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RESUMO

A doenca de Chagas é uma zoonose causada pelo protozoario hemoflagelado Trypanosoma
cruzi, que afeta milhGes de pessoas na Ameérica Latina. O tratamento dessa enfermidade se
baseia na utilizacdo de dois farmacos, o benzonidazol e o nifurtimox, que possuem baixa taxa
de cura na fase crbnica da doenca, além de gerarem uma série de efeitos colaterais. Nesse
contexto, o surgimento de novos medicamentos para uma quimioterapia mais adequada da
doenca de Chagas torna-se necessario. Neste estudo investigamos o potencial anti-T. cruzi de
esteroides isolados de plantas, fisalinas e acido betulinico, assim como de derivados sintéticos
deste Gltimo, em ensaios in vitro. Nossos resultados demonstram uma elevada atividade
tripanocida das fisalinas B e F e do derivado BA5 contra formas tripomastigotas e sobre 0s
processos de invasdo e desenvolvimento destas em macréfagos peritoneais. Através de
ensaios de microscopia eletrénica foi possivel observar que o tratamento com a fisalina B ou
com o derivado BAS5 causa alteragcfes ultraestruturais na membrana plasmatica, complexo de
Golgi, cinetoplasto e reticulo endoplasmatico das formas tripomastigotas, além da formacéo
de vacuolos atipicos e o aparecimento de figuras mielinicas, que foram marcadas com MDC
para confirmar a sua identidade como vacuolos autofagicos. Anélises por citometria de fluxo
revelaram que a morte parasitaria ocorre principalmente por necrose. A combinacdo da
fisalina B, da fisalina F ou do derivado BA5 com o benzonidazol resultou em uma maior
atividade anti-T. cruzi frente a formas amastigotas quando comparados aos compostos
testados de forma isolada. Estes resultados indicam que esteroides, tais como as fisalinas B e
F e o derivado BA5, sdo potencias candidatos para o tratamento alternativo da doenca de

Chagas.

Palavras-Chaves: Doenca de Chagas, Trypanosoma cruzi, esteroides, fisalinas, acido

betulinico.



ABSTRACT

Chagas disease is a zoonosis caused by the hemoflagellate protozoan Trypanosoma
cruzi, which affects millions of people in Latin America. Disease treatment is based on
the use of two drugs, benznidazole and nifurtimox, which present low cure rates in the
chronic phase of the disease as well as generating a number of adverse side effects. In
this context, the development of new therapies for a better treatment of Chagas disease
IS necessary. In this study we investigated the anti-T.cruzi potential of physalins and
betulinic acid, plant-based isolated steroids, in addition to synthetic derivatives from the
latter, in in vitro assays. Our results demonstrate a high trypanocidal activity of
physalins B and F and of the derivative BA5 against trypomastigote forms and on the
processes of invasion and development of these on peritoneal macrophages. Electron
microscopy revealed that physalin B or BA5 derivative treatment resulted in
ultrastructural changes in the plasma membrane, Golgi apparatus, Kinetoplast and
endoplasmic reticulum of trypomastigotes forms. Additionally, these compounds
contributed to the formation of atypical vacuoles in the appearance of myelin figures,
which were labeled with MDC to confirm their identity as autophagic vacuoles. Flow
cytometry analysis revealed that parasite death occurred mainly by necrosis. When
combined with benznidazole, physalin B, physalin F or BA5 derivative, resulted in a
higher anti-T. cruzi activity against amastigotes when compared to the compounds
tested alone. These results indicate that steroids, such as physalins B and F and the

derivative BA5, are potential candidates for an alternative treatment of Chagas disease.

Keywords: Chagas disease, Trypanosoma cruzi, steroids, physalins, betulinic acid.
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1 INTRODUGCAO GERAL

As doencas infecciosas parasitarias afetam milhGes de pessoas nas diferentes
regides do planeta e sdo responsaveis por incapacitar uma fracdo significativa da
populacdo mundial, principalmente em paises em desenvolvimento (KETTLER &
MARJANOVIC, 2004). Dentre estas doencas se destaca a doenca de Chagas
(CHAGAS, 1909), uma zoonose causada pelo protozoario hemoflagelado Trypanosoma
cruzi, que afeta milhdes de pessoas na America Latina (PINTO-DIAS, 2006).
Estimativas indicam que a infec¢do acomete cerca de 10 milhdes de pessoas na América
Latina e é responsavel por quatorze mil mortes por ano apenas no Brasil (WHO, 2010;
REA et al., 2013).

Uma vez que o individuo tenha sido infectado pelo T. cruzi, ndo existe
tratamento disponivel efetivo para a doenga e 0 desenvolvimento de uma vacina ainda
se encontra em estagio experimental (MAYA et al., 2007 GUPTA et al., 2013). As
unicas opgbes de tratamento existentes por mais de 40 anos tém sido os farmacos
benzonidazol e nifurtimox. Ambos os quimioterapicos apresentam boas taxas de cura na
fase aguda da doenca (RASSI et al., 2000), porém sdo responsaveis por uma série de
efeitos colaterais que incluem erupg¢des cutaneas, nauseas, insuficiéncia renal e hepatica
e neuropatia periférica (CLAYTON, 2010). Além da toxicidade, ja existem relatos de
cepas de T. cruzi resistentes a estes medicamentos (FILARDY & BRENER, 1987;
NEAL & VAN BUEREN, 1988; MURTA et al., 1998). Outra limitacdo ¢ a fraca acdo
destes compostos na fase cronica da infeccdo, que corresponde a forma mais prevalente
da doenca.

Alternativas promissoras para 0 benzonidazol e o nifurtimox incluem os
inibidores de cruzaina e da biossintese de ergosterol. Entre os inibidores de cruzaina, o
peptideo K11777 destaca-se pela potente atividade tripanocida. Atualmente, esta
molécula encontra-se em estudo clinico de fase | (SAJID et al., 2011). Dentre o0s
inibidores de ergosterol, um exemplo promissor é o posaconazol, com atividade
promissora em estudos pré-clinicos e atualmente é o candidato em estudo mais
avangado em ensaios clinicos, encontrando-se em estudo clinico de fase 1l (BUCKNER
& URBINA, 2012). Em contraposicao, estes compostos possuem um elevado custo de
producdo, o que pode representar um obstaculo na terapia da doenca de Chagas

(URBINA, 2010). Considerando-se que 0 uso terapéutico dos compostos atualmente
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disponiveis é limitado, torna-se de grande valia a busca de quimioterapicos alternativos
mais eficazes no tratamento da doenca de Chagas.

Nesse contexto, a investigacdo de plantas medicinais e derivados sintéticos
originadas de substancias naturais esta entre as estratégias mais utilizadas recentemente
no planejamento de agentes antiparasitarios (NEWMAN & CRAGG, 2007). Com base
em estudos antiparasitarios realizados com esteroides extraidos de plantas ou obtidos a
partir de precursores vegetais, este trabalho propde a utilizagdo de esteroides naturais e
sintéticos na realizacdo de testes anti- T. cruzi, com a finalidade de buscar uma nova

alternativa terapéutica no tratamento da doenca de Chagas.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Investigar a atividade anti-T. cruzi e 0 mecanismo de acao de esteroides isolados
de plantas, fisalinas e &cido betulinico, assim como de derivados sintéticos deste ultimo,

em ensaios in vitro.

2.2 OBJETIVOS ESPECIFICOS

- Avaliar o potencial citotoxico dos diferentes esteroides testados;

- Verificar a capacidade destes compostos em inibir a viabilidade de formas

tripomastigotas;

- Verificar a capacidade destes compostos em inibir a agdo enzimatica da cruzaina;

- Determinar as alteracdes ultraestruturais em tripomastigotas tratados com o0s

compostos mais ativos;

- Determinar o padrdo de morte celular em tripomastigotas tratados com o0s compostos

mais ativos;

- Avaliar a capacidade dos compostos em inibir a invasdo e o desenvolvimento de

formas tripomastigotas em macrofagos peritoneais infectados por T. cruzi;

- Avaliar o efeito da combinacdo dos compostos mais ativos com o benzonidazol no

desenvolvimento de formas tripomastigotas em macrofagos peritoneais.
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3 REVISAO DE LITERATURA

3.1 O Trypanosoma cruzi

O protozoério flagelado Trypanosoma cruzi é o agente causador da doenca de
Chagas, uma infeccdo tropical presente principalmente no continente americano. Este
parasito pertence a ordem Kinetoplastida e a familia Trypanosomatidae, cuja principal
caracteristica € a presenca de flagelo e cinetoplasto, regido da mitocondria onde se
concentra uma grande quantidade de DNA extranuclear (SOUZA, 2002). Estimativas
indicam que a infeccdo acomete cerca de 10 milhdes de pessoas na Ameérica Latina e é
responsavel por quatorze mil mortes por ano apenas no Brasil (WHO, 2010; REA et al.,
2013).

No Brasil, segundo dados do Ministério da Saude, no periodo 2000 a 2010,
foram registrados 945 casos da doenca de Chagas aguda (Figura 1). Estima-se que
existem aproximadamente dois milhdes de pessoas infectadas no Brasil (SVS/MS,
2010). A doenca é transmitida por insetos triatomineos pertencentes a familia
Reduviidae, mais especificamente da subfamilia Triatominae (COURA et al., 2002),
sendo as espécies de maior contribuicdo na transmissao vetorial o Triatoma infestans, T.
dimidiata, T sordida. Rhodinus prolixus e Panstrongylus megistus (GARCIA &
AZAMBUJA, 1991).

Numero de casos

C1-5
[ ]6-14
[15-26
I 27- 68
B 69 - 184

Figura 1 — Municipios brasileiros com casos registrados de doenca de Chagas aguda no
periodo de 2000 a 2010. Fonte: SVS/MS.
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O aumento dos movimentos migratérios de paises endémicos para paises nao
endémicos contribuiu para uma mudanca no cenario mundial da doenca de Chagas.
Estima-se que mais de 400.000 individuos estejam infectados em paises ndo endémicos,
principalmente nos Estados Unidos e em paises da Europa (Figura 2) (SCHMUNIS,
2007; COURA & VINAS, 2010). Essa nova distribuicdo reforcar a necessidade de
melhorar a vigilancia e criar medidas especificas para o combate a doenca de Chagas

nos paises nao endémicos.

Figura 2 - Rotas de migragdo da América Latina e estimativa do numero total de
individuos infectados com T. cruzi em paises ndo endémicos. Fonte: COURA &
VINAS, 2010.

3.2 CICLO DE VIDA DO Trypanosoma cruzi

O T. cruzi possui um ciclo de vida complexo que compreende diferentes formas
morfolégicas em hospedeiros vertebrados e invertebrados (COURA et al., 2002). O
parasito se apresenta sob trés formas: uma forma replicante encontrada no citoplasma
das células do hospedeiro vertebrado, conhecida como forma amastigota (do grego, a =
desprovido; mastis = chicote, uma alusdo ao flagelo); uma forma flagelada, fusiforme,
infectiva para vertebrados, incapaz de dividir-se e presente nos hospedeiros vertebrados
(tripomastigotas sanguineos) e nos invertebrados (tripomastigotas metaciclicos); outra
forma flagelada que ndo é infectiva para vertebrados, que replica-se por fissdo binaria e



15

esta tipicamente presente no intestino medio do hospedeiro invertebrado e é conhecida
como forma epimastigota (SOUZA, 2002).

O ciclo de vida se inicia quando um triatomineo infectado, apds a realizacdo do
repasto sanguineo, elimina fezes e urina contendo formas tripomastigotas metaciclicas
do parasito, que sdo capazes de infectar o hospedeiro vertebrado quando entram em
contato com mucosas do olho, boca, ferimentos ou quando forem ingeridas (BRENER,
2000). Uma vez dentro do hospedeiro, a interacdo parasito-hospedeiro ocorre de forma
dindmica, resultante de multiplos fatores ligados ao T. cruzi (cepa, viruléncia, tamanho
do indéculo) e ao homem (sexo, idade, raca) (ANDRADE et al., 1985). Dentro do
hospedeiro vertebrado, as formas tripomastigotas podem invadir macréfagos e uma
variedade de outras células, podendo residir por algum tempo dentro de fagolisossomos.
Quando escapam para o citoplasma, estas se diferenciam para as formas amastigotas e
proliferam por divisdo binaria. Apos sucessivas divisdes, as formas amastigotas iniciam
a sua diferenciagdo, passando por um periodo de transi¢do e se diferenciando em formas
tripomastigotas sanguineas. O rompimento da célula hospedeira pode ocorrer antes da
total diferenciacdo de formas amastigotas em formas tripomastigotas, o que gera o
aparecimento de diferentes formas no meio externo. No meio extracelular, os
tripomastigotas e amastigotas podem atingir outras regiGes e infectar novas células
(GARCIA & AZAMBUJA, 1991; SOUZA, 2002).

O ciclo de vida se completa quando o sangue contendo formas tripomastigotas
sanguineas de um hospedeiro vertebrado infectado é sugado por um triatomineo,
durante o seu repasto sanguineo. As formas tripomastigotas sanguineas se diferenciam
em formas epimastigotas na por¢cdo média do trato gastrointestinal do inseto e
multiplicam-se por fissdo binaria. Essa forma esta adaptada para sobreviver a acdo de
enzimas presentes no trato gastrointestinal do inseto devido a uma cobertura resistente a
acdo de proteases e glicosidades, presente na sua superficie (SOUZA, 2002). No
intestino posterior, os parasitos sofrem uma diferenciacdo celular denominada
metaciclogénese. Esta envolve mudancgas morfologicas e metabolicas que ddo origem a
formas tripomastigotas metaciclicas, que sdo as formas liberadas nas excretas dos
insetos e capazes de infectar vertebrados (GARCIA & AZAMBUJA, 1991) (Figura 3).
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CICLO DO Trypanosoma cruzi CICLO DO Trypanosoma cruzi EM
EM TRIATOMINEOS HUMANOS E OUTROS MAMIFEROS

- r
4 '

Diferenciacao para formas =

tripomastigotas metaciclicas Liberacao das formas

tripomastigotas metaciclicas
junto com as fezes e a urina
do triatomineo durante o

Formas tripomastigotas
metaciclicas invadem células
hospedeiras no sitio de

repasto sanguineo inoculacao '
N

Tripomastigotas sanguineos N
se difundem, através das @
correntes sanguinea e -
linfatica, infectando outras
células e novamente se
transformendo em
amastigotas intracelulares

,\/P. ‘g'\,\
Conversao para forma

epimastigota e multiplicagao
na por¢ao média do intestino

4 L7 4
f 1 f
- 1\ {
ot (o4
(s
=~ 3 Apos penetrarem nas células,
os tripomastigotas se
o transformam em amastigotas
v . e se multiplicam

Amastigotas intracelulares se
transformam em

Ingestao de formas

tripomastigotas sanguineas Triatomineo se alimenta de tripomastigotas e, com o
pelo vetor sangue do homem e de rompimento das células, /
outros mamiferos entram nas correntes

sanguinea e linfatica

Figura 3 - Ciclo biolégico do Trypanosoma cruzi. Fonte: Infografico; Venicio
Ribeiro, ICICT/Fiocruz.

O parasito pode ainda penetrar no hospedeiro vertebrado por outras vias, tais
como: transfusdo sanguinea, transplante de 6rgdos, transmissdo congénita ou ingestdo
acidental de insetos triturados junto a alimentos (contaminagdo por via oral)
(YOSHIDA, 2008).

Casos agudos resultantes da ingestdo acidental do parasito tém sido registrados
por surtos em diferentes localidades, com maior incidéncia na regido amazénica, onde o
consumo de acai € uma frequente causa de contaminacdo (MONCAYO & SILVEIRA,
2009). Em 2007, em uma escola de Caracas, Venezuela, 103 criangas foram infectadas
com o0 consumo de suco de goiaba contaminado. Destas, 75 apresentaram
sintomatologia para doenca de Chagas aguda e uma crianca veio a 6bito (ALARCON
DE NOYA et al.,, 2010). No Brasil, em 2005, 24 casos agudos da doenca foram
registrados em Santa Catarina, e todos eles foram relacionados com a ingestéo de caldo
de cana contaminado com o parasito (STEINDEL et al., 2008).
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3.3 A DOENCA DE CHAGAS

A infeccdo pelo T. cruzi inicialmente era restrita a pequenos mamiferos de
regides de matas e campos da América, desde a Patagonia até o sul dos Estados Unidos.
Esses animais (tatus, gambas, roedores) conviviam com "barbeiros™ silvestres e, entre
eles, ainda hoje circula o T. cruzi (TARLETON et al., 2007). Com a chegada do homem
e 0s processos de colonizacdo, desequilibrios ecoldgicos aconteceram (desmatamentos,
queimadas) e os barbeiros invadiram as habitagdes proximas a ambientes naturais.
Como resultado, a infecgdo chegou ao homem (doenca de Chagas) e aos mamiferos
domeésticos.

