in an ICs, range
between 0.059 and 0.303 pM. Pentavalent antimony
(Glucantime®) was used as control to the intracellular
amastigote assay and resulted in an ICsy of 242 uM against
L. (L.) chagasi.

Table 1 Effect of nimodipine on Leishmania parasites and mammalian cytotoxicity

Drug ICso (uM; 95%CI) HA SI
L. (L.) chagasi L. (L.) amazonensis L. (L.) major L. (L.) chagasi LLC-MK2
promastigotes promastigotes promastigotes amastigotes
Nimodipine 82.68 (83.33 to 128.16 (83.33 to 31.04 (24.68 to 21.62 (15.05 to 96.19 (95.87 to 0 44
197.11) 197.11) 39.05) 30.99) 96.50)
Pentamidine 0.16 (0.099 to 0.050 (0.033 to 0.269 (0.236 to nd 14.72 (12.21 to nd nd
0.264) 0.050) 0.303) 17.75)
Glucantime >8,213 >8,213 >8,213 80.74 (76.75 to 84.95) >2,732,38 nd >33

ICsy 50% inhibitory concentration, 95% CI 95% confidence interval, H4 hemolytic activity (%) at 179.23 uM, SI Selectivity Index, nd not

determined
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Nimodipine cytotoxicity The mammalian cytotoxicity of
nimodipine was evaluated using Kidney Rhesus monkey
cells in a close concentration to the antileishmanial ICs,
value. The in vitro assay was performed for 48 h and
resulted in an ICso 0of 96.19 uM. The hemolytic activity was
also determined as a cytotoxic parameter, but no damages
to mice erythrocytes could be observed after nimodipine
incubation to the highest concentration of 179 uM (Table 1).

Inhibition of macrophage infection assay The probable
blockage of the amastigote penetration into the host cells
was evaluated using nimodipine-treated macrophages.
Peritoneal macrophages were pretreated with the drug for
1 to 3 h at three concentrations, but nimodipine could not
inhibit the penetration of amastigotes even at the highest
tested concentration. The number of parasites/macrophages
was also unaltered in treated groups (data not shown).

Nitric oxide production As a consequence of a leishmani-
cidal effect of nimodipine in the intracellular amastigote
assay, the possible activation of macrophages was investi-
gated through the Griess reaction. The data showed no
considerable upregulation of the nitric oxide production
after 24 h incubation when compared to controls (Fig. 2).
Bacterial LPS was used as internal control (100% NO
production) and demonstrated a high upregulation when
compared to nimodipine.

Transmission electron microscopy study The ultrastructural
damages of Leishmania caused by nimodipine incubation
were investigated using a transmission electron microscopy.
Promastigotes were previously treated with the drug for
different periods at its ICso value. After 2 h incubation, the
overall morphology of the cell was not altered, but an
increase in intracytoplasmatic vacuoles was clearly observed
(Fig. 3b). The parasite plasma membrane was also affected
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Fig. 2 Effect of nimodipine on macrophages nitric oxide (NO)
production. The nitrite content was determined by the Griess reaction
at 550 nm. LPS was used as control
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by the drug, as shown by the membrane blebbing (arrow).
No significant alterations were observed in the nucleus, but
enlarged mitochondria of the kinetoplast was observed. After
4 h incubation, the nuclear membrane was clearly affected,
with detachment of bilayer (Fig. 3e), despite the overall
morphology of the cell was well preserved. A large number
of intracytoplasmatic vacuoles and enlarged mitochondria
(Fig. 3c) and an intense membrane blebbing effect was
observed (Fig. 3f, g, arrows). After 6 h, the fusion of
intracytoplasmatic vacuoles might have occurred, as large
vacuoles were found inside the cells with an intense loss of
intracytoplasmatic organelles (Fig. 3d). A nontreated pro-
mastigote was used as control (Fig. 3a).

Discussion

Previous work using dihydropyridines demonstrated potential
antimicrobial (Kumar et al. 2003) and antiparasitic activities
(Misra et al. 1991). Therapeutic switching or “piggy back
chemotherapy” has been a promising alternative to provide
novel antileishmanial drugs, reducing the time and costs of
the research against neglected parasitic diseases. In a search
for novel effective antileishmanial drugs, we demonstrated
for the first time in the literature that nimodipine presents a
specific activity against cutaneous and visceral species of
Leishmania. The in vitro activity against promastigotes
showed that L. major was the most susceptible to nimodi-
pine, with an 1Csq value 2.6-fold smaller than for L. (L.)
chagasi. By using the most relevant clinical form, the
amastigotes, nimodipine effectively eliminated the intracel-
lular L. (L.) chagasi and demonstrated to be significantly
(»<0.001) fourfold more active than the standard pentavalent
antimony (Glucantime®). Other two dihydropyridines, amlo-
dipine and lacidipine, have also been demonstrated anti-
leishmanial activity. Both drugs effectively treated L.
donovani-infected macrophages, with an in vitro ICs, value
of 5.1 and 6.6 uM, respectively (Palit and Ali 2008). Other
two calcium channel blockers, isradipine and lacidipine,
have also been demonstrated antitrypanosomal activity,
killing extracellular epimastigotes of Trypanosoma cruzi in
a range concentration between 20 and 31 uM. Despite the
promising activity, verapamil and diltiazem lacked antitry-
panosomal effect (Nufiez-Vergara et al. 1998), showing that
protozoan parasites have different susceptibilities for calcium
channel blockers. In our assays, the relationship between the
toxicity toward the kidney Rhesus monkey cells (LLC-MK2)
and the antileishmanial activity, given by the Selectivity
Index (SI), demonstrated a considerable value of 4.4 for
nimodipine. The capacity of nimodipine to induce hemolysis
at concentrations close to the ICs, against Leishmania was
verified using mice erythrocytes. Nimodipine showed no
hemolytic activity to the highest concentration of 180 puM,
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Fig. 3 Transmission electron
microscopy of L. (L.) chagasi
incubated with nimodipine. Pro-
mastigotes were incubated for
different periods at 24 °C. a
Control group. b 2 h incubation.
¢ 4 h incubation. d 6 h incuba-
tion. e 4 h incubation. f, g4 h
incubation. K kinetoplast, M
mitochondria, N nucleus, F fla-
gellum, L lipid inclusion, V'
vacuoles, MT microtubules, NM
nuclear membrane

being harmless to erythrocytes when one considers its in
vitro ICsq value against intracellular amastigotes (21 puM).
The use of drug delivery systems could be an important
alternative to nimodipine, improving its SI through the
delivery of high amounts of the drug to infected macro-
phages. Tempone et al. (2004) demonstrated that phospha-
tidylserine liposomes entrapping pentavalent antimony was
in vitro 16-fold more effective against infected macrophages
when compared to free drug. This formulation was also 133-
fold more effective in experimental L. (L.) chagasi models
(Tempone and Andrade 2008). In vivo assays should be
carried out to investigate the nimodipine antileishmanial
activity. Free and liposome-loaded nimodipine is under
investigation in our laboratory for the treatment of hamster
models of VL.

Macrophages are the host cells in leishmaniasis and play
an important role in the immunological control of intracel-
lular parasites through the production of cytokines and
oxygen metabolites (Balaraman et al. 2004). Through the
upregulation of the effective mediator nitric oxide inside the

cell, macrophages trigger the amastigote killing mechanism
(Mauel and Ransijn 1997). We have investigated the possible
activation of macrophages induced by nimodipine using the
Griess reaction (Panaro et al. 1999). Our results clearly
demonstrated no upregulation of NO, suggesting that the
antileishmanial effect of nimodipine might be other mecha-
nism than NO activation by macrophages. In addition, the
drug efficacy against the extracellular promastigotes supports
the principle of a specific antiparasitic activity, without the
need of macrophage intervention for the leishmanicidal
effect. The dependency of macrophage activation for the
pentavalent antimony leishmanicidal effect has been demon-
strated, as an upregulation of NO and tumor necrosis factor-
o contributes to the killing of intracellular amastigotes
(Mookerjee Basu et al. 2006). Thus, an immunocompetent
organism has been demonstrated to be important for the
treatment of VL with antimonial drugs and coinfection with
HIV clearly demonstrated the limitation of this therapy.
Based in our in vitro data, nimodipine demonstrated a
superior efficacy than pentavalent antimony against L. (L.)
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chagasi, selectively eliminating the intracellular parasites
without the requirement of macrophage activation.

The ultrastructural damages of L. (L.) chagasi promasti-
gotes caused by nimodipine revealed an intense swelling of
mitochondrias, plasma membrane blebbing, and strong
alterations in nuclear membrane. The overall mitochondrial
damages were not accompanied by alterations of the
kinetoplast, suggesting that this organelle might not be the
preferential target of the drug. Despite the conserved
subpellicular corset of microtubules, the parasite membrane
was clearly affected, with a strong blebbing effect in a short
period of incubation (2 h). Despite this marked alteration, no
pore-forming activity in plasma membrane could be detected
and in addition, no cell edema could be observed at the
highest time of incubation, suggesting other mechanism than
ions leakage during the cell death progression. Despite the
prompt leishmanicidal effect, confirmed by the lack of
mitochondrial oxidation of MTT, the overall shape and
morphology of promastigotes were well preserved by the end
of the assay.

In a previous report, the calcium channel blockers
nifedipine and verapamil effectively inhibited the macro-
phage infection by L. (L.) donovani, but no antiparasitic
effect was observed (Misra et al. 1991). The authors also
suggested an important participation of calcium ions in the
invasion process. In contrast, Ganguly et al. (1991) demon-
strated an increase in the percentage of L. donovani-infected
macrophages in the presence of nifedipine. The authors
suggested that the availability of intracellular calcium is a
factor in the defense mechanism of macrophages. In order to
elucidate this controversial data using another calcium
channel blocker (nimodipine), we carried out a similar assay
with macrophages. Despite the related chemical structure
between nifedipine and nimodipine, our data demonstrated
no decrease in percentage of L. (L.) chagasi-infected
macrophages compared to controls and also no enhance in
the number of intracellular amastigotes per macrophage. Palit
and Ali (2008) demonstrated that calcium channel blockers
as lacipidine, amlodipine, verapamil, and diltiazem inhibited
the Ca®" uptake by Leishmania, but only the two dihydro-
pyridines showed antiparasitic activity. This result contra-
dicts the correlation between the leishmanicidal activity and
the Ca®>' channel blocking action of these drugs, as
verapamil and diltiazem are also effective calcium antago-
nists. Many antileishmanials that inhibit the respiratory chain
complexes also induce apoptosis (Mehata and Shaha 2004).
Our results demonstrated that nimodipine affects mitochon-
drial functions, as no oxidation of MTT by dehydrogenases
could be detected. Inhibition of oxygen consumption causes
an increase in the intracellular reactive oxygen species,
leading to a loss of mitochondrial membrane potential
(Palit and Ali 2008). This could have been a possible
effect of nimodipine in Leishmania, resulting in enlarged
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mitochondria as observed in transmission electron micros-
copy. Further assays must be conducted in order to
elucidate this mechanism and also to investigate the
possibility of Leishmania apoptosis.

The 1,4-dihydropyridines have been considered promis-
ing antiparasitic drugs, mainly against protozoan parasites.
Recently, it was demonstrated that verapamil could effec-
tively reverses antimony resistance in L. (L.) donovani
(Valiathan et al 2006). The 1,4-dihydropyridine nucleus
belongs, in fact, to the class of “privileged structures”, a
term formally introduced by Evans et al (1988). It has
served as a scaffold for second and third generation drugs
of calcium channel blockers and also as a scaffold or
“privileged” structure for molecules active at a diverse
collection of ion channels and pharmacological receptors
(Triggle et al. 1989; Triggle 2003a). Approximately, ten of
these agents have been used in the clinical medicine for the
treatment of a number of cardiovascular disorders (Triggle
2003b). Considering the high versatility of this pharmaco-
phore, its further exploitation as a novel lead compound
may yield selective and potent drug prototypes against
neglected diseases as visceral leishmaniasis.
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Abstract The current treatment for leishmaniasis is unsatis-
factory due to toxic side effects, high cost, and problems with
drug resistance. Various approaches have been used to identify
novel drug candidates to treat Leishmania sp. parasites
including the use of re-purposed drugs. Furazolidone is a
nitrofuran derivative with antiprotozoal and antibacterial
activity and is used for the treatment of giardiasis. In the
present work, we determined the in vitro antileishmanial
activity of furazolidone and its ability to induce ultrastruc-
tural alterations of parasites. Promastigotes of Leishmania
(L.) chagasi, Leishmania (V.) braziliensis, Leishmania (L.)
major, and Leishmania (L.) amazonensis were highly
susceptible to furazolidone, with ICs, values ranging
between 0.47 and 0.73 pg/mL. Furazolidone was also very
effective against L. chagasi intracellular amastigotes, and
despite mammalian cytotoxicity, the selectivity index was
8.0 in human monocytes. The drug also had limited toxicity
in mice erythrocytes. Furazolidone demonstrated specific
activity against Leishmania, a potential consequence of the
lack of macrophage nitric oxide activation. As determined by
electron transmission microscopy, drug treatment induced
severe damage to the parasite mitochondria and nucleus.
This older oral drug is an effective agent for the treatment of
L. (L.) chagasi in vitro and is a novel candidate for further
experimental studies.
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Introduction

Leishmaniasis, a vector-borne disease caused by obligate
intramacrophage protozoa, is one of the six most important
diseases listed by the World Health Organization/Tropical
Disease Research (WHO/TDR; Herwaldt 1999; Desjeux
2001). The disease is endemic to 88 countries in five
continents with a total of 350 million people at risk and 12
million cases (Desjeux 1996).

Visceral leishmaniasis (VL) is one manifestation of
leishmaniasis. It is estimated that 500,000 new cases of
VL occur each year. The actual death toll from the disease
may be higher than this estimate when considering the
existence of unidentified VL foci. Approximately 90% of
those affected by the disease live in five countries: India,
Bangladesh, Nepal, Brazil, and Sudan (WHO 2008). For
many decades, VL has been treated with pentavalent
antimonials, and despite the high toxicity, this treatment
remains the standard of care in most of the countries. Other
drugs, such as pentamidine, amphotericin B, and liposomal
amphotericin B (AmBisome), are available for the treatment
of VL but are not optimal due to problems of toxicity, high
cost, and difficult administration (Guerin et al. 2002). Thus,
there is an urgent need for alternative drugs.

Older drugs have been successful at bringing new therapies
to the developing world. A recent example of a re-purposed
drug is miltefosine; initially developed for breast cancer, it is
now effectively used to treat VL (Sundar et al. 2002).
Furazolidone (FUZ) is a nitrofuran derivative with antipro-
tozoal and antibacterial activity (Fig. 1). It is used in the
treatment of trichomoniasis (Giron Blanc 1959), cholera
(WHO 1990), giardiasis (Khaw and Panosian 1995), and
Helicobacter pylori infection (Guslandi 2001). In this study,
we investigated the in vitro antileishmanial activity of
furazolidone on Leishmania spp. The effects of this drug
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Fig. 1 Chemical structure of furazolidone (PubChem Compound
2010)

on mammalian cytotoxicity and ultrastructural changes of
Leishmania (L.) chagasi promastigotes were determined.

Materials and methods

Materials DMSO, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT, thiazol blue), lipopolysa-
charide (LPS), sodium dodecyl sulfate, RPMI-PR™ 1640
medium, M 199 medium, and furazolidone (chemical name 3-
[(E)-(5-nitrofuran-2-yl)methylideneamino]-1,3-oxazolidin-2-
one) were purchased from Sigma (St. Louis, MO, USA).
Pentavalent antimony (Glucantime®) and pentamidine were
obtained from Aventis and Sideron, respectively. Other
analytical reagents were purchased from Sigma unless
otherwise stated.

Bioassay procedures BALB/c mice and Golden hamsters
were supplied by the animal breeding facility at the Adolfo
Lutz Institute of Sao Paulo. They were maintained in
sterilized cages under a controlled environment and
received water and food ad libitum. Animal procedures
were performed with the approval of the Research Ethics
Commission, in agreement with the Guidelines for the Care
and Use of Laboratory Animals from the National
Academy of Sciences.

Parasite maintenance L. (L.) chagasi (MHOM/BR/1972/
LD) was maintained in Golden hamsters, up to approximately
60 to 70 days post-infection. Promastigotes of L. (L.) chagasi
(MHOM/BR/1972/LD), Leishmania (L.) amazonensis
(WHO/BR/00/LT0016), Leishmania (L.) major (MHOM/
1 L/80/Fredlin), and Leishmania (V.) braziliensis (MHO/BR/
75/M2903) were maintained in M-199 medium supple-
mented with 10% calf serum and 0.25% hemin at 24°C.

Mammalian cells Peritoneal macrophages were collected
from the peritoneal cavity of female BALB/c mice by washing
with RPMI-1640 (without phenol red and supplemented with
10% fetal bovine serum). THP-1 (human monocytes ATCC
number TIB-202) cells were maintained in RPMI-1640
medium (without phenol red and supplemented with 10%
fetal bovine serum) at 37°C in a 5% CO,-humidified
incubator.

@ Springer

Determination of the 50% inhibitory concentration
(ICs) Leishmania promastigotes were seeded at 1x10°
cells/well in 96-well microplates as described elsewhere
(Sartorelli et al. 2007). Pentamidine was used as a reference
drug. FUZ was dissolved in DMSO at a concentration not
exceeding 20 pg/mL (based on dry weight) and incubated
for 48 h at 24°C. Parasitic viability was determined by the
MTT assay measured at 550 nm (Tada et al. 1986). Each
assay was performed in triplicate. The activity against L.
(L.) chagasi intracellular amastigotes was determined in
infected macrophages (Sartorelli et al. 2007). FUZ and
Glucantime® were incubated for 120 h at 37°C in a 5%
CO,-humidified incubator. The parasite burden was defined
as the mean number of infected macrophages out of 600
cells (triplicate recordings). The data obtained represent the
mean of three independent assays.

Cytotoxicity against mammalian cells Macrophages (4%
10° cells/well) and THP-1 cells (1x10* cells/well) were
seeded in 96-well microplates at 37°C in a 5% CO,
incubator. The mammalian cells were incubated with FUZ
at a concentration not exceeding 300 pg/mL for 48 h at 37°C;
pentamidine and Glucantime® were used as standard drugs.
Cell viability was determined by the MTT assay measured at
550 nm (Tada et al. 1986). The data obtained represent the
mean of two independent assays.

Hemolytic activity A 3% suspension of BALB/c mice
erythrocytes was incubated for 2 h with FUZ at a
concentration not exceeding 300 pug/mL in 96-well U-
shape microplates at 25°C. The supernatant was measured
at 550 nm in a Multiskan spectrometer reader (Reimio et al.
2008).

Macrophage nitric oxide quantification The production of
nitric oxide by macrophages was measured using the Griess
reaction (Panaro et al. 1999). Peritoneal macrophages were
incubated for 24 h at 37°C with FUZ (3 pg/mL). LPS
(50 pg/mL) was used to induce nitric oxide (NO) up-
regulation. The absorbance was measured at 540 nm using a
Multiskan spectrometer reader. The data obtained represent
the mean of two independent assays.

Transmission electron microscopy analysis L. (L.) chagasi
promastigotes were incubated with FUZ at 2.0 ug/mL for
various durations of time (12, 20, 26, and 40 h) at 24°C in
24-well plates. Subsequently, promastigotes were processed
and observed in a JEOL transmission electron microscope
(Duarte et al. 1992).

Statistical analysis The data obtained represent the mean
and standard deviation of duplicate or triplicate samples
from two independent assays. The ICs, values were
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calculated using sigmoid dose-response curves in Graph
Pad Prism 5.0 software, and the 95% confidence intervals
were included.

Results

Antileishmanial activity and cytotoxicity of FUZ The
effects of FUZ treatment on cell viability were tested on
different species of Leishmania using the MTT assay.
Promastigotes of L. (L.) chagasi, L. (V.) braziliensis, L.
(L.) major, and L. (L.) amazonensis were inhibited by FUZ
treatment, with ICsq values of 0.71, 0.73, 0.61, and 0.47 png/
mL, respectively (Fig. 2). Pentamidine was used as a
standard drug and had ICsy values ranging between 0.03
and 0.75 pg/mL. FUZ treatment also inhibited intracellular
amastigotes viability of L. (L.) chagasi with an ICs, value
of 1.60 pg/mL (Fig. 3). Glucantime® was used as standard
drug and had an ICsy value of 27.0 pg/mL. Using the
cytotoxicity assay, it was demonstrated that a 48-h FUZ
treatment was toxic to peritoneal macrophages and THP-1
cells only at higher concentrations (IC5o=12.74 pg/mL). As
measured by the hemolytic assay, FUZ treatment was
minimally toxic to mice erythrocytes at a concentration of
75 ng/mL with slight hemolysis (3%) observed at 150 pg/
mL (data not shown).

Ultrastructural studies of promastigotes Ultrastructural
studies of L. (L.) chagasi promastigotes determined that
FUZ treatment induced damage to parasites in a time-
dependent manner (Fig. 4). Beginning at the 12-h time
point, damage was observed as an increase in the number of
vacuoles (Fig. 4b). After a 20-h incubation with the drug
(Fig. 4c), parasites had a rotund morphology; large
vacuolization with an absence of a kinetoplast was
observed as well as damage to the nucleus. Loss of
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Fig. 2 Dose-response curves of furazolidone treatment on promasti-
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Fig. 3 Fifty percent inhibitory concentration (ICsy) curves of
furazolidone treatment on Leishmania (L.) chagasi amastigotes (left
side) and cytotoxic effects on human monocytes (THP-1; right side)

cytoplasmic organelles was only seen after a 26-h
incubation with the drug (Fig. 4d, e). At this time point, a
mitochondrial swelling was observed along with severe
nucleus damage and detachment of the nuclear membrane
(Fig. 4d, arrows). Despite the severe cellular damage, a lack
of pore-forming activity at the plasma membrane was
observed, which showed a conserved morphology. One
hundred percent of the parasites was eradicated after a
40-h incubation with the drug (Fig. 4f).

NO production The capacity of FUZ to induce NO
production was determined within peritoneal macrophages.
NO up-regulation was not observed after a 24-h incubation
with the drug; however, a decrease in NO production by
55% was observed in LPS-activated macrophages (Fig. 5).