A infeccdo chagasica apresenta duas fases bem distintas: uma fase aguda,
correspondente a infecgdo e disseminagdo do T. cruzi no organismo, e uma fase cronica,
caracterizada por duas formas distintas: indeterminada e cronica sintomatica. Na
maioria dos casos, independente da via de transmissdo, a fase aguda da doenca é
assintomatica, provavelmente devido a uma baixa carga parasitaria tecidual (RASSI et
al., 2010a; KIRCHHOFF, 2011). Contudo, quando a doenca se manifesta, o portador
apresenta um quadro febril ou outras manifestagbes clinicas, tais como
hepatoesplenomegalia, nduseas, vomitos, diarreia e anorexia. A fase aguda sintomatica
ocorre principalmente em criancas na primeira década de vida, podendo levar a morte
devido a complicagBes decorrentes de insuficiéncia cardiaca e processos inflamatérios
que envolvem o cérebro (BOAINAIN & RASSI, 1979; RASSI et al., 2010a).

Na grande maioria das vezes, apds a fase aguda, a doenca de Chagas evolui para
fase cronica (RASSI et al., 2010a). A maioria dos individuos infectados (cerca de 70%)
desenvolve a forma cronica indeterminada da doenca, que nao apresenta sintomas
clinicos. Contudo, cerca de 30% dos individuos infectados, ap6s meses ou décadas da
infeccdo evoluem para a fase cronica sintomética: cardiaca, digestiva ou mista. Essa
forma da doenca é caracterizada pela baixa parasitemia, porém com lesdo tecidual e
altos indices de anticorpos IgG (ANDRADE et al., 2000).

A forma cardiaca é conhecida por ser a mais grave e frequente manifestacdo da
fase cronica da doenca de Chagas. Ela se desenvolve em 20 a 30% dos individuos
crébnicos e € caracterizada por miocardite cronica, insuficiéncia cardiaca e
eventualmente morte subita, por arritmia cardiaca (RASSI et al., 2000;MARIN-NETO
etal., 1999; MARIN-NETO et al., 2010). A forma digestiva, que se desenvolve em 10 a
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15% dos individuos cronicos, ocorre quase que exclusivamente no sul da bacia
amazonica (principalmente na Argentina, Brasil, Chile e Bolivia) e € rara no norte da
América do Sul, América Central e México (RASSI et al., 2010a; RASSI et al., 2010b).
Essa distribuicdo geografica bem definida é provavelmente explicada pelas diferencas
existentes entre as cepas do parasito que circulam em cada uma dessas regides (MILES
et al, 2003; CAMPBELL et al, 2004). Estd forma & caracterizada pelo
desenvolvimento de disfuncbes gastrointestinais (principalmente megaesofago,
megacolon ou ambos). Além das duas formas descritas anteriormente, ha relatos da
existéncia de uma forma mista, que corresponde a associacdo entre as formas cardiaca e
a digestiva. Em muitos paises, o desenvolvimento de megaes6fago geralmente precede
0 aparecimento de megacdlon e/ou da forma cardiaca, contudo a prevaléncia da forma

mista é desconhecida, devido a escassez de estudos apropriados (RASSI et al., 2010a).

3.4 TRATAMENTO

Atualmente, apenas duas drogas estdo disponiveis para o tratamento da doenca
de Chagas, o nitroimidazol benzonidazol e o nitrofurano nifurtimox (Figura 4), ambos
introduzidos na clinica ha mais de 40 anos (COURA, 2003). Estes farmacos atuam
através da formacao de radicais livres e/ou metabolitos eletrofilicos, que geram danos a
proteinas, lipidios e ao DNA do T. cruzi (DIAS, 2009). O benzonidazol por apresentar
um melhor perfil de eficicia e seguranca, quando comparado com o nifurtimox, é
utilizado para o tratamento de primeira linha (VIOTTI et al., 2006). Em individuos
adultos, a dose recomendada de benzonidazol é de 5 mg/Kg por dia, durante um periodo
de 60 dias, enquanto que a dose recomenda de nifurtimox € de 8-10 mg/Kg por dia,
durante um periodo de 60-90 dias (MS, 2005). A intervencdo com estes compostos €
recomendada em pacientes com a infeccdo aguda, em criangas, em pessoas recém-
infectadas, naqueles com a forma congénita da doenca de Chagas e em casos de

reagudizacdo devido a imunossupressdo (ANDRADE et al., 2011).
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Figura 4. Estrutura quimica dos medicamentos disponiveis na clinica. (A)
Benzonidazol; (B) Nifurtimox.

Ambos 0s quimioterapicos apresentam boas taxas de cura na fase aguda da
doenca, sendo capazes de alcancgar taxas de cura superiores a 81% (RASSI et al., 2000).
Apesar disso, estes sdo responsaveis por uma série de efeitos colaterais quando
administrados por um periodo prolongado (CASTRO et al., 2006). Este fato é
particularmente problematico, visto que um grande numero de doses deve ser
administrado por um periodo longo (60 a 90 dias) para que o tratamento obtenha
sucesso. Os principais efeitos colaterais causados pela utilizagcdo destes medicamentos
incluem erupcgBes cutaneas, nauseas, insuficiéncia renal e hepatica e neuropatia
periférica (CLAYTON, 2010).

Além da toxicidade, existe uma variacdo significativa na susceptibilidade de
isolados do parasito a acdo dessas drogas, algumas cepas naturalmente susceptiveis e
resistentes a estes compostos ja foram relatadas (FILARDY & BRENER, 1987; NEAL
& VAN BUEREN, 1988; MURTA et al., 1998). Outra limitacdo é a fraca acao destes
compostos na fase crénica da infeccdo. Alguns estudos apontam para um efeito benéfico
do benzonidazol, na forma cronica da doenca de Chagas. GARCIA e colaboradores
(2005) demonstraram uma relacdo direta entre a diminuicdo do parasitismo tecidual,
diminuicdo do infiltrado inflamatério e do percentual de area ocupada por tecido
fibrdtico em animais cronicos tratados com benzonidazol. Recentemente foi iniciado um
estudo clinico multicéntrico e duplo cego (BENEFIT — Benzinidazole Evaluation for
Interrupting Trypanosomiasis) que visa avaliar o efeito do benzonidazol em 3.000
pacientes (18-75 anos) portadores da fase crénica da doenca de Chagas (MARIN-NETO
et al., 2008).

Outras alternativas para o tratamento da doenca de Chagas incluem inibidores da
cruzaina (ou cruzipaina), a principal cisteino protease do parasito, e inibidores da

biossintese de ergosterol. A cruzaina desempenha um papel importante no processo de
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internalizacdo do parasito em células de mamiferos (SOUTO-PADRON et al., 1990) e
na replicacéo intracelular do T. cruzi (MEIRELLES et al., 1992; MCKERROW et al.,
2006). Entre os inibidores de cruzaina, o peptideo K11777 se destaca pela potente
atividade in vitro e pelo efeito benéfico sobre camundongos infectados em modelos de
infeccdo aguda e crénica da doenca de Chagas. Atualmente, este inibidor se encontra
em estudo clinico de fase | (SAJID et al., 2011). Compostos capazes de inibir a sintese
de ergosterol também s&o potenciais candidatos para o tratamento da doenga de Chagas.
Um exemplo promissor € o posaconazol que atua sobre a enzima Cl4a-esterol
desmetilase do parasito. Este antifungico apresentou uma atividade promissora em
estudos pré-clinicos e atualmente é o candidato em estudo mais avangado nos ensaios
clinicos, encontrando-se em estudo clinico de fase Il (BUCKNER & URBINA, 2012).
Apesar de promissores, 0 elevado custo para a producdo destes compostos pode
representar um obstaculo, tendo em vista que a populacdo chagasica, em sua maioria,

possui um baixo poder aquisitivo (URBINA, 2010).

3.5 PRODUTOS NATURAIS

Os produtos naturais sdo moléculas organicas que podem ter origem animal,
vegetal ou microbiana. Eles sdo detentores de uma grande diversidade quimica e de
indmeras propriedades bioldgicas. Por milhares de anos, os produtos naturais foram a
Unica fonte de recursos para o tratamento de doencas humanas (YOGEESWARI &
SRIRAM, 2005). Os estudos com produtos naturais possibilitaram a obtencdo de
inimeros medicamentos, como por exemplo, a morfina e a aspirina. A morfina, um
opidide isolado da planta Papaver somniferum consiste em um dos mais potentes
analgésicos conhecidos pelo homem e foi essencial na investigagdo a cerca do
funcionamento dos receptores opidides e das vias de endorfinas e encefalinas (IGNELZI
& ATKINSON, 1980). A aspirina, um dos medicamentos mais consumido em todo o
mundo, tem como principio ativo o acido acetilsalicilico obtido a partir do acido
salicilico, substancia isolada da Spiraea ulmaria, e possui atividade analgésica e
antiinflamatéria (BOSCH & BANQOS, 1998).

Embora os produtos naturais tenham dado uma enorme contribuigdo para a

entrada de novos medicamentos no mercado, em meados do século XX, houve um
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aumento gradativo de interesse em produtos sintéticos pela industria farmacéutica. O
interesse em produtos sintéticos aumentou devido aos avancos da quimica, farmacologia
e biologia molecular, que agregados a novos ensaios bioquimicos foram responsaveis
pela introducdo da triagem de alta-eficiéncia na década de 90 e pela introducdo da
quimica combinatorial (SCHMIDT et al., 2008). Essas mudangas no cenario da
indUstria farmacéutica diminuiram sensivelmente o interesse em produtos naturais entre
1984 e 2003, que se traduziu no menor volume de investimentos da industria
farmacéutica neste setor (NEWMAN & CRAGG, 2007).

Apesar disso, mais de 60% das novas drogas aprovadas entre os anos de 1981 e
2006 sdo oriundas direta ou indiretamente de produtos naturais (NEWMAN & CRAGG,
2007). Esse dado, juntamente com 0s avangos nas técnicas de separacao, purificacdo e
identificacdo de misturas complexas de produtos e a diversidade estrutural presente na
natureza, sdo os responsaveis pela renovacao do interesse da industria farmacéutica nos
ultimos anos (YOGEESWARI & SRIRAM, 2005). Desta forma, os produtos naturais
permanecem como uma valiosa fonte de busca de novas moléculas para o

desenvolvimento de novos medicamentos.

3.6 AS FISALINAS

Physalis angulata L. (Solanaceae) ¢ uma planta herbacea de ciclo anual
amplamente difundida nas regides tropicais e subtropicais dos continentes asiatico,
africano e sul-americano (TOMASSINI et al., 2000; SILVA & AGRA, 2005; DI STASI
& LIMA, 2002). Popularmente é conhecida como mullaca, camapu, bucho de réd e
baldozinho (LIN, 1992; CHIANG, 1992). Esta planta pode ser encontrada em todo o
territorio brasileiro e é muito utilizada na medicina popular e na alimentagdo. Na
medicina popular € utilizada com acdo anti-inflamatdria, antireumatica, diurética,
sudorifera e para o tratamento da bexiga e do figado (AGRA, 1980; ALMEIDA, 1993;
DUKE & VASQUEZ, 1994). Analises fitoquimicas de extratos da P. angulata
demonstram a presenca de uma variedade de substancias tais como, flavonoides,
alcaloides e uma classe de seco-esteroides, as fisalinas (SOARES et al.,, 2003,
NAGAFUJI et al., 2004).
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As fisalinas sdo vitaesteroides derivados do ergostano com modificacdes tipo
16-24-ciclo-13-14-seco, de estruturas bastante complexas (TOMASSINI et al., 2000).
Estdo presentes normalmente a niveis de 30 a 500 partes por milh&o (ppm) em raizes,
caule e folhas da espécie. Diversos estudos vém sendo realizados com as fisalinas
isoladas da P. angulata, comprovando experimentalmente as suas acdes bioldgicas. A
atividade antitumoral, bactericida, anti-inflamatéria e imunomoduladora j& estdo
descritas na literatura (KAWAI et al., 1991; SILVA et al., 2005; VIERA et al., 2005;
MAGALHAES et al., 2006; SOARES et al., 2006; HELVACI et al., 2010).

Trabalhos recentes também descrevem o potencial antiparasitario dessas
moléculas. SA e colaboradores (2010) demonstraram o potencial antimalarico das
fisalinas B, D, F e G (Figura 5). Através de ensaios in vitro frente ao Plasmodium
falciparum foi possivel identificar uma potente atividade antimalarica destas fisalinas.
SA e colaboradores (2010) também demonstraram um efeito benéfico do tratamento de
camundongos infectados com P. berghei com a fisalina D (50 e 100 mg/Kg), através da
reducdo da parasitemia e 0 aumento da sobrevida dos animais infectados. A atividade
leishmanicida dessas moléculas também ja foi comprovada. GUIMARAES e
colaboradores (2009) demonstraram a capacidade das fisalinas B e F em reduzir a
proliferacdo de formas amastigotas em macréfagos infectados com Leishmania
amazonensis ou Leishmania major. Além da potente atividade in vitro, os autores
também observaram o efeito terapéutico da fisalina F em camundongos infectados com
L. amazonensis, onde foi possivel observar a reducdo da lesdo na derme da orelha dos

animais infectados e a reducdo da carga parasitaria em relacdo aos animais néo tratados.
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Figura 5. Estrutura quimica das fisalinas B, D, F e G.

Além da atividade antimalarica e leishmanicida, as fisalinas inibem a
proliferacdo de formas epimastigotas do T. cruzi em ensaios in vitro e em triatomineos
infectados (CASTRO et al.,, 2012). Todos esses estudos indicam o potencial

antiparasitario destas moléculas.

3.7 O ACIDO BETULINICO

O éacido betulinico (Figura 6) € um triterpeno pentaciclico do tipo lupano

amplamente distribuido no reino vegetal. Suas fontes tradicionais sdo espécies europeias
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do género Betula, que produzem seu alcool precursor, a betulina (KIM et al., 1997;
FRIGHETTO et al., 2005) e a casca de inimeras espécies que ocorrem em regifes
tropicais e subtropicais, especialmente as pertencentes ao género Clusia (MAURYA et
al., 1989).

Figura 6. Estrutura quimica do acido betulinico.

Sua principal caracteristica € uma potente atividade antitumoral, através da
inducdo de apoptose em células tumorais (FULDA, 2009). Nos ultimos anos, a
citotoxicidade dessa molécula contra uma variedade de tipos de tumores tem sido
extensivamente estudada (PISHA et al., 1995). Inicialmente se acreditava que o acido
betulinico era um inibidor seletivo contra melanomas. Posteriormente a citotoxicidade
dessa molécula contra outros tipos de canceres humanos foi demonstrada (SCHMIDT et
al., 1997; FULDA et al., 1999; ZUCO et al., 2002; THURNHER et al., 2003). Em
contraste com a potente atividade antitumoral, o &cido betulinico apresenta baixa
citotoxicidade contra células ndo malignas. Além de possuir uma potente atividade
antitumoral contra uma variedade de linhagens tumorais in vitro, o acido betulinico
suprime o crescimento de tumores em diversos modelos animais, principalmente em
modelos de melanomas (PISHA et al., 1995;ZUCO et al., 2002).

Como muitos produtos naturais, o acido betulinico apresenta uma variedade de
atividades biologicas e farmacoldgicas, além de suas propriedades anticancerigenas. A
atividade antioxidante, antimalarica, anti-HIV, analgésica, antiinflamatoria e bactericida
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ja estdo descritas na literatura (FUJIOKA et al., 1994, KROGH et al., 1999;
CHANDRAMU et al., 2003; YOGEESWARI & SRIRAM, 2005). Provavelmente a
atividade biol6gica mais importante, depois da citotoxicidade contra células tumorais, é
o efeito anti-HIV, através da inibicdo da replicacdo viral (FUJOKA et al., 1994).

Além de apresente inimeras atividades bioldgicas e farmacoldgicas, o acido
betulinico vem sendo utilizado, com sucesso, como prot6tipo para geragao de moléculas
mais ativas (YOGEESWARI & SRIRAM, 2005). Um derivado muito promissor do
acido betulinico é o derivado PA457, que previne a maturacdo do virus HIV-1 e a
liberacdo do mesmo por células infectadas (LI et al., 2003). Estd molécula foi bem
tolerada quando administrada em dose Gnica em estudos clinicos de fase I e Il (SMITH
et al., 2007). Atualmente ela se encontra novamente sob investigacdo em estudos
clinicos de fase Il (MULLAUER et al., 2010).
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CAPITULO 1

“PHYSALINS B AND F, SECO-STEROIDS ISOLATED FROM
Physalis angulata L., STRONGLY INHIBIT PROLIFERATION,
ULTRASTRUCTURE AND INFECTIVITY OF Trypanosoma cruzi’’,

PUBLICADO NO PERIODICO PARASITOLOGY, NO ANO DE
2013.