Discussion

In this study, we determined the in vitro activity of FUZ on
a panel of Leishmania spp. with an emphasis on L. (L.)
chagasi, which is a Brazilian etiologic agent of VL.
Promastigotes of L. (L.) chagasi, L. (V.) braziliensis, L.
(L.) major, and L. (L.) amazonensis were sensitive to FUZ
treatment. Additionally, FUZ had similar in vitro efficacy
(»<0.05) compared to pentamidine on some species. A
leishmanicidal effect was demonstrated by a lack of
mitochondrial oxidation in the MTT assay. FUZ was 17-
fold more effective than pentavalent antimony on L. (L.)
chagasi intracellular amastigotes, demonstrating a potential
in vitro activity against VL. FUZ proved to be slightly
active on intracellular amastigotes from Leishmania (L.)
tropica (Berman and Lee 1983), Leishmania (L.) donovani,
Leishmania (L.) enriettii, and L. (L.) major (Neal et al.
1988); however, FUZ lacked parasite selectivity, resulting
in a high degree of host cell toxicity. At FUZ concentrations

@ Springer
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Fig. 4 Transmission electron
microscopy of L. (L.) chagasi
incubated with furazolidone.
Promastigotes were incubated for
various periods of time at 24°C.
a Control group; b 12-h
incubation; ¢ 20-h incubation; d
26-h incubation; e 40-h
incubation. v vacuoles,

mt microtubules, nm nuclear
membrane, k kinetoplast,

m mitochondria, n nucleus,
flagellum, / lipid inclusion;

f 40-h incubation

that eliminated 100% of amastigotes from the intracellular
milieu of macrophages, no macrophage toxicity was
detected as determined by mitochondrial oxidation using
the MTT assay.

The ultrastructural studies of L. (L.) chagasi promasti-
gotes corroborated the leishmanicidal activity of FUZ on L.
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Fig. 5 Effects of nimodipine on macrophage nitric oxide (NO)
production. The nitrite content was determined by the Griess reaction
measured at 550 nm. LPS was used as control

@ Springer

(L.) chagasi, as determined by a completely altered
morphology and loss of intracellular organelles. This
suggests that the mitochondria and nuclear membrane of
Leishmania are targets of FUZ, leading to parasite death. It
was apparent that the antileishmanial activity of furazoli-
done is a time-dependent event and the initial damage to the
parasite is a result of long-term incubation. Using the NO
stimulation assay, a lack of NO generation was detected
after a 24-h FUZ treatment, demonstrating that FUZ
treatment kills intracellular parasites by a mechanism other
than macrophage activation. This is promising information,
suggesting a direct effect of FUZ on parasites. Macrophage
activation via NO up-regulation is an important process to
control intracellular pathogens (Moncada et al. 1991); drug
candidates for VL should display specific activity against
the parasite rather than merely activating macrophages.
Clinical studies using macrophage-stimulating drugs such
as interferons fail to treat VL when administered in
combination with antimony (Sundar et al. 1997). In our
study, FUZ treatment abolished 55% of LPS-induced macro-
phage activation, suggesting a possible “antiinflammatory”
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mechanism. NO is normally produced by nitric oxide
synthase (iNOS)-mediated oxidation of L-arginine by
NADPH and O, and the subsequent formation of L-
citrulline and NO (Moncada et al. 1991). Literature
describing FUZ-mediated inhibition of iNOS activity is
lacking. Despite this fact, we found no interference in the
antiparasitic activity of FUZ against intracellular amastigotes
of L. (L.) chagasi.

FUZ is commonly used as oral dosages for the treatment
of intestinal giardiasis (Khaw and Panosian 1995). Its
absorption, serum level, and metabolism are poorly studied.
Because of the need for active antileishmanial agents, orally
administered drugs are remarkable candidates to be tested
in experimental models.
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Drug delivery systems are promising pharmaceutical formulations used to improve the therapeutic index
of drugs. In this study, we developed a liposomal formulation of furazolidone that targets Leishmania
(Leishmania) chagasi amastigotes in a hamster model. Using laser scanning confocal microscopy, it was
demonstrated that the liposomal drug co-localised with L. (L.) chagasi amastigotes within macrophages.
Liposomal furazolidone administered intraperitoneally at 0.5 mg/kg for 12 consecutive days reduced
spleen (74%) and liver (32%) parasite burden at a 100-fold lower dose than the free drug. Free furazolidone
(50 mg/kg) also effectively reduced spleen (82.5%) and liver (85%) parasites; its in vitro activity against
promastigotes and intracellular amastigotes demonstrated a high degree of parasite selectivity. Thus,
furazolidone, both in the free and liposome-loaded formulation, is an effective inhibitor of L. (L.) chagasi,
representing a possible cost-effective drug candidate for the treatment of visceral leishmaniasis.

© 2010 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.

1. Introduction

Leishmaniasis is a parasitic disease that afflicts 12 million peo-
ple worldwide and can be fatal if individuals are infected with the
visceral species. Traditional therapy is out-dated and ineffective,
often resulting in intense adverse effects, relapses and the need for
hospitalisation. Study of drugs that are already in clinical use for the
treatment of other diseases could represent a cost-effective alter-
native for the treatment of neglected diseases. This is exemplified
by the recent discovery of miltefosine, an oral anticancer drug with
promising in vivo antileishmanial activity [1].

Furazolidone (FZ) is a synthetic nitrofuran derivative that is
clinically used as an antibacterial and antiprotozoal agent. Its
antileishmanial activity was previously reported by Berman and
Lee in 1983 [2] and by Neal et al. in 1988 [3]. FZ has in vivo
activity against a range of microorganisms including Escherichia
coli, Salmonella spp., Shigella spp. [4] and Giardia [5]. Drug deliv-
ery systems such as liposomes have been developed to provide
medical and pharmaceutical benefits for the treatment of diseases.
These systems have improved therapy for some diseases, for exam-
ple the treatment of leishmaniasis with liposomal amphotericin
B [6]. Our previous in vitro work demonstrated that negatively

* Corresponding author.
E-mail address: atempone@ial.sp.gov.br (A.G. Tempone).

charged liposomes targeted to the parasitophorous vacuole, deliv-
ered antimony to amastigotes of Leishmania (Leishmania) chagasi
inside macrophages [7]. In the present work, we studied the in vitro
and in vivo efficacy of FZ against L. (L.) chagasi using a liposomal for-
mulation of furazolidone (FZ-LP) to target the parasite in infected
tissues.

2. Material and methods
2.1. Drugs and chemicals

Hydrogenated phospholipids were kindly donated by
Lipoid GmbH (Ludwigshafen, Germany). Cholesterol, MTT [3-
(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide;
thiazolyl blue] and RPMI 1640 medium without phenol red
(RPMI-PR~1640) were purchased from Sigma (St Louis, MO).
DAPI  (4',6-diamidino-2-phenylindole dihydrochloride) and
fluorescein-5-isothiocyanate (FITC) were purchased from Molec-
ular Probes (Eugene, OR). The pentavalent antimonial compound
glucantime® was obtained from sanofi-aventis (S3o Paulo, Brazil)
and pentamidine was from Sideron (Sdo Paulo, Brazil).

2.2. Bioassay procedures

BALB/c mice and golden hamsters were supplied by the ani-
mal breeding facility at the Adolfo Lutz Institute (Sdo Paulo, Brazil).

0924-8579/$ - see front matter © 2010 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.
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Animals were maintained in sterilised cages and were given water
and food ad libitum. Animal procedures were performed with the
approval of the Research Ethics Commission and in agreement with
the Guidelines for the Care and Use of Laboratory Animals from the
National Academy of Sciences.

2.3. Parasite maintenance

Leishmania (L.) chagasi amastigotes (MHOM/BR/1972/LD) were
isolated from golden hamsters no later than 60-70 days post infec-
tion [8].

2.4. Mammalian cells

Peritoneal macrophages were collected from the peritoneal
cavity of female BALB/c mice by washing with RPMI 1640 supple-
mented with 10% fetal bovine serum. Cells were maintained at 37 °C
in a 5% CO, humidified incubator.

2.5. Determination of the 50% inhibitory concentration (ICsp)

The activity of FZ treatment on L. (L.) chagasi intracel-
lular amastigotes was determined using previously infected
macrophages [9]. Pentavalent antimony (SbY) was used as a stan-
dard drug. Test compounds were incubated for 120 h under the
same conditions. Parasite burden was defined as the mean num-
ber of infected macrophages out of 600 cells (triplicate recordings).
Data obtained represent the mean of two independent assays.

2.6. Cytotoxicity against mammalian cells

Macrophages were obtained from the peritoneal cavity of
BALB/c mice in RPMI-PR-1640 medium. Cells were incubated
with FZ at various concentrations (2.3-300 pg/mL) for 48h at
37°C. Pentamidine was used as the reference drug. Viability of
the macrophages was determined using the MTT assay [10]. Data
obtained represent the mean of two independent assays.

2.7. Furazolidone entrapment in liposomes

Liposomes were prepared by the lipid hydration method fol-
lowed by extrusion through polycarbonate membranes [11]. For
liposome preparation, saturated egg phosphatidylcholine, phos-
phatidylserine and cholesterol were used at a 7:2:1 molar ratio. For
preparation of fluorescent liposomes, 100 g of long-chain dialkyl-
carbocyanines (DIL C18) was added to the lipid mixtures before
drying. Untrapped material was separated from the liposomes by
centrifugation (4000 x g for 15min) and the final phospholipid
concentration was determined by the Stewart assay [12]. The aver-
age diameter of the liposomes was determined by transmission
electron microscopy. The concentration of encapsulated FZ was
determined in a high-performance liquid chromatography (HPLC)
binary system (Prominence LC-20; Shimadzu Corp., Kyoto, Japan)
using an ultraviolet photodiode array detector SPD-M20A on a
reverse phase ACE C18 column (4.6 mm x 250 mm, 5 pum particle
size).

2.8. Biodistribution studies using laser scanning confocal
microscopy

Golden hamsters (Mesocricetus auratus) were infected with
1 x 108 amastigotes of L. (L.) chagasi via the intraperitoneal (i.p.)
route. Sixty days post infection, FZ-LP labelled with the fluo-
rescent marker DIL C18 was injected (i.p., 300 p.L/animal; n=4)
and animals were euthanised 7h later. The spleen and liver
were removed and fixed in 3.5% formaldehyde. After washing

with phosphate-buffered saline (PBS), they were permeabilised
with a PGN solution (PBS, 0.2% gelatin and 0.15% NaN3) con-
taining 0.1% saponin and submitted to labelling. Samples were
then incubated for 1h with a polyclonal anti-L. (L.) chagasi (dog
serum) antibody (diluted 1:50 in PGN) and washed three times
with PBS. This was followed by incubation for 1h with anti-dog
immunoglobulin G (IgG) conjugated antibodies and with 10 uM
DAPI to label DNA-rich structures. Finally, the samples were imaged
on a Bio-Rad 1024-UV confocal system (Bio-Rad Hercules, CA)
using a 100x 1.4 NA oil immersion objective with phase con-
trast. Image ] software (http://rsb.info.nih.gov/ij/) was used to
analyse fluorescence intensity distributions, to adjust contrast or
brightness of acquired images and to combine images. Sequen-
tial optical sections (z-series) were rendered using Voxx software
(http://www.nephrology.iupui.edu/imaging/voxx/) or the surface-
rendering module of Huygens Essential (http://www.svi.nl).

2.9. Experimental studies

The efficacy of FZ and FZ-LP treatment was determined using
young male golden hamsters (ca. 140g) previously infected (i.p.
route) with L. (L.) chagasi amastigotes (1 x 108/animal). Forty-five
days after infection, the hamsters were treated intraperitoneally
for 12 consecutive days with FZ, FZ-LP and SbY administered
at 50mg/kg, 0.5 mg/kg and 50 mg/kg, respectively (n=6/group).
The control group was treated with empty liposomes (without
drug). FZ was diluted in Cremophor® EL containing 5% ethanol
(no interference with the treatment could be detected in previous
experimental assays). Animals were euthanised (58 days postinfec-
tion) and spleen/liver infections were analysed by light microscopy
using Giemsa-stained smears. The removed organs were weighed
and compared with the untreated group. The number of amastig-
otes per 500 cell nuclei (liver and spleen) was determined and
multiplied by the organ weight (mg) to obtain Leishman-Donovan
units [13]. Two independent assays were performed to confirm the
in vivo efficacy of FZ.

2.10. Statistical analysis

Data obtained represent the mean and standard deviation of
duplicate or triplicate samples from two independent assays. ICsq
values were calculated using sigmoid dose-response curves in
GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla,
CA) and the 95% confidence intervals were included in parenthe-
ses. The Mann-Whitney test (unpaired two-tailed) was used for
significance testing (P < 0.05) of parasitic burden and treatment.

3. Results

3.1. Antileishmanial activity and cytotoxicity assay of
furazolidone

FZ treatment inhibited intracellular amastigotes of L. (L.) chagasi
with an ICsg value of 1.58 wg/mL. Glucantime was used as a refer-
ence drug and resulted in an ICsg of 27.28 pg/mL. The cytotoxicity
assay demonstrated that high concentrations of FZ were toxic to
peritoneal macrophages after a 48 h period of incubation, resulting
in an ICsg value of 13.45 pg/mL (Table 1).

3.2. Biodistribution of liposomal furazolidone in infected
hamsters

FZ was loaded into phosphatidylserine liposomes and labelled
with the fluorescent marker DIL C18. FZ-LP was found in the spleen
(Fig. 1A) and liver (Fig. 1C) of L. (L.) chagasi-infected hamsters
7 h post infection. The in vivo co-localisation of FZ-LP and L. (L.)


http://rsb.info.nih.gov/ij/
http://www.nephrology.iupui.edu/imaging/voxx/
http://www.svi.nl/

A.G. Tempone et al. / International Journal of Antimicrobial Agents 36 (2010) 159-163 161

Table 1
In vitro antileishmanial activity and cytotoxicity of furazolidone (FZ)?.

Drug ICs0 (95% CI) (g/mL)

L. (L.) chagasi THP-1 toxicity

FZ 1.58 (1.51-1.66) 13.45 (11.49-15.75)
Pentamidine N/D 8.72(7.24-10.52)
SbY 27.28 (25.7-28.8) >500

ICs0, 50% inhibitory concentration; Cl, confidence interval; N/D, not determined;
SbY, pentavalent antimony.

2 Viability of cells was determined by the colorimetric MTT assay measured at
550 nm.

chagasi amastigotes inside macrophages of the spleen (Fig. 1B,
arrow) and liver (Fig. 1D, arrow) was also observed (Supplementary
Fig. 1); the blue fluorescence corresponds to spleen or liver cell
nuclei.

3.3. Experimental in vivo treatment

Free FZ was effective against L. (L.) chagasi (Table 2), reducing
the parasite burden by 82.5% in the spleen (P<0.05) and 85% in the
liver (P<0.05) at a dose of 50 mg/kg. The reference drug SbY was
also tested in a treated control group, which resulted in a reduction
in parasite burden by 95% (P<0.05) and 92% (P<0.05) in the spleen
and liver, respectively. FZ-LP eliminated 74% of spleen (P< 0.05) and
32% of liver (P> 0.05) parasite burden at 0.5 mg/kg.

3.4. Encapsulation efficiency, size and lipid quantification

Physicochemical parameters of liposomes were evaluated fol-
lowing drug entrapment. FZ was entrapped in liposomes and
resulted in a considerable encapsulation efficiency of 84.9%. As
determined by HPLC analysis, the maximum FZ concentration in
liposomes was 250 pg/mL. The lipid content was determined by
the colorimetric Stewart assay; the formulation had a mean of
15.5 mg/mL phospholipids. Finally, FZ-LP was negatively stained
and the mean diameter was analysed by transmission electron
microscopy. It was determined that FZ-LP had an internal mean
diameter of 149 nm with a multilamellar aspect (data not shown).

4. Discussion

In this study, we demonstrated that a novel liposomal formula-
tion of furazolidone (FZ-LP) targets the intracellular amastigotes
of L. (L.) chagasi. Preliminary data demonstrated that FZ has in
vitro activity against intracellular amastigotes and is 17-fold more
effective than treatment with SbY, suggesting a potential use for
this drug against L. (L.) chagasi. The first description of the anti-
Leishmania tropica activity of FZ (IC5p=0.53 g/mL) was reported
in 1983 by Berman and Lee [2]. Neal et al. [3] reported that FZ
was not selective against the intracellular amastigotes of Leishma-
nia (L.) donovani, Leishmania (L.) enriettii and Leishmania (L.) major,
as the potential antiparasitic effect was observed at a concentra-
tion that was highly toxic to host cells. In our assay, the in vitro

Fig. 1. Single optical section image acquired using a confocal microscope. Distribution of long-chain dialkylcarbocyanine (DIL C18)-labelled liposomes containing furazolidone
in spleen smears of Leishmania (Leishmania) chagasi-infected hamsters. Sixty days post infection, the spleen and liver were removed and were submitted to immunofluores-
cence analysis. (A) Spleen: view of a typical field. Parasites labelled with a polyclonal anti-L. (L.) chagasi (dog serum) antibody (green) and DAPI (4',6-diamidino-2-phenylindole
dihydrochloride) (nuclei and kinetoplasts; blue). DIL-labelled liposomes appear in red. (B) Higher magnification of the field shown in (A). (C) Liver. (D) Higher magnification
of the field shown in (C). Arrows in (B) and (D) indicate liposomes next to amastigotes. Bars: A, 20 wm; B, 10 wm; C, 50 wm; and D, 10 pm.
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Table 2
Experimental in vivo treatment of hamsters infected with Leishmania (Leishmania) chagasi for 12 consecutive days.
Drug Dose Spleen Liver
Parasite burden (LDU) % reduction in parasite Parasite burden (LDU) % reduction in parasite
[mean (S.E.M.)] burden? [mean (S.E.M.)] burden?
FZ 50 mg/kg i.p. 84.94(11.48) 825 379.85(202.99) 85.0
FZ-LP 0.5 mg/kg i.p. 126.09 (58.72) 74.1 1710.67 (711.44) 323
Glucantime (Sb¥) 50 mg/kg i.p. 24.46 (26.63) 95.0 191.73 (179.70) 92.4
Control (drug-free liposomes) - 486.05 (98.08) 0 2526.16 (830.47) 0

FZ, furazolidone; FZ-LP, liposomal furazolidone; SbY, pentavalent antimony; i.p., intraperitoneal; LDU, Leishman-Donovan units; S.E.M., standard error of the mean.

2 Compared with control hamsters.

correlation between antileishmanial activity and mammalian tox-
icity [Selectivity Index (SI)] was 8.5 for FZ based on the activity
against L. (L.) chagasi amastigotes. These differences in drug effec-
tiveness may be explained by the variability in drug susceptibility
among Leishmania species, which would alter the SI of a particular
drug.

Owing to the promising in vitro activity against L. (L.) chagasi,
FZ was entrapped in liposomes containing phosphatidylserine and
was labelled with the hydrophobic fluorescent marker DIL C18,
a high-affinity probe for liposome membranes. When adminis-
tered to L. (L.) chagasi-infected hamsters, FZ-LP was distributed
to primary target tissues such as the liver and spleen. Using laser
scanning confocal microscopy, co-localisation of FZ-LP with L. (L.)
chagasi amastigotes within macrophages was demonstrated, sug-
gesting that this formulation of liposomes could be a promising
drug delivery system. This is the first description of a liposo-
mal formulation of FZ and its in vivo delivery to intracellular
amastigotes of Leishmania in mammalian tissues. The small size
of the liposomes and the inclusion of the negatively charged phos-
phatidylserine might influence the targetability of FZ-LP, possibly
resulting from the ligand-binding properties of macrophage scav-
enger receptors (SRs). Our previous in vitro work demonstrated that
phosphatidylserine-based liposomes targeted intracellular L. (L.)
chagasi amastigotes via SRs in macrophages to deliver high amounts
of SbY [7]. SRs are abundantly expressed in macrophages and liver
endothelial cells and represent attractive candidates for mediat-
ing the binding and intracellular uptake of liposomes containing
negatively charged phospholipids owing to their broad ligand
specificity for polyanionic compounds [14]. It has been shown that
Leishmania-infected macrophages upregulate the SRs CD36, SRB-1
and MARCO and, consequently, could represent a promising tar-
get for phosphatidylserine liposomes [7]. It has also been reported
that the reticuloendothelial system, similar to the liver, may act
as a macrophage depot system for nanoparticles and may slowly
release nanoparticle-incorporated drugs into the systemic circula-
tion [15]. Owing to the nanoscale diameter of FZ-LP, this may be
advantageous for treatment.

Based on the biodistribution of FZ-LP and the potential in vitro
activity of the free drug, an experimental study using a hamster
model was performed. The in vivo data demonstrated for the first
time that free FZ was effective against L. (L.) chagasi at treatment
levels comparable with SbY. Furthermore, treatment with FZ-LP
resulted in a considerable reduction of the spleen parasite burden
and, to a lesser extent, the liver burden when administered ata 100-
fold lower dose than free FZ. The efficacy is comparable with the
effects of free FZ on the spleen; no significant difference between
the two treatments was observed (P> 0.05). This result corrobo-
rates the observed targetability of the liposomal formulation, which
improves the efficacy of FZ. The inability of FZ-LP to eliminate para-
sites in the liver may be a result of insufficient drug accumulation in
this organ, which was confirmed by confocal microscopy. Despite
the considerable FZ entrapment in liposomes, a limit of 250 pwg/mL
was achieved for each batch using the lipid hydration method, thus

limiting the amount of drug administered to animals (maximum
of 300 p.L/animal). Future experimental assays should test higher
doses of FZ-LP (>0.5 mg/kg), other dose regimens (>12 days) and
different administration routes (intramuscular, intravenous, sub-
cutaneous).

In conclusion, these data suggest that FZ-LP may be an effective
drug candidate for inhibition of L. (L.) chagasi. Despite the extensive
clinical use of FZ to treat other pathologies, toxicological studies are
mandatory to assess the safety of this novel formulation of lipo-
somes. Additionally, FZ may represent a cost-effective alternative
for the chemotherapy of visceral leishmaniasis.
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Leishmaniasis and Chagas’ disease constitute a relevant health and socio-economic problem in Latin
America, Africa, and Asia. The therapeutic interventions rely on inefficient and highly toxic drugs with
systemic side effects in patients. Considering the multiple biological activities of the calcium channel
blockers and the high versatility of 1,4-dihydropyridines, eight clinically used 1,4-dihydropyridines
(azelnidipine, amlodipine, cilnidipine, lercanidipine, nicardipine, nifedipine, nimodipine and nitrendi-
pine) were in vitro tested against Leishmania and Trypanosoma cruzi parasites, and their cytotoxicity
was tested against mammalian cells. In addition, a QSAR study was performed in order to delineate fur-
T . ther structural requirements for the anti-protozoan activity and to predict the biological potency of 1,4-
rypanosoma cruzi . L R . . . 5 B .
1,4-Dihydropyridines dihydropyridines. The tested compounds were effective against Leishmania (L.) amazonensis, Leishmania
QSAR (V.) braziliensis, Leishmania (L.) chagasi, and Leishmania (L.) major promastigotes, L. (L.) chagasi intracellular
amastigotes and T. cruzi trypomastigotes with 50% inhibitory concentration (ICso) values in the range of
2.6-181 uM. The QSAR provided useful information about the structural features of the anti-protozoan
activities, including diphenylpropyl and diphenylmethylazetidin groups at position 4 of the 1,4-dihydro-
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pyridine ring, allowing the prediction of two novel potential anti-protozoan analogs.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

American Trypanosomiasis (Chagas’ disease) and Leishmaniasis
(Kala-azar) are widespread protozoan diseases that affect mostly
poor and marginal populations in Latin America, Africa, and Asia.
Neglected by big pharmaceutical companies, the chemotherapy
of both diseases involves highly toxic drugs, and in the case of Cha-
gas’ disease, an inefficient therapy. Therefore, there is still an ur-
gent need for novel drug candidates in the interest of public health.

Calcium channel blockers are a class of drugs with a selective
inhibition of calcium influx through cell membranes, releasing
and binding calcium in intracellular pools. These have been widely
used in the therapy of hypertension, cerebrovascular spasms, and
other pathogeneses.! Calcium channel blockers have been consid-
ered promising anti-parasitic candidates, and can partially reverse
multidrug resistance, presumably by increasing cellular drug accu-
mulation.?? This effect was observed with drug-resistant strains of
Plasmodium falciparum,* Leishmania donovani, and Trypanosoma
cruzi.>® Additionally, the 1,4-dihydropyridines amlodipine and
lacidipine have been shown to successfully inhibit L. donovani

* Corresponding author. Tel.: +55 11 3068 2991.
E-mail address: atempone@ial.sp.gov.br (A.G. Tempone).

0968-0896/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2010.09.015

in vitro infection and in BALB/c mice.” Furthermore, nimodipine
was in vitro effective against promastigotes and intracellular
amastigotes of Leishmania (L.) chagasi, resulting in strong ultra-
structural damage to the mitochondria and plasma membrane.?
The physicochemical properties and biological activity of organ-
ic compounds depend on their molecular structures. With the pur-
pose of obtaining relationships between chemical structures and
biological activities by using computational approaches, it is neces-
sary to find appropriate representations of the molecular structure
of the compounds.® The encoded information of a molecular
descriptor depends on the kind of molecular representation that
is used and the defined algorithm for its calculation. Simple
molecular descriptors derived from the counting of atom types or
structural fragments in the molecule, and others derived from
algorithms applied to a topological representations (molecular
graphs), are usually called topological or 2D-descriptors. Others
molecular descriptors derived from a geometrical representation
are called geometrical or 3D-descriptors.® Graph-theoretical meth-
ods have been very useful in quantitative structure-activity rela-
tionship (QSAR) studies in order to perform rational analysis of
biological activities.’® This method allows structural information
to be codified and expressed in numbers. Thus, graph-based
molecular descriptors have proven to be very efficient in drug
design.'" Many works using graph-theoretical approaches have
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been reported for the design of new drugs, to control toxicity
parameters and to find common structural patterns of known
drugs. The successful design of drugs like analgesics,'? anti-vir-
als,'® anti-bacterials,'* and anti-mycobacterials'®> have been re-
ported using this method.

In the present study, eight clinically used 1,4-dihydropyridines
were in vitro tested against Leishmania and T. cruzi parasites, and
their cytotoxicity was tested against mammalian cells. In addition,
a QSAR study was performed in order to delineate further struc-
tural requirements for the anti-protozoan activity and to predict
the biological activity of 1,4-dihydropyridines.

2. Results and discussion
2.1. Anti-parasitic activity and mammalian cytotoxicity

The serial dilution of the 1,4-dihydropyridines (Fig. 1 com-
pounds 1-8) and standard drugs allowed determination of the
ICso values after cellular viability detection using the oxidative
mitochondrial system, as shown in Table 1. The 1,4-dihydropyri-
dines were active against the promastigotes and amastigotes of L.
(L.) chagasi, the Visceral Leishmaniasis agent in Latin America.
Based on the sigmoidal dose-response curves, we obtained ICsq
values in the range of 2.61-146.41 uM after 24 h of incubation
with L. (L.) chagasi promastigotes. The activity of the tested com-
pounds against intracellular amastigotes of L. (L.) chagasi resulted
in ICso values close to promastigotes, in the range of 5.35-
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176.24 uM, confirming the anti-leishmanial activity of these com-
pounds. Pentavalent antimony was used as a reference drug and
gave an ICsqg value of 82.32 uM against intracellular amastigotes.
In addition, this is the first description of amlodipine activity
against Leishmania (L.) amazonensis, Leishmania (V.) braziliensis, L.
(L.) chagasi and Leishmania (L.) major. In a previous work, amlodip-
ine demonstrated in vitro and in vivo activity against L. (L.) dono-
vani, the Indian agent of kala-azar, with a promising oral effect at
10 mg/kg in a hamster model.” Despite the use of amlodipine in
the treatment of hypertension and angina, the in vitro inhibition
of cancer cells'®'” and a strong antimicrobial activity'® have also
been reported, showing the versatility of this compound.

In our model, it was not possible to evaluate the ICsq value of
azelnidipine on intracellular amastigotes due to the low selectivity
(the ICsg against amastigotes is very close to the ICsq against mam-
malian cells). The tested compounds were also effective against L.
(L.) amazonensis and L. (V.) braziliensis, the most important Cutane-
ous Leishmaniasis agents in Brazil, with ICsq values in the range of
2.93-128.16 pM against promastigotes. Likewise, the tested com-
pounds were effective against L. (L.) major, an agent of Cutaneous
Leishmaniasis in the Old World, with ICso values in the range of
3.35-181.09 pM. Pentamidine was used as a standard drug in
the promastigotes assay and gave ICsy values in the range of
0.15-1.11 pM.

In order to study the effectiveness of calcium channel blockers
against T. cruzi, trypomastigote forms were incubated with the test
compounds for 24 h, resulting in promising ICsq values, as shown

Figure 1. 1,4-Dihydropyridine chemical structures. Compound 1: azelnidipine; 2: amlodipine; 3: cilnidipine; 4: lercanidipine; 5: nicardipine; 6: nifendipine; 7: nimodipine;

8: nitrendipine; 9: isradipine; 10: lacidipine.
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Table 1
Effect of 1,4-dihydropyridines on parasites and mammalian cytotoxicity
Drug 1C50 (UM)
L. (L.) chagasi L. (L.) chagasi L. (L.) amazonensis L. (L.) major L. (V.) braziliensis T. cruzi LLC-MK2
promastigotes amastigotes promastigotes promastigotes promastigotes trypomastigotes  cytotoxicity
Azelnidipine  33.39+7.91 nd 20.54 £5.76 17.06 £2.28 13.67 £1.15 2.90+0.13 33.48 £0.15
Amlodipine 2.61+0.22 5.35%1.03 2.93+0.39 335+1.17 313103 8.07 £ 0.66 70.82 +30.62
Cilnidipine 33.01+£7.13 28.42+1.99 110.67 + 19.47 2144+1.34 15.26 £ 0.49 5.62+1.28 221.51 £34.54
Lercanidipine 19.17 £2.42 1036+ 0.25 16.95+2.44 11.55+1.12 1033 £1.12 8.43 +3.05 434.99 +29.67
Nicardipine 35.66 +1.06 22.00+1.04 26.50+2.73 21.83+2.39 19.08 £3.2 10.59 £ 0.44 71.59+10.44
Nifedipine 146.41 + 28.04 176.24 + 6.68 117.89+11.16 181.09 + 53.78 95.74 +10.59 101.75+17.7 588.73 + 255.64
Nimodipine 82.68" +30.43 21.62" +7.97 128.16" + 56.89 31.04"+7.18 42.80 £1.05 32.31+4.92 96.19" +0.32
Nitrendipine  64.13 £17.71 43.84 £0.92 38.32 £ 6.66 33.27+2.94 39.04 £5.76 26.88 +3.57 137.72 £10.75
Pentamidine  1.11 £ 1.03 nd 0.49 + 0.05 0.47 +£0.11 0.15+0.17 nd 25.61+£3.99
Glucantime nd 82.32+3.22 nd nd nd nd >1366
Benznidazole nd nd nd nd nd 17237 £99.13 >1366

ICso: inhibitory concentration 50%; +: standard error; nd: not determined.
" Data from Tempone et al.®

in Table 1. The ICsq values ranged from 2.9 to 101.75 pM, suggest-
ing that T. cruzi parasites are more susceptible to calcium channel
blockers than Leishmania parasites. In a previous work, the activity
of the 1,4-dihydropyridines lacidipine (ICso value of 33.5 uM) and
isradipine (ICso value of 20.8 M) were demonstrated against T.
cruzi epimastigotes, resulting in inhibition of the respiratory

Table 2
Selectivity Index (SI) of 1,4-dihydropyridines, given by the ratio between the
cytotoxicity toward LLC-MK2 cells and the anti-parasitic activity

Drug SI

L. (L.) chagasi amastigotes T. cruzi trypomastigotes

Azelnidipine nd 11.54
Amlodipine 13.24 8.77
Cilnidipine 7.79 3941
Lercanidipine 41.99 51.6
Nicardipine 3.25 6.76
Nifedipine 421 5.78
Nimodipine 445" 2.98
Nitrendipine 3.14 5.12
nd: not determined.
* Data from Tempone et al.®
4 2 3
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chain.'® All tested compounds were considerably more effective
against T. cruzi than the standard drug benznidazole, which
showed an ICsg value of 172.37 pM. Our assays demonstrated that
1,4-dihydropyridines presented significant activity against T. cruzi
trypomastigotes, suggesting the potential activity of these calcium
antagonists as anti-parasitic candidates.

In order to study the selectivity of 1,4-dihydropyridines against
the tested parasites, an in vitro cytotoxicity assay using mamma-
lian cells was carried out for 48 h. It showed ICsy values in the
range of 33.48-588.73 UM against Rhesus monkey kidney cells
(LLC-MK2). Pentamidine presented an ICso value of 25.61 uM and
was considerably more toxic than the tested 1,4-dihydropyridines.
Selectivity is a relevant characteristic for defining lead molecules.?’
Therefore, the Selectivity Index (SI) was used to compare the tox-
icity for LLC-MK2 cells and the activity against the parasites (Table
2). The 1,4-dihydropyridines demonstrated SI values ranging from
3.12 to 41.99 for L. (L.) chagasi amastigotes and from 2.98 to 39.41
for T. cruzi trypomastigotes. For both parasites, the highest SI was
found for lercanidipine, which is a promising lead molecule for
future drug design studies. As a complementary cytotoxicity
parameter, the hemolytic activity was also determined using mice
erythrocytes, and the 1,4-dihydropyridines showed a lack of hemo-
lytic activity at the highest concentration of 50 WM.
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Figure 2. Hasse diagrams: (a) for mammalian cytotoxicity and anti-parasitic activities excluding the compound azelnidipine (1); (b) for only anti-parasitic activities
excluding the compound azelnidipine (1); (c) for mammalian cytotoxicity and anti-parasitic activities excluding the activity against L. (L.) chagasi amastigotes; (d) for only

anti-parasitic activities excluding the activity against L. (L.) chagasi amastigotes.
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Nimodipine is clinically used to treat ischemic damage caused
by cerebral arterial spasm in subarachnoid hemorrhage.?! In previ-
ous work, nimodipine showed a selective effectiveness against
promastigotes, intracellular amastigotes of L. (L.) chagasi and prom-
astigotes of L. (L.) amazonensis and L. (L.) major.? In the present
work, nimodipine demonstrated a promising anti-parasitic effect
against T. cruzi and L. (V.) braziliensis, confirming the in vitro poten-
tial of this compound.

2.2. Analysis of 1,4-dihydropyridine activities (QSAR)

The Hasse diagrams and PCA analyses made it possible to sepa-
rate the compounds into sets. The first Hasse diagram (Fig. 2a—for
all activities, without compound 1) showed that 2 and 3 were the
most active compounds; 4, 5, and 7 were on the second level, and 8
and 6 were the least active compounds. Therefore, the chain was
2>5>8>6,2>4>6,2=>7 and finally, 3 > 6. Compounds
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Figure 3. Scores plot (left side) and respective loadings (right side) and values of explained variance by principal components: (a) for all activities excluding azelnidipine (1);
(b) for anti-parasitic activities excluding azelnidipine (1); (c) for all compounds without L. (L.) chagasi amastigotes; (d) for anti-parasitic activity for all compounds without L.
(L.) chagasi amastigotes. Biological activity labels: c_p = L. (L.) chagasi promastigotes; c_a = L. (L.) chagasi amastigotes, a_p = L. (L.) amazonensis promastigotes, m_p = L. (L.)
major promastigotes, b_p = L. (V.) braziliensis promastigotes, c_t = T. cruzi trypomastigotes, mk2 = LLC-MK2 cytotoxicity.
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at the same level were mutually incomparable due to the contra-
dictory attributes of anti-protozoan activity and cytotoxicity
against mammalian cells.

Based on the PCA plots (Fig. 3a), the compounds could be visu-
alized according to their activities. We demonstrated that all activ-
ities contributed negatively to the first principal component, which
explained 78.6% of all variance, with compound 2 situated to the
left of the horizontal axis, corroborating the Hasse diagram. The
second Hasse diagram (Figure 2b—for anti-parasitic activities)
excluding azelnidipine generated the following chains: 2 > 4 >
7,2>4>5 >8> 6, and 3 > 6, which were very similar to the
previously obtained Hasse diagram. Considering the potential
anti-parasitic activity, it should be noted that compound 4 was
the least cytotoxic against LLC-MK2 cells. The same result was ob-
tained in the PCA plots in Figure 3b, where the first two principal
components explained 87.2% and 8.8% of the total variance,
respectively.

The next Hasse diagram (Fig. 2c) was generated by comparing
all compounds according to their activity, excluding L. (L.) chagasi
amastigotes activity. We obtained more chains comparing the
1,4-dihydropyridines according to their activities: 1 > 3 > 6,
1>5>8>6,2>4>6,2>5>7 and 2>5>8 > 6. The
PCA plots in Figure 3c corroborated the Hasse diagram; the first

Table 3
Multiple linear regression equations and statistical parameters generated using
GETAWAY descriptors and genetic algorithm of variable selection

Activity

L. (L.) chagasi
promastigotes

Equation

PECs = 3.38(+1.31) H6m — 6.34(+2.30)

R4m +7.23(£1.26) (I)

(n=8;*=0.94; s=0.15; F=39.1; ng =0.81;
S'PRESS = 022)

PECsg = —4.74(£1.95) HATS6u + 6.21(+0.68) (II)
(n=7;r*=0.89; s=0.18; F=39.3; Qf\, =0.80;
S-press = 0.19)

PECsg =2.31(+1.92) HOm — 11.78(+5.69)
HATS4e + 3.77(+3.06) (III)

(n=8;r*=0.86; s=0.25; F=15.4; Q2 = 0.73;
S-press = 0.27)

PECsg = 2.08(+1.76) HOm — 27.06(+12.73)
HATS4m + 3.47 (+2.64) (IV)

(n=8; r*=0.86; s=022; F=15.3; Q2 = 0.72;
S-press = 0.24)

PECso = —2.86(+0.86) HATS8u + 33.16(+8.92)
R6m* +5.59(+0.42) (V)
(n=8;r*=095;s=0.12; F=448; QE‘, =0.82;
S-press = 0.18)

PECso = —116.76(+55.24) R8u" + 12.08 (+2.37) (VI)
(n=8;r*=0.82; s=0.23; F=26.8; QE\, =0.74;
S-press = 0.23)

PECso = 14.90(+6.30) HATS3u + 1.66 (+0.65)
H2e — 5.50(+3.13) (VII)

(n=8;r*=0.92; s=0.14; F=30.3; Qf‘, =0.86;
S-press = 0.15)

L. (L.) chagasi
amastigotes

L. (L.) amazonensis

promastigotes

L. (L.) major
promastigotes

L. (V.) braziliensis
promastigotes

T. cruzi trypomastigotes

LLC-MK2 cytotoxicity

two principal components explained 89.8% of the total variance.
Considering all of the tested 1,4-dihydropyridines and their anti-
protozoan activities in the last diagram (Fig. 2d), the potential
activities of compounds 1, 2, 3, 4, and 5 should be highlighted.
By comparing these molecules, the obtained chains were:
2>4>5>72>24>5>8>6, 1>5>8>6, 1>5>7,
3 > 7, and finally 3 > 6. Based on PCA plots (Fig. 3d), we confirmed
the high activities of azelnidipine (1), amlodipine (2), and lercanid-
ipine (4).

Based on the structures of the tested compounds, they were
separated into sets for comparison according to biological activity,
which resulted in seven equations with only one or two descriptors
(Table 3). Only 13 different descriptors were selected and belonged
to HATS (autocorrelation descriptors); the H, R, and maximal R
indices were suitable for structure-property correlations, although
they can also be used as molecular profiles for similarity/diversity
analysis studies. Based on spatial autocorrelation, these descriptors
encode information of structural fragments and therefore seem to
be particularly suitable for describing differences in congeneric
series of molecules.?>%

In equation 1, generated using the pICsy values against L. (L.)
chagasi promastigotes, the H6m (positive contribution) was an H
index autocorrelation of lag 6 weighted by atomic mass, and all
H values provided information on the interaction degree between
atom pairs. Lercanidipine (4), azelnidipine (1), and amlodipine
(2) presented higher values of this descriptor. Lercanidipine (4)
and azelnidipine (1) contained diphenylpropyl and diphenylme-
thylazetidin groups, respectively, at position 4 of the 1,4-dihydro-
pyridine ring. R4m was generated by multiplication of the leverage
between two atoms and the value of their respective atomic
masses, with a topological distance equal to 4, divided by the geo-
metrical distance between them. As a consequence of the superior
influence of the two atoms in the molecular form, their atomic
masses and the shorter distance between them, a higher value of
R4m was found. We also observed that amlodipine (2) presented
the lowest value of R4m and was the only compound with the
2-aminoethoxy-methyl at position 2 of the pyridine.

Equation 2 was generated using pICsq values against intracellu-
lar amastigotes of L. (L.) chagasi. HATS6u (negative contribution)
was a leverage-unweighted autocorrelation of lag 6 and, as HATS
descriptors, it encoded the 3D molecular geometry using the lever-
age values as atomic weightings. In addition, amlodipine (2), ler-
canidipine (4), and nimodipine (7) showed lower HATS6u values.
Nifedipine (6), which was the least active and smallest molecule,
presented the highest value of this descriptor and was the only
one with a nitro group in the ortho position.

Equation 3 was generated using pICso values against L. (L.)
amazonensis promastigotes. This equation showed HOm (positive
contribution); it provided information of autocorrelation over the
single atoms using the values of atomic masses. HATS4e (negative
contribution) was a leverage-electronegativity weighted autocor-
relation of lag4 and was correlated with HATS6u (r=0.87; see

Table 4
Correlation matrix for GETAWAY descriptors selected with equations 1-7
HATS3u HATS6u HATS8u HOm H6m HATS4m HATS4e H2e R8u+ R4m R6m+
HATS3u 1.00 —0.02 0.35 0.66 —-0.52 0.19 0.32 —-0.64 0.06 —0.58 0.56
HATS6u 1.00 0.73 0.58 -045 0.87 0.84 -0.92 0.87 0.35 -0.04
HATS8u 1.00 0.63 -0.48 0.65 0.68 —-0.89 0.92 -0.14 0.46
HOm 1.00 -0.18 0.81 0.77 -0.76 0.59 0.40 0.45
H6m 1.00 -0.51 -0.72 0.70 -0.37 0.20 0.02
HATS4m 1.00 0.96 —-0.88 0.69 0.46 -0.18
HATS4e 1.00 -0.76 0.71 0.70 -0.63
H2e 1.00 —-0.90 0.22 -0.63
R8u+ 1.00 0.01 0.32
R4m 1.00 —-0.80
R6m+ 1.00
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Figure 4. Scores plot (left side) and respective loadings (right side) and values of explained variance by principal components for the compound training set (compounds
1-8), isradipine and lacidipine (compounds 9 and 10) and new designed 1,4-dihydropyridine analogues (compounds 11 and 12) using the selected GETAWAY descriptors

with equations 1-7.

Table 4). Amlodipine (2), which was the most active molecule
among the tested 1,4-dihydropyridynes, showed the lowest value
of HATS4m, while nifedipine (6) and nitrendipine (8) presented
the highest values.

Equation 4 was generated using plCsg values against L. (L.) major
promastigotes. This equation showed HOm (positive contribution)
and was discussed in equation 3. It was an H index autocorrelation
of lag 0 weighted by atomic mass. As explained before, it provided
information on autocorrelation over the single atoms. Nifedipine
(6) showed the smallest value of HOm, was the least active com-
pound and was the only one with a nitro group on the benzene ring
at the ortho position. HATS4m (negative contribution) was a lever-
age-autocorrelation of lag 4 weighted by the atomic masses and
was highly correlated (r = 0.96—Table 4) with HATS4e. Nifedipine
(6) and nitrendipine (8) showed the largest values of HATS4m.
Amlodipine (2), the most active compound, showed the smallest
value of this descriptor. This higher value of R6m" for amlodipine

was overstated due to the chlorine atom, which had a topological
distance of 6 relative to the carboxyl oxygen.

Equation 5 was obtained using pICsg values againstL. (V.) brazili-
ensis promastigotes. HATS8u (negative contribution) was a lever-
age-unweighted autocorrelation of lag 8 and was correlated with
H2e (r=-0.89; see Table 4). Nifedipine (6) and nitrendipine (8)
showed the largest values of this descriptor, and amlodipine (2)
presented a value of R6m+ (positive contribution). This higher va-
lue of R6m* for amlodipine was overstated due to the chlorine
atom, which had a topological distance of 6 relative to the carboxyl
oxygen.

R8u* (negative contribution) was the only selected descriptor
from equation 6, which was generated using pICsq values against
T. cruzi trypomastigotes and was the maximal contribution to the
autocorrelation at lag 8 that was unweighted with respect to the
influence/distance matrix R. This descriptor was highly correlated
with HATS8u (r=0.92). Azelnidipine (1) showed lower values of
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this descriptor and nifedipine (6) showed the largest value, as ob-
served in equation 3.

The model generated from the cytotoxicity pICso values against
LLC-MK2 cells showed only positive contributions of descriptors
HATS3u, H2e. HATS3u was uncorrelated with all other descriptors
selected by the seven generated equations (r <0.7—Table 4).
Lercanidipine (4), which was the least cytotoxic compound, pre-
sented the smallest value of HATS3u. Amlodipine (2), azelnidipine
(1), nicardipine (5), and nimodipine (7) showed higher values of
HATS3u and H2e. H2e was an electronic descriptor, but was highly
correlated with others steric indexes as HATS6u, HATS8u, and
HATS4m (r >0.88; Table 4).

The variables selected in all equations were used to perform a
PCA to analyze the distributions in two dimensions and verify
relationships according to the physicochemical features encoded
by selected descriptors and their activities. In this step, two
other 1,4-dihydropyridines, isradipine (3-O-methyl-5-O-propan-
2-yl-4-(2,1,3-benzoxadiazol-4-yl)-2,6-dimethyl-1,4-dihydropyri-
dine-3,5-dicarboxylate) and lacidipine (diethyl-2,6-dimethyl-4-
[2-[(E)-3-[(2-methylpropan-2-yl)oxy]-3-oxoprop-1-enyl|phenyl]-
1,4-dihydropyridine-3,5-dicarboxylate), were selected from the
literature. In vivo activity of lacidipine (10) against L. (L.) donovani’
and in vitro activity of isradipine (9) against T. cruzi epimastig-
otes'® has been reported.