O presente trabalho comprova a atividade anti-T.
cruzi de uma familia de compostos naturais isolados, as
fisalinas.
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SUMMARY

We previously observed that physalins have immunomodulatory properties, as well as antileishmanial and antiplasmodial
activities. Here, we investigated the anti-Trypanosoma cruzi activity of physalins B, D, F and G. We found that physalins
B and F were the most potent compounds against trypomastigote and epimastigote forms of 7'. cruzi. Electron microscopy
of trypomastigotes incubated with physalin B showed disruption of kinetoplast, alterations in Golgi apparatus and
endoplasmic reticulum, followed by the formation of myelin-like figures, which were stained with MDC to confirm their
autophagic vacuole identity. Physalin B-mediated alteration in Golgi apparatus was likely due to T. cruzi protease
perturbation; however physalins did not inhibit activity of the trypanosomal protease cruzain. Flow cytometry examination
showed that cell death is mainly caused by necrosis. Treatment with physalins reduced the invasion process, as well as
intracellular parasite development in macrophage cell culture, with a potency similar to benznidazole. We observed that a
combination of physalins and benznidazole has a greater anti- 7. cruz7 activity than when compounds were used alone. These
results indicate that physalins, specifically B and F, are potent and selective trypanocidal agents. They cause structural
alterations and induce autophagy, which ultimately lead to parasite cell death by a necrotic process.

Key words: Chagas disease, Trypanosoma cruzi, autophagy, seco-steroids, physalins.

INTRODUCTION based on the use of benznidazole, a drug with limited
use due to its toxicity and minimal benefits during the
chronic phase of infection (Urbina and Docampo,
2003; Moreno et al. 2010). Currently, Chagas disease
has only two pharmaceutical interventions available
in clinical trials. Of these, the most advanced is the
antifungal posaconazole, which targets parasite sterol
synthesis and is undergoing phase II study (Moton
et al. 2009; Urbina, 2010). The other is the K11777,
a peptide which inhibits protease activity, which is in
phase I study (Sajid et al. 2011). Therefore, it is clear
that more pharmaceutical options must be developed
to improve treatment.

Physalis angulata 1. (Solanaceae) is an annual
herb widely distributed in tropical and subtropical
regions. It is rich in steroid compounds, such as
physalins and withanolides. Physalins are a group of
* Corresponding author. Fundagdo Oswaldo Cruz, Centro seco—§ter0ids four~1d in stem extracts of many Physalis
de Pesquisas Gongalo Moniz. Rua Waldemar Falcdo, 121, species (Magalhdes et al. 2006; Damu et al. 2007

Candeal, Salvador, Bahia, 40296-710, Brazil. E-mail: Jin et al. 2012). Because of the chemical similarity
milena@bahia.fiocruz.br with the glucocorticoid class of steroids, physalins are

Chagas disease, caused by the haemoflagellate proto-
zoan Trypanosoma cruzi, continues to affects millions
of people in Latin America (Pinto-Dias, 20006).
Subjects are infected by fecal matter contact of the
insect vector (Hemiptera: Reduviidae), but blood
transfusion, congenital transmission and ingestion
of contaminated food also cause infection (Moncayo
and Silveira, 2009). In the human host, infection is
characterized by an acute phase followed by a chronic
phase, in which cardiac, digestive or neurological
disruptions develop (Coura and Castro, 2002).
There is no effective treatment once an individual
has been infected with 7. cruzi, and vaccine devel-
opment is still in the experimental stage (Maya et al.
2007; Gupta et al. 2013). Chagas disease treatment is

Parasitology (2013), 140, 1811-1821. © Cambridge University Press 2013
doi:10.1017/50031182013001297
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Fig. 1. Structures of physalins B, D, F and G.

well-known  anti-inflammatory and immuno-
suppressant agents (Soares et al. 2003, 2006; Jacobo-
Herrera et al. 2006). These compounds regulate
many cellular activities, such as differentiation, pro-
liferation, necrosis and apoptosis, adhesion and
migration (Brustolim et al. 2010; Wu et al. 2012;
Reyes-Reyes et al. 2013). Based on this, these
compounds have been tested for anticancer activity
and as inhibitors of pathogenic microbes (Chiang
et al. 1992; Januario et al. 2002; Reyes-Reyes et al.
2013). Specifically, we observed that physalins B and
F inhibit Leishmania major and Leishmania amazo-
nensis infection in macrophages and mice (Guimaries
et al. 2009). We also determined the antimalarial
activity of physalins (Sa et al. 2011). Interestingly, we
found that physalin D reduced blood parasitaemia
in Plasmodium berghei-infected mice, while physalin
F increased parasite load, possibly due to murine
immune response interference.

Regarding the anti-T. cruzi activity of physalins,
it was previously described that they inhibit epi-
mastigote proliferation in axenic media, as well as
in 7. cruzi-infected triatomines (Vieira et al. 2008;
Castro et al. 2009, 2012). The findings suggest
physalins are useful compounds for vector-borne
transmission control. Here, we report the activity of
physalins B, D, F and G (Fig. 1) against bloodstream
trypomastigotes, which is the infectious form in
humans. After physalin treatment, we examined ultra-
structural alteration and parasite death. Next, the
activity of physalins B and F to inhibit the parasite
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invasion and development in macrophage cell culture
was determined.

MATERIALS AND METHODS
Drugs

Physalins B, D, F and G were isolated from Physalis
angulate L. Plants were collected in Belém do Para
(Brazil) and processed as previously described
(Soares et al. 2003). Preparations of physalins B, D,
F and G (96, 95-6, 97-8 and 95% purity by HPL.C,
respectively) were dissolved in DMSO and diluted in
culture medium for use in the assays. Benznidazole
(LAFEPE, Recife, Brazil) was used as a positive
control for the anti-7. cruzi assays. Amphotericin B
(Gibco Laboratories, Gaithersburg, USA) was used
as a positive control in the invasion assay. Gentian
violet (Synth, Sdo Paulo, Brazil) was used as a
reference drug in the cytotoxicity assays.

Animals

Female BALB/c mice (6—8 weeks old) were supplied
by the animal breeding facility at Centro de Pesquisa
Gongalo Moniz (Fundag¢io Oswaldo Cruz, Bahia,
Brazil) and maintained in sterilized cages under a
controlled environment, receiving a rodent balanced
diet and water ad lbitum. All experiments were
carried out in accordance with the recommendations
of Ethical Issues Guidelines, and were approved by
the local Animal Ethics Committee.
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Parasite and cell cultures

Trypanosoma cruzi epimastigotes (Y strain) were
maintained at 26 °C in LIT medium (Liver Infusion
Tryptose) supplemented with 10% fetal bovine
serum (FBS; Cultilab, Campinas, Brazil), 1% haemin
(Sigma Chemical Co., St. Louis, MO, USA), 1%
R9 medium (Sigma), and 50 ug mL ™! of gentamycin
(Novafarma, Anapolis, Brazil). Bloodstream trypo-
mastigote forms of 7. cruzi (Y strain) were obtained
from the supernatant of infected LLC-MK2 cells
and maintained in RPMI-1640 medium (Sigma
Chemical Co., St. Louis, MO, USA) supplemented
with 10% FBS and 50 ug mL™ !of gentamycin at 37 °C
with 5% CO,.

Cytotoxicity to host cells

Peritoneal exudate macrophages obtained from
BALB/c mice were placed on 96-well plates at a
cell density of 5% 10° cells mL ™' in 200 uL of RPMI-
1640 medium (no phenol red) and supplemented
with 10% FBS and 50 ug mL~"! of gentamycin and
incubated for 24 h at 37 °C and 5% CO,. Compounds
were added in a series of eight concentrations
(0-13-200 ™), in triplicate, and incubated for 72 h.
20 ul./well of alamar blue (Invitrogen, Carlsbad,
USA) was added to all wells during 10 h. Colorimetric
readings were performed at 570 and 600 nm. LCsg
values were calculated using data-points gathered
from three independent experiments. Gentian violet
was used as a positive control, at concentrations

ranging from 0-04 to 10 um.

Antiproliferative activity against epimastigotes

Epimastigotes were counted in a haemocytometer
and dispensed into 96-well plates at a cell density
of 5%10°cellsmL™" in 200uL of LIT medium.
Compounds were tested at eight concentrations, in
triplicate. The plate was incubated for 5 days at 26 °C,
aliquots of each well were collected and the number of
viable parasites was counted in a Neubauer chamber,
which was compared with the untreated parasite
culture. This experiment was performed three times.
Benznidazole was used as a positive control.

Cytotoxicity for trypomastigotes

Trypomastigotes collected from the LLC-MK2 cell
supernatant were dispensed into 96-well plates at a
cell density of 2x10° cells mL ™" in 200 L. of RPMI
medium. Compounds were tested at eight concen-
trations, in triplicate. The plate was incubated for
24 h at 37 °C and 5% CO,. Aliquots from each well
were collected and the number of viable parasites,
based on parasite viability, was assessed in a
Neubauer chamber and compared with untreated
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parasite culture. This experiment was performed
three times.

Trypanosoma cruzi infection assay

Peritoneal exudate macrophages were seeded at a
cell density of 10° cellsmL ™" in a 24-well plate with
round coverslips on the bottom. Cells were cultivated
in 1 mL of RPMI-1640 medium, supplemented with
10% FBS and incubated for 24 h. Cells were then
infected with trypomastigotes at a ratio of 10 parasites
per macrophage for 2 h. Free trypomastigotes were
removed by successive washes with saline solution.
Cultures were incubated in complete medium, in the
presence or absence of physalins B, D, F and G (1 um)
or benznidazole (10 um) for 6 h. After this, the super-
natant was removed and fresh medium was added and
incubated for 4 days. Cells were fixed in absolute
alcohol, stained with haematoxylin and eosin and
analysed in an optical microscope (Olympus, Tokyo,
Japan). The percentage of infected macrophages and
the mean number of amastigotes per 100 macro-
phages was determined by manual counting.

Trypanosoma cruzi invasion assay

Peritoneal exudate macrophages were cultured at a
cell density of 1x10° cellsmL ™" in a 24-well plate
with rounded coverslips on the bottom in 1 mL of
RPMI-1640 supplemented with 10% FBS and
incubated for 24 h. Cells were then infected with
trypomastigotes at a ratio of 100 parasites per
macrophage for 2 h, followed by addition of physalin
Bor F (at 10 um). Amphotericin B (10 um) was used as
a reference inhibitor. The plate was incubated for
2h at 37°C and 5% CO,, followed by successive
washes with saline solution to remove extracellular
trypomastigotes. Plate was maintained in RPMI-
1640 medium supplemented with 10% FBS at 37 °C
for 2 h. Cells were fixed in absolute alcohol, stained
with haematoxylin and eosin. The percentage of
infected macrophages was determined by manual
counting.

Propidium iodide and annexin V staining

Trypomastigotes (1x107) in RPMI-1640 medium
supplemented with 10% FBS were treated with
physalin B (5:0 um) and incubated for 24 h at 37 °C.
Parasites were labelled with propidium iodide (PI)
and annexin V using the annexin V-FI'T'C apoptosis
detection kit (Sigma Chemical Co, St. Louis, MO,
USA) according to the manufacturer’s instructions.
Acquisition was performed using a BD FACS
Calibur flow cytometer (San Jose, CA, USA), and
data were analysed in BD CellQuest software

(San Jose, CA, USA).
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Electron microscopy analysis

Y strain 7. cruzi trypomastigotes (3%x107) were
treated with physalin B (0:68 or 1-:0 um) and in-
cubated for 24 h at 37 °C. After incubation, parasites
were fixed for 1h at room temperature with 2%
formaldehyde and 2-5% glutaraldehyde (Electron
Microscopy Sciences, Hatfield, PA, USA) in sodium
cacodylate buffer (0-1 M, pH 7:2) for 1h at room
temperature. After fixation, parasites were washed
4 times with sodium cacodylate buffer (0-1 M, pH
7:2), and post-fixed with a 1% solution of osmium
tetroxide (Sigma Chemical Co., St. Louis, MO,
USA). Cells were subsequently dehydrated in in-
creasing concentrations of acetone (30, 50, 70, 90
and 100%) for 10 min at each step and embedded
in Polybed resin (PolyScience family, Warrington,
PA, USA). Ultrathin sections were prepared on
an ultramicrotome Leica UC7 and sections were
collected on 300 mesh copper grids, contrasted with
uranyl acetate and lead citrate. Images were col-
lected in a JEOL TEM-1230 transmission electron
microscope.

Parasitic vacuole staining

Trypomastigotes (3X107) were treated with
physalin B (1-0 uM) and incubated for 24 h with 5%
CO,. After treatment, cells were incubated with
100 um of monodansylcadaverine (MDC, Sigma
Chemical Co., St. Louis, MO, USA) for 20 min in
the absence of light. After MDC staining, parasites
were washed with PBS twice. The parasites were
analysed in a FV1000 confocal microscope (Olympus).
As a positive control, parasites were treated with
0-1/1gmL71 of rapamycin (Sigma Chemical Co.,
St. Louis, MO, USA).

Cruzain inhibition

The recombinant cruzain was expressed and purifi-
ed according to a previously published protocol
(Eakin et al. 1993). Protein was activated in acetate
buffer (0-1 m; pH 5-'5) containing 5-5 mwm of DTT
(Invitrogen, Carlsbad, USA) and protein concen-
tration was adjusted to a final concentration of
0-1 um. Protein was aliquoted into a 96-well plate,
and compounds (previously dissolved in DMSO) in
phosphate buffer (in the presence of 0:01% Triton
100) were added to the respective wells. The plate
was incubated for 10 min at 35 °C. After this time, a
solution containing protease substrate Z-FR-AMC
(Sigma Chemical Co., St. Louis, MO, USA) was
added, and following incubation periods 1, 5 or 10 min,
the plate was read using the EnVision multilabel
reader (PerkinElmer, Shelton, CT, USA). The
percentage of cruzain inhibition was calculated
using the following equation: 100 — (A1/A X 100),
where A1 represents the cruzain RFU in the presence
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of the test inhibitor, A refers to the control RFU
(cruzain and substrate only). Compound concen-
tration was measured in triplicate. (2S,3.S)-trans-
epoxysuccinyl-L-leucylamido-3-methylbutane (E-64c)
was purchased from Sigma Chemical Co. (catalogue
number E0514) and used as a standard cruzain
inhibitor.

Statistical analyses

We used a non-linear regression for calculating L.Cs,
and ICsy values. The selectivity index (SI) was
defined as the ratio of LLCsq by 1Csq (trypomasti-
gotes). The one-way ANOVA and Bonferroni
multiple comparisons were used to determine the
statistical significance of the group comparisons in
the in vitro infection studies and cell invasion study.
Results were considered statistically significant when
P<0-05. All analyses were performed using Graph
Pad Prism version 5.01 (Graph Pad Software, San
Diego, CA, USA).

RESULTS
Trypanocidal and cytotoxicity activity

First, we evaluated the trypanocidal activity of
physalins B, D, F and G against axenic epimastigotes
and bloodstream trypomastigotes from the Y strain
of T. cruzi. Cytotoxicity was determined in mouse
macrophages. Benznidazole and gentian violet were
used as trypanocidal and cytotoxic reference drugs,
respectively. Activity was described in term of 1Cs
or LCsg values (Table 1). Of these, only physalins B
and F were able to inhibit epimastigote proliferation,
with ICsy values of 5-3%1-9 and 5-8%1-5um,
respectively, while benznidazole exhibited an ICsg
10-8 £ 0-9 um. All physalins exhibited activity against
trypomastigotes. Once again, physalins B and F were
the most active, presenting 1Csg values of 0-68 £0-01
and 0-84*0-04 um respectively, while an ICsy of
11-4+1-8 um was calculated for benznidazole-treated
trypomastigotes.

Next, physalin cytotoxicity to host cells (mouse
macrophages) was analysed. Compared with gentian
violet (LLCsy 0-48£0-05 um), the cytotoxic reference
drug in this assay, physalins demonstrated a lower
Physalins D and G exhibited
cytotoxicity similar to each other and they were less
cytotoxic than physalins B and F. Regarding the
cellular SI, physalins B and F exhibited a selectivity
of 13 and 12 respectively, while physalins D and G

cytotoxic value.

were two times less selective.

Investigating the mechanism of action

After confirming that physalins were able to kill
parasites, our next step was to understand how they
affect parasite cells. In the first set of experiments
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Table 1. Cruzain activity, cytotoxicity in macrophages and anti-Trypanosoma cruzi activity of purified
physalins

% cruzain Host cells Y strain T'. cruzi, ICsots.D. (uM)

inhibition LCspts.D.
Compounds at 25 um” (u)® Epimastigotes® Trypomastigotes® SI¢
Physalin B 0 9-4+0-15 5-3+1-9 0-68+0-01 13
Physalin D 5 >200 NA 37-5£0-70 5
Physalin F 1 10-1£0-7 5-8+1-5 0-841+0-04 12
Physalin G 0 98-4+2-4 NA 12:7%£1-7 7
Benznidazole - >200 10-8+0-9 11-4+1-8 18
Gentian violet - 0-48+0-05 - - -
E-64c 100 - - - -
? Determined after 5 min of incubation with enzyme.
® Determined in BALB/c macrophages after 72 h of incubation with the compounds.
¢ Determined after 5 days of incubation.
4 Determined after 24 h of incubation.

SI = selectivity index. NA = no activity.

s.D. = standard deviation. 1Csy and L.Cs, values are means £ s.D. of two or three independent experiments performed

in triplicate.
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Fig. 2. Physalin B causes parasite cell death by a necrotic process. Flow cytometry examination of annexin V and
propidium iodide staining in Trypanosoma cruzi trypomastigotes treated with 5 um of physalin B for 24 h. (A), untreated

parasites; (B), physalin B-treated parasites.

investigating the mechanism of action, we treated
Y strain trypomastigotes with 5um of physalin B,
which were incubated for 24 h. Cells were then
stained with annexin V and PI and examined by
flow cytometry. As shown in Fig. 2, most of the
parasite cells treated with physalin B were positively
stained for PI when compared with untreated cells.
Therefore, physalin-based treatment causes parasite
cell death through necrosis induction.

In the second set of experiments, we used electron
microscopy to examine the ultrastructural mor-
phology of trypomastigotes treated with physalin
B. As we can see in Fig. 3, parasites exhibited
kinetoplast enlargement, alterations in the Golgi
complex, as well as endoplasmic reticulum mor-
phology. Interestingly, we also observed the presence
of myelin-like figures within the cytoplasm. To
confirm that these myelin-like figures are parasitic
vacuoles, possibly related to autophagy, untreated or

treated trypomastigotes were incubated with mono-
dansylcadaverine (MDC) for 20 min and observed by
fluorescence microscopy. In a control experiment,
untreated cells presented no detectable MDC stain-
ing, while rapamycin-treated cells contained stained
cytosolic vacuoles. Following this, we tested physalin
B (1:0 um) which clearly presented stained vacuoles
(Fig. 4).

Finally, we tested the ability of physalins to in-
hibit the activity of recombinant cruzain, the major
T. cruzi cysteine protease. As Table 1 demonstrates,
none of the physalins tested at a concentration of
25 um exhibited inhibitory properties against cruzain.

Physalins inhibit 'T. cruzi infection in host cells

We tested physalins to inhibit the parasite develop-
ment in host cells. In this assay, mouse macrophages
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Fig. 3. Physalin B induces significant ultrastructural changes in trypomastigotes. (A) shows an image of untreated
parasites presenting a typical morphology of the nucleus (N), kinetoplast (K), mitochondria (M) and Golgi apparatus
(GA). Treatment for 24 h with physalin B at 0-68 (B and C) or 10 um (D) causes kinetoplast enlargement (B), Golgi
apparatus disorganization (C) and endoplasmic reticulum disorganization (D). Black arrows indicate changes in

organelles. Scale bars: A=1um; B and C=0-2 um; D =0-5 um.

were infected with Y strain trypomastigotes. After
infection, the respective physalin (1-0 um) was added
to the cell culture. Benznidazole was included in
this assay as a positive control. Cells were stained
with haematoxylin and eosin and analysed by opti-
cal microscopy 4 days post-infection. As shown
in Fig. 5, physalins B and F significantly reduced
the percentage of infected macrophages and the
relative numbers of intracellular parasites when
compared with control. Interestingly, activity of
physalins B and F was quite similar to that observed
in benznidazole. In contrast, physalins D and G did
not show significant activity in this assay. When
physalins B and F were tested in concentrations above
1:0 um, they did not inhibit infection in macrophages,
probably due to their immunosuppressive properties
(data not shown).

In another experiment, we measure physalins’
ability to impair parasite invasion into host cells. In
this assay, mouse macrophages were exposed to
trypomastigotes and at the same time treated with
physalins (10 um). After incubating for 2h, cell

cultures were stained and analysed by optical
microscopy. Amphotericin B was used as a positive
control. As shown in Fig. 6, physalins B and F
significantly inhibited the parasite invasion process in
macrophages when compared with untreated cul-
tures. Curiously, while physalins exhibited activity
in this assay, equal concentrations of benznidazole
did not.

Based on the results described above, a final set of
experiments was performed to evaluate the activity
in infected macrophages of physalin B or F in
combination with benznidazole. As shown in Fig. 7,
the combination of physalin and benznidazole
reduced the number of infected macrophages as
well as the number of amastigotes per macrophage to
a greater degree than the respective compound used
alone.

DISCUSSION

Pharmacological treatment of Chagas disease has
been limited to benznidazole, which has poor efficacy
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Differential interference
contrast (DIC)
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Fluorescence microscopy

Fig. 4. Physalin B induces the formation of cytosolic vacuoles in Trypanosoma cruzi. 'T'rypomastigotes treated with

1-0 um of physalin for 24 h and incubated with MDC for 20 min. Left panels are DIC and right panels are fluorescence
microscopy. (A) and (B) show untreated trypomastigotes; (C) and (D) show parasite treated with 0-1 ug mL™! of
rapamycin (positive control); (E, F) show treated trypomastigotes with physalin B. Arrows indicate the vacuole

structures. Images were captured on confocal microscope with a 60 X oil-immersion objective at 3 X zoom.

and causes drug intolerance, as well as adverse effects
in many patients. Emergence of parasite resistance to
benznidazole is another subject of concern. A large
number of small molecules have been screened as
anti-T'. cruzi agents, however the number is still low
when compared with drug discovery efforts for other
infectious diseases, such as malaria and AIDS
(Goebel et al. 2008). Screening of isolated natural
compounds is a reliable strategy to identify new anti-
T. cruzi agents.

The Physalis genus is a rich source of unique
natural compounds. Of these, the seco-steroids
physalins are the most investigated in terms of
pharmacological property. We previously reported
that physalins isolated from P. angulata L. are potent
immunomodulatory, antileishmanial and antiplas-
modial agents. In 2008, Vieira and co-workers
reported that physalin F and withaphysalins inhibit
proliferation of 7. cruzi epimastigotes in an axenic
medium (Vieira et al. 2008). Additionally, Castro and
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Fig. 5. Physalins B and F inhibit intracellular
amastigotes in host cells. Mouse peritoneal macrophages
were infected with Y strain trypomastigotes for 2 h and
treated with the respective physalin (1-0 um). Infected
cells were stained with haematoxylin and eosin and
analysed by optical microscopy. (A) shows the percentage
of infected macrophages; (B) displays the relative number
of amastigotes per 100 macrophages. Bdz = Benznidazole;
Phy. = physalin. Values represent the meant s.E.M. in
triplicate. ¥*P<0-05; **P<0-01; ***P<(0-001 compared
with the control group.

co-workers corroborated these findings, showing that
physalin B inhibits 7. cruzi development in the gut of
triatomines (Castro et al. 2009, 2012). However, the
anti- 7. cruzi activity of physalins against the infective
forms in humans (bloodstream trypomastigotes and
amastigotes) have not been described.

In the present study, we determined the anti-
T. cruzi activity of physalins B, D, F and G purified
from P. angulata. Only physalin F was previously
tested against epimastigotes, therefore we performed
an extensive examination of all physalins. As expected,
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Fig. 6. Physalins B and F reduce the parasite invasion
process in host cells. Mouse macrophages were infected
with Y strain trypomastigotes and at the same time
treated with physalins. The percentage of T'. cruzi-
infected macrophages is shown. Bdz = benznidazole,
Amp = amphotericin B. Values represent the mean * s.E.M.
in triplicate. ¥**P<(0-001 compared with the control

group.

we observed that physalins, specifically B and F,
are trypanocidal agents. They inhibited epimastigote
proliferation, and were toxic against bloodstream trypo-
mastigotes at non-toxic concentrations for mouse
macrophages. In addition, they showed a greater
potency when compared with benznidazole, the
reference anti-T. cruzi drug. Regarding the cellular
SI, physalins B and F exhibited some selectivity,
albeit low for a desirable anti-T'. cruzi drug candidate.

The chemical difference amongst the four physa-
lins is found in the substituents attached to C5
and C6 in the steroid backbone. Physalins D and G
are similar because of the hydroxyl groups present
and they did not exhibit trypanocidal activity. In
contrast, physalin B and F lack hydroxyl groups
in C5 and C6, and demonstrated higher activity,
exhibiting a pronounced trypanocidal property. In
practice, physalin B and F have equipotent trypano-
cidal activity.

By using trypomastigotes, we observed that phy-
salins cause parasite cell death through necrotic
mechanisms. Also, we saw that physalins alter the
morphology of the Golgi complex, kinetoplast
and endoplasmic reticulum. In the literature, altered
Golgi complex morphology is an indication that
T. cruzi protease activity was affected (Engel et al.
1998). Cruzain is the major cysteine protease present
in T. cruzi and has been identified as a drug target
(Sajid et al. 2011). Therefore, we determined the
ability of physalins to inhibit the activity of recombi-
nant cruzain; however, physalins did not inhibit it.

Using electron microscopy, formation of myelin-
like figures in the parasite treated with physalins
was evident. Fluorescence microscopy revealed that
parasites treated with physalins were labelled with
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Fig. 7. A combination of physalin and benznidazole is more potent to inhibit amastigotes than compounds when used
alone. Mouse peritoneal macrophages were infected with Y strain trypomastigotes for 2 h. Physalin B or F was added
alone or in combination with benznidazole. (A) and (B) show the combination of physalin B and benznidazole, while
(C) and (D) display the combination of physalin F and benznidazole. Bdz = Benznidazole. Values represent the

mean X S.E.M. in triplicate. ¥*¥*P<0-001 compared with the control group.

MDC, a cytosolic vacuole stain (Vanier-Santos and
Castro, 2009; Duszenko et al. 2011). Therefore, it
is possible that the cytosolic vacuoles observed in
physalin-treated 7. cruzi are due to autophagy. In
fact, our results are similar to a very recent finding
that physalins exert cellular effects by inducing
autophagy (He et al. 2013a, b).

Most importantly, we analysed physalin effects in
the in wvitro infection. The same order of potency
against trypomastigotes was observed when all
physalins were tested in 7. cruzi-infected macro-
phages. Physalins B and F at 1-0 um were able to
reduce intracellular parasite development in macro-
phages. This was similar to reductions observed
in benznidazole-treated infected cells. Physalins B
and F are well known for their modulatory property
in immune cells (Soares et al. 2003, 2006). In fact, we

observed that physalin B or F at concentrations
of 5-0 um or higher increased the 7. cruzi infection
in macrophages, probably because they deactivate
host macrophages during the infection development.

The parasite invasion process in macrophages takes
approximately 2 h, thereby requiring a drug to work
quickly (Matsuo et al. 2010). In this assay, benzni-
dazole was not active, while amphotericin B was
active to stop the parasite invasion. Interestingly,
physalins B and F not only reduced parasite burden
in infected macrophages, but they also quickly killed
trypomastigotes exposed to macrophages, therefore
indicating seco-steroids stop the parasite invasion
process in host cells.

An anti-Chagas disease treatment will likely
contain a combination of inhibitors to improve the
efficacy of the treatment and avoid parasite resistance.
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In recent years, many efforts have been done
to identify optimal drug combinations for Chagas
disease (Cencig et al. 2012; Veiga-Santos et al. 2012).
In fact, we observed the combination of physalin
and benznidazole has a greater activity to reduce
T. cruzi infection in macrophages than compounds
used alone. The results indicate that the combination
of physalin and benznidazole act in an additive
fashion. Altogether, these data argue that the screen-
ing for new anti-7T. cruzi agents based on seco-
steroids, specifically those without or with little
effects on immune cells, is an attractive line of drug
development.

CONCLUSION

Physalins showed potent activity against 7. cruzi
epimastigotes and trypomastigotes. Of these, phy-
salins B and F exhibited the highest potency and
selectivity, and similar to the observations on
benznidazole-treated parasites. These compounds
achieve trypanocidal activity through autophagy
induction, which ultimately results in necrotic
parasite death. Regarding the in vitro infection, we
observed physalins inhibit parasite development, as
well as the invasion process in host cells. Moreover,
physalins seem suitable for drug combination with
other anti-T'. cruzi agents to control infection.
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CAPITULO 2

“ANTIPARASITIC EVALUATION OF TRITERPENOIDS
RELATED TO BETULINIC ACID REVEALS POTENT AND
SELECTIVE ANTI-Trypanosoma cruzi INHIBITORS ¢, EM FASE
DE SUBMISSAO.

O presente trabalho comprova a atividade anti-T.
cruzi de uma série de triterpenos e demonstra o potencial
do 4&cido betulinico como protétipo para geracdo de

derivados mais potentes e seletivos.
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Abstract

We previously observed that betulinic acid and its ester derivatives have antiplasmodial
activity. Here, we investigated the anti-T. cruzi and antiplasmodial activities of betulinic
acid and its semi-synthetic derivatives. We found that betulinic acid is a broad, potent
and selective anti-T. cruzi compound and this was enhanced by semi-synthetic
derivatives BA5 and BAS. Electron microscopy of trypomastigotes incubated with BAS5
showed membrane blebling, flagella retraction, the formation of numerous atypical
vacuoles within the cytoplasm as well as Golgi cisternae dilatation. In addition, flow
cytometry examination showed that parasite death is mainly caused by necrosis.
Treatment with the most potent derivatives reduced the invasion process, as well as
intracellular parasite development in macrophage host cells, with a potency and
selectivity similar to that observed in benznidazole-treated cells. Finally, we observed
that combination of compound BA5 and benznidazole have a greater anti-T. cruzi
activity than when compounds were used alone. In contrast with the potent anti-T. cruzi
activity, these compounds exhibited low antimalarial activity when compared to
mefloquine. Overall, these results indicate that betulinic acid and specifically its
derivative BAS, are potent and selective antiparasitic agents with strong anti-T. cruzi
activity.

Keywords: Chagas disease, Trypanosoma cruzi, Plasmodium falciparum, triterpenoids,
betulinic acid.
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Introduction

Chagas disease and malaria are caused by protozoan parasites and constitute
serious public health problems worldwide with few successful treatment options. It is
estimated that Chagas disease affects about 8—10 million people with 100 million at risk
of acquiring the disease (WHO, 2010). Also known as American Trypanosomiasis, it is
caused by the flagellate protozoan Trypanosoma cruzi and considered one of the most
important protozoan diseases that occurs in Latin America. Pharmacotherapy is based
on two drugs, the nitroheterocyclic compound (nifurtimox) and a nitroimidazole
(benznidazole). However, both drugs are effective only in the acute phase and in the
short-term chronic phase of infection. Furthermore, accompanying these limitations are
the severe side effects associated with treatment (Viotti et al., 2009; Sanchez-Sancho et
al., 2010). This scenario emphasizes a need to develop safer and more effective drugs.

Severe malaria, caused by Plasmodium falciparum, Kkills nearly a million
children each year in Africa alone. This infectious disease consists in one of the world’s
largest public health problems (Miller et al., 2013). Malaria treatment has been based on
a narrow variety of drugs, with current pharmacologic intervention relying heavily on
artemisinin based combination therapies. Moreover, the increase in drug-resistant
parasites has been reported. These challenges, combined with the insecticide-resistant
vectors and the lack of a vaccine makes the research and development of new
antimalarial agents a matter of great relevance to public health (Murray et al., 2012).

Natural products play an important role in drug discovery and development.
Specifically, terpenoids are well-known anti-infective agents endowed with a broad
range of activity (Evers et al., 1996; Hashimoto et al., 1997). This is exemplified by
betulinic acid, a lupane-type pentacyclic triterpenoid with strong anti-HIV activity that

has advanced in clinical trials (Baglin et al., 2003). Based on these interesting aspects, a
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number of triterpenoids, both naturally-occurring and semi-synthetic, have been
investigated as antiparasitic agents (Yogeeswari & Sriram, 2005). More specific in the
case of betulinic acid, it not only has antiviral activity but also a broad spectrum
antiprotozoal activity against the erythrocytic stage of chloroguine-resistant P.
falciparum strain, as well as antileishmania activity (Magaraci et al., 2003; Hoet et al.,
2007; Chen et al., 2010; Innocente et al., 2012). In view of these findings, betulinic acid
is considered a prototype for the design and synthesis of antiprotozoal agents. In recent
years, chemical modifications of the carboxyl group have suggested that this part of the
molecule can produce derivatives with enhanced antiprotozoal activity when compared
to betulinic acid (Gros et al., 2006; Da Silva et al., 2013). Based on these facts, we
investigated the in vitro activity of betulinic acid and related triterpenoids (lupeol,
solasodine, hecogenin acetate and diosgenin acetate), as well as a number of semi-
synthetic betulinic acid derivatives against Y strain trypomastigotes of Trypanosoma

cruzi, as well as against W2 strain of Plasmodium falciparum.