The first two principal components, generated using the 11
descriptors selected by the seven equations, explained 76% of the
total variance (PC1—49% and PC2—27%). Analyzing both plots,
scores and loadings, it was possible to visualize the similarity
among the compounds and their activities. Azelnidipine (1) and
lercanidipine (4) were positioned close to the left side on the hor-
izontal axis (first component). Both compounds showed almost the
same similarity when comparing the Hasse diagrams in Figure 2
and the PCA scores plots in Figure 3. Regarding their activities,
the substantial differences between these molecules was that
azelnidipine (1) was the most cytotoxic against mammalian cells
and the most active against T. cruzi. The scores plot in Figure 4
could not differentiate between the compounds when one consid-
ered their cytotoxicity, but it was clear that the first component
discriminated the 1,4-dihydropyridines with respect to their anti-
leishmanial activity.

Cilnidipine (3) and nicardipine (5) presented the same behavior,
but it is important to highlight that cilnidipine (3) demonstrated a
higher anti-trypanosomal activity but lower cytotoxicity than
nicardipine (5). Thus, amlodipine (2) was the most active against
Leishmania and azelnidipine (1) was the most cytotoxic compound.
Both compounds could be considered more active than nimodipine

1 12

Figure 5. Chemical structures of designed analogues of 1,4-dihydropyridines.
Compound 11: 3-ethyl 5-methyl 2-((2-aminoethoxy)methyl)-1,4-dihydro-4-(3-
nitrophenyl)pyridine-3,5-dicarboxylate; 12: 3-[2,2-dimethyl-3-(methyl-phenyl-
amino)-propyl]-5-methyl-2-((2-aminoethoxy)methyl)-4-(3-nitro-phenyl)-1,4-
dihydro-pyridine-3,5-dicarboxylate.

(7), which was positioned next to the center of the plot. Nifedipine
(6) and nitrendipine (8) were located in the second and first quad-
rants, which could be considered to contain less active compounds.

Amlodipine (2) was positioned on the left-up side of the third
quadrant, away from the active and inactive compounds. There-
fore, amlodipine was an outlier, probably because this was the only
compound with chloride atom on the phenyl group at the para po-
sition and a 2-aminoethoxymethyl at position 6 of the dihydropyr-
idine fragment. In our analysis, isradipine (9) was located in the
first quadrant close to the inactive compounds nifedipine (6) and
nitrendipine (8) against Leishmania. Lacidipine (10) was close to
nimodipine (7), a more active compound than nifedipine (6); con-
sequently, this compound might be more active than isradipine (9).

We designed two new 1,4-dihydropyridines analogues (Fig. 5)
using the analysis obtained by QSAR equation and PCA with the
selected descriptors. The compounds (S)-3-ethyl 5-methyl 2-
((2-aminoethoxy)methyl)-1,4-dihydro-4-(3-nitrophenyl)pyridine-
3,5-dicarboxylate  (11) and (S)-3-[2,2-dimethyl-3-(methyl-
phenyl-amino)-propyl]-5-methyl-2-(2-amino-ethoxymethyl)-4-
(3-nitro-phenyl)-1,4-dihydro-pyridine-3,5-dicarboxylate (12)
were inserted in PCA analysis (Fig. 4) and were located in the sec-
ond quadrant. The compound 12 was in an opposite position of
nifedipine (6) and nitrendipine (8), which were inactive molecules
on the first component. The pICso anti-protozoan values generated
using equations 1-6 were promising for both compounds and were
shown in Table 5. The cytotoxicity against LLC-MK2 cells was gen-
erated using equation 7 and was listed in the same table.

The Hasse diagrams and the PCAs generated using the anti-pro-
tozoan and cytotoxicity values of the seven different bioassays
supported the comparison and classification of these compounds,
and allowed grouping of the 1,4-dihydropyridines. The selected
GETAWAY descriptors using the multiple linear regressions and ge-
netic algorithm were able to differentiate the most active com-
pounds. The equations and PCA helped to discriminate some
physicochemical (mainly steric) characteristics that were related
to structural features that influenced activity. Regarding these
characteristics, the diphenylpropyl group at position 4 of the 1,4-
dihydropyridine and chloride atom at the ortho position of phenyl
group were important; but it was also clear that these features re-
sulted in increased cytotoxicity.

The methodology used in this study could be used as a tool for
the development of new potential anti-protozoan agents based on
1,4-dihydropyridines, or even as filters for virtual screenings. How-
ever, pharmacokinetic studies using calculated molecular proper-
ties from 3D molecular fields of interaction energies is an
essential strategy to the rational modification of physicochemical
properties to achieve a desired ADME (absorption, distribution,
metabolism, and excretion) profile. Furthermore, computational
approaches for the correlation of molecular structures with

Table 5
plCso and ICso (M) predicted values by multiple linear equations 1-7 of new
designed 1,4-dihydropyridines analogues (compounds 11 and 12)

Activity pICso values IC50 values (uM)
Compound Compound Compound Compound
11 12 11 12
L. (L.) chagasi 4.83 5.35 14.79 4.47
promastigotes
L. (L.) chagasi amastigotes 5.11 5.19 7.76 6.46
L. (L.) amazonensis 5.08 497 8.32 10.72
promastigotes
L. (L.) major 5.05 5.21 8.91 6.17
promastigotes
L. (V.) braziliensis 4.61 5.22 24.55 6.03
promastigotes
T. cruzi trypomastigotes  4.82 5.52 15.14 3.02
LLC-MK2 cytotoxicity 4.35 4.20 44.67 63.10
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pharmacokinetic properties using the Volsurf** could also be a

suitable strategy for detailed analysis.

3. Conclusion

The 1,4-dihydropyridines showed promising activity against
Leishmania and Trypanosoma parasites. The QSAR provided useful
information about the structural features required for the anti-pro-
tozoan activity, including the diphenylpropyl and diphenylmethy-
lazetidin groups at position 4 of the 1,4-dihydropyridine ring. The
position 2 of the 1,4-dihydropyridine ring was determinant for ICsq
values. The predicted molecules could be used as new leads for the
development of more selective compounds. The 1,4-dihydropyri-
dines represent an important class of compounds, and further
investigations into their mode of action could be useful in the
development of new agents against Leishmaniasis and Chagas’
disease.

4. Experimental
4.1. Materials

Lipopolysaccharide (LPS), sodium dodecyl sulfate (SDS),
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(Thiazol blue; MTT), M-199, RPMI-PR™ 1640 medium (without
phenol red), azelnidipine (3-O-(1-benzhydrylazetidin-3-yl) 5-O-
propan-2-yl  2-amino-6-methyl-4-(3-nitrophenyl)-1,4-dihydro-
pyridine-3,5-dicarboxylate), amlodipine (3-O-ethyl 5-O-methyl
2-(2-aminoethoxymethyl)-4-(2-chlorophenyl)-6-methyl-1,4-dihy-
dropyridine-3,5-dicarboxylate), cilnidipine (3-0-(2-methoxyethyl)
5-0-[(E)-3-phenylprop-2-enyl]  2,6-dimethyl-4-(3-nitrophenyl)-
1,4-dihydropyridine-3,5-dicarboxylate), lercanidipine (3-0-[1-
[3,3-diphenylpropyl(methyl)amino]-2-methylpropan-2-yl] ~ 5-0O-
methyl 2,6-dimethyl-4-(3-nitrophenyl)-1,4-dihydropyridine-3,5-
dicarboxylate), nicardipine (3-0-[2-[benzyl(methyl)amino]ethyl]
5-O-methyl 2,6-dimethyl-4-(3-nitrophenyl)-1,4-dihydropyridine-
3,5-dicarboxylate), nifedipine (chemical name dimethyl 2,6-di-
methyl-4-(2-nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate),
nimodipine (5-0O-(2-methoxyethyl) 3-O-propan-2-yl 2,6-di-
methyl-4-(3-nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate)
and nitrendipine (3-0-ethyl 5-O-methyl 2,6-dimethyl-4-(3-nitro-
phenyl)-1,4-dihydropyridine-3,5-dicarboxylate) were purchased
from Sigma-Aldrich. Pentavalent antimony (Glucantime®) was
obtained from Aventis-Pharma-Brazil, pentamidine was from
Sideron (Brazil) and other analytical reagents were purchased
from Sigma (St. Louis, MO, USA).

4.2. Bioassays procedures

BALB/c mice and Golden hamsters were supplied by the animal
breeding facility at the Instituto Adolfo Lutz of Sdo Paulo and
maintained in sterilized cages under a controlled environment,
receiving water and food ad libitum. Animal procedures were per-
formed with the approval of the Research Ethics Commission and
in agreement with the Guide for the Care and Use of Laboratory
Animals from the National Academy of Sciences (http://
www.nas.edu).

4.3. Parasite maintenance

Isolated promastigotes of L. (L.) amazonensis (WHO/BR/00/
LT0016), L. (V.) braziliensis (MHO/BR/75/M2903), L. (L.) chagasi
(MHOM/BR/1972/LD) and L. (L.) major (MHOM/1L/80/Fredlin) were
maintained in M-199 medium supplemented with 10% calf serum
and 0.25% hemin at 24 °C. L. (L.) chagasi was maintained in Golden

hamsters up to approximately 60-70 days post-infection. L. (L.)
chagasi amastigotes were obtained from the spleen by differential
centrifugation at 60-70th day post-infection. T. cruzi trypomastig-
otes (Y strain) were maintained in LLC-MK2 (ATCC CCL 7) cells
using RPMI-1640 medium supplemented with 2% calf serum at
37 °C.

4.4. Determination of the anti-leishmanial activity

To determine the 50% inhibitory concentration (ICsq value)
against Leishmania promastigotes, drugs were dissolved previously
in dimethyl sulphoxide (DMSO) and diluted with M-199 medium
in 96-well microplates to the highest concentration of 100 pg/mL.
Each drug was tested twice at eight concentrations prepared at
twofold dilution steps. Promastigotes were counted in a
Neubauer hemocytometer and seeded at 1 x 10%/well with a final
volume of 150 pL. Controls with DMSO and without drugs were
performed. Pentamidine was used as a standard drug. The plate
was incubated for 24 h at 24 °C and the viability of promastigotes
was verified by morphology in the light microscopy and the diphe-
nyltetrazolium assay—MTT.?® Briefly, MTT (5 mg/mL) was dis-
solved in PBS, sterilized through 0.22 mm membranes and added,
20 pL/well, for 4 h at 24 °C. Promastigotes were incubated without
compounds and used as viability controL. Formazan extraction was
performed using 10% SDS for 18 h (80 pL/well) at 24 °C and the
optical density (OD) was determined in a Multiskan MS (UNI-
SCIENCE) at 550 nm. The data analysis was done in Graph Pad
Prism 5.0 software. 100% viability was expressed based on the
OD of control promastigotes, after normalization. Those extracts
presenting anti-leishmanial activity were tested against intracellu-
lar amastigotes of L. (L.) chagasi. Briefly, peritoneal macrophages
were obtained as described previously and seeded for 24 h at
4 x 10°/well in 24-wells plates before infection with L. (L.) chagasi
amastigotes, which was made at a ratio 1:10 (macrophage/
amastigotes) for 18 h at 37 °C in a 5% CO, humidified incubator.
Infected macrophages were incubated at 37 °C with the test drugs
for 120 h at the same conditions described above. Macrophages
incubated without drugs were used for control (100% infected).
Glucantime was used as a standard drug. At the end of the assay
macrophages were fixed with methanol and stained with Giemsa.
The parasite burden was determined by the number of infected
macrophages (out of 400 cells in duplicate). The data were ana-
lyzed using Graph Pad Prism 5.0, which considered the mean of
two performed assays in duplicate.

4.5. Determination of the anti-trypanosomal activity

In order to determine the anti-trypanosomal effect of the test
drugs against culture trypomastigotes of T. cruzi, the drugs were
dissolved in DMSO and diluted in RPMI-1640 medium to deter-
mine the 50% inhibitory concentration (ICsq value) as described
above for the anti-leishmanial assay. Free trypomastigotes ob-
tained from LLC-MK2 cultures were counted in a Neubauer hemo-
cytometer and seeded at 1 x 10%/well in 96-well microplates. Test
drugs were incubated to the highest concentration of 100 pg/mL
for 48 h at 37 °C in a 5% CO, humidified incubator. Benznidazole
was used as standard drug at different concentrations (twofold
dilutions). The viability of the trypomastigotes was based in the
cellular conversion of the soluble tetrazolium salt MTT (20 pL/
well) into the insoluble formazan by mitochondrial enzymes. The
formazan extraction was carried out with 10% SDS for 18 h
(80 pL/well) at 24 °C as described previously. The number of living
trypomastigotes was determined indirectly by the OD at 550 nm.
The data analysis was performed using Graph Pad Prism 5.0
software, which considered the mean of two performed assays in
duplicate.
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4.6. Determination of the cytotoxicity against mammalian cells

Kidney Rhesus monkey cells (LLC-MK2) were seeded at 4 x 10*
cells/well in 96-well microplates and incubated with drugs to the
highest concentration of 200 pg/mL for 48 h at 37 °C in a 5% CO,
humidified incubator. The viability of cells was determined by
the MTT assay as described above and was confirmed by compar-
ing the morphology of the control group via light microscopy. Glu-
cantime, pentamidine, and benznidazole were used as standard
drugs. Control cells were incubated in the presence of DMSO and
without drugs. The sigmoid dose-response analysis was made
using Graph Pad Prism 5.0 software, which considered the mean
of two performed assays in duplicate.

4.7. Determination of the hemolytic activity

The capacity of the tested drugs to induce hemolysis at concen-
trations close to the ICsq against Leishmania was verified using
erythrocytes.”> BALB/c mice erythrocytes were collected in
0.15 M citrate buffer, pH 7.4, and washed by centrifugation with
0.15 M phosphate-buffered saline, pH 7.4. To determine the hemo-
lytic activity, the drugs were incubated for 3 h at 25 °C with a 3%
suspension of erythrocytes in 96-well U-shape microplates. Hemo-
lysis was determined by reading the supernatant absorbance with
a plate spectrophotometer (Labsystems; Multiskan EX) at 550 nm.
A suspension of erythrocytes incubated with water was used as a
positive control (100% hemolysis).

4.8. Statistical analysis

Data represent the mean and standard deviation of duplicate
samples from two or three independent assays. The ICso values
were calculated using sigmoidal dose-response curves in Graph
Pad Prism 5.0 software and the standard error are indicated. In or-
der to compare the activities among the 1,4-dihydropyridines,
Principal Component Analysis (PCA) and Hasse diagrams were
used.

4.9. Molecular modeling

Molecular modeling computations were performed on SPAR-
TAN for Windows v. 4.0 software (Wavefunction, Inc., Irvine, CA).
The compounds (Figs. 1 and 5) were subjected to geometrical opti-
mization and conformational analysis (systematic analysis with
dihedral angle rotated at each 30°). The AM1 semi-empirical quan-
tum chemical method was used (Austin Model 1)*” and the root
mean square (RMS) gradient value of 0.001 kcal/mol was the ter-
mination condition. Energy minimized molecules were saved as
MDL MolFiles for computing various molecular descriptors using
DRAGON Professional Version 5.4.%8

4.10. Molecular descriptors

The DRAGON program generated different groups of descrip-
tors: 2D autocorrelations,>*~3! geometrical descriptors,>?~3* RDF
descriptors,>® 3D-MoRSE descriptors®®37 and Weighted Holistic
Invariant Molecular (WHIM)*® and GETAWAY descriptors (Geome-
try Topology, and Atom-Weights Assembly),?>?*> among others.

4.11. Variable selection

Constant variables were excluded, as well as those that pre-
sented only a different value of the series (near constant variable).
For the remaining descriptors, pair wise correlation (r <0.99) anal-
ysis was performed to exclude those that were highly correlated.3®

Thus, the number of GETAWAY descriptors used in our calculations
was reduced to 89 descriptors.

The MobyDigs program was used for the calculation of regres-
sion models, which were based on pICsg (—10gICsg) values using ge-
netic algorithms.*° The search for the best models (highest value of
coefficient of internal prediction Q2 —leave one out) was per-
formed using ordinary least squares regression (OLS) under the Ge-
netic Algorithm (GA) approach, that is, by the Variable Subset
Selection-Genetic Algorithm (VSSGA) method. In the GA terminol-
ogy, a population was characterized by a set of candidate variables
(the genetic heritage of the population) and was constituted by
individuals and models made of one or more population
variables.*!
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The need for novel and efficacious drugs against neglected parasitic diseases, such as Leishmaniasis and
American Trypanosomiasis, is certainly apparent. In this work, we evaluated the in vitro potential of the
calcium channel blocker bepridil against Leishmania spp. and Trypanosoma cruzi parasites and exploited
an experimental assay using a hamster model with Leishmania (L.) chagasi, with a real-time PCR method
for therapeutic evaluation. Bepridil was in vitro effective against promastigotes and intracellular amastig-
otes of L. (L.) chagasi, with 50% inhibitory concentration (ICsg) values of 3.81 and 21.55 pM, respectively.
Leishmania (L.) amazonensis, L. (L.) major and L. (V.) braziliensis promastigotes and T. cruzi trypomastigotes
were also susceptible to bepridil, with in vitro selectivity toward parasites and ICsq values in the range of
3 to 7 M. The mammalian cytotoxicity using LLC-MK2 cells resulted in an ICsq value of 62.67 pM. How-

Keywords:
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Therapy
Calcium channel blocker ever, bepridil showed lack of activity at 12 mg/kg in the experimental hamster model infected with L. (L.)
Bepridil chagasi parasites. However, the real-time PCR was a promising tool for the accurate and fast quantifica-

Real-time PCR tion of RNA of living parasites in the liver and spleen of infected hamsters after treatment, eliminating

time-consuming light microscopy evaluations.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Protozoan parasitic diseases are a public health problem, result-
ing in high morbidity and mortality worldwide. Among them, try-
panosomatid infections are responsible for more than 20 million
cases, primarily in tropical and subtropical areas. It is estimated
that half a billion people are at risk of contracting these diseases
(Stuart et al., 2008). In particular, Leishmania is responsible for an
important cutaneous and a fatal visceral disease, which is endemic
in 88 countries (Bern et al., 2008). Trypanosoma cruzi, on the other
hand, is responsible for a fatal systemic infection known as Chagas
disease in South America, affecting 16 million people (Fevre et al.,
2008).

Many of the anti-trypanosomatid drugs in use today offer non-
efficacious treatment with significant side effects because of their
high toxicity (Cavalli et al., 2010). Therefore, the need for the devel-
opment of effective and selective drugs against these neglected
diseases is eminent. The study of drugs in clinical use for other
pathologies, known as chemotherapeutic switching, is one of the
most important methods for the introduction of novel treatments
against parasitic diseases and has the advantage of decreasing
the costs and the time of this process (Croft et al., 2006).

* Corresponding author.
E-mail address: atempone@ial.sp.gov.br (A.G. Tempone).

0014-4894/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.exppara.2011.02.021

Calcium channel blockers are a class of drugs used in the ther-
apy of hypertension and cerebrovascular spasms (Singh, 1986),
with promising anti-parasitic activities. Among them, nifedipine
and verapamil presented inhibition effects on Leishmania-macro-
phage attachment, suggesting a role of the Ca?* ion on the invasion
process (Misra et al., 1991). The 1,4-dihydropyridines (Nufiez-
Vergara et al., 1998; Palit and Ali, 2008; Tempone et al., 2009; Re-
imdo et al., 2010) have presented activity against cutaneous and
visceral species of Leishmania and were also effective against T. cru-
zi parasites. Bepridil, a long-acting calcium-blocking agent with
significant anti-anginal activity, belongs to the pyrrolidine class,
which are distinct molecules from 1,4-dihydropyridines. Bepridil
has demonstrated other anti-protozoan activities, such as anti-Tox-
oplasma gondii activity (Song et al., 2004) and activity against Plas-
modium falciparum (Mahmoudi et al., 2006).

Simple, reliable and rapid tests allowing the screening of large
compound libraries in experimental studies are still the ambition
of drug discovery groups concentrating on Leishmaniasis. As a gen-
eral rule, for a successful study of a drug candidate, an animal assay
is obligatory. However, most in vivo assays are time consuming,
demanding a long period of investigations mainly using light
microscopy techniques (Bretagne et al., 2001). In contrast, the
polymerase chain reaction (PCR) has been shown to overcome
problems such as the low sensitivity found in microscopic exami-
nation of tissue smears (Bretagne et al., 2001). Some papers report
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Fig. 1. Chemical structure of bepridil hydrochloride.

the development of sensitive real-time PCR and validate their use
to quantify Leishmania in different tissues (Bretagne et al., 2001;
Nicholas et al.,, 2002; Bossolasco et al., 2003; Svobodova et al.,
2003; Roldo et al., 2004). A quantitative approach represents a ro-
bust method for the evaluation of parasite load in organs after
experimental treatment (Prina et al., 2007).

The aim of the present study was to evaluate the in vitro activity
of bepridil (Fig. 1), a calcium channel blocker used as an anti-
hypertensive agent (Singh, 1986), against Leishmania spp. and T.
cruzi parasites and its cytotoxicity against mammalian cells. To
evaluate the potential of this drug candidate, we have also per-
formed an in vivo assay using the hamster model. A sensitive and
quantitative real-time PCR method was performed using RNA for
an accurate detection of L. (L.) chagasi amastigotes in hamsters,
allowing the quantification of living parasites in the spleen and li-
ver after drug treatment.

2. Materials and methods
2.1. Materials

DMSO, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT, thiazol blue), lipopolysacharide (LPS), sodium
dodecyl sulfate, RPMI-PR-1640 medium, M199 medium, and bepri-
dil hydrochloride (chemical name N-benzyl-N-[3-(2-methylprop-
oxy)-2-pyrrolidin-1-ylpropyl]aniline) were purchased from Sigma
(St. Louis, MO, USA). Pentavalent antimony (Glucantime®) and
pentamidine were obtained from Aventis and Sideron, respec-
tively. Other analytical reagents were purchased from Sigma unless
otherwise stated.

2.2. Bioassay procedures

BALB/c mice and Golden hamsters (Mesocricetus auratus) were
supplied by the animal breeding facility at the Adolfo Lutz Institute
of Sdo Paulo. They were maintained in sterilized cages under a
controlled environment and received water and food ad libitum.
Animal procedures were performed with the approval of the
Research Ethics Commission, in agreement with the Guidelines
for the Care and Use of Laboratory Animals from the National
Academy of Sciences.