Materials and Methods

Chemistry

Betulinic acid (BA) was extracted from the bark of Ziziphus joazeiro Mart.
(Rhamnaceae) by using a previously described method (Barbosa-Filho et al., 1985).
Lupeol was isolated from the stem bark of Diplotropis ferruginea Benth. (Fabaceae)
(Almeida et al., 2005). Solasodine was extracted from the fruits of Solanum paludosum
Moric. (Solonaceae) (Barbosa-Filho et al., 1991). Diosgenin acetate was extracted from
Dioscorea cayenensis Lam. (Dioscoreaceae) (Barbosa-Filho et al., 1981). Hecogenin

acetate was purchased from Sigma-Aldrich (Saint Louis, MO, USA).The betulinic acid
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acetate (BAA), betulonic acid (BOA), betulinic acid methyl ester (BAME) and betulinic
acid methyl ester acetate (BAMEA) were prepared as previously described in literature
(Kim et al.,, 2001; Urban et al., 2005; Uzenkova et al., 2005). Semi-synthetic
compounds (BA1 to BA8) were prepared from betulinic acid using protocols described
in the literature (Da Silva et al., 2013). Prior to pharmacological evaluation, all
compound structures and purity were determined by NMR, IR, MS and elemental
analysis. The structure of betulinic acid and other compounds used in this study are

shown in Figures 1 and 2.

Cytotoxicity to mammalian cells

Peritoneal exudate macrophages obtained from BALB/c mice were placed into
96-well plates at a cell density 1 x10° cells/well in RPMI-1640 medium without phenol
red (Sigma) supplemented with 10% of fetal bovine serum (FBS; Cultilab, Campinas,
Brazil), and 50 pg/mL of gentamycin (Novafarma, Anapolis, Brazil) and incubated for
24 h at 37°C and 5% CO,. After that time, each compound was added in triplicate at
eight concentrations ranging from 0.04 to 100 uM and incubated for 72 h. Twenty
puL/well of AlamarBlue (Invitrogen, Carlsbad, CA, USA) was added to the plates during
10 h. Colorimetric readings were performed at 570 and 600 nm. LCs, values were
calculated using data-points gathered from three independent experiments. Gentian
Violet (Synth, Sdo Paulo, Brazil) was used as a cytotoxicity control, at concentrations

ranging from 0.04 to 10 uM. This experiment was repeated three times.

Antimalarial activity
W?2 strain P. falciparum (chloroquine-resistant) was maintained in a continuous

culture of human erythrocytes (blood group O%) using the RPMI 1640 medium
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supplemented with 10% of human plasma. Parasites grown at 1 — 2% parasitemia and
2.5% hematocrit were distributed into 96-well culture plates and incubated with the
compounds at five different concentrations, ranging from 0.12 to 10 pM diluted in
culture medium (RPMI 1640) in the absence of hypoxanthine. After 24 h, 0.5 pCi of
[*H]-hypoxanthine was added, the plate were incubated again and parasites were
harvested using a cell harvester to quantify the [*H]-hypoxanthine incorporation in a -
radiation counter. Mefloquine (Farmaguinhos, Rio de Janeiro, Brazil) was used as

standard drug.

Cytotoxicity for trypomastigotes

Bloodstream trypomastigotes forms of T. cruzi (Y strain) were obtained from
supernatants of LLC-MK?2 cells previously infected and maintained in RPMI-1640
medium supplemented with 10 % FBS, and 50 pg/mL gentamycin at 37 °C and 5%
CO,. Parasites (4x10° cells/well) were dispensed into 96-well plates and the test
inhibitors were added at eight concentrations ranging from 0.04 to 100 uM in triplicate
and the plate was incubated for 24 h at 37° C and 5% of CO,. Aliquots of each well
were collected and the number of viable parasites was assessed in a Neubauer chamber
and compared to untreated cultures. Benznidazole (LAFEPE, Recife, Brazil) was used
as positive control anti-T. cruzi in the studies. This experiment was performed three

times.

In vitro T. cruzi infection assay

Peritoneal exudate macrophages were plated at a cell density of 2x10° cells/well
in 24 well-plates with sterile coverslips on the bottom in RPMI supplemented with 10%

FBS and incubated for 24 h. Cells were then infected with trypomastigotes at a ratio of
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10 parasites per macrophage for 2 h. Free trypomastigotes were removed by successive
washes using saline solution. Cultures were incubated in complete medium alone or
with the compounds under investigation in different concentrations for 6 h. The medium
was replaced with fresh medium and the plate was incubated for 4 days. Cells were
fixed in absolute alcohol and the percentage of infected macrophages and the mean
number of amastigotes/100 macrophages was determined by manual counting after
hematoxylin and eosin staining in an optical microscope (Olympus, Tokyo, Japan). The
percentage of infected macrophages and the relative number of amastigotes per
macrophage was determined by counting 100 cells per slide. This experiment was

performed three times.

Invasion assay

Peritoneal macrophages (10° cells) were plated onto sterile coverslips in 24-well
plates and kept for 24 h. The plate was washed with saline solution and trypomastigotes
were then added at a cell density of 1 x 10 parasites/well along with the addition of
BAS5, or BAG6 or BA8 (50 uM). The plate was incubated for 2 h at 37° C and 5% CO,
followed by successive washes with saline solution to remove extracellular
trypomastigotes. Plates were maintained in RPMI medium supplemented with 10% FBS
at 37° C for 2 h. Infected macrophages were examined for the presence of amastigotes
by optical microscopy using a standard hematoxylin and eosin staining. Amphotericin B
(Gibco Laboratories, Gaithersburg, MD, USA) was used as a positive control in this

assay.

Ultrastructural studies
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Trypomastigotes at a cell density of 1 x 107 cells/mL in 24 well-plates were
treated with test inhibitor BA5 (2 or 4 uM) or not for 24 h. Parasites were then fixed
with 2% formaldehyde and 2.5% glutaraldehyde (Electron Microscopy Sciences,
Hatfield, PA, USA) in sodium cacodylate buffer (0.1 M, pH 7.2) for 1 h at room
temperature. After fixation, parasites were washed 3 times with sodium cacodylate
buffer (0.1 M, pH 7.2), and post-fixed with a 1.0 % solution of osmium tetroxide
containing 0.8% potassium ferrocyanide (Sigma) for 1 h. Cells were subsequently
dehydrated in increasing concentrations of acetone (30, 50, 70, 90 and 100%) for 10
min at each step and embedded in Polybed resin (PolyScience family, Warrington, PA,
USA). Ultrathin sections on copper grids were contrasted with uranyl acetate and lead
citrate and observed under a ZEISS 109 transmission electron microscope. For scanning
electron microscopy, trypomastigotes treated with or without BA 505 (2 or 4 uM) and
fixed in the same conditions were washed in 0.1 M cacodylate buffer, and allowed to
adhere in coverslips pre-coated with poly-L-lysine (Sigma). Cells were then post-fixed
with a solution of osmium tetroxide containing 0.8% of potassium ferrocyanide for 30
min and dehydrated in crescent concentrations of ethanol (30, 50, 70, 90 and 100%).
The samples were dried until the critical point, metallized with gold and analyzed in a

JEOL JSM-6390LV scanning electron microscope.

Propidium iodide and annexin V staining

Trypomastigotes 1 x 10°/mL in 24 well-plates were treated with 5 or 10 uM of
BAS in RPMI supplemented with FBS at 37°C for 24 or 72 h and labeled for propidium
iodide (PI) and annexin V using the annexin V-FITC apoptosis detection kit (Sigma),
according to the manufacturer’s instructions. Acquisition and analyses was performed

using a FACS Calibur flow cytometer (Becton Dickinson, CA, USA), with FlowJo
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software (Tree Star, OR, USA). A total of 10,000 events were acquired in the region

previously established as that corresponding to trypomastigotes forms of T. cruzi.

Statistical analyses

To determine the lethal concentration 50% of BALB/c mice macrophages (LCsp)
and the inhibitory concentration 50% (ICsp) of the trypomastigotes and amastigotes
forms of T. cruzi, we used nonlinear regression. The one-way ANOVA followed by
Bonferroni’s multiple comparison test was used to determine the statistical significance
of the group comparisons in the in vitro infection studies and cell invasion study.
Results were considered statistically significant when P < 0.05. All analyzes were
performed using Graph Pad Prism version 5.01 (Graph Pad Software, San Diego, CA,

USA).

Results

Isolation and semi-synthesis

Figure 1 shows the exact chemical structure of naturally-occurring triterpenoids
and ester semi-synthetic derivatives, while Figure 2 shows the new semi-synthetic
derivatives. The new semi-synthetic derivatives were prepared by amide bond formation
using betulinic acid as starting compound. This enabled the synthesis of eight

derivatives which contain a 6-member heterocyclic ring attached at C28 position.

Antiparasitic activity and cytotoxicity against mammalian cells
Once the compounds had been chemically characterized, we focused on
evaluating their biological activity. First, we evaluated the antiparasitic activity of the

natural products and the semi-synthetic derivatives against W2 strain of Plasmodium
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falciparum and Y strain trypomastigotes of Trypanosoma cruzi. As shown in Table 1,
only five compounds, including betulinic acid, exhibited antiplasmodial activity. The
betulinic acid showed an 1Csy value of 9.9 UM whereas the derivatives BA4, BA5, BA6
and BAS8 showed ICs, values lower than 3 pM. Despite presenting a high activity than
betulinic acid, the semi-synthetic derivates were less potent than mefloquine, which
showed ICsp value of 0.04 uM. Regarding to the trypanocidal activity against the
trypomastigote form of T. cruzi, apart from synthetic compounds BA1, BA2 and the
natural products hecogenin acetate and diosgenin acetate, all compounds showed
trypanocidal activity. In this assay, the betulinic acid showed an 1Csy value of 19.5 uM,
a weak activity when compared with the semi-synthetic derivatives BA4, BA5, BA6
and BAS8 that demonstrated 1Cso values of 10.2 pM, 1.8 uM, 5.4 pM and 5 pM,
respectively. In addition to the increased potency when compared to betulinic acid,
derivatives demonstrated ICso values smaller than the value of the reference drug
(benznidazole = 11.4 pM).

Next, compounds cytotoxicity to mouse macrophages was analyzed. As shown
in Table 1, the compounds were several times less cytotoxic in comparison to gentian
violet (LCsp = 0.48 uM), the reference drug in this assay. On the other hand, the
betulinic acid showed a weak selectivity against P. falciparum and no selectivity against
trypomastigotes forms of T. cruzi. Already the semi-synthetic derivatives BA4, BAD5,
BA6 and BA8 showed a greater selectivity against the parasites. For example, the
derivative BA8 was 50 times more cytotoxic against P. falciparum than peritoneal

macrophages.

Investigating the mechanism of action
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After confirming that compounds were able to kill parasites, our next step was to
understand how they affect parasite cells through assays with trypomastigotes forms of
T. cruzi, after determining that the trypanocidal activity of the compounds was better
than the antimalarial activity. For this purpose we used scarning electron microscopy
(SEM) and transmission electron microscopy (TEM) to examine the ultrastructural
morphology of trypomastigotes (Y strain) treated with the most potent derivative BA5
for 24 h. As we can see in Figure 3 untreated trypomastigotes showed the typical
elongated shape of the parasite without visible alterations in the plasma membrane or in
cell volume (Fig. 3A). On the other hand, trypomastigotes treated with the semi-
synthetic derivative BA5 (2 or 4 uM) showed flagella retraction (Fig. 3B), some loss of
plasma membrane integrity and body deformation (Fig. 3C). Furthermore, thin sections
of untreated trypomastigotes observed by TEM revealed normal appearance of
organelles, intact plasma membrane and parasite cytoplasm without alterations (Fig.
4A). However, treatment with BA5 (2 or 4 uM) caused plasma membrane alterations
(Fig. 4B), the formation of numerous atypical vacuoles within the cytoplasm (Fig. 4C),
dilatation of some Golgi cisternae (Fig. 4D) and profiles of endoplasmatic reticulum
involving organelles as nucleus accompanied by the formation of autophagosomes (Fig.

4E and 4F).

Finally, to understand the mechanism by which compound BA5, the most potent
semi-synthetic derivative causes parasite death, a double staining with annexin V and
propidium iodide was performed for flow cytometry analysis. After 24 h of incubation,
parasites treated with BA5 at 5 uM and 10 uM presented 6.79 % and 24.08 % of cells
Pl positive, respectively. This increase in Pl positive parasites was also observed after
72 h of treatment. As shown in Figure 5, following 72 h of incubation, parasites treated

with BAS at 5 uM and 10 pM presented 48.6 % and 92.1 % of cells positive for Pl
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stained, respectively. These results indicate that the BA5 derivative induces a necrotic

process in trypomastigotes of T. cruzi.

In vitro infection studies

Since the semi-synthetic BA4, BA5, BA6 and BAS derivatives showed a higher
activity against extracellular forms of T. cruzi and low cytotoxicity to mammalian cells,
we investigated the ability of these semi-synthetic derivatives to inhibit the development
of parasites in host cells. For this purpose, macrophages previously infected with Y
strain trypomastigotes were treated with 50 uM of the compounds. Cells were stained
with hematoxylin and eosin and observed by optical microscopy in order to evaluate the
ability of drugs on reduce the percentage of infected macrophages and the relative
number of amastigotes per 100 cells. Benznidazole was used as a positive control. As
shown in Figure 6, the treatment with the semi-synthetic compounds significantly
decreased the percentage of infected macrophages (P < 0.001) and the relative number
of amastigotes per 100 macrophages (P < 0.001) when compared with untreated
cultures. When tested at different concentrations, it was possible to calculate the 1Csy
value of the derivatives against intracellular amastigotes. As shown in Table 2, the
derivatives presented a similar activity when compared to that observed in
benznidazole.

We also evaluate the effect of the most potent derivatives on the invasion
process. In this assay, mouse macrophages were exposed to trypomastigotes and at the
same time treated with the semi-synthetic BA5, BA6 and BAS8 derivatives (50 uM) for 2
h. After this time, the cells were washed with saline solution to remove extracellular
parasites and incubated for 2 additional hours. Cells were stained with hematoxylin and

eosin and analyzed by optical microscopy. Amphotericin B was used as a positive
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control for this experiment. As shown in Figure 7, the derivatives significantly
inhibited the parasite invasion in comparison to untreated cells (P < 0.001), but not as
efficiently as the positive control amphotericin B, although they were more effective
than benznidazole, that show a weak activity on this assay.

Finally, we performed a final set of experiments to evaluate the effect of the
combination of the most potent semi-synthetic derivative (BA5) with benznidazole in
parasite development in host cells. As shown in Figure 8A and 8B, the combination of
BA5 and benznidazole at low concentrations reduced the number of infected
macrophages as well as the number of amastigotes per 100 macrophages to a greater
degree than the respective compound used alone. The combination showed an even
more advantageous effect at higher concentrations. As shown in Figure 8C and 8D, the
combination of BA5 (50 uM) with benznidazole (50 uM) practically eradicated the
infection in macrophages, which was not observed when compounds were tested alone.
More importantly, this was achieved without affecting host cell viability (data not

shown).

Discussion

An effective antiprotozoal treatment continues to be necessary due to acquired
resistance of P. falciparum to aminoquinoline and artemisin regimes and the lack
existing anti-Chagas disease drugs (Baird et al., 2005; Mufioz et al., 2011). Screening of
isolated natural and semi-synthetic compounds is a reliable strategy to identify new
antiprotozoal agents (Newman & Cragg, 2007). Terpenoids are a rich source of
antiparasitic compounds (Jimenez-Ortiz et al., 2005; Da Silva et al., 2013; Silsen et al.,
2013). Of these, triterpenoids, such as betulinic acid, are some of the most investigated

in terms of potency and selectivity. In the present study, we investigated the anti-T.


http://www.ncbi.nlm.nih.gov/pubmed?term=S%C3%BClsen%20VP%5BAuthor%5D&cauthor=true&cauthor_uid=24130916

52

cruzi and anti-P. falciparum activity of natural triterpenoids related to betulinic acid and
its ester and amide semi-synthetic derivatives containing substituents attached in the
lupane backbone.

Here, we observed that most of the triterpenoids, specially the semi-synthetic
derivatives, are selective anti-T. cruzi agents. The incorporation of an ester showed a
weak contribution to enhance the trypanocidal activity against trypomastigotes. Similar
results were found previously with epimastigotes forms (Dominguez-Carmona et al.,
2010). On the other hand the incorporation of an amide on C-28 enhanced the anti-T.
cruzi activity. This led to the identification of compound BA5, which exhibited a
potency superior to benznidazole, the current standard drug. We also observed a
substantial enhancement of antimalarial activity for semi-synthetic derivatives in
comparison to betulinic acid, however these compounds were less potent than
mefloquine. To date, there exist a number of reports in the literature describing the
chemical modifications of betulinic acid at C-28 position to produce semi-synthetic
derivatives with enhanced antimalarial, anti-tumor and anti-viral activities (Jeong et al.,
1999; Baltina et al., 2003; S& et al., 2009; Dominguez-Carmona et al., 2010). This is the
first report, regarding the contribution of the incorporation of amides on C-28 as drug
design strategy to enhance the antiprotozoal activity.

An examination of parasite morphology revealed that compound BA5S is
parasiticidal, by altering parasite ultrastructure. It induced flagella retraction, loss of
plasma membrane integrity and notable cell body deformation. Interestingly, the
treatment with BA5S also led to the formation of numerous and atypical vacuoles within
the cytoplasm, as well as the dilatation of Golgi cisternae. Lack of membrane integrity
and cytoplasmic vacuolization are often associated to necrotic parasitic death

(Rodriguez et al., 2006; Zong and Thompson, 2006). Through flow cytometry assays,
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we confirmed the parasitic death by necrosis. In addition, we observed that the
treatment produced endoplasmatic reticulum profiles involving organelles as nucleus
accompanied by the formation of autophagosomes, typical features of autophagy
(Tsujimoto & Shimizu, 2005; Fernandes et al., 2012).

Most importantly, the semi-synthetic derivatives were able to prevent the
parasite development and invasion into host cells, with potency similar to benznidazole.
As a limitation, these compounds didn’t eliminate intracellular amastigotes even in the
highest concentration tested. However, the derivative BA5 exhibited enhanced
antitrypanosomal activity when used in combination to benznidazole, which is capable
of substantially eradicating the infection at the highest concentration tested. These
results encourage further investigations, since the combination of drugs is becoming
increasingly attractive to combat parasitic diseases (Musa et al., 2012; Alirol et al.,
2013; Diniz et al., 2013).

Altogether, these findings reinforce that terpenoids are active antimalarial and
antitrypanosomal agents and at the same time do not cause host cell toxicity. Therefore,
the screening for structurally-related BAS derivatives for anti-T. cruzi treatment is an

attractive line of drug development.

Conclusion

Chagas disease and malaria are life-threatening infections. P. falciparum is
susceptible to betulinic acid, making this class of compounds appealing for drug
development. Here, we have reported the synthesis and antiparasitic evaluation of
betulinic acid and its new semi-synthetic derivatives. By varying substituents attached
to the amide group, we could find substituents that retain, enhance or greatly increase
the antiprotozoal activity, in comparison to betulinic acid. Specifically, we identified the

betulinic acid derivative BA5 as a broad, potent and selective anti-T. cruzi agents,
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which destroy parasite cells by necrotic death and acts additively in combination to

benznidazole.
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Legends to figures

Figure 1: Naturally-occurring terpenoids and ester semi-synthetic derivatives.

Figure 2. New semi-synthetic betulinic acid derivatives.

Figure 3. Scanning electron microscopy of trypomastigotes of T. cruzi treated with
BAS5 (2 or 4 uM) for 24 h. (A) Control parasites showing the elongated body and intact
plasma membrane; (B) trypomastigote treated with BA5 (2 pM) showing alterations in
cell shape and flagella retraction; (C) trypomastigotes treated with BA5 (4 uM) showing
loss of plasma membrane integrity and body deformation. White arrows indicate the

alterations reported. Scale bars = 2 um.

Figure 4. Transmission electron microscopy of trypomastigotes of T. cruzi treated
with BA5 (2 or 4 uM) for 24 . (A) Control parasites, presenting a typical morphology
of the nucleus (N), kinetoplast (K) and mitochondria (M); (B-D) trypomastigotes treated
with BAS5 (2 pM) showing membrane blebling (B), the formation of numerous and
atypical vacuoles within the cytoplasm (C) and dilatation of some Golgi cisternae (D);
(E and F) trypomastigotes treated with BA5 (4 pM) showing profiles of endoplasmatic
reticulum involving organelles accompanied by the formation of autophagosomes.
Black arrows indicate changes in the organelles. Scale bars: A, E and F = 0.5 um; B-D

=0.2 pm.

Figure 5. Flow cytometry analysis of trypomastigotes treated with BA5 and
incubated with propidium iodide (PI) and annexin V. (A) Untreated trypomastigotes
after 24 h of incubation; (B and C) trypomastigotes treated with 5 uM and 10 uM of
BADS respectively by 24 h; (D) untreated trypomastigotes after 72 h of incubation; (E

and F) trypomastigotes treated with 5 UM or 10 uM of BADS, respectively, for 72 h.
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Figure 6. The betulinic acid derivatives inhibit the growth of intracellular
amastigotes of T. cruzi. Mouse peritoneal macrophages were infected with Y strain
trypomastigotes for 2 h and treated with betulinic acid derivatives (50 puM) or
benznidazole (50 uM), a standard drug. Infected cells were stained with hematoxylin
and eosin and analyzed by optical microscopy. The percentage of infected macrophages
(A) and the relative number of amastigotes in 100 macrophages (B) are higher in
untreated infected controls than in cultures treated with 50 uM of the test-inhibitors
BA4, BA5, BA6 and BAS8. Bdz is benznidazole. Values represent the mean+SEM of

triplicate.***, P < 0.001 **, P < 0.01 compared with the untreated group.

Figure 7. The betulinic acid derivatives impair T. cruzi trypomastigote invasion in
macrophages. Mouse macrophages were simultaneously infected with 107 Y strain
trypomastigotes and treated with 50 UM of the test-inhibitor for 2 h. The percentage of
infected macrophages is higher in untreated infected cells than in cells treated with 50
MM of test-inhibitors BA5, BA6 or BA8. Bdz is benznidazole and AmpB is

amphotericin B. *** P < 0.001.

Figure 8. A simultaneous treatment with BA5 and benznidazole shows a high
eradication rate of the infection in vitro. A combined therapy with both compounds
increased the inhibition of the infection with no cytotoxicity effects on macrophages. (A
and B) treatment with the ICsy values of the drugs and the combination of the 1Csy
values. (C and D) treatment with 50 uM of the drugs and the combination of 50 uM of

each compound. Bdz is benznidazole. Comb. is combination. *** P < 0.001.
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Figure 6
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Figure 8
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Table 1. Cytotoxicity against macrophages, antimalarial and anti-Trypanosoma

cruzi activity of betulinic acid and derivatives

Compound LCso (LM) ICso Pla. (uM) I1Cso Try. (UM)
BA 18.8 (£ 0.07) 9.9 (£ 0.52)* 19.5 (£ 0.95)
BAA 40 (= 0.86) 6 (£ 0.06)* 18.6 (£ 0.45)
BAME 39.6 (x 0.87) 51.6 (+ 10.8)* 26.5 (x2.1)
BOA 69.2 (+ 0.60) 10 (£ 1.3)* 86.2 (x1.9)
BAMEA 26.3 (+ 1.1) 45.8 (+ 36.3)* 71.4 (+2.8)
BA1l >100 >10 >100

BA2 >100 >10 >100

BA3 >100 >10 13.7 (£ 2.3)
BA4 39.7 (£ 0.5) 22(£1.2) 10.2 (£ 1.04)
BA5 31.1(x1.2) 2.5 (£ 0.84) 1.8 (£ 0.04)
BA6 28.7 (£ 1.1) 2.7 (£ 0.83) 54 (x1.3)
BA7 >100 >10 55 (+ 0.58)
BAS8 53.5 (x 0.40) 1.6 (£ 0.06) 5(x0.50)
Lupeol >100 >10 70 (£ 2.1)
Solasodine 75.1(£1.2) >10 79.5 (£ 0.50)
Hecogenin >100 >10 >100
Diosgenin acetate >100 >10 >100
Gentian Violet 0.48 (£ 0.04) - -
Mefloquine - 0.04 (x0.01) -
Benznidazole - - 11.4 (£1.4)

ICso = inhibitory concentration 50 %; LCso = lethal concentration 50 %. ND= Not

determined. Values are means = SD of three independent experiments performed in

triplicate. * values extracted from Sa et al., 20009.



Table 2. Activity against intracellular forms.

Compound IC50 Ama. (UM)
BA4 18.9 (+1.2)
BA5 10.6 (+ 0.79)
BA6 12.4 (+1.7)

BAS8 13.2 (+ 1.6)

Bdz 135 (£ 1.3)

Values are expressed as the mean + SD of three

independent experiments.
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6 DISCUSSAO GERAL

Apesar dos avancgos significativos na profilaxia da doenca de Chagas gerados
pelo controle da transmissdo natural, aumento do controle na triagem em bancos de
sangues e sobre casos de transmissdo congénita, a doenca de Chagas ainda representa
um grave problema de salde publica, principalmente na América Latina (BRENER,
2000; MATSUO et al., 2010). O tratamento farmacologico desta enfermidade é
limitado a duas drogas: o benzonidazol e o nifurtimox. Como ja foi citado
anteriormente, estes medicamentos possuem boas taxas de cura na fase aguda da
doenca, porém ndo sdo tidos como drogas ideais pois tem baixa eficicia na fase cronica
da doenca, apresentam diversos efeitos colaterais e ja existem relatos de cepas
resistentes a esses medicamentos (FILARDY & BRENER, 1987; NEAL & VAN
BUEREN, 1988; MURTA et al., 1998). Devido a essas limitagdes, o surgimento de
novos medicamentos que exercam uma menor toxicidade sobre o hospedeiro e possuam
uma maior eficacia quando comparados com os farmacos que ja sdo utilizados na
clinica torna-se necessario. Nesse contexto, o presente trabalho visou avaliar a atividade
anti-T. cruzi de esteroides naturais e derivados sintéticos dos mesmos.

Os resultados do presente trabalho demonstram a atividade tripanocida das
fisalinas B, D, F e G. Dentre elas, as fisalinas B e F exibiram os melhores perfis. Apesar
da similaridade quimica, as fisalinas D e G apresentaram uma atividade tripanocida
inferior as fisalinas B e F, sugerindo que as pequenas diferencas entre as fisalinas
proporcionam atividade citotdxica e tripanocida variadas. Entre as fisalinas, a principal
diferenca quimica encontra-se nos substituintes ligados a C-5 e C-6 do esqueleto
esteroide. As fisalinas D e G sdo semelhantes por causa dos grupos hidroxilas presentes
e ambas apresentam uma moderada atividade tripanocida. Em contraste, nas fisalinas B
e F faltam os grupos hidroxilas em C-5 e C-6 e ambas apresentam uma potente
atividade tripanocida. Essas diferengas estruturais parecem contribuir também para
atividade antimalérica in vitro e leishmanicida acentuada das fisalinas B e F em relacéo
as fisalinas D e G (SA et al., 2011; GUIMARAES et al., 2010).

Foi observado também que o acido betulinico apresentou uma agédo anti-T. cruzi
moderada. Apesar da similaridade quimica dos esteroides naturais testados, estes

apresentaram uma fraca atividade anti-T. cruzi ou auséncia da mesma nos ensaios
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bioldgicos. Este dado evidencia que a atividade tripanocida é dependente da estrutura
quimica do esteroide e ndo uma caracteristica geral da classe.

Entre os derivados sintéticos do &cido betulinico, as modificacGes presentes nos
esteroides BAA, BAME, BOA e BAMEA ndo otimizaram a atividade anti-T. cruzi.
Estes derivados possuem modificagdes nos substituintes do C-3 ou C-28 do acido
betulinico. Os resultados demonstram que estas modifica¢fes diminuiram a toxicidade
para células de mamiferos, porém também diminuiram a atividade anti-T. cruzi contra
formas tripomastigotas, com excecdo do BAA, que é a forma oxidada do &cido
betulinico. Estudos prévios demonstram a atividade anti-T. cruzi do acido betulinico
sobre a proliferagdo de formas epimastigotas da cepa Tulahuen e uma diminuicdo da
atividade nos derivados: BAA, BAME e BOA (DOMINGUEZ-CARMONA et al.,
2010). Apesar da fraca acdo dos derivados sobre o T. cruzi, as modificacGes presentes
nestas moléculas parecem contribuir para 0 aumento da atividade leishmanicida e
antimalarica, em especial a modificacdo presente no acetato do acido betulinico
(DOMINGUEZ-CARMONA et al., 2010).

Por outro lado, os derivados BA1l a BA8, que possuem um grupo amida na
posicdo C-28, apresentaram em sua maioria uma atividade tripanocida potente. A
excecao a esta regra foi a atividade dos derivados BA1, BA2 e BA7. Diversos trabalhos
relatam modificagdes estruturais nos substituintes C-3, C-20 e C-28 do &cido betulinico
(KIM et al., 1998). As modificacdes no C-20 mostraram pouca contribuicdo em estudos
com linhagens de células tumorais (KIM et al., 2001). Entretanto, as modificacdes no
C-3 ou C-28 parecem promissoras (MULLAUER et al., 2010). Modificagdes realizadas
no C-28 ja contribuiram para a otimizacdo da atividade anti-HIV, antitumoral, anti-
influenza A e anti-herpes (SUN et al., 1998; JEONG et al., 1999; BALTINA et al.,
2003; PAVLOVA et a., 2003). Neste trabalho foi possivel observar a contribuicdo da
insercdo de aminas no C-28 para um aumento da atividade anti-T. cruzi.

Através da utilizacdo de formas tripomastigotas observamos que os esteroides
mais ativos causam a morte parasitaria através da inducdo de um processo necrotico,
evidenciando uma perda da permeabilidade da membrana plasmatica do parasito
(VANIER-SANTOS & DE CASTRO, 2009; VEIGA-SANTOS et al., 2013). Foi
possivel identificar também diversas alteracbes na ultraestrutura induzidas pelo
tratamento com os esteroides mais ativos, em especial alteragcdes no complexo de Golgi
e 0 aparecimento de estruturas membranosas concéntricas. Na literatura, alteracdo na

morfologia do complexo de Golgi é um indicativo de que proteases do T. cruzi podem
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estar sendo afetadas (ENGEL et al., 1998). A cruzaina € a principal cisteino protease do
T. cruzi e um dos principais alvos moleculares utilizados para o desenvolvimento de
drogas (SAJID et al., 2011). Assim, determinou-se a capacidade dos esteroides em
inibir a acdo catalitica da cruzaina. No entanto, os esteroides testados ndo foram capazes
de inibi-la (dados ndo mostrados).

O aumento da vacuolizagdo citoplasméatica e a presenca de estruturas
membranosas concéntricas sdo caracteristicas tipicas de autofagia (TSUJIMOTO &
SHIMIZU, 2005; FERNANDES et al., 2012). Através de microscopia de florescéncia
com parasitos tratados com o esteroide mais potente (a fisalina B), foi possivel detectar
uma marcacdo positiva para monodansilcadaverina (MDC), um composto
lisossomotrépico fluorescente utilizado para identificacdo da proteina cadaverina,
presente em vesiculas autofagicas (VANIER-SANTOS & DE CASTRO, 2009;
DUSZENKO et al.,, 2011). Esses resultados sdo similares a achados recentes que
demonstram que as fisalinas exercem efeitos celulares através da inducgdo de autofagia
(HE et al., 2013a; HE et al., 2013b).