2.3. Parasite maintenance and mammalian cells

L. (L.) chagasi (MHOM/BR/1972/LD) was maintained in Golden
hamsters, up to approximately 60-70days post-infection.

Promastigotes of L. (L.) chagasi (MHOM/BR/1972/LD), Leishmania
(L.) amazonensis (WHO/BR/O0/LT0016), Leishmania (L.) major
(MHOM/1L/80/Fredlin), and Leishmania (V.) braziliensis (MHO/BR/
75/M2903) were maintained in M-199 medium supplemented
with 10% calf serum and 0.25% hemin at 24 °C. T. cruzi trypomastig-
otes (Y strain) were maintained in Kidney Rhesus monkey cells
(LLC-MK2) using RPMI-1640 medium supplemented with 2% calf
serum at 37 °C. Peritoneal macrophages were collected from the
peritoneal cavity of female BALB/c mice by washing with RPMI-
1640 (without phenol red and supplemented with 10% fetal bovine
serum). Rhesus monkey cells (LLC-MK2 -ATCC CCL 7) were main-
tained in RPMI-1640 medium (without phenol red and supple-
mented with 10% fetal bovine serum) at 37°C in a 5% CO,-
humidified incubator.

2.4. Determination of the 50% inhibitory concentration (ICsp)

Leishmania promastigotes and T. cruzi trypomastigotes were
seeded at 1 x 10° cells/well in 96-well microplates as described
elsewhere (Tempone et al., 2009). Bepridil was dissolved in DMSO
(not exceeding 0.5% of the well volume), and the respective con-
trols were added in the plate at the same concentration. Pentami-
dine and benznidazole were used as a reference drugs. Parasitic
viability was determined by the MTT assay and the optical density
(OD) was determined in a Multiskan MS (UNISCIENCE) at 550 nm
(Tada et al., 1986). Peritoneal macrophages were seeded at
4 % 10° cells/well in 24-well plates containing glass coverslips, in-
fected with L. (L.) chagasi amastigotes at a ratio 1:10 (macrophage/
amastigotes) and treated with drugs (bepridil and Glucantime) for
120 h at 37 °C in a 5% CO, humidified incubator. At the end of the
assay, macrophages were fixed with methanol and stained with
Giemsa. Parasite burden was verified by the number of infected
macrophages out of 500 cells. Each assay was performed in
triplicate.

2.5. Cytotoxicity against mammalian cells

LLC-MK2 cells (4 x 10% cellsjwell) were seeded in 96-well
microplates at 37 °C in a 5% CO, incubator. The cells were incu-
bated with bepridil at a concentration not exceeding 200 pg/mL
for 48 h at 37 °C; pentamidine, Glucantime® and benznidazole
were used as standard drugs. Cell viability was determined by
the MTT assay and the optical density (OD) was determined in a
Multiskan MS (UNISCIENCE) at 550 nm (Tada et al., 1986). The data
obtained represent the mean of two independent assays.

2.6. Experimental studies with L. (L.) chagasi-infected hamsters

The efficacy of bepridil treatment was determined using young
male golden hamsters (140 g) previously infected (intraperitoneal
route) with L. (L.) chagasi amastigotes (1 x 10%/animal). Forty-five
days after infection, the hamsters were intraperitoneally treated
for 10 consecutive days with bepridil at 12 mg/kg (n = 5/group),
and pentavalent antimony (Sb") was used as standard drug at
50 mg/kg (n = 5/group). The control group (n = 5/group) received
vehicle (Cremophor® EL containing 5% ethanol) without drugs.
Bepridil was diluted in Cremophor® EL containing 5% ethanol (no
interference with the treatment could be detected in previous
experimental assays). Animals were euthanized 57 days postinfec-
tion. A tissue sample of the spleen and liver (media of 250 mg per
sample) was used for RNA extraction.

2.7. DNA and RNA extractions and cDNA synthesis

The number of L. (L.) chagasi promastigotes was estimated using
a hemocytometer and was used to prepare a standard curve. In the
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final log phase of growth, 10® promastigotes were harvested,
washed twice in phosphate-buffered saline (pH 7.2) and centri-
fuged at 1000g for 10 min. Different concentrations of L. (L.) chagasi
promastigotes were used to obtain the points of the standard curve
ranging from 108 to 10? forms. The parasite pellets were dissolved
in 10 mM Tris-HCl, pH 8.0; 10 mM EDTA; 0.5% SDS; 0.01% N-lau-
rilsarcozyl, 100 pg/mL proteinase K, vortex mixed and incubated
at 56 °C until complete cell lyses. DNA was extracted using Pure-
Link Genomic DNA Kit (Invitrogen) according to the manufacturer’s
instructions. RNA samples were obtained from spleen and liver
fragments collected from studied hamsters, and one sample was
collected from a healthy animal and used as a negative control.
RNA molecules were extracted and purified using the Spin Tissue
RNA Mini Kit (Invisorb) according to the manufacturer’s instruc-
tions. After RNA extraction, the samples were immediately pro-
cessed for cDNA synthesis. Each reaction was performed
according to the manufacturer’s instructions (Invitrogen). The
RNA samples (11 pL) were mixed with 1 mM dNTP; 3 ng random
primers; 10 mM DTT; 1 pL M-MLV RT (Moloney Murine Leukemia
Virus Reverse Transcriptase) in a buffer (Tris-HCl, 250 mM, pH 8,3;
KCl, 375 mM; MgCl, 15 mM) with a final volume of 20 pL. cDNA
samples were stored at —20 °C until use. DNA and RNA purities
were determined at 260 and 280 nm in a NanoDrop ND100 (Ther-
mo Scientific).

2.8. Primer selection, polymerase chain reaction and real-time PCR

Each DNA (controls) and cDNA (samples) were tested by quan-
titative real-time PCR using a primer set (LINJ31), which amplified
a L. (L.) infantum hypothetical protein (LinJ31.1310)-partial mRNA
(Kinetoplast minicircle sequence database). The following were
used in the study: (i) forward primer: 5 CCGCGTGCCTGTCG 3';
(ii): reverse primer 5 CCCACACAAGCGGGAACT 3’; (iii): TagMan
probe FAM dye-labeled: 5 CCTCCTTGGACTTTGC 3; and NFQ as
quencher. The reactions were performed with Applied Biosystems
7500 Real-time PCR System in a final volume of 20 pL. The samples
or controls (3 puL) were added to a reaction mixture containing
10 pl of 2X TagMan Universal PCR Master Mix (NoAmpliErase
UNG) and 1 pL of the “Assay Mix” that included 18 puM of each pri-
mer and 5 pM of TagMan probe FAM dye-labeled. Amplification
runs contained two negative controls (pure water and a negative
DNA sample collect from a hamster without leishmaniasis or treat-
ment) and one positive control (DNA sample extracted from cul-
ture of promastigotes - standard strain of L. (L.) chagasi). The
thermal profile was performed at 50 °C for two minutes for optimal
AmpliErase UNG activity then ramped up to 95 °C for 10 min. Sub-
sequently, 40 cycles of 95 °C for 15 s and 60 °C for 1 min were per-
formed. Reactions were previously standardized using serial
promastigote DNA dilutions as a template. The real-time PCR sys-
tem automatically checked the fluorescent signal every second and

Table 1
Effect of bepridil and standard drugs on parasites and LLC-MK2 cells.

calculated the background signal of the reaction. The unit detected
the signal generated by the fluorescence as a result of the accumu-
lation of amplified DNA. The results were shown as cycle threshold
value (Cr) that informed the quantity of the target gene at which
the fluorescence exceeded a preset threshold and were automati-
cally determined by the equipment (Colombo et al., 2011).

2.9. Statistical analysis

The data obtained represented the mean and standard deviation
of duplicate samples from two independent assays. The ICsq values
were calculated using sigmoid dose-response curves in Graph Pad
Prism 5.0 software, and the 95% confidence intervals were in-
cluded. The Mann-Whitney test (unpaired two-tailed) was used
for significance testing (p<0.05) of parasitic burden and
treatment.

3. Results and discussion

Bepridil, an anti-anginal pyrrolidine drug, demonstrated in vitro
effectiveness against a panel of visceral and cutaneous species of
Leishmania; promastigotes of L. (L.) major were the most resistant
species. Promastigotes of L. (L.) chagasi, L. (V.) braziliensis, L. (L.) ma-
jor, and L. (L.) amazonensis were in vitro inhibited by bepridil, with
ICso values ranging from 3 to 7 uM (Table 1). Pentamidine was
used as standard drug against promastigotes of Leishmania spp.
and resulted in ICso values ranging from 0.13 to 0.8 uM. To test
bepridil activity against the clinically relevant form of L. (L.) chag-
asi, an intracellular assay was performed using peritoneal macro-
phages as host cells. Bepridil was effective in eliminating 100% of
amastigotes at 7.9 pg/mL (95% confidence interval =7.78-
8.03 pg/mL) without affecting macrophages, demonstrating an
ICso value about 3-fold smaller than the standard drug Glucan-
time® (ICso=30.13 pg/mL - 95% confidence interval =28.97-
31.33 pg/mL).

Calcium channel blockers were introduced in 1983 as a class of
drugs for the therapy of hypertension and cerebrovascular spasms,
as myocardial protective agents, and in the relaxation of uterine
spasms (Singh, 1986). Recently, calcium channel blockers have
shown promising anti-parasitic activities (Misra et al., 1991;
Nufiez-Vergara et al., 1998; Tempone et al., 2009). Bepridil has also
demonstrated other anti-protozoan activities. Song and co-workers
have demonstrated an anti-Toxoplasma gondii activity using the
tachyzoite forms (Song et al., 2004) and activity against P. falcipa-
rum (ICsp=2.63 uM) (Mahmoudi et al., 2006). In addition, the
in vitro growth inhibition and encystation of Entamoeba histolytica
and Entamoeba invadens has been demonstrated (Makioka et al.,
2001).

In our assays, bepridil showed promising in vitro activity against
the etiologic agent of Chagas’ disease, the protozoan T. cruzi.

ICso (M) (CI 95%)

Bepridil Pentamidine Glucantime Benznidazole

L. (L.) chagasi promastigotes 3.81(3.43-4.25) 0.80 (0.05-1.56) Nd Nd

L. (L.) chagasi amastigotes 21.55 (21.22-21.90) Nd 76.59 (71.03-82.16) Nd

L. (L.) amazonensis promastigotes 4.71 (3.30-6.76) 0.51 (0.35-0.67) Nd Nd

L. (L.) major promastigotes 7.33 (6.92-7.74) 0.37 (0.16-0.59) Nd Nd

L. (V.) braziliensis promastigotes 3.54 (3.13-3.98) 0.13 (0.01-0.26) Nd Nd

T. cruzi trypomastigotes 431 (3.84-4.85) Nd Nd 187.87 (83.74-292.01)
Citotoxicity against MK2 67.27 (56.03-80.78) 23.48 (19.95-27.01) >1400 >1400

L. (L.) chagasi amastigotes SI 3.12 Nd Nd Nd

T. cruzi trypomastigotes SI 15.61 Nd Nd Nd

ICso: Inhibitory concentration 50%; 95% CI: 95% confidence interval; Nd: not determined; SI: Selectivity index.
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Trypomastigotes were highly susceptible to bepridil, which was
approximately 43-fold more effective than the standard drug ben-
znidazole (Table 1). In previous work, the activity of the calcium
channel blocker lacidipine (ICsq value of 33.5 uM) and isradipine
(ICs50 value of 20.8 M) was demonstrated against T. cruzi epim-
astigotes (Nuafiez-Vergara et al., 1998). Although a different para-
site stage was used by these authors, our results corroborate the
potential anti-trypanosomal activity of calcium channel blockers
and also demonstrate that bepridil was approximately 5-fold more
active against T. cruzi than the 1,4-dihydropyridines lacipidine and
isradipine.

The chemical differences among calcium channel blockers could
result in completely different anti-parasitic activities. Other cal-
cium channel blockers, such as verapamil (a phenethylamine)
and diltiazem (a benzazepine), showed lack of in vitro activity
against T. cruzi epimastigotes (Nuflez-Vergara et al., 1998). How-
ever, considering the valuable in vitro efficacy of bepridil, future
in vivo experiments would be an important tool to study the poten-
tial of other calcium channel blockers against Chagas disease.

Considering the fact that selectivity is a relevant characteristic
for defining lead molecules (Tasdemir et al., 2006), the selectivity
index (SI) was used to compare the toxicity for LLC-MK2 cells
and the activity against the parasites. Bepridil demonstrated a
moderate selectivity for L. (L.) chagasi amastigotes (SI=3.2) and a
higher selectivity for T. cruzi trypomastigotes (SI = 15.61). Despite
the structural differences between the calcium channel blockers,
bepridil (pyrrolidine) and nimodipine (1,4-dihydropyridine) both
presented similar ICso values against L. (L.) chagasi intracellular
amastigotes (ICso=21.55 and 21.62 pM, respectively) (Tempone
et al.,, 2009) and a close parasite selectivity.

In our previous work, eight clinically used 1,4-dihydropyridines
(azelnidipine, amlodipine, cilnidipine, lercanidipine, nicardipine,
nifedipine, nimodipine and nitrendipine) demonstrated in vitro
anti-leishmanial and anti-trypanosomal activity, with ICsg values
in the range of 2.6-181 uM (Reimdo et al., 2010). Based on this
study, bepridil could be among the most active tested drugs
against L. (L.) chagasi amastigotes, with similar ICsq values to amlo-
dipine (ICso=5.35 uM) and lercanidipine (ICso=10.36 M) (Re-
imado et al., 2010).

These promising in vitro findings prompted the evaluation of
bepridil against L. (L.) chagasi in an experimental hamster model.
To improve our drug evaluations by allowing the screening of lar-
ger amounts of potential candidates for leishmaniasis, a quantita-
tive real-time PCR was performed to detect living amastigotes in
affected organs after drug treatment. The development and valida-
tion of sensitive real-time PCR to quantify Leishmania in different
samples has been reported elsewhere, validating PCR as an extre-
mely sensitive method to detect Leishmania DNA and RNA (Noyes
et al., 1998; Lambson et al., 2000; Nicholas et al., 2002; Colombo
et al., 2011). The quantification of Leishmania parasite burdens
from dermal scrapings (Nicholas et al., 2002; Garnier et al., 2007)
and from the spleen (Roldo et al., 2004) and liver (Bretagne et al.,

2001) of infected mice by real-time PCR has also been described.
Bossolasco et al. (2003) and Svobodova et al. (2003) developed a
real-time PCR assay for the quantification of Leishmania spp. para-
sites in clinical samples.

Leishmania DNA molecules have been shown to rapidly degrade
after parasite death, using an 1-leucine ester that induces rapid par-
asite death (Prina et al., 2007). Indeed, commercially available
drugs are known to act progressively over a long period of time,
resulting in a mixed population of living and dead organisms (Prina
et al., 2007). Because the chemical differences among anti-leish-
manial drugs result in distinct action mechanisms on parasites, it
is reasonable that Leishmania DNA could not be rapidly degraded
using L-leucine ester (Prina et al., 2007). Furthermore, successful
amplification of Leishmania (L.) donovani DNA in ancient Egyptian
mummies dating back 4000 years (Kupfer et al., 2006) shows that
DNA could remain intact over a long period. Thus, the use of RNA
would be a suitable alternative for quantification of living para-
sites, especially for the evaluation of experimental treatment. Be-
cause of the high sensitivity of real-time PCR, this methodology
would be an appropriate tool for experimental situations in which
parasites cannot be visualized in stained organs as a result of low
parasite burdens.

The hamster model has been the most reliable alternative for
the study of drug candidates in visceral leishmaniasis (Kaur
et al., 2010) as a result of a human-resembling infection. The
assessment of parasitic burdens is usually based on microscopic
counting techniques, through a time-consuming preparation of
smears (Stauber et al., 1958). Quantification of parasites by micros-
copy has poor sensitivity, is time consuming, and is not reliable
when the parasites are not equally dispersed (Bretagne et al.,
2001). Culture microtitrations have been widely used as a comple-
mentary technique in drug studies (Buffet et al., 1995), but the as-
says remain laborious and can be limited by microbial
contamination (Bretagne et al., 2001).

In our assay, a standard curve using promastigotes was used to
determine the absolute number of parasites (Roldo et al., 2004).
The data was obtained with DNA samples extracted from L. (L.)
chagasi cultured promastigotes after serial dilutions. The C; (cycle
threshold value) was plotted against different amounts of para-
sites, resulting in a standard curve of promastigotes (Fig. 2a). Sub-
sequently, the parasite burden of the in vivo experiment was
estimated from the spleen and liver. The number of parasites
was calculated through the Cy, using the linear regression data
from promastigotes, with the equation: y=a+bx (y=Cr; a=y
intercept; b = slope; x = number of parasites). Thus, it was possible
to estimate the number of parasites present in each animal sample
(spleen and liver).

In our assays, the in vivo efficacy of bepridil was evaluated after
10 consecutive days of treatment using a dose of 12 mg/kg. Based
on the in vivo efficacy of amlodipine and lacidipine against L. (L.)
donovani at 10 mg/kg (Palit and Ali, 2008), the dose of 12 mg/kg
was chosen for the in vivo assay to test the bepridil effectiveness.
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Fig. 2. (a) Standard curve of promastigotes obtained by plotting the Cycle threshold value (Ct) against the number of Leishmania, with the latter plotted on a log scale. Each
point was tested in duplicate. Slope = 3.28; R? = 0.993; y intercept = 37.74. (b) Cycle threshold value (Cr) indicative of the quantity of Leishmania target gene present in spleen
and liver of L. (L.) chagasi-infected hamsters, as determined by real-time PCR. *RNA extracted from 250 mg of each organ. The number of parasites was correlated with 3 pL of

cDNA (around 500 ng).
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The treatment was initiated 45 days after inoculation, allowing the
establishment of the infection. At the end of the treatment, bepridil
showed a lack of anti-leishmanial activity, as no significant differ-
ences could be observed between the test drug and control group.
A significant (p < 0.05) decrease in the spleen and liver parasite
burden was detected in hamsters treated with the standard drug
Glucantime when compared to the control group. Fig. 2b shows
the Cr in spleen and liver of L. (L.) chagasi-infected hamsters.
Although few studies have been performed with calcium channel
blockers and Leishmania, amlodipine and lacidipine have shown
in vivo anti-leishmanial efficacy (Palit and Ali, 2008). The differ-
ences in the efficacy of amlodipine/lacidipine and bepridil could
be attributed to many issues. Despite both studies being conducted
with calcium channel blockers, bepridil is a pyrrolidine, whereas
amlodipine and lacidipine are 1,4-dihydropyridines, demonstrat-
ing the chemical diversity of compounds. Data from literature
show that even small structural modifications of drugs belonging
to the same pharmacological/chemical class could strongly reduce
or improve (Reimdo et al., 2010) an anti-parasitic activity. Another
important aspect is that the susceptibility of Leishmania species to
a specific drug could be marked differently. Finally, other major
differences could also be attributed to the experiments with bepri-
dil and amlodipine/lacidipine: (i) the chosen animal model (ham-
ster and mouse, respectively); (ii) the route of administration
(intraperitoneal and oral, respectively) and (iii) the different treat-
ment regimen (daily administration for 10days and weekly
administration, respectively). Furthermore, the lack of in vivo activ-
ity of bepridil could be related to a poor biodistribution to infected
macrophages in spleen and liver. Other pharmaceutical formula-
tions, such as drug delivery systems, could be a future alternative
to circumvent this poor distribution.

4. Conclusions

Although bepridil presented promising in vitro activity against
Leishmania and T. cruzi parasites, it failed to treat L. (L.) chagasi-in-
fected hamsters. Real-time PCR proved to be a sensitive and fast
molecular probe for the detection of living amastigotes in hamster
model.
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Investigation into in vitro anti-leishmanial combinations
of calcium channel blockers and current anti-leishmanial drugs

Juliana Quero Reimao, André Gustavo Tempone/*

Departamento de Parasitologia, Instituto Adolfo Lutz, Av. Dr. Arnaldo 351, 01246-000 Sao Paulo, SP, Brasil

The need for drug combinations to treat visceral leishmaniasis (VL) arose because of resistance to antimoni-
als, the toxicity of current treatments and the length of the course of therapy. Calcium channel blockers (CCBs)
have shown anti-leishmanial activity; therefore their use in combination with standard drugs could provide new
alternatives for the treatment of VL. In this work, in vitro isobolograms of Leishmania (Leishmania) chagasi us-
ing promastigotes or intracellular amastigotes were utilised to identify the interactions between five CCBs and the
standard drugs pentamidine, amphotericin B and glucantime. The drug interactions were assessed with a fixed ratio
isobologram method and the fractional inhibitory concentrations (FICs), sum of FICs (XFICs) and the overall mean
2FIC were calculated for each combination. Graphical isobologram analysis showed that the combination of nimo-
dipine and glucantime was the most promising in amastigotes with an overall mean XFIC value of 0.79. Interactions
between CCBs and the anti-leishmanial drugs were classified as indifferent according to the overall mean XFIC and
the isobologram graphic analysis.

Key words: leishmaniasis - Leishmania therapy - calcium channel blockers - drug combinations - isobologram

Visceral leishmaniasis (VL) is a disseminated proto-
zoan infection caused by the Leishmania (Leishmania)
donovani complex (Chappuis et al. 2007). The zoonotic
form, in which dogs are the main reservoir in urban areas,
is widely distributed in the Mediterranean basin, China,
the Middle East and South America and is caused by
Leishmania (Leishmania) infantum/Leishmania (Leish-
mania) chagasi (Herwaldt 1999, Chappuis et al. 2007).
Although the disease is endemic in more than 60 coun-
tries with 200 million people at risk, 90% of the 500,000
cases are found in five countries: India, Bangladesh, Ne-
pal, Sudan and Brazil (van Griensven et al. 2010).

In the past 70 years, the therapeutic arsenal for the
treatment of VL has been extremely limited, consisting
of the pentavalent antimonials (sodium stibogluconate
and meglumine antimoniate), amphotericin B (and its
lipid formulations) and miltefosine (Alvar et al. 2006).
These drugs have crucial disadvantages, such as the
length of treatment required, painful injection, toxicity,
the emergence of resistance, dose-limiting nephrotoxic-
ity, heat instability, high cost and poor patient compli-
ance (van Griensven et al. 2010).

Calcium channel blockers (CCBs) are drugs used
to treat heart diseases. This class of drugs inhibits the
action of the calcium channels in cell membranes and
potential indications are not limited to cardiovascular
diseases. The class consists of three chemically distinct
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structural families: phenylalkylamines (e.g., verapamil),
dihydropyridines (e.g., amlodipine, nimodipine) and
benzothiazepines (e.g., diltiazem) (Motro et al. 2001).
Considering that drug repurposing, also referred to
as drug repositioning, is a promising approach to dis-
cover novel drug candidates to treat neglected diseases,
the anti-parasitic activity of CCBs has been studied. It
was demonstrated that nifedipine blocks the binding
of Leishmania amastigotes to macrophages previously
treated with the drug, suggesting that calcium has a role
during the infection of macrophages by new parasites
(Misra et al. 1991). There are also reports of the in vitro
and in vivo activity of amlodipine and lacidipine against
L. (L.) donovani (Palit & Ali 2008).