Nos Gltimos anos, a combinacdo de farmacos com diferentes mecanismos de
acao tem sido muito utilizada para melhorar a eficécia terapéutica, diminuir a toxicidade
acumulativa de medicamentos e evitar o desenvolvimento de resisténcia quimioterapica
pelo parasito (COURA, 2007). A terapia combinada com nifurtimox e eflortina (NECT)
para o tratamento de individuos portadores da fase avancada da tripanossomiase
africana e a terapia combinada com estibogluconato de sédio e paromomicina (SSG &
PM) para leishmaniose visceral na Africa sdo exemplos concretos da importancia que a
combinacdo de farmacos pode ter no combate a doencas parasitarias (MELAKU et al.,
2007; PRIOTTO et al., 2009; MUSA et al., 2012; ALIROL et al., 2013). Nesse
contexto, muitos esforcos tém sido feitos para identificar combinagdes de medicamentos
ideais para a doenca de Chagas (CENCIG et al., 2012; DINIZ et al., 2013). No presente
trabalho observamos que a combinacgéo da fisalina B ou fisalina F ou do derivado BA5
com o benzonidazol proporcionou uma redugéo no desenvolvimento de tripomastigotas
em macrdfagos superior a agdo dos compostos testados de forma isolada. Os resultados
indicam um efeito aditivo da combinagdo entre os esterdides e o benzonidazol. No seu
conjunto, estes dados sugerem que a busca de novos agentes anti-T. cruzi com base em

esteroides é uma linha atraente para o desenvolvimento de drogas.
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7 CONCLUSOES/SUMARIO DE RESULTADOS

- Os esteroides testados apresentaram baixa citotoxicidade para células de mamiferos;

- Os esteroides testados apresentaram potente atividade contra formas tripomastigotas
de T. cruzi, em especial, as fisalinas B e F e o derivado BAS5;

- Os esteroides nao foram capazes de inibir a acdo enzimatica da cruzaina;

- Foi observada uma série de alteracfes na ultraestrutura de formas tripomastigotas
tratados com os esteroides mais ativos, como dilatacdo do complexo de Golgi, formacéo
de perfis de reticulo endoplasmatico envolvendo diversas organelas e o aparecimento de
figuras mielinicas, que tiveram sua identidade como vacutolos autofagicos confirmada

pela marcacdo com MDC;

- O tratamento de formas tripomastigotas com os esteroides mais potentes induz a morte

parasitaria principalmente por necrose;

- Os esteroides foram capazes de reduzir o numero de macréfagos infectados e

amastigotas por macrofago;

- A combinacdo da fisalina B ou fisalina F ou do derivado BA5 com o benzonidazol
apresentou melhores taxas de inibicdo do que os compostos testados de forma isolada,

sem afetar as células hospedeiras.
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We recently showed that oxadiazoles have anti-Trypanosoma cruzi activity at micromolar concentrations.
These compounds are easy to synthesize and show a number of clear and interpretable structure-activity
relationships (SAR), features that make them attractive to pursue potency enhancement. We present here
the structural design, synthesis, and anti-T. cruzi evaluation of new oxadiazoles denoted 5a-h and 6a-h.
The design of these compounds was based on a previous model of computational docking of oxadiazoles
on the T. cruzi protease cruzain. We tested the ability of these compounds to inhibit catalytic activity of
cruzain, but we found no correlation between the enzyme inhibition and the antiparasitic activity of the
compounds. However, we found reliable SAR data when we tested these compounds against the whole
parasite. While none of these oxadiazoles showed toxicity for mammalian cells, oxadiazoles 6c (fluorine),
6d (chlorine), and 6e (bromine) reduced epimastigote proliferation and were cidal for trypomastigotes of
T. cruzi Y strain. Oxadiazoles 6¢ and 6d have ICso of 9.5 £ 2.8 and 3.5 * 1.8 pM for trypomastigotes, while
Benznidazole, which is the currently used drug for Chagas disease treatment, showed an ICsy of
11.3 + 2.8 pM. Compounds 6¢ and 6d impair trypomastigote development and invasion in macrophages,
and also induce ultrastructural alterations in trypomastigotes. Finally, compound 6d given orally at
50 mg/kg substantially reduces the parasitemia in T. cruzi-infected BALB/c mice. Our drug design resulted
in potency enhancement of oxadiazoles as anti-Chagas disease agents, and culminated with the identifi-
cation of oxadiazole 6d, a trypanosomicidal compound in an animal model of infection.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

of cruzain as a drug target is that its inhibitors efficiently eradicate
parasites in host-cells and substantially reduce parasitemia in dif-

It is estimated that 10% of the whole Latin America population is
suffering from American trypanosomiasis or Chagas disease,
caused by the intracellular protozoan Trypanosoma cruzi.'? This
situation is alarming because there are no vaccines available and
the current treatment, which is only based on benznidazole
(Bdz), suffers limitations of efficacy and toxicity.>*

The T. cruzi cysteine-protease cruzain is an important drug tar-
get because it is expressed in all stages of the parasite life cycle and
play key roles as a virulence factor.>® An important proof-concept

* Corresponding author. Tel.: +55 81 21267288; fax: + 55 81 21267278.
E-mail address: mauricio_santosfilho@yahoo.com.br (J.M. dos Santos Filho).
" Present address: Departamento de Bioquimica e Imunologia, Universidade
Federal de Minas Gerais, Belo Horizonte, MG, Brazil.

0968-0896/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmc.2012.08.047

ferent animal models of infection.*!° The current status of cruzain
inhibitor research is quite promising because some of these lead
compounds are nonpeptidic and quite similar to drug-like com-
pounds, a step that is important for successful drug develop-
ment.!%"12 Therefore, the identification or structural optimization
of cruzain inhibitors is a promising avenue for Chagas disease
chemotherapy.

There is a substantial number of papers reporting oxadiazoles as
anti-parasitics. Oxadiazoles are frequently explored as bioisosters
of ester and amide functionalities. From this point of view, oxadi-
azoles are considered potential cysteine protease inhibitors be-
cause they are similar to peptide bonds.!*~'> There are reports
showing that oxadiazoles are potent inhibitors versus cruzain of
T. cruzi and the cathepsin-L-like cysteine protease of Leishmania
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Figure 1. Structural design of oxadiazoles 5a-h and 6a-h as trypanocidal compounds.

mexicana.'®=2° In light of these findings, we found reasonable to ex-
plore oxadiazoles as anti-T. cruzi agents. In 2009, we reported a
congener series of N-acylhydrazone 1,2,4-oxadiazoles, denoted
4a-h, exhibiting toxicity for trypomastigotes of T. cruzi Y strain.?!
The oxadiazoles 4a-h showed minimal toxicity for mouse spleno-
cytes and a clear set of structure-activity relationships. A compu-
tational model of docking suggested oxadiazoles 4a-h might be
cruzain ligands. This model also suggested that the 4-hydroxy-
phenyl group near to the N-acylhydrazone is probably oriented
in a region of cruzain structure which is also the binding site for
highly-potent cruzain inhibitors.’?> Based on this binding model,
we thought that structural modifications on 4-hydroxyphenyl
might lead to potency enhancement (Fig. 1).

The functional activity of oxadiazole 4a-h as trypanosomicidal
compounds led us to explore potency enhancement by molecular
modification. For this study, we synthesized oxadiazoles 5a-h
and 6a-h, composed of the 3-aryl-1,2,4-oxadiazole-5-carbohydra-
zides of the previously identified anti-T. cruzi oxadiazoles 4a-h
with a replacement of 4-hydroxyphenyl group by 4-hydroxy-3-
methoxyphenyl for 5a-h and 1,3-benzodioxole for 6a-h. These
chemical replacements were selected due to the analogy between
these chemical groups (Fig. 1).22-2* Enhancement of anti-T. cruzi
activity in parasite cells was indeed achieved for oxadiazoles 6a-
h, furthermore these oxadiazoles impaired trypomastigote devel-
opment and invasion into host-cells, and mice orally treated with
oxadiazole 6d had a substantial reduction of parasitemia.

2. Results and discussion
2.1. Chemistry

The synthesis of compounds 5a-h and 6a-h is depicted in
Scheme 1 and is based on a method previously described by our

group.?® This starts with 4-substituted aryl amidoximes, which
are freshly prepared from commercially available nitriles; then
they react with methyloxalyl chloride yielding the 1,2,4-oxadiazol-
ic compounds in good yields. Further conversion of 1,2,4-oxadiaz-
ole methylesters into 1,2,4-oxadiazole hydrazides is achieved with
quantitative yields by reacting them with hydrazine hydrate at 0 °C
during 2 h.

These hydrazides, which are key intermediates in our research
to investigate the pharmacological properties of 1,2,4-oxadiaz-
oles,?® are of easy synthesis and produces the final compounds,
N-acylhydrazones 5a-h and 6a-h. To establish a SAR between
our previously studied oxadiazoles (compounds 4a-h) and oxadi-
azoles 5a-h and 6a-h described here, we used the same substitu-
ents in both cases (R=H, CH3, F, Cl, Br, OCHs;, OH, NO,,). The -
Hammet values for these substituents range from —0.37 for OH
to 0.78 for NO,, and therefore the electronic contribution of the
para-substituent on the phenyl group varies significantly and al-
lows us to investigate the importance of each substituent. The
physical and spectroscopic data for the compounds 5a-h are de-
scribed here (experimental materials), while the spectral charac-
terization for 6a-h has been previously described.?®

N-Acylhydrazones can yield a mixture of Z- and E-isomers,?* but
the 'H NMR analysis revealed that the E-isomers predominated
(>98%). The mild conditions we used for preparing N-acylhydra-
zones 5a-h and 6a-h (short reaction time and room temperature)
explain the predominance of the E-isomer in the crude products.
The X-ray analysis of 6f crystal obtained by crystallization from a
dimethylformamide solution exclusively produced the E-diaste-
reomer (Fig. 2), confirming the '"H NMR data.

Quantum chemistry calculations (ab initio) suggested a planar
and E-geometry for compounds 6a-h and showed that two stable
conformers of this geometry are possible, differing only by
2.74 kcal/mol.?® The conformer of lowest energy is synperiplanar,
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with the carbonyl oxygen and the iminic hydrogen syn to each
other. The higher stability of this conformer is because of a non-
classical hydrogen bond between C=0 and CH=N, like a five-mem-
ber ring. The antiperiplanar conformer has the carbonyl oxygen
and the iminic hydrogen in opposite sides (anti), and therefore
an intramolecular interaction is not possible. The conformations
we predicted by quantum chemistry and the observed one by X-
ray are different. The antiperiplanar conformer observed in the
crystalline structure can be explained. By X-ray diffraction, the
crystal structure of compound 6f presents one molecule of DMF
in the asymmetric unit. The position of the DMF molecule allows
its oxygen atom to interact with two hydrogen atoms of the NAH
from the imine group (CH=N) and the amide group (N-H) and it
provides stability for an antiperiplanar conformer.

2.2. Pharmacology

Once the compounds had been chemically characterized, we fo-
cused on evaluating their biological activity. All compounds were
evaluated against T. cruzi. We first assayed the cell viability of
mouse splenocytes treated with oxadiazoles 5a-h and 6a-h. Given
that the compounds showed no toxicity in this assay, having an
LCso higher than 100 pg/mL, they were evaluated against epim-
astigotes (axenic culture) and bloodstream trypomastigotes of Y
strain T. cruzi, using benznidazole (Bdz) as a control drug. The com-
pounds that showed ICsq values comparable to Bdz were further
selected for in vitro and in vivo assays. The ability of these com-
pounds to inhibit the activity of cruzain was also performed in par-
allel to the parasite cell assays. All compounds were initially tested
at 100 pM. For active compounds, a dose-response curve was
determined and the ICsq calculated. Table 1 summarizes the cruz-
ain and anti-T. cruzi activities for oxadiazoles 5a-h and 6a-h.

None of the oxadiazoles 5a-h showed anti-T. cruzi activity. This
was an unexpected finding because compounds 5a-h only differ
from our early examined oxadiazoles (4a-h)?! by the introduction
of a 3-methoxy group. But we found potent trypanosomicidal
activities for oxadiazoles 6a-h. We first noted that the halogenated
oxadiazoles 6¢, 6d, and 6e were able to inhibit T. cruzi, with ICsq
values quite similar to Bdz (Table 1). For example, oxadiazoles 6¢
(fluorine) and 6d (chlorine) have ICso of 9.5+2.8 and
3.5+ 1.8 uM for Y strain trypomastigotes, quite similar to Benzni-
dazole (ICso of 11.3 £2.8 uM) respectively. Neither oxadiazoles
6¢, 6d, and 6e nor benznidazole affected the cell viability of mouse
splenocytes up to 100 pg/mL, while these compounds clearly affect
parasite proliferation (epimastigotes) and motility (trypomastig-
otes). The absence of toxicity for mouse splenocytes shows that
the cell effects of oxadiazoles and Bdz are specific for T. cruzi.

After confirming that the oxadiazoles were able to kill T. cruzi
parasites, our next step was to understand how these compounds
affect the infection of host cells by trypomastigotes.2’® We tested
oxadiazoles 6¢, 6d, and 6e in an in vitro model of parasite infection
in macrophages. Macrophages were infected with Y strain trypom-
astigotes and then treated with compounds at 10 pg/mL, including
Bdz. Cells were analyzed by light microscopy and the percentage of
infected macrophages and the number of amastigotes were deter-
mined and compared to untreated infected cells (negative control)
and cells treated with benznidazole (positive control).

In untreated-infected macrophages (negative control), the per-
centage of infected cells is high (Figs. 3 and S1, Supplementary
data). As a result, trypomastigotes complete the intracellular cycle
into amastigotes, resulting in an average of almost 800 amastigotes
per 100 host-cells (Fig. 3).2° When 10 pg/mL of oxadiazoles 6¢ and
6d are added, the percentage of infected macrophages is signifi-
cantly reduced when compared to untreated cells. Oxadiazole 6e,
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Figure 2. (A) General representation of the syn and anti conformers for oxadiazoles 6a-h. (B) Top: structure of 6f determined by X-ray analysis (ORTEP-3 view, displacement
ellipsoids are drawn at a 50% level), highlighting the E-geometry and the anti arrangement. The bottom highlights that the molecule is entirely planar.

a bromine analog that was cidal for trypomastigotes (Table 1), had
no activity in these assays. When 10 pg/mL of oxadiazoles 6¢ or 6d
are added at the moment of infection, the number of infected cells
is lower than untreated-infected macrophages (Fig. S2 Supplemen-
tary data). This suggests that oxadiazoles 6¢ and 6d impair trypo-
mastigote invasion into host-cells. The oxadiazoles 6c and 6d
arrested trypomastigote development and invasion of macro-
phages. Therefore, potency enhancement of anti-T. cruzi activity
was achieved for oxadiazoles 6a-h when compared to our previ-
ously studied oxadiazoles 4a-h.%!

We also investigated the ability of these compounds to inhibit
the recombinant cysteine protease of T. cruzi, cruzain.!® As seen
in Table 1, oxadiazoles 5d, 5e and 6e showed high-affinity for cruz-
ain (ICsp from 40 to 200 nM). Cruzain inhibition by these three oxa-
diazoles was higher when they were pre-incubated with the
enzyme, consistent with a covalent-mechanism of inhibition. N-
Acylhydrazones such as compounds 5d and 5e may undergo Mi-
chael-addition reactions, yielding covalent adducts with cruzain.>®
Other oxadiazoles of the series 5a-h and 6a-h did not show signif-
icant cruzain inhibition at 100 pM, so no SAR could be drawn. The
cruzain inhibition observed for oxadiazoles 5d, 5e and 6e was not

due to nonspecific binding. The assay was repeated in the absence
and the presence of 0.1% Triton X-100.'® The level of cruzain inhi-
bition did not vary among these conditions, suggesting that en-
zyme inhibition is not due to compound aggregation. Since there
is no reliable correlation between cruzain inhibition and trypanos-
omicidal properties, the trypanosomicidal effects of oxadiazoles
are only in part due to cruzain inhibition, other targets and bio-
chemical pathways must be involved.

To further investigate the mechanism of action of oxadiazoles
6¢ and 6d, ultrastructural alterations in bloodstream trypomastig-
otes were analyzed. Electron micrographs are shown in Figure 4. In
comparison to untreated parasites, trypomastigotes incubated
with 6¢ and 6d had membrane protrusions in about 80% of cells.
Oxadiazoles 6¢ and 6d caused mitochondria degeneration, Golgi
apparatus and endoplasmic reticulum disorganization, followed
by kinetoplast enlargement. When infected macrophages were
treated with 3.5 pM of oxadiazole 6d, we could observe that oxadi-
azole 6d targets mitochondria, causing fragmentation as well as
the formation of atypical vacuoles which contain mitochondrial
components (Fig. 5). High-affinity cruzain inhibitors, such as pep-
tide K777, are believed to induce structural alterations in Golgi
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Table 1
Cruzain and anti-T. cruzi activities

Compound R % Cruzain inhibition 100 pM? Y strain T. cruzi ICso UM ( £ SD) Mouse splenocytes
Trypomastigotes® Epimastigotes® LCso" (g/mL)
O/N
H \
(o} \ N N\ R
v N/ N
H (0]
\O
5a H 47 ND ND >100
5b CHs; 14 ND ND >100
5¢ F 63 ND ND >100
5d cl 92 (0.04) ND ND >100
5e Br 100 (0.2) ND ND >100
5f NO, 47 ND ND >100
5g OH 25 ND ND >100
5h CH30 ND ND >100
H
< | | e
6a 32 ND ND >100
6b CH3 49 ND ND >100
6¢c F 34 9.5 (+2.8) 122 (£7.6) >100
6d cl 42 35(+1.8) 7.5 (+4.8) >100
6e Br 95 (0.03) 134 (%1.8) 14.0 (£5.4) >100
6f NO, NT ND ND >100
6g OH 17 ND ND >100
6h CH30 44 ND ND >100
Bdz* - - 11.3 (£1.8) 7.5 (+2.1) -
GV© — — — — 0.11

¢ Cruzain inhibition after a 10 min pre-incubation with the inhibitor. The results represent the average of duplicates. Values in parenthesis represent ICsq values in pM,

which were determined based on at least 9 compound concentrations in duplicate.

b Determined after 24 h of incubation of trypomastigotes with the compounds. Values were calculated from five concentrations using data obtained from at least two

independent experiments (SD given in parenthesis).

¢ Determined after 5 days of incubation of epimastigotes with the compounds. ICsy was calculated from five concentrations using data obtained from at least two

independent experiments (SD given in parenthesis).

94 Toxicity for splenocytes of BALB/c mouse after 24 h of incubation in the presence of the compounds.
€ Bdz = Benznidazole; GV = Gentian Violet. Nd., not determined, due to the lack of activity in the tested concentration. SD = standard deviation.

apparatus, endoplasmic reticulum, and to alter protein trafficking
into lysosomes/reservosomes.?! Alterations of mitochondria and
kinetoplast are not observed for well-known cruzain inhibi-
tors.>12 These information differed from those observed here for
oxadiazoles 6¢ and 6d. What we observed is that oxadiazoles sub-
stantially alter the mitochondrial morphology, therefore proteins
involved in parasite metabolism and bioenergetics might be the
molecular targets for oxadiazoles. Instead of attempting to identify
these target proteins, we decided to evaluate whether these com-
pounds reduce blood parasitemia in T. cruzi-infected mice.