Based on their cardiac and peripheral activity, CCBs
have been divided into the following classes (Singh
1986): (i) type | agents, exemplified by verapamil and re-
lated drugs (e.g., tiapamil, galopamil) and diltiazem (an-
tiarrhythmics), (ii) type 11 agents, including nifedipine
and other dihydropyridines, which are potent peripheral
vasodilators with selective action on sympathetic reflex-
es, (iii) type Il agents, including flunarizine and cin-
narizine (piperazine derivatives), which are potent dila-
tors of peripheral vessels, and (iv) type IV agents show
broad pharmacological action (e.g., perhexiline, lidofla-
zine and bepridil), which includes blocking the calcium
flow in the heart and peripheral vessels and other elec-
trophysiological actions.

The goals of the drug combinations are to prevent or
delay the onset of resistance and relapses and also to in-
crease the efficiency or reduce the course of treatment.
These combinations have been the standard therapy of
various viral, bacterial and parasitic diseases (White
1999, Olliaro & Taylor 2003). The need to investigate
drug combinations for the therapy of leishmaniasis has
been noted by several authors (Bryceson 2001, Sundar
2001, van Griensven et al. 2010). Drug combinations
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have been highlighted for VL in response to the need
to overcome antimonial resistance, prolong the thera-
peutic lifespan of the drugs, shorten the length of treat-
ment, improve patient compliance and increase cost-
effectiveness (Olliaro 2010).

Based on previous reports that demonstrate the anti-
leishmanial activity of several CCBs (Tempone et al.
2009, Reimdo et al. 2010), their in vitro activity when
used in combination with standard drugs was explored
with the goal of finding new alternatives for the treat-
ment of leishmaniasis.

MATERIALS AND METHODS

Material - Sodium dodecyl sulphate, 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(Thiazol blue), M-199 and Roswell Park Memorial In-
stitute (RPMI)-PR 1640 medium (without phenol red)
were purchased from Sigma (St. Louis, MO, USA). Pen-
tavalent antimony (glucantime, Aventis-Pharma-Brazil)
and pentamidine (Sideron, Brazil) were used as standard
drugs. Other analytical reagents were purchased from
Sigma unless stated otherwise.

Animals - Golden hamsters (Mesocricetus auratus)
and BALB/c mice were obtained from the Adolfo Lutz
Institute of S&o Paulo and kept in sterile boxes with absor-
bent material while receiving food and water ad libitum.
Golden hamsters were infected each month with amastig-
otes from the spleen to maintain the strain. BALB/c mice
were used for obtaining peritoneal macrophages.

Parasites and macrophages- L. (L.) chagasi (MHOM/
BR/1972/LD) promastigotes were grown in M-199 medi-
um supplemented with 10% foetal calf serum (FCS) and
0.25% haemin at 24°C without addition of antibiotics. L.
(L.) chagasi amastigotes were obtained by differential
centrifugation from spleens of previously infected golden
hamsters. The number of parasites was determined (Stau-
ber 1958) 60-70 days after infection. Macrophages were
collected from the peritoneal cavity of BALB/c mice by
washing with RPMI-1640 medium supplemented with
10% FCS and were maintained in a 5% CO,-humidified
incubator at 37°C (Tempone et al. 2008).

Determination of drug interactions - The interactions
between drugs were evaluated in vitro by a modified
isobologram method (Fivelman et al. 2004). The pre-
determined 50% inhibitory concentration (IC,) values
were used to determine the maximum concentrations of
individual drugs, assuring that the IC,, was in the fourth
point of the serial dilution. Drugs were dissolved in dim-
ethyl sulphoxide (DMSO) and diluted with medium. The
highest concentrations of the solutions were prepared in
proportions of 5:0, 4:1, 3:2, 2:3, 1:4 and 0:5 of CCB and
standard drug, respectively, which were serially diluted
(base 2) to the seventh well of the microplate in duplicate.
Two separate experiments were performed for each drug
combination and susceptibility assay.

Promastigotes assay - Promastigotes were counted
in a Neubauer haemocytometer and seeded at 1 x 109/
well with a final volume of 200 pL. The initial concen-
trations used were 12 pg/mL for amlodipine, 12 pg/mL
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for bepridil, 100 pg/mL for lercanidipine, 100 pg/mL for
nicardipine, 280 pg/mL for nimodipine, 1.5 pg/mL for
pentamidine and 0.4 pg/mL for amphotericin B. Con-
trols with DMSO and without drugs were performed.
The plates were incubated for 24 h at 24°C and the vi-
ability of promastigotes was verified by the MTT as-
say (Tada 1986). The data analysis was performed with
Graph Pad Prism 5.0 software. One hundred per cent
viability was expressed based on the optical density of
control promastigotes after normalisation.

Intracellular amastigotes assay - Macrophages were
collected from the peritoneal cavity of BALB/c as de-
scribed above and added to 16 well plates (NUNC®) at 5 X
10*/well. Plates were incubated at 5% CO, for 24 h at 37°C.
L. (L) chagasi amastigotes extracted from the spleens
and separated by differential centrifugation were added to
macrophages at a ratio of 10:1 (amastigotes:macrophage).
After 24 h, extracellular parasites were removed by wash-
ing and fresh medium containing the different fixed-ratio
solutions was added and incubated at 37°C for a period of
120 h. Further medium changes with fresh drug were car-
ried out after 72 h. The initial concentrations used were
21 pg/mL for amlodipine, 72 pg/mL for nimodipine,
240 pg/mL for glucantime and 0.2 pg/mL for amphoteri-
cin B. At the end of the assay, the slides were stained with
Giemsa and observed under an optical microscope. The
IC,, was determined by counting 200 macrophages per
well and assessing the number of infected macrophages
(Yardley & Croft 2000).

Determination of fractional inhibitory concentra-
tions (FICs) index, isobologram construction and clas-
sification of the nature of interaction - FICs and the sum
of FICs (ZFICs) were calculated as follows: FIC of drug
A =1C,, of drug A in combination/IC, of drug A alone.
The same equation was applied to the partner drug (drug
B). ZFICs = FIC drug A + FIC drug B. An overall mean
YFIC was calculated for each combination and used to
classify the nature of interaction as follows: synergy de-
fined the mean XFIC < 0.5, indifference the mean XFIC
between > 0.5 and < 4 and antagonism the mean XFIC >
4 (Odds 2003). Isobolograms were constructed plotting
the standard error of the mean (SEM) for each compo-
nent of the dosage combination (Gessner 1995).

Statistical analysis - The data obtained represented
the mean and standard deviation of duplicate samples
from two independent assays. The IC,; values were cal-
culated using sigmoid dose-response curves with Graph
Pad Prism 5.0 software and the 95% confidence inter-
vals were included.

Ethics - All procedures performed on animals were
approved by the Ethical Committee on Research of the
Adolfo Lutz Institute/Pasteur Institute and were in agree-
ment with the Guidelines for the Care and Use of Labora-
tory Animals from the National Academy of Sciences.

RESULTS

Evaluation of the anti-leishmanial activity of single
drugs - L. (L.) chagasi was susceptible to all tested CCBs
with IC, values that ranged from 0.8-30 pug/mL. As dem-
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onstrated by the mitochondrial oxidative metabolism
of parasites (MTT method), the tested drugs showed a
leishmanicidal effect by killing 100% of parasites at the
highest tested concentrations. These IC,  values were
obtained for the single drugs against promastigotes and
are shown in Table I. Amlodipine was the most active
CCB against both promastigotes and amastigotes.

Combination studies - The combination of amlo-
dipine, bepridil, lercanidipine, nicardipine and nimo-
dipine with the anti-leishmanial drugs amphotericin B
and pentamidine in L. (L.) chagasi promastigotes indi-
cated an indifferent interaction. This was demonstrated
by analysis of the overall mean XFICs, which ranged from
1.13-1.7 (Table 11). According to the graphic analysis of
the isobolograms using promastigotes (Fig. 1), indiffer-
ence was observed within all combinations because all
points (P,-P,, corresponding to the proportions of 41, 3:2,
2:3 and 1:4 of CCB and standard anti-leishmanial drug,
respectively) are located above the additivity line. The
combination of amlodipine and nimodipine with glucan-
time and amphotericin B in L. (L.) chagasi intracellular
amastigotes was classified as indifferent according the
overall mean XFICs, which ranged from 0.79-1.43 (Ta-
ble I1). The graphic analysis of the isobologram (Fig. 2)
showed that, in spite of some points being located below
the additivity line (point P, of amlodipine:amphotericin B;
point P, of amlodipine:glucantime and points P, and P, of
nimodipine:glucantime), the SEM should also be consid-
ered in the analysis. The combination of nimodipine and
glucantime (Fig. 2D) showed synergy in three of the points
in the isobologram, with the most synergic effect seen in
the point P, (ratio 2:3 of nimodipine:glucantime). However,
according to the adopted classification, this drug combina-
tion was not considered synergic because the overall mean
YFIC of this combination was 0.79 (Table II).

DISCUSSION

Infectious diseases such as tuberculosis, leprosy, ma-
laria and acquired immune deficiency syndrome were
only considered to be under therapeutic control after the
introduction of drug combinations. Combinatorial treat-
ments can not only boost the action of the different ther-
apeutic compounds, but they may also help to avoid the
development of parasitic resistance (Coura 2009). This
is the first report that investigates the in vitro activity of
combinations of calcium antagonists and standard drugs
for leishmaniasis. Despite the previously observed anti-
leishmanial activity of the CCBs used in the study (Re-
imao et al. 2010), the overall mean XFIC and the isobo-
lograms obtained show no physicochemical or biological
interactions between the CCBs and the standard drugs.

The isobologram is a graphical representation of the
effective dose, or FIC value, of two drugs when adminis-
tered together. In this graph, the intercepts are the points
that define the line of additivity (junction of points P,
and P,) (Figs 1, 2) and all points in this line are the co-
ordinates that theoretically represent the doses of drug
pairs (P,-P,) (Figs 1, 2). This graphical representation
provides an overview of the isobologram of theoretical
additive doses, but ZFIC values are preferred for statisti-
cal analysis (Tallarida et al. 1997).
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TABLE |

Activity of individual drugs against Leishmania (Leishmania)
chagasi promastigotes and intracellular amastigotes

IC,, ng/mL L. (L.) chagasi
Drug (95% CI) form
Amlodipine 0.85 (0.74-0.97) Promastigotes
Bepridil 1.73 (1.59-1.88)
Lercanidipine 7.80(6.704-9.075)
Nicardipine 10.59 (9.82-11.43)
Nimodipine 30.30 (28.32-32.42)
Amphotericin B 0.04 (0.03-0.05)
Pentamidine 0.22 (0.19-0.26)
Amlodipine 2.93 (2.08-4.12) Amastigotes
Nimodipine 26.53 (24.87-28.30)
Amphotericin B 0.14 (0.13-0.16)
Glucantime 7.25 (6.13-8.57)

95% CI: 95% confidence interval; IC,: 50% inhibitory con-
centration (pug/mL).

TABLE Il

Overall mean sum of fractional inhibitory concentrations
(ZFIC) of calcium channel blockers and partner drugs
against Leishmania (Leishmania) chagasi
promastigotes and amastigotes

Overall L. (L)
mean chagasi
Combination YFIC form
Amlodipine + pentamidine 147  Promastigotes
Amlodipine + amphotericin B 1.40
Bepridil + pentamidine 119
Bepridil + amphotericin B 115
Lercanidipine + pentamidine 1.49
Lercanidipine + amphotericin B 170
Nicardipine + pentamidine 1.26
Nicardipine + amphotericin B 1.32
Nimodipine + pentamidine 1.27
Nimodipine + amphotericin B 113
Amlodipine + glucantime 119 Amastigotes
Amlodipine + amphotericin B 1.43
Nimodipine + glucantime 0.79
Nimodipine + amphotericin B 1.28

The terminology used to interpret the results of the
isobologram is often a subject of debate and confusion
(Odds 2003). The terms used to describe results that are
neither synergistic nor antagonistic are somewhat com-
plicated. Unfortunately, the term “additive” often holds
an inaccurate meaning and can be interpreted as refer-
ring to a positive interaction (Odds 2003). For this rea-
son, the terms “synergistic”, “indifferent” and “antago-

nistic” were used for the interpretation of interactions
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Fig. 1: representative isobolograms of in vitro interactions of calcium channel blockers (CCBs) and the partner drug against Leishmania (Leish-
mania) chagasi promastigotes. The half maximal inhibitory concentration (IC)) of amlodipine, bepridil, lercanidipine, nicardipine and nimo-
dipine was plotted in the abscissa and the IC, of amphotericin B and pentamidine was plotted in the ordinate. The plotted points are IC_s of each
fixed ratio combination serially diluted. Bars around points correspond to calculated standard errors of the mean. Points P,-P, correspond to the
proportion of 5:0, 4:1, 3:2, 2:3, 1:4 and 0:5 of CCB and standard anti-leishmanial drug, respectively. The bold line corresponds to the predicted
positions of the experimental points for a simple additive effect. The dotted line corresponds to the additivity line range of confidence.
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in this report. The isobologram graph made from FIC
values has been widely used to represent the interaction
between two drugs (Fivelman et al. 2004). However, it is
also possible to use the IC, values and their respective
confidence intervals (Gessner 1995). Thus, the graph
with standard error bars can be more informative and
was used in the present work.

The FIC values demonstrate that paired combina-
tions of agents can exert inhibitory effects higher than
the sum of their effects alone (synergy; FIC < 1.0) or
smaller than the sum of their effects alone (antagonism;
FIC > 1.0) (Berembaum 1978). However, Odds (2003)
proposed the interpretation of FIC data as “synergy”
when FIC < 0.5, “antagonism” when FIC > 4.0 and “no
interaction” when FIC > 0.5 < 4.0.

Most relevant information for drug combinations is
obtained with the intracellular amastigote assay. Howev-
er, the use of axenic promastigotes can also provide useful
data. It is important to consider that the presence of the
host cell (macrophages) could interfere within the syner-
gism/antagonism of the drug combinations during stud-
ies against Leishmania. Thus, susceptibility studies using
the two parasite stages (promastigotes and intracellular
amastigotes) can provide additional information about the
distinct action of the drug combinations in addition to that
obtained from ordinary macrophage activation.

Calcium antagonists have shown anti-parasitic proper-
ties (Misraetal. 1991, NUfiez-Vergara et al. 1998, Tempone
et al. 2009, Reim@o et al. 2010, 2011). Other studies have
reported that amlodipine reverses the in vitro chloroquine
resistance in Plasmodium falciparum (Basco & Le Bras
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1991) and can also increase chloroquine accumulation
inside the infected erythrocytes. Therefore, combination
therapy of amlodipine and chloroquine might be a useful
therapeutic strategy against chloroquine-resistant malaria
(Deloron et al. 1991). In addition, the 1,4-dihydropyridine
nicardipine showed in vitro activity against P. falciparum
(IC,, = 4.3 uM) (Tanabe et al. 1989).

Bepridil, an anti-anginal pyrrolidine drug, demon-
strated effectiveness in vitro against a panel of visceral
and cutaneous species of Leishmania, with IC_ values
ranging from 3-7 uM (Tempone et al. 2009, Reimao et al.
2011). It has also demonstrated activity against other pro-
tozoans, such as Toxoplasma gondii (Song et al. 2004), P.
falciparum (IC,, = 2.63 uM) (Mahmoudi et al. 2006), Try-
panosoma cruzi (Reimao et al. 2011) and Entamoeba spe-
cies (Makioka et al. 2001). However, it lacks activity in an
experimental L. (L.) chagasi model (Reimado et al. 2011).

Inapreviousreport, eight clinically used 1,4-dihydro-
pyridines demonstrated in vitro anti-leishmanial activity
with IC, values ranging from 5.35-176.24 uM (Reimado
et al. 2010). Amlodipine, lercanidipine, nicardipine and
nimodipine were among the most active CCBs against
L. (L.) chagasi amastigotes. Based on previous studies,
CCBs were selected for drug combination assays, but
none of the tested CCBs increased pentamidine, ampho-
tericin B or glucantime in vitro activity.

Other promising pharmacological activities of CBBs
have been reported in Leishmania sp., including the re-
versal of antimony resistance in clinical isolates of L.
(L.) donovani (Valiathan et al. 2006). According to Misra
et al. (1991), nifedipine and verapamil could effectively
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Fig. 2: representative isobolograms of in vitro interactions of calcium channel blockers (CCBs) and the partner drug against Leishmania (Leish-
mania) chagasi intracellular amastigotes. The half maximal inhibitory concentration (IC;) of amlodipine and nimodipine was plotted in the
abscissa and the IC_; of amphotericin B and glucantime was plotted in the ordinate. The plotted points are IC, s of each fixed ratio combination
serially diluted. Bars around points correspond to calculated standard errors of the mean. Points P,-P correspond to the proportion of 5:0, 4:1,
3:2,2:3, L:4 and 0:5 of CCB and standard anti-leishmanial drug, respectively. The bold line corresponds to the predicted positions of the experi-
mental points for a simple additive effect. The dotted line corresponds to the additivity line range of confidence.
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inhibit the infection of macrophages by L. (L.) donovani,
although no anti-parasitic effect could be observed. Palit
and Ali (2008) also showed that lacidipine, amlodipine,
verapamil and diltiazem inhibited Ca?* uptake by Leish-
mania, but only lacidipine and amlodipine showed in
vivo anti-leishmanial activity. Therefore, studying the
action mechanisms of CCBs could prove useful for de-
veloping drug design studies and novel strategies for re-
versing the resistance of Leishmania spp.

In vitro combination assays are an advantageous and
rational methodology for the screening of synergic drug
combinations. However, they do not provide other im-
portant information, such as pharmacokinetic (Seifert et
al. 2011) and pharmacodynamic interactions (Seifert &
Croft 2006). This can only be measured by animal as-
says. Considering the in vitro anti-leishmanial activity
of the studied CCBs, further in vivo studies may be con-
sidered to evaluate possible drug interactions in VL.
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The objective of this study was to develop a novel liposomal formulation, containing phosphatidylserine
(PS), of buparvaquone (BPQ) and to evaluate its in vivo effectiveness in Leishmania (L.) infantum chagasi-
infected hamsters. The activity of BPQ was evaluated against both the promastigote forms of different
Leishmania species and the intracellular amastigotes of L. (L.) infantum chagasi. Buparvaquone was
entrapped in PS-liposomes (BPQ-PS-LP), and the drug was quantified by ultra-high-performance liquid
chromatography. The treatment was quantified by detecting the RNA of the living amastigotes in the
spleen and the liver by real-time PCR. In vitro assays with L. (L.) infantum chagasi intracellular amastigotes
were performed in peritoneal macrophages for the evaluation of the 50% inhibitory concentration (ICsp).
BPQ-PS-LP at 0.33 mg/kg/day for eight consecutive days reduced the number of amastigotes by 89.4%
(P<0.05) in the spleen and by 67.2% (P> 0.05) in the liver, compared to 84.3% (P<0.05) and 99.7%
(P <0.05), respectively, following Glucantime® treatment at 50 mg/kg/day. Free BPQ at 20 mg/kg/day
failed to treat the hamsters when compared to the untreated group. BPQ was significantly (P < 0.05)
selective against L. (L.) infantum chagasi intracellular amastigotes, with an ICsy value of 1.5 uM; no
in vitro mammalian cytotoxicity could be detected. Other cutaneous species were also susceptible to
BPQ, with ICsg values in the range 1-4 pM. BPQ-PS-LP caused a significant reduction in the parasite bur-
den at a 60-fold lower dose than did the free BPQ. These results show the potential of PS-liposome for-

mulations for the successful targeted delivery of BPQ in visceral leishmaniasis.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Leishmaniasis remains among the most important parasitic dis-
eases in the developing world. Visceral leishmaniasis (VL) has an
estimated incidence of 500,000 new cases per year and is the
life-threatening form of leishmaniasis; it is the consequence of
severe hepatosplenomegaly, which leads to death in untreated
patients (Maltezou, 2008). Epidemiologic studies indicate that
leishmaniasis is abundant in the Americas and is a great public
health concern. In the New World, the disease is caused by a num-
ber of different parasite species that are capable of producing a
wide variety of clinical manifestations: VL is usually caused by
Leishmania (L.) infantum chagasi, and cutaneous leishmaniasis
(CL) is usually caused by L. (V.) braziliensis or L. (L.) mexicana spe-
cies (Grimaldi and Tesh, 1993).

There is a shortage of safe therapeutic options to treat VL,
resulting in poor patience adherence and relapses due to the unfin-
ished treatments and the severe adverse effects (den Boer et al.,
2009; Murray, 2001). Outside of India, the main therapy remains
the class of pentavalent antimonials, a highly toxic option for both

* Corresponding author.
E-mail addresses: atempone@usp.br, atempone@ial.sp.gov.br (A.G. Tempone).

0014-4894/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.exppara.2012.01.010

CL and VL. In India, where there is resistance to antimonials, the
oral drug miltefosine and the liposomal amphotericin B have
provided a significant improvement in leishmaniasis therapy
(Maltezou, 2008; Murray, 2001). In Brazil, antimonials are still
effective for most infections despite their high toxicity, but limited
data about the resistance to these drugs is available. All current
treatments with these drugs have limitations; therefore, novel, safe
and low-cost treatments are still required (Torres et al., 2010).

Buparvaquone (BPQ) (Fig. 1), a veterinary drug used to treat
theileriosis, has shown promising activities against protozoan par-
asites, including Leishmania spp. (Croft et al., 1992), Plasmodium
falciparum (Gokhale et al., 2006), and Cryptosporidium parvum (Miil-
ler and Jacobs, 2002). Despite its anti-leishmanial activity at nano-
molar concentrations (Croft et al., 1992), in vivo experiments with L.
(L.) donovani showed only a weak suppression of the parasite bur-
den in BALB/c mice at 100 mg/kg/day. The poor distribution and
low bioavailability of BPQ contributed to the limited in vivo efficacy
in models of VL (Croft et al., 1992) and CL (Garnier et al., 2007). BPQ
was also tested at 5 mg/kg/day for 12 days in dogs infected with L.
(L.) infantum chagasi and with VL symptoms, but no effect was seen
(Vexenat et al., 1998).

The water solubility of BPQ is very low (<1 mg/L); consequently,
it is poorly soluble in biological media, such as gastric fluids
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Fig. 1. The chemical structure of buparvaquone.

(Miiller and Jacobs, 2002). Thus, there is limited oral bioavailabil-
ity, which contributes to the low in vivo efficacy of BPQ. Liposomes
have been widely used as safe and effective vehicles for drug deliv-
ery systems (Frézard and Demicheli, 2010), and liposomal ampho-
tericin B has been used to treat leishmaniasis with fewer toxic
effects (Bern et al.,, 2006; Sundar et al., 2011). The presence of
phosphatidylserine (PS) in the membrane of liposomes has been
shown to support the targeting delivery of drugs to intracellular
amastigotes as a result of the interaction with macrophage scaven-
ger receptors (Tempone et al., 2004, 2010). The aim of this work
was to study the efficacy of BPQ entrapped in a PS-liposomal
formulation designed to deliver the drug to the infected organs,
thus providing a greater amount of the drug to the infected
macrophages.

2. Materials and methods
2.1. Drugs and chemicals

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(Thiazol blue; MTT), sodium dodecyl sulfate (SDS), M-199 medium,
RPMI-PR- 1640 medium (without phenol red) and cholesterol were
purchased from Sigma-Aldrich. Pentavalent antimony (Glucan-
time®) was obtained from Aventis-Pharma-Brazil, pentamidine
was obtained from Sideron (Brazil), 2-((4-tert-Butylcyclohexyl)
methyl)-3-hydroxy-1,4-naphthoquinone (buparvaquone) was ob-
tained from GlaxoSmithKline (UK), and hydrogenated phospholip-
ids were kindly donated by Lipoid GmbH (Ludwigshafen,
Germany). The other analytical reagents were purchased from Sig-
ma (St. Louis, MO, USA).

2.2. Experimental animals

Golden hamsters (Mesocricetus auratus) and BALB/c mice were
obtained from the Instituto Adolfo Lutz of Sdo Paulo, kept in sterile
boxes with absorbent material, and received food and water ad libi-
tum. Golden hamsters were infected each month with amastigotes
from the spleen to maintain the Leishmania strains. BALB/c mice
were used to obtain peritoneal macrophages.

2.3. Parasites and macrophages

The promastigotes of L. (L.) amazonensis (WHO/BR/00/LT0016),
L. (V.) braziliensis (MHO/BR/75/M2903), L. (L.) infantum chagasi
(MHOM/BR/1972/LD), and L. (L.) major (MHOM/1 L/80/Fredlin)
were maintained in M-199 medium supplemented with 10% calf
serum and 0.25% hemin at 24 °C. L. (L.) infantum chagasi was main-
tained in Golden hamsters up to approximately 60-70 days post-
infection. The L. (L.) infantum chagasi amastigotes were obtained
from the spleens of previously infected hamsters by differential
centrifugation. The macrophages were collected from the perito-
neal cavity of BALB/c mice by washing with RPMI-1640 medium

supplemented with 10% fetal calf serum and were maintained at
37 °C and 5% CO, in a humidified incubator.

2.4. Determination of the in vitro anti-leishmanial activity

To determine the 50% inhibitory concentration (ICsg) against
Leishmania promastigotes, the drugs were dissolved in dimethyl
sulfoxide (DMSO) and diluted with M-199 medium in 96-well
microplates. The initial concentrations used were 3.06 uM
buparvaquone and 3.21 uM pentamidine. Each drug was tested
twice at eight range concentrations prepared at two-fold dilution
steps in triplicate. The promastigotes were counted in a Neubauer
hemocytometer and seeded at 1 x 10%/well at a final volume of
150 pL. Controls with DMSO and without drugs were performed.
Pentamidine was used as a standard drug. The plate was incubated
for 24 h at 24 °C, and the viability of the promastigotes was verified
by the diphenyltetrazolium assay (MTT) (Tada et al., 1986). Briefly,
MTT (5 mg/mL) was dissolved in PBS and sterilized through
0.22 pm membranes; 20 pL/well was added and incubated for 4 h
at 24 °C. Promastigotes incubated without compounds were used
as the viability control. The formazan extraction was performed
using 10% SDS for 18 h (80 pL/well) at 24 °C, and the optical density
(OD) was determined using a plate reader (Multiskan MS - UNI-
SCIENCE) at 550 nm. The data analysis was performed using Graph
Pad Prism 5.0 software. A viability of 100% was defined based on the
optical density of the control promastigotes after normalization. To
determine the ICsy value for BPQ against L. (L.) infantum chagasi
intracellular amastigotes, peritoneal macrophages (5 x 10* per
well) were collected from the peritoneal cavity of BALB/c mice as
described above, added to 16-well chamber slides (NUNC®), and
incubated for 24 h at 5% CO, and 37 °C. L. (L.) infantum chagasi
amastigotes were isolated from the spleens of previously infected
hamsters, separated by differential centrifugation and added to
macrophages at a ratio of 10:1 (amastigotes:macrophage). The
plate was further incubated for 24 h prior to drug incubation. Glu-
cantime was used as the standard drug, and the test was performed
for 120 h at 37 °C. The initial concentrations used were 3.06 tM
buparvaquone and 100 pg/mL Glucantime (shown in pg/mL be-
cause the molecular weight of Glucantime is unknown). Each drug
was tested twice at eight concentrations prepared as two-fold dilu-
tion steps in duplicate. At the end of the assay, the slides were fixed
with methanol and stained with Giemsa prior to counting under a
light microscope. The ICsq was determined by counting 500 macro-
phages per well and assessing the number of infected macrophages
(Reimdo et al., 2010).

2.5. Cytotoxicity against mammalian cells

Peritoneal macrophages, kidney cells from Rhesus monkeys
(LLC-MK-2) and tumor-human monocyte cells (THP-1) were incu-
bated with BPQ up to a concentration of 229.75 uM for 48 h at
37 °C. Pentamidine was used as the reference drug. The viability
of the mammalian cells was determined using the MTT assay (Tada
et al., 1986).

2.6. BPQ entrapment in liposomes

For the liposome preparation, BPQ (6 mg) was diluted in meth-
anol (1575 pL) and sonicated in a bath sonicator for 10 minutes at
25 °C (solution A). Solution B consisted of saturated egg phospha-
tidylcholine, saturated egg phosphatidylserine and cholesterol
(7:2:1 molar ratio) dissolved in chloroform (3150 pL). The mixture
of solutions A and B was further sonicated for 10 minutes. The mix-
ture was evaporated in a rotary evaporator at 55 °C at 60 rpm for
40 minutes in a vacuum and protected from light. A pre-heated
(55 °C) solution of 2.25% glycerol (9 mL) was added to the lipid film
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Table 1
The effect of buparvaquone (BPQ) on parasites and its cytotoxicity in mammalian cells.
L. (L.) infantum chagasi L. (L.) infantum L. (L.) amazonensis L. (L.) major L. (V.) braziliensis MK2 THP-1 Peritoneal
promastigotes chagasi amastigotes promastigotes promastigotes promastigotes macrophages
BPQ ICso pM  2.24 (2.05-2.45) 1.50 (1.41-1.62) 4.19 (3.61-4.87) 3.28 (2.85- 1.50 (1.16-1.90) >229.75 >229.75 >229.75
(95% CI) 3.77)

Abbreviations: BPQ: buparvaquone; ICso: inhibitory concentration 50%; 95% CI: 95% confidence interval.

using glass beads. The swelling process of the pre-formed lipo-
somes was performed in a rotary evaporator at 55 °C at 80 rpm
for 60 minutes without a vacuum. To reduce the size of the vesi-
cles, the liposomes were sonicated in a bath sonicator under heat-
ing (55 °C) for 30 minutes. A freeze-thaw process was performed
using three consecutive cycles of freezing with liquid nitrogen fol-
lowed by thawing at room temperature. The untrapped BPQ was
separated from the liposomes by centrifugation (4000g for 15 min-
utes). The average diameter of the liposomes was determined by
transmission electron microscopy using phosphotungstic acid
staining (New, 1992).

2.7. Size determination of the liposomes and the quantification of BPQ

The concentration of the encapsulated BPQ was determined
using ultra-high-performance liquid chromatography (UPLC) with
a binary AT system (Prominence LC-20; Shimadzu Corp., Kyoto,
Japan) and an ultraviolet photodiode detector array (PDA) SPD-
M20A on a reverse phase ACE C18 column (4.6 x 250 mm, 5 pum
particle size). The wavelength was set at 251 nm. The flow rate
was 1 mL/minute using an isocratic method with acetoni-
trile:methanol (7:3 v/v) and 0.1% trifluoroacetic acid (TFA). The
BPQ was diluted in methanol (1 mg/mL) to obtain standard solu-
tions in a range of 1.56-100 pg/mL, and 20 pL samples were in-
jected into the column. The standard curve showed a linear
coefficient (r) of 0.9988 with the equation Y=(1.3867 x 107°)X
+(1.22705). The mean doses of the different liposome batches re-
sulted in a formulation of 72.63 pg/mL (SEM = 17.27) BPQ. The
mean diameter of the vesicles, as determined by transmission elec-
tron microscopy, was approximately 561 nm (SEM = 21). Consider-
ing the initial and final masses of BPQ, the drug encapsulation
efficiency was approximately 11%.

2.8. Experimental studies with L. (L.) infantum chagasi-infected
hamsters

Young male Golden hamsters (110 g) were infected intraperito-
neally (i.p.) with L. (L.) infantum chagasi amastigotes (1 x 10%/ani-
mal). Forty-three days after the infection, the hamsters were
treated for eight consecutive days as follows: BPQ at 20 mg/kg/
day, administered i.p. in two doses of 10 mg/kg at an interval of
8 h (n=5/group); BPQ entrapped in PS-liposomes (BPQ-PS-LP) at
0.33 mg/kg/day (n = 5/group) and the pentavalent antimonial (Glu-
cantime®) at 50 mg/kg/day (n = 5/group). The control group (n =5/
group) received the BPQ vehicle (10% ethanol, 15% oil-based Crem-
ophor® EL solution, and 75% PBS). The animals were euthanized
51 days post-infection. A tissue sample of the spleen and liver
(approximately 200 mg) was removed, weighed and used for
RNA extraction (Reimdo et al., 2011).

2.9. Real-time PCR analysis

RNA samples were obtained from the spleen and liver frag-
ments collected from the studied hamsters, and one sample was
collected from a healthy animal and used as a negative control.
The RNA extraction from the spleen and liver samples and from
parasite cultures was carried out as previously described (Reimdo

et al., 2011). All TagMan primers and probes were selected as
previously reported (Reimdo et al., 2011) and supplied by Applied
Biosystems. The amplification runs contained two negative con-
trols (pure water and a negative DNA sample collected from a
healthy hamster) and one positive control (DNA sample extracted
from a culture of promastigotes of a standard strain of L. (L.) infan-
tum chagasi) (Reimado et al., 2011).

2.10. Statistical analysis

The data obtained were reported as the mean and standard
deviation of duplicate samples from two independent assays. The
ICso values were calculated using sigmoid dose-response curves
generated by Graph Pad Prism 5.0 software, and the 95% confi-
dence intervals were included. The Mann-Whitney test (unpaired
two-tailed) was used for significance testing.

3. Results
3.1. In vitro anti-leishmanial activity and mammalian cytotoxicity

Different concentrations of BPQ were incubated with Leish-
mania spp. promastigotes, and the parasite viability was deter-
mined by the colorimetric MTT method. All Leishmania species
were susceptible to BPQ in the rank order (from low to high ICsq
values) of L. (V.) braziliensis, L. (L.) infantum chagasi, L. (L.) major
and L. (L.) amazonensis, with ICsg values in the range of 1-4 uM
(Table 1). The ICsp of pentamidine was determined for each species
and was as follows: L. (L.) infantum chagasi (ICso = 0.32 uM; 95%
CI=0.23-0.44 uM); L. (L) amazonensis (ICso=0.47 uM; 95%
C.I=0.38-0.58 uM); L. (L.) major (ICsq=0.56 uM; 95% C.I=0.35-
0.85 uM); and L. (V.) braziliensis (ICso=0.09 uM; 95% C.I=0.03-
0.15 uM). BPQ was also active against the intracellular amastigotes
of L. (L.) infantum chagasi with an ICsq value of 1.5 pM after 120 h
incubation. No toxicity to peritoneal macrophages was observed
by light microscopy. Glucantime was used as the standard drug
and had an ICsq of 13.06 pg/mL (95% C.I = 5.15-32.73 pg/mL).

BPQ was also incubated with mammalian cells for toxicity stud-
ies. LLC-MK2 cells, THP-1 monocytes and BALB/c peritoneal macro-
phages did not show cytotoxicity at the highest concentration after
48 h (Table 1). Pentamidine was used as a reference and had an
IC50 of 11.69 uM (95% C.I = 3.02-42.95 uM) against LLC-MK2; an
ICso of 8.22 uM (95% C.I=4.55-14.92 uM) against THP-1 cells;
and an ICsp of 11.43 uM (95% C.I = 3.02-14.95 uM) against perito-
neal macrophages.

3.2. In vivo evaluation of free and liposomal BPQ in L. (L.) infantum
chagasi-infected hamsters

L. (L.) infantum chagasi-infected hamsters were treated i.p. for
eight consecutive days with free BPQ and BPQ entrapped in PS-lip-
osomes (BPQ-PS-LP). The parasite burden was further evaluated
and quantified by real-time PCR. The untreated group was used as
a control and resulted in an average of 1141 (standard error of
the mean, SEM = 259) amastigotes per gram in the spleen and
7234 (SEM = 4089) in the liver (Fig. 2). Free BPQ at 20 mg/kg/day
did not result in therapeutic improvement, with a mean number
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Fig. 2. Real-time PCR quantification (amastigotes per gram in spleen and liver) of
the in vivo efficacy of free buparvaquone (BPQ) and liposomal BPQ (BPQ-PS-LP). The
RNA was extracted from each organ and the samples were weighed. The squares
represent free BPQ; the circles represent BPQ-PS-LP; the triangle represents
Glucantime and the lozenges represent the untreated control. *P < 0.05 compared to
untreated group.

of amastigotes per gram in the spleen and liver of 1944 (SEM = 770)
and 8532 (SEM = 3424), respectively. BPQ-PS-LP reduced the num-
ber of amastigotes by 89.4% (P < 0.05) in the spleen and by 67.2%
(P>0.05) in the liver, with an average of 120 (SEM = 100) amastig-
otes per gram in the spleen and 2372 (SEM = 1963) in liver. Glucan-
time at 50 mg/kg/day reduced the number of amastigotes by 84.3%
(P<0.05) and 99.7% (P < 0.05), with an average of 179 (SEM = 71)
and 21.6 (SEM =5.7) amastigotes/gram in the spleen and liver,
respectively. The BPQ vehicle (control group) and free liposomes
(without drugs) did not affect the parasite load (data not shown).

4. Discussion

BPQ has been found to be a promising lead hydroxynaphthoqui-
none compound against Leishmania spp. Despite its high in vitro effi-
cacy, with ICsg values between 0.005 and 0.12 pM (Venkatesh et al.,
2008), it showed limited efficacy in L. (L.) donovani-infected mice
when tested at 100 mg/kg/day (Croft et al., 1992). Since its discovery
as an anti-leishmanial agent (Croft et al., 1992), several BPQ deriva-
tives have been proposed to overcome the elevated lipophilicity (log
P=5.3). As an alternative, water-soluble phosphate prodrugs have
been synthesized and were tested in L. (L.) donovani-infected mice.
Buparvaquone-3-phosphate was shown to be the best oral formula-
tion, but only a slight reduction in the liver parasite burden (34%)
could be observed at 50 mg/kg/day (Garnier et al., 2007).

In the present work, BPQ exhibited in vitro activity against
Leishmania spp. when tested against the promastigote forms. The
Brazilian cutaneous species were susceptible to BPQ, which had
the lowest ICsq value in L. (V.) braziliensis. BPQ was also effective
against other species, such as L. (L.) amazonensis, L. (L.) major and
L. (L.) infantum chagasi, with a similar ICsy value to the standard
drug pentamidine. L. (L.) infantum chagasi promastigotes were also
incubated with BPQ for 72 h, but no change in the ICsq values was
detected (data not shown). BPQ could also eliminate L. (L.) infantum
chagasi intracellular amastigotes with a remarkable ICso value
approximately 27-fold lower than the standard drug Glucantime®.
Furthermore, no in vitro toxicity to mammalian cells was detected,
resulting in a selectivity index higher than 150 using the L. (L.)
infantum chagasi amastigotes. This is the first report of the
in vitro anti-leishmanial activity of BPQ against L. (L.) infantum
chagasi and L. (V.) braziliensis. Considering the different susceptibil-
ities of the Leishmania species to BPQ, the observed ICsy value
against the intracellular amastigotes of L. (L.) infantum chagasi
was consistent with that reported for L. (L.) donovani HU3 amastig-
otes (ICsg = 0.48 uM) (Madntyld et al., 2004).

We also report the activity of the BPQ entrapped in PS-lipo-
somes against L. (L.) infantum chagasi, the etiologic agent of VL in

Brazil. In this study, BPQ-PS-LP was injected i.p. for eight consecu-
tive days, resulting in a significant (P < 0.05) reduction of the num-
ber of amastigotes in the spleen (89.4%) when compared to the
untreated group. A slight increase in efficacy (approximately 6%)
was observed for the BPQ-PS-LP when compared to the standard
drug Glucantime (P> 0.05). It should also be noted that all ham-
sters were shown to be highly infected, as confirmed by real-time
PCR, therefore preventing the possibility of any false-positive
results of the drug efficacy.

Despite the lack of a significant (P > 0.05) reduction of the liver
parasite burden, the liposomal drug (BPQ-PS-LP) decreased the
number of amastigotes by 67% when compared to the untreated
group. It should also be noted that when the absolute number of
parasites is considered, 80% of animals had fewer than 1000
amastigotes per gram. The treatment differences found in the
spleen and liver of the BPQ-PS-LP-treated group could be attributed
to the huge differences in the parasite burden of both organs. To
achieve similar levels of spleen treatment, a higher amount of a
drug must be delivered in a prolonged treatment, as a consequence
of the 6-fold higher number of amastigotes in the liver when
compared to the spleen. Furthermore, the higher accumulation of
PS-liposomes in the spleen (Tempone et al., 2010) might have con-
tributed to the differences found in our assays using the BPQ-PS-LP.

Considering that BPQ-PS-LP was administered at a 60-fold
smaller dose than the free drug, these data demonstrate a consid-
erable improvement in the activity of BPQ. This could be a result of
the specific targeting delivery of BPQ to the Leishmania amastigotes
in the infected organs through the interaction of the PS-liposomes
with the macrophage scavenger receptors (Tempone et al., 2004).
In a previous work (Tempone et al., 2010), furazolidone, a synthetic
nitrofuran, when entrapped in a similar formulation of PS-lipo-
somes, showed an enhanced activity when compared to the free
drug against L. (L.) infantum chagasi experimental model. Further-
more, targeting to spleen and liver was observed, with an in vivo
co-localization of liposomes within the parasites inside the macro-
phages (Tempone et al., 2010).

Free BPQ failed to reduce the liver and spleen parasite burden in
L. (L) infantum chagasi-infected hamsters. Despite the slight
increase in the number of amastigotes in both organs, the free
BPQ-treated group was not significantly (P> 0.05) different than
the untreated group (control). The present data support the results
obtained from the L. (L.) infantum chagasi in naturally infected dogs
because no in vivo efficacy could be detected after 12 days of treat-
ment at 5 mg/kg (Vexenat et al., 1998). In contrast, free BPQ re-
duced the parasite burden of mice liver (Croft et al, 1992)
infected with L. (L.) donovani by approximately 60% but at an oral
daily dose of 100 mg/kg. These differences in efficacy could be
explained by the different doses, route of administration, the Leish-
mania species and the different animal models used.

The use of real-time PCR has been a promising tool for the rapid
evaluation of drug efficacy in animal models (Manna et al., 2008;
Reimdo et al.,, 2011) and of parasite kinetics in human blood
(Sudarshan et al,, 2011). Furthermore, the specific use of RNA
allowed the detection of living amastigotes instead of dead para-
sites or residual DNA (Colombo et al., 2011), which could be found
when DNA is analyzed. Thus, the efficacy of BPQ in the hamster
model could be precisely quantified in the present work.

5. Conclusions

BPQ was effective in vitro against Leishmania spp., with an ele-
vated selectivity index. Free BPQ failed to treat L. (L.) infantum
chagasi-infected hamsters, but its inclusion into PS-liposomes is a
promising anti-leishmanial formulation with activity at very low
dose. Further studies, including understanding the different routes
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of administration and determining the 50% effective dose in single-
dose and multiple dose regimes, are now planned.
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ANEXO 10



Repurposing drugs for visceral leishmaniasis: experimental
evaluation of calcium channel blockers and a liposomal

formulation of nimodipine

Abstract

Considering that calcium channel blockers (CCB) may be potential anti-
leishmanial compounds and considering the need for alternative treatments for
Leishmaniasis and American Trypanosomiasis, the present work evaluated the
in vitro activity of amrinone, fendiline, lidoflazine and mibefradil against different
species of Leishmania and T. cruzi parasites. The in vivo efficacy of amlodipine,
fendiline and nimodipine against Leishmania (L.) infantum chagasi-infected
hamsters was also examined. The in vitro cytotoxicity in mammalian cells was
determined to provide the selectivity index. Finally, a liposomal formulation of
nimodipine-containing phosphatidylserine was developed, and its effectiveness
was evaluated in vivo in the spleen and liver of hamsters using real time PCR.
The in vitro results demonstrated that fendiline, lidoflazine and mibefradil were
active against Leishmania spp. promastigotes (ICsp = 2 to 21 uM), but only
fendiline and lidoflazine were active against L. (L.) infantum chagasi
amastigotes (ICsp = 11 and 15 puM, respectively). The tested CCB were effective
against T. cruzi trypomastigotes (ICso = 2 to 11 yM), and lidoflazine was the
most selective drug in both models. The in vivo studies revealed a lack of
activity for amlodipine, fendiline and nimodipine, but the liposomal nimodipine
caused a significant decrease (97 %) in the parasite burden of the spleen,
suggesting a higher efficacy only when entrapped into phosphatidylserine-
liposomes. Novel treatments are need for visceral leishmaniasis, and liposomes

represent a promising alternative for the targeted delivery of drug candidates.

Keywords: Leishmania, T. cruzi, therapy, drugs, calcium channel blocker,

liposomes



1. Introduction

Leishmaniasis is an infectious disease caused by parasites of the genus
Leishmania, family Trypanosomatidae. The disease has four major forms:
cutaneous, mucocutaneous, cutaneous-diffuse and visceral leishmaniasis (VL).
VL, the most severe form, is characterized by the migration of parasites to vital
organs and is a fatal disease in the absence of treatment (Tiuman et al., 2011).
Currently, Leishmaniasis represents an important public health threat in 98
countries: there are 12 million cases worldwide, 350 million people at risk, and
500,000 new cases of VL per year (WHO, 2010, Desjeux, 2010). The available
treatment for VL has low efficacy, severe adverse effects and an elevated cost.
For almost a century, antimony has been the conventional treatment; however,
in India, increasing resistance has necessitated new treatment approaches
such as amphotericin B and its lipid formulations, injectable paromomycin, and
oral miltefosine (Tiuman et al., 2011). Considering the few therapeutic options
to treat LV, the need for novel drugs is evident (Moore, Lockwood, 2010).

Calcium channel blockers (CCB) are considered to be promising anti-
parasitic drugs, especially against protozoan parasites. The in vivo oral efficacy
of amlodipine and lacidipine against L. (L.) donovani has been shown using the
BALB/c mice model (Palit and Ali, 2008). Recently, the in vitro anti-parasitic
activity of eight clinically used 1,4-dihydropyridines was demonstrated against
Leishmania and T. cruzi parasites (Reimao et al., 2010). It has also been
reported that nifedipine and verapamil can effectively inhibit macrophage
infection by L. (L.) donovani (Misra et al. 1991), suggesting the participation of
calcium ions in the internalization process. In addition, verapamil was
demonstrated to effectively reverse antimony resistance in L. (L.) donovani
parasites (Valiathan et al., 2006).

The use of Drug Delivery Systems (DDS) for old drugs is an important
strategy to overcome the severe adverse effects of a toxic drug, providing
higher patience compliance (Yang et al., 2008). In the present work, CCB were
tested against Leishmania and T. cruzi parasites, and their cytotoxicity in
mammalian cells was evaluated. The investigation of the in vivo efficacy of
amlodipine, fendiline and nimodipine, including a liposomal formulation of

nimodipine, was demonstrated in L. (L.) infantum chagasi-infected hamsters.



2. Materials and methods

2.1. Drugs and chemicals

DMSO, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT, thiazol blue), sodium dodecyl sulfate, RPMI-1640 medium, M199
medium, amrinone, fendiline, lidoflazine, mibefradil, and nimodipine were
purchased from Sigma (St. Louis, MO, USA). Pentavalent antimony
(Glucantime®) was obtained from Aventis, and pentamidine from Sideron.
Amlodipine was kindly donated by Bayer (S&o Paulo, SP, Brazil). Hydrogenated
phospholipids were kindly donated by Lipoid GmbH (Ludwigshafen, Germany).

Other analytical reagents were purchased from Sigma unless otherwise stated.

2.2. Experimental animals

Golden hamsters and BALB/c mice were supplied by the animal breeding
facility at the Adolfo Lutz Institute of Sdo Paulo. They were maintained in
sterilized cages under a controlled environment and received water and food ad
libitum. Golden hamsters were infected each month with amastigotes from the
spleen to maintain the parasite. BALB/c mice were used for obtaining peritoneal
macrophages. Animal procedures were performed with the approval of the
Research Ethics Commission, in agreement with the Guidelines for the Care

and Use of Laboratory Animals from the National Academy of Sciences.

2.3. Parasites and macrophages

Promastigotes of L. (L.) amazonensis (WHO/BR/00/LT0016), L. (V.)
braziliensis (MHO/BR/75/M2903), and L. (L.) infantum chagasi
(MHOM/BR/1972/LD) were maintained in M-199 medium supplemented with
10% calf serum and 0.25% hemin at 24° C. L. (L.) infantum chagasi was
maintained in Golden hamsters up to approximately 60—70 days post-infection.
L. (L.) infantum chagasi amastigotes were obtained from the spleen by
differential centrifugation at the 60—70th day post-infection. Macrophages were
collected from the peritoneal cavity of BALB/c mice by washing with RPMI-1640
medium supplemented with 10% fetal calf serum and were maintained at 37° C

in a 5% CO,-humidified incubator. Trypanosoma cruzi trypomastigotes (Y



strain) were maintained in LLC-MK2 (ATCC CCL 7) cells using RPMI-1640

medium supplemented with 2% calf serum at 37° C.

2.4. Determination of the in vitro anti-leishmanial activity

To determine the 50% inhibitory concentration (ICso) against Leishmania
promastigotes, the drugs were dissolved in dimethyl sulphoxide (DMSO) and
diluted with M-199 medium in 96-well microplates, with 100 uyg/mL as the
highest concentration. Each drug was tested twice at eight concentrations
prepared in two-fold dilutions. Promastigotes were counted in a Neubauer
hemocytometer and seeded at 1 x 10%/well, with a final volume of 150 pL.
Controls with DMSO and without drugs were performed. Pentamidine was used
as a standard drug. The plate was incubated for 24 h at 24° C, and the viability
of promastigotes was verified by the diphenyltetrazolium assay (MTT) (Tada et
al., 1986). Briefly, MTT (5 mg/mL) was dissolved in PBS, sterilized through 0.22
Mm membranes, and 20 yL/well was added for 4 h at 24° C. Promastigotes
were incubated without compounds and used as a viability control. Formazan
extraction was performed using 10% SDS for 18 h (80 uL/well) at 24° C, and the
optical density (OD) was determined in a Multiskan MS (UNISCIENCE) plate
reader at 550 nm. Pentamidine was used as a standard drug. The data analysis
was performed in Graph Pad Prism 5.0 software. 100% viability was expressed
based on the optical density of control promastigotes, after normalization. To
determine the IC5o value against L. (L.) infantum chagasi intracellular
amastigotes, peritoneal macrophages were collected from the peritoneal cavity
of BALB/c as described above and added to 16-well chamber slides (Lab-Tek -
NUNC ®) at 5 x 10* per well. Plates were incubated at 5% CO; at 37° C for 24
hours. L. (L.) infantum chagasi amastigotes extracted from spleens and
separated by differential centrifugation were added to macrophages at a ratio of
10:1 (amastigotes:macrophage). After 24 hours, extracellular parasites were
removed by washing, fresh medium containing the drugs and controls was
added, and the cells were incubated at 37° C for a period of 120 hours. Further
medium changes with fresh drugs were carried out after 72 hours. At the end of
the assay, the slides were stained with Giemsa and observed using light
microscopy. Glucantime was used as a standard drug. The 1Csyp was determined
by the number of infected macrophages out of 400 cells.



2.5. Determination of the anti-trypanosomal activity

To determine the 50% inhibitory concentration (ICso) against
Trypanosoma cruzi trypomastigotes, drugs were dissolved in dimethyl
sulphoxide (DMSO) and diluted with M-199 medium in 96-well microplates, with
the highest concentration at 100 pg/mL. Trypomastigotes, obtained from LLC-
MK2 cultures, were counted in a Neubauer hemocytometer and seeded at 1 x
10%/well in 96-well microplates. Test drugs were incubated for 24 h at 37° C in a
5% CO, humidified incubator, and the viability of trypomastigotes was verified
by the diphenyltetrazolium assay (MTT) as described above. Benznidazole was

used as a standard drug.

2.6. Cytotoxicity in mammalian cells

Kidney Rhesus monkey cells (LLC-MK2) were seeded at 5 x 10*
cells/well in 96-well microplates and incubated with drugs, with 200 pg/mL as
the highest concentration, for 48 h at 37° C in a 5% CO; humidified incubator.
The viability of the cells was determined by the MTT assay as described above.
Control cells were incubated in the presence of DMSO and without drugs.
Viability of 100% was expressed based on the optical density of control LLC-
MK2 cells, after normalization. The Selectivity Index (SI) was given by the ratio

between the cytotoxicity in LLC-MK2 cells and the anti-parasitic activity.

2.7. Nimodipine entrapment in liposomes

Liposomes were prepared by the lipid hydration method followed by
extrusion through 0.2 ym polycarbonate membranes (Szoka, Papahadjopoulos,
1980). For liposome preparation, saturated egg phosphatidylcholine,
phosphatidylserine and cholesterol were used at a 7:2:1 molar ratio. Untrapped
material was separated from the liposomes by centrifugation (4000 x g for 15
min). The concentration of encapsulated nimodipine was determined in a ultra-
performance liquid chromatography (UPLC) binary system (Prominence LC-20;
Shimadzu Corp., Kyoto, Japan) using an ultraviolet photodiode array (PDA)
detector SPD-M20A on a reverse phase ACE C18 column (4.6 mm x 250 mm, 5
pum particle size). The flow rate was 1 mL/min, using an isocratic method with
acetonitrile:methanol (v/v 7:3). Nimodipine was diluted in methanol (1 mg/mL) to



obtain standard solutions in a range concentration between 200 to 6.25 pg/mL;
samples of 20 yL were injected in the UPLC. Different batches of liposomes
were analyzed. Briefly, liposomal nimodipine (10 uyL) was diluted 10-fold in
methanol:ethanol (1:1), and 20 L aliquots were injected in the UPLC. A linear
regression (Y = ax + b) was obtained using the LC Solution 1.24 software

(Shimadzu-Japan).

2.8. Experimental studies with L. (L.) infantum chagasi-infected hamsters

Young male golden hamsters (120 g) were previously infected
(intraperitoneal route) with L. (L.) infantum chagasi amastigotes (1.8 x
10%/animal). Forty-five days after infection, the hamsters were intraperitoneally
treated for ten consecutive days with amlodipine at 10 mg/kg/day (n = 5),
fendiline at 3 mg/kg/day (n = 5), nimodipine at 40 mg/kg/day (n = 5) or
Glucantime at 50 mg/kg/day (n = 5). Amlodipine, fendiline and nimodipine were
diluted in PBS containing Cremophor® EL and ethanol (ratio = 80:15:5 v/v). The
control group (n = 5/group) received the vehicle without any drugs. The
concentration of nimodipine entrapped in liposomes was previously determined
(as described above), and liposomal nimodipine was intraperitoneally
administered for 10 consecutive days at 0.86 mg/kg/day (n = 5). The animals
were euthanized 57 days post-infection. Tissue samples of the spleen and liver
(approximately 200 mg) were removed, weighed and used for RNA extraction
(Reimé&o et al., 2011).

2.9. Real-time PCR analysis

The number of L. (L.) infantum chagasi promastigotes was estimated
using a hemocytometer and was used to prepare a standard curve ranging from
102 to 10® forms (Reiméo et al., 2011). RNA samples were obtained from spleen
and liver fragments collected from the studied hamsters, and one sample was
collected from a healthy animal and used as a negative control. RNA extraction
from the spleen and liver samples and from the parasite cultures was performed
as previously described (Reiméo et al., 2011). All TagMan primers and probes
were selected as previously reported and supplied by Applied Biosystems
(Reiméo et al., 2011). The amplification runs contained two negative controls
(pure water and a negative DNA sample collect from a hamster without



leishmaniasis or treatment) and one positive control (DNA sample extracted
from a culture of promastigotes - standard strain of L. (L.) infantum chagasi).
The results were shown as the number of parasites per gram in the spleen and
liver, calculated by the cycle threshold value (C+) that informed the quantity of
the target gene at which the fluorescence exceeded a preset threshold, and
were automatically determined by the equipment. The RNA was extracted from
each organ, and the number of parasites was obtained by calculating the

number of Cr, using a standard curve (Reimao et al., 2011).

2.10. Statistical analysis

The ICso values were calculated using sigmoidal dose-response curves in
Graph Pad Prism 5.0 software, and the 95% confidence intervals are indicated.
The data obtained represented the mean and standard deviation of two
independent assays. The Mann-Whitney test (unpaired two-tailed) was
calculated in Graph Pad Prism 5.0 software for determining the significance (P

< 0.05) of the parasitic burden and treatment.

3. Results and discussion

The CCB are a class of drugs that disrupt the movement of calcium
through calcium channels (Motro, Shemesh, Grossman, 2001). CCB have
effects on many excitable cells of the body, such as the cardiac muscle, the
smooth muscles of blood vessels, and neurons. The most widespread clinical
usage of CCB is to decrease blood pressure in patients with hypertension, with
particular efficacy in the treatment of elderly patients (Nelson 2010). In addition,
CCB are frequently used to control heart rate, prevent cerebral vasospasm, and
reduce chest pain due to angina pectoris.

In this work, we used the drug repurposing approach. Amrinone,
fendiline, lidoflazine and mibefradil were incubated with Leishmania spp.
promastigotes, intracellular amastigotes and T. cruzi trypomastigotes to
evaluate their in vitro anti-parasitic activity (Table 1). Fendiline, lidoflazine and
mibefradil showed ICsy values ranging from 2.2 to 21.97 uM against Leishmania
promastigotes, and mibefradil was the most active compound. However,

mibefradil showed lack of activity against L. (L.) infantum chagasi intracellular



amastigotes, possibly due to the lack of macrophage-specific receptors, leading
to a non-internalized drug or to the higher metabolic resistance of amastigotes
(Sadick and Raff, 1985). When Leishmania intracellular amastigotes were
examined, fendiline demonstrated a similar activity to lidoflazine, but a higher
selectivity could be observed for lidoflazine (Sl = 5.7).

Despite the previous report of the anti-leishmanial activity of 1,4-
dihydropyridines (Reimao et al, 2010), amrinone, an aminopyridine compound,
lacked anti-leishmanial activity in our assays. Conversely, another closely
related compound, 4-aminopyridine, exhibited considerable activity against L.
(L.) amazonensis, with an I1Csy value of 46 uM (Ponte-Sucre et al, 1998), but
lacked activity against the Old-World cutaneous L. (L.) major (ICso > 400 uM).

The anti-trypanosomal activity was also examined. The compounds
fendiline, lidoflazine and mibefradil were effective against T. cruzi
trypomastigotes, with 1Csy values ranging from 2.94 to 11.76 uyM (Table 1);
amrinone was ineffective at the highest tested concentration. Mibefradil, a
tetrahydronaphthalene compound, was the most highly active against T. cruzi,
showing similar ICsg value to 1,4-dihydropyridine azelnidipine (ICso = 2.90 yM)
(Reimao et al., 2010). Lidoflazine showed the highest Sl against T. cruzi (Sl =
8.73) and Leishmania (S| = 5.71) (Table 1). Piperazine-derived compounds
have been proposed to be potent anti-leishmanial candidates, with promising
activity against L. (L.) donovani (ICso = 0.41 uM) (Mayence et al, 2004). This is
the first report of anti-protozoal activity of these CCB, which confirms their
potential use as drug prototypes against protozoan parasites. In a previous
work, the 1,4-dihydropyridines lacidipine and isradipine demonstrated in vitro
activity against T. cruzi epimastigotes (ICsp = 33.5 and 20.8 uM, respectively)
(Nunez-Vergara et al., 1998), showing a similar activity to fendiline and
lidoflazine against T. cruzi trypomastigotes (ICso = 11.76 and 10.23 pM,
respectively) (Table 1).

Considering the in vitro anti-leishmanial activity of fendiline, the previous
in vitro activity of nimodipine against L. (L.) infantum chagasi (Tempone et al,
2009) and the in vivo activity of amlodipine against L. (L.) donovani (Palit and
Ali, 2008), these three CCB were tested against L. (L.) infantum chagasi, using
the hamster model. The evaluation of in vivo treatment was determined by

quantitative real-time PCR (qPCR) to detect living amastigotes (RNA) in the



spleen and liver after treatment. Previous studies have also reported the use of
gPCR, which proved to be a sensitive technique for quantifying Leishmania
after drug treatment in experimental models (Reiméo et al. 2011, Sudarshan et
al, 2011, Dantas-Torres et al, 2011, Galleti et al, 2011).

Our results demonstrated that the selected CCB were devoid of in vivo
activity. In contrast to the results found by Palit and Ali (2008) against L. (L.)
donovani, our results demonstrated that amlodipine was ineffective in vivo
against L. (L.) infantum chagasi, as no significant difference between the drug
and the control group was found (Figure 2A). However, different drug
susceptibilities among Leishmania species have been found. Miltefosine, an
oral anticancer drug, has been successfully (> 90% cure rate) used in India
against Leishmaniasis but showed only a 33% to 63% cure rate in clinical
studies in Guatemala and Afghanistan (Soto and Soto, 2006). Other important
aspects could also have contributed to the differences between our results and
others: (i) the different experimental method (mouse vs. hamster); (ii) the
different route of administration (oral vs. intraperitoneal) and (iii) the different
treatment regimen (weekly administration vs. daily administration for 10 days).
Moreover, the lack of in vivo activity of amlodipine in the present work could be
attributed to a poor biodistribution to infected macrophages in the spleen and
liver.

Although fendiline has exhibited in vitro selectivity (Table 1) and
promising ICso values against Leishmania, fendiline was not able to reduce the
parasite load in the spleen and liver of infected hamsters (Figure 2B). Despite
the low administered dose (3 mg/kg/day) when compared to the standard drug
Glucantime (50 mg/kg/day), toxicological data (LDsp in mice = 14.5 mg/kg i.v.)
(www.druglead.com) limited its testing at higher doses.

Nimodipine, a 1,4-dihydropyridine, has exhibited in vitro activity against
L. (L.) infantum chagasi, contributing to extensive mitochondrial damages in
parasites (Tempone et al, 2009). In our present work, nimodipine lacked in vivo
anti-leishmanial activity, as no significant differences could be observed
between the test drug and control group (P > 0.05) (Figure 2 C). Similar to the
currently tested drugs, our previous studies with bepridil also demonstrated a
lack of in vivo effectiveness against L. (L.) infantum chagasi (Reimao et al.,
2011).



Therefore, considering the lack of anti-leishmanial activity of the tested
CCB, a drug delivery system (DDS) was also examined. DDS have been
developed to deliver drugs to the site of action (targeted delivery), to avoid
fluctuations in plasma drug levels (controlled release), to slow the drug release
in plasma and to overcome cellular barriers and enzymatic degradation
(Kshirsagar et al., 2005). Considering the anti-parasitic effect of 1,4-
dihydropyridines ( Misra et al., 1991; Nufez-Vergara et al., 1998; Tempone et
al., 2009; Reiméo et al., 2010; Reimao et al., 2011), nimodipine was entrapped
in phosphatidylserine-liposomes, quantified by liquid chromatography and
further administered to L. (L.) infantum chagasi-infected hamsters. The amount
of nimodipine entrapped in liposomes was previously determined by RP-UPLC-
PDA, using a standard curve of the drug (r* = 0.99898). The results indicated a
minor variation of nimodipine encapsulation among the different batches, which
resulted in an overall concentration of 515.64 ug/mL (SEM = 44.36) (Figure 3).
In the experimental treatment, liposomal nimodipine induced a significant (P <
0.05) decrease (approximately 97%) in the parasite burden in the spleen when
compared to the untreated group. Conversely, liposomal nimodipine
demonstrated no ability to reduce the parasite burden in the liver, likely due to
the small amount of nimodipine administered in the liposomal formulation (a 46-
fold smaller dose than the free nimodipime). Additionally, these results
corroborate the efficiency of this liposomal formulation in the targeted delivery of
drugs to Leishmania, which is primarily due to the interaction of
phosphatidylserine-liposomes with macrophage scavenger receptors (Tempone
et al., 2004). A similar result was also achieved with a similar liposomal
formulation that used furazolidone as the active compound (Tempone et al.,
2010). These results suggest preferential targeting to the spleen rather than the
liver, but the use of higher doses of drugs entrapped in the liposomes might

overcome this problem.
5. Conclusions
Calcium antagonists have been studied as possible drug candidates

against protozoan parasites because of in vitro results (Tempone et al, 2009,

Reimao et al, 2010, Palit et al, 2008). The present results demonstrate the need



for continuous experimental studies with CCB, as pharmacokinetic and
pharmaco-dynamic issues contribute to different results. Our data also suggest
the use of phosphatidylserine-liposomes as a potential drug delivery system for
Visceral Leishmaniasis, which could represent a promising tool to increase the
therapeutic index of drugs. Further studies should be considered, including
examining different routes of administration, different dose regimens and higher

administered doses.
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Figure and table legends

Figure 1: Chemical structures of amrinone (A), fendiline (B), lidoflazine (C) and
mibefradil (D).

Figure 2: Evaluation of the experimental treatment of BCCs against L. (L.)
infantum chagasi-infected hamsters. Real-time PCR quantification of
Leishmania amastigotes per gram in the spleen and liver after administration of
amlodipine (A), fendiline (B), and nimodipine (C). The RNA was extracted from
each organ, and the samples were weighed. The filled symbols represent the
spleen, and the open symbols represent the liver. * P < 0.05 compared to the
untreated group.

Figure 3: Quantification of nimodipine in phosphatidylserine-liposomes by RP-
UPLC-PDA. The standard curve of nimodipine was developed using a reverse
phase C18 column in an isocratic method of acetonitrile:methanol (7:3) at 1
mL/min flow. The chromatogram obtained at 236 nm (A), and the standard
curve of nimodipine (B).

Table 1: Effect of CCB and standard drugs on parasites and mammalian cells.
ICs0: 50% inhibitory concentration; 95% Cl: 95% confidence interval.
*Concentrations for Glucantime are expressed as pg/mL, as the molecular

weight is unknown.
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Participacao em projetos paralelos

Ao longo do periodo em que esta tese foi desenvolvida, a aluna

participou de colaboragdes cientificas envolvendo o estudo de novos

compostos com atividade contra Leishmania e Trypanosoma. Os artigos

cientificos resultantes destes trabalhos séao listados a seguir:

1.

Grecco SS, Reiméo JQ, Tempone AG, Sartorelli P, Cunha RL, Romoff P,
Ferreira MJ, Favero OA, Lago JH. In vitro antileishmanial and
antitrypanosomal activities of flavanones from Baccharis retusa DC.
(Asteraceae). Exp Parasitol 2012; 130:141 — 5.

Corréa DS, Tempone AG, Reimédo JQ, Taniwaki NN, Romoff P, Favero OA,
Sartorelli P, Mecchi MC, Lago JH. Anti-leishmanial and anti-trypanosomal
potential of polygodial isolated from stem barks of Drimys brasiliensis Miers
(Winteraceae). Parasitol Res 2011; 109:231-6.

Morais TR, Romoff P, Favero OA, Reiméo JQ, Lourenco WC, Tempone AG,
Hristov AD, Di Santi SM, Lago JH, Sartorelli P, Ferreira MJ. Anti-malarial,
anti-trypanosomal, and anti-leishmanial activities of jacaranone isolated from
Pentacalia desiderabilis (Vell.) Cuatrec. (Asteraceae). Parasitol Res 2012;
110:95-101.

Sartorelli P, Carvalho CS, Reimdo JQ, Lorenzi H, Tempone AG.
Antitrypanosomal Activity of a Diterpene and Lignans Isolated from
Aristolochia cymbifera. Planta Medica 2010; 76:1454-6.

Siqueira CAT, Oliani J, Sartoratto A, Queiroga CL, Moreno PRH, Reimao
JQ, Tempone AG, Fischer DCH. Chemical constituents of the volatile oil
from leaves of Annona coriacea Mart., Annonaceae, and in vitro
antiprotozoal activity. Rev Bras Farmacognosia 2010; 21:33-40.

Grecco SS, Reimao JQ, Tempone AG, Sartorelli P, Romoff P, Ferreira MJ,
Favero OA, Lago JH. Isolation of an antileishmanial and antitrypanosomal
flavanone from the leaves of Baccharis retusa DC. (Asteraceae). Parasitol
Res 2010; 106:1245-8.

Sartorelli P, Salomone CS, Reimdo JQ, Ferreira MJ, Tempone AG.
Antiparasitic activity of biochanin A, an isolated isoflavone from fruits of
Cassia fistula (Leguminosae). Parasitol Res 2009; 104:311-4.
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