To determine the maximum tolerated dose (MTD), single oral
treatment of oxadiazole 6d to uninfected BALB/c mice (n=3/
group) at doses of 25, 50, and 100 mg/kg was performed. Mice trea-
ted with 6d appeared normal and no mortality was observed. We
also measured serum biochemical components in uninfected mice
treated with 6d (Table S1). In comparison to untreated and unin-
fected mice, treatment with 6d did not systematically change ser-
um components, suggesting the toxicity of these oxadiazoles is not
a major concern. Based on this, oxadiazoles 6¢c and 6d were admin-
istrated at dose of 50 mg/kg to infected mice.

BALB/c mice were infected with Y strain trypomastigotes>?
and treated or not with 6¢, 6d, and Bdz. In untreated, infected
mice, blood parasitemia was observed after day 8 of parasite
inoculation and peaked on day 10 (Fig. 6). Benznidazole (Bdz) gi-

ven orally at 100 mg/kg once a day for 5 days (starting from day
5 after infection) almost eradicated blood parasitemia. Com-
pound 6d substantially reduced blood parasitemia (p <0.001)
compared to untreated infected mice. Compound 6c¢ did not re-
duce parasitemia as much as compound 6d, as expected based
on its lower potency. Compound 6e was not tested due to low
solubility.

N-Acylhydrazones are known for their in vitro trypanosomicidal
and cruzain inhibition effects.>*” However, very few N-acylhy-
drazones that are effective in reducing in vivo infection have been
identified.® One method for increasing the efficacy of anti-T. cruzi
N-acylhydrazones is through the combination with oxadiazole
chemistry.'®-2! From our past studies, we discovered that N-acyl-
hydrazones derived from 1,2,4-oxadiazole chemistry were less po-
tent trypanosomicidal agents than benznidazole, but at least they
were more selective for parasite than to mammalian cells.?! Here,
our main aim was to improve the cidal potency by molecular mod-
ification. We knew from past SAR model that the N-acylhydrazone
motif is more suitable and tolerates molecular modification. In
view of this, we planned compounds 5a-h and 6a-h. This struc-
tural design was successful and led us to identify the anti-T. cruzi
oxadiazole denoted 6d.

We believe that compound 6d merits further chemical optimiza-
tion because: (a) it has a selectivity window of at least 50 (host cell
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Figure 3. Oxadiazoles impair T. cruzi trypomastigote development in macrophages.
The percentage of infected macrophages (A) and the mean number of amastigotes/
infected cell (B) are higher in untreated infected controls than in cultures treated
with 10 pg/mL of test-inhibitors 6¢ or 6d. Bdz is benznidazole. Experiment done in
triplicate. Standard deviations are shown as error bars. ***, p <0.001; *, p <0.05.

toxicity LCso/T. cruzi ICsq); (b) it is efficient and well-tolerated in
oral treatment; (c) at a dose of 50 mg/kg (140 pmol/kg) parasitemia
was reduced in vivo; (d) 6d is a low-molecular weight, achiral, and
nonpeptidic compound. These functional properties and chemical
features are desirable for a Chagas disease drug candidate.>®

3. Conclusions

From our past studies, oxadiazoles were less potent cidals than
benznidazole, but they were more selective for parasite versus
mammalian cells. Here, our effort was to improve their cidal po-
tency by molecular modification of substituents. To this end, try-
panosomicidal properties as well cruzain inhibition of 3-aryl-
1,2,4-oxadiazole-5-carbohydrazides containing a 4-hydroxy-3-
methoxyphenyl 5a-h or 1,3-benzodioxole 6a-h were determined.
Oxadiazole 6d, which features a 1,3-benzodioxole group near to
the N-acylhydrazone was identified as the most potent and selec-
tive trypanosomicidal compound among them, and endowed with
efficacy in reducing blood parasitemia in a mouse model of acute
infection. The efficacy observed for oxadiazole 6d in in vitro and
in vivo models of infection argues favorably for oxadiazoles as
antiparasitic agents and therefore the synthetic redesign of vari-
ant forms of oxadiazole 6d is worthy.

4. Experimental section
4.1. Chemistry

Melting points were determined on a Gallenkamp capillary
apparatus and are uncorrected. Infrared spectra were determined

using KBr discs on a Perkin-Elmer Paragon 500 FT-IR spectrometer.
'H NMR spectra were determined on a Bruker DPX-200 spectrom-
eter, with chemical shifts 6 reported in ppm unities relative to the
internal standard TMS, using DMSO-dg as solvent. Mass spectral
were determined by using a Finnigan mass spectrometers model
MAT 8200 for low resolution mass spectrometry (MS) and the
MAT 95 for high resolution mass spectrometry (HRMS). Values
for HRMS lie within the permitted limit intervals with resolution
of 10,000. The reactions were monitored by thin layer chromatog-
raphy (TLC), performed on plates prepared with a 0.2 mm thick sil-
ica gel 60 (PF-254 with gypsum, Merck). The developed
chromatograms were visualized under ultraviolet light at 254-
265 nm. For column chromatography, silica gel 60 (230-400 mesh,
Merck) was used. All common laboratory chemicals were pur-
chased from commercial sources and used without previous puri-
fication. Crystallographic data for compound 6f can be obtained
free of charge at the Cambridge Crystallographic Data Centre
(CCDC, deposit number 870707, www.ccdc.cam.ac.uk/data_re-
quest/cif).

4.1.1. General procedure for preparation of compounds 5a-h

To a stirred suspension of 0.01 mol of appropriate hydrazide in
5 mL of ethanol, 3-4 drops of concentrated sulfuric acid were
added, changing the mixture to a clear solution. Then, vanillin
(0.01 mol) previously dissolved in 5 mL of ethanol was added to
the mixture at room temperature. After few seconds, a colored so-
lid precipitated and the mixture was stirred for 10 min before the
addition of 10 mL of water. After vacuum filtration, the solid was
washed with cold water/ethanol 1:1 and then with cold water.
Recrystallization from dioxane/water mixture afforded the crystal-
line solids. Yields, melting points, spectroscopic and spectrometric
data are listed below for each compound.

4.1.1.1. 3-Phenyl-N'-[(4-hydroxy-3-methoxyphenyl)methylene]-
1,2,4-oxadiazole-5-carbohydrazide (5a). Yield: 91%; Mp
216 °C (from dioxane/H,0); IR (KBr, cm™'): v=3494 (br O-H),
3448 (N-H, acyl hydrazone), 3190 (C-H, imine), 1674 (C=0),
1594 (C=N, imine), 1516 (C=N, heterocyclic). '"H NMR (200 MHz,
DMSO-dg) : 12.6 (s, 1H, CONH), 9.71 (s, 1H, OH), 8.48 (s, 1H,
N=CH), 8.09-8.06 (m, 2H, ortho to oxadiazole ArH), 7.63-7.59
(m, 3H, meta/para to oxadiazole ArH), 7.31 (s, 1H, 2 to hydrazone
ArH), 7.11 (d, 1H, 3] = 8.3 Hz, 6 to hydrazone ArH), 6.84 (d, 1H, 3]
7.8 Hz, 5 to hydrazone ArH), 3.82 (s, 3H, OCH3). MS (m/z,%): 338
(M*, 100), 192 (M-phenyloxadiazole, 14), 164 (192-CO, 6), 149
(192-HNCO, 43), 136 (164-N,, 70). HRMS for C;7H4N404 calcd
(found): 338.10151 (338.10238).

4.1.1.2. 3-(4-Methylphenyl)-N'-[(4-hydroxy-3-methoxyphenyl)-
methylene]-1,2,4-oxadiazole-5-carbo hydrazide (5b). Yield:
92%; Mp 213 °C (from dioxane/H,0); IR (KBr, cm™'): v =3479 (br
O-H; N-H, acyl hydrazone), 3181 (C-H, imine), 1702 (C=0),
1607 (C=N, imine), 1515 (C=N, heterocyclic). '"H NMR (200 MHz,
DMSO-dg) : 12.6 (s, 1TH, CONH), 9,70 (s, 1H, OH), 8.47 (s, 1H,
N=CH), 7.97 (d, 2H, 3] = 8.1 Hz, ortho to oxadiazole ArH), 7.41 (d,
2H, 3] = 8.1 Hz, meta to oxadiazole ArH), 7.31 (d, 1H, 4/=1.7 Hz, 2
to hydrazone ArH), 7.10 (dd, 1H, #/ = 1.7 Hz, 3] = 8.4 Hz, 6 to hydra-
zone ArH), 6.84 (d, 1H, 3] = 8.4 Hz, 5 to hydrazone ArH), 3.82 (s, 3H,
OCH3), 2.38 (s, 3H, CHs). MS (m/z,%): 352 (M™, 100), 192 (M-phen-
yloxadiazole, 14), 164 (192-CO, 3), 149 (192-HNCO, 60), 136 (164-
N,, 78). HRMS for C;gH{eN4O04 calcd (found): 352.11716
(352.11712).

4.1.1.3. 3-(4-Fluorophenyl)-N'-[(4-hydroxy-3-methoxyphenyl)-
methylene]-1,2,4-oxadiazole-5-carbo hydrazide (5c). Yield:
90%; Mp 216 °C (from dioxane/H,0); IR (KBr, cm™'): v =3486 (br
0O-H), 3446 (N-H, acyl hydrazone), 3197 (C-H, imine), 1677
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Figure 4. Oxadiazoles induce ultrastructural changes in bloodstream trypomastigotes. Using SEM, we observed plasma membrane protrusions (arrows) in cells treated with
compounds 6¢ (30 uM; D) or 6d (10 uM; G); untreated cells (A). Using TEM, untreated trypomastigotes highlighting Golgi apparatus and mitochondria (B) and kinetoplast (C).
In cells treated with 6¢ (9.5 uM, E, F) or 6d (3.5 pM, H, I), we observed alterations in Golgi apparatus (E), mitochondria (F), membranes of endoplasmic reticulum (H), and
kinetoplast (I). GA = Golgi apparatus; * = Mitochondria; ER = endoplasmic reticulum; K = kinetoplast.

(C=0), 1592 (C=N, imine), 1516 (C=N, heterocyclic). 'H NMR
(200 MHz, DMSO-dg) 6: 12.6 (s, 1H, CONH), 9,70 (s, 1H, OH), 8.47
(s, 1H, N=CH), 8.13 (dd, 2H, ¥Jr.;; = 5.2 Hz, 3] = 8.8 Hz, ortho to oxa-
diazole ArH), 7.46 (t, 2H, ] = 8.8 Hz, meta to oxadiazole ArH), 7.3 (d,
1H, 4/=1.3 Hz, 2 to hydrazone ArH), 7.11 (dd, 1H, %/=1.3 Hz,
3] = 8.2 Hz, 6 to hydrazone ArH), 6.84 (d, 1H, 3] = 7.9 Hz, 5 to hydra-
zone ArH), 3.82 (s, 3H, OCHs3). MS (m/z,%): 356 (M™, 100), 192 (M-
phenyloxadiazole, 14), 164 (192-CO, 6), 149 (192-HNCO, 68), 136
(164-N,, 72). HRMS Calcd for Cy7H3N404F calcd (found):
356.09208 (356.09178).

4.1.1.4. 3-(4-Chlorophenyl)-N'-[(4-hydroxy-3-methoxyphenyl)-
methylene]-1,2,4-oxadiazole-5-carbo hydrazide (5d). Yield:
88%; Mp 219 °C (from dioxane/H,0); IR (KBr, cm™'): v =3501 (br
O-H), 3446 (N-H, acyl hydrazone), 3223 (C-H, imine), 1678
(C=0), 1591 (C=N, imine), 1517 (C=N, heterocyclic). '"H NMR
(200 MHz, DMSO-dg) é: 12.6 (s, 1H, CONH), 9.71 (s, 1H, OH), 8.47
(s, 1H, N=CH), 8.09 (d, 2H, 3] = 8.5 Hz, ortho to oxadiazole ArH),
7.69 (d, 2H, J=8.1 Hz, meta to oxadiazole ArH), 7.30 (d, 1H,
4=13Hz, 2 to hydrazone ArH), 7.11 (dd, 1H, %4 =1.3Hz,
3] =9.8 Hz, 6 to hydrazone ArH), 6.84 (d, 1H, 3] = 8.1 Hz, 5 to hydra-
zone ArH), 3.82 (s, 3H, OCHs). MS (m/z,%): 372/375 (M™, 100/34),
192 (M-phenyloxadiazole, 21), 164 (192-CO, 7), 149 (192-HNCO,
97), 136 (164-N,, 98). HRMS for C;7H;3N404Cl calcd (found):
372.06253 (372.06334).

4.1.1.5. 3-(4-Bromophenyl)-N'-[(4-hydroxy-3-methoxyphenyl)-
methylene]-1,2,4-oxadiazole-5-carbo hydrazide (5e). Yield:
88%; Mp 212 °C (from dioxane/H,0); IR (KBr, cm™'): v=3329 (br
O-H), 3217 (N-H, acyl hydrazone), 3190 (C-H, imine), 1674
(C=0), 1583 (C=N, imine), 1516 (C=N, heterocyclic). 'H NMR
(200 MHz, DMSO-dg) 5: 12.7 (s, 1H, CONH), 9.70 (s, 1H, OH), 8.47
(s, 1H, N=CH), 8.02 (d, 2H, 3] = 8.5 Hz, ortho to oxadiazole ArH),
7.83 (d, 2H, J=8.5Hz, meta to oxadiazole ArH), 7.30 (d, 1H,
4=13Hz, 2 to hydrazone ArH), 7.11 (dd, 1H, % =13 Hz,
3] = 8.2 Hz, 6 to hydrazone ArH), 6.84 (d, 1H, 3] = 7.8 Hz, 5 to hydra-
zone ArH), 3.82 (s, 3H, OCH3). MS (m/z,%): 416/418 (M ™, 59/59),
192 (M-phenyloxadiazole, 21), 164 (192-CO, 7), 149 (192-HNCO,
100), 136 (164-N,, 97). HRMS for C;7H;3N404Br calcd (found):
416.01202 (416.01187).

4.1.1.6. 3-(4-Nitrophenyl)-N'-[(4-hydroxy-3-methoxyphenyl)-
methylene]-1,2,4-oxadiazole-5-carbohydrazide (5f). Yield:
91%; Mp 383 °C (from dioxane/H,0); IR (KBr, cm™!): v =3490 (br
O-H), 3280 (N-H, acyl hydrazone), 1697 (C=0), 1596 (C=N,
imine), 1513 (C=N, heterocyclic). '"H NMR (200 MHz, DMSO-dg)
6: 12.8 (s, 1H, CONH), 9.70 (s, 1H, OH), 8.48 (s, 1H, N=CH), 8.46
(d, 2H, 3=9.3Hz, meta to oxadiazole ArH), 834 (d, 2H,
3] = 8.8 Hz, ortho to oxadiazole ArH), 7.31 (d, 1H, /=13 Hz, 2 to
hydrazone ArH), 7.12 (dd, 1H, %/=1.3 Hz, 3/ = 8.3 Hz, 6 to hydra-
zone ArH), 6.85 (d, 1H, 3/=8.3 Hz, 5 to hydrazone ArH), 3.82 (s,
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Figure 5. Oxadiazole 6d induces structural changes in intracellular amastigotes. (A and B) TEM of untreated cells highlighting nucleus (N), kinetoplast (K), mitochondria (M)
and Golgi apparatus (GA). (C and D) in cells treated with 3.25 uM of 6d we observed alterations in membrane (black arrow), degradation of mitochondria (white arrow) as
well atypical mitochondrial vacuoles (black stars). Scale of 2.0 (A), 1.0 (B), 0.5 (C), and 0.2 um (D).

3H, OCH3). MS (m/z,%): 383 (M™, 100), 192 (M-phenyloxadiazole,
18), 164 (192-CO, 6), 149 (192-HNCO, 73), 136 (164-N,, 62). HRMS
for C;7H13N50¢ calcd (found): 383.08658 (383.08753).

4.1.1.7. 3-(4-Hydroxyphenyl)-N'-[(4-hydroxy-3-methoxyphenyl)-
methylene]-1,2,4-oxadiazole-5-carbo hydrazide (5g). Yield:
99%; Mp 264 °C (from dioxane/H,0); IR (KBr,cm™!): v = 3518, 3499
(0O-H), 3293 (N-H, acyl hydrazone), 1693 (C=0), 1596 (C=N,
imine), 1512 (C=N, heterocyclic). 'H NMR (200 MHz, DMSO-dg)
6: 12.6 (s, 1H, CONH), 10.2 (s, 1H, para to oxadiazole OH), 9.69 (s,
1H, OH), 8.46 (s, 1H, N=CH), 7.91 (d, 2H, 3] = 8.8 Hz, ortho to oxa-
diazole ArH), 7.30 (d, 1H, %] = 1.3 Hz, 2 to hydrazone ArH), 7.11 (dd,
1H, 4 =1.5Hz, 3]=82Hz, 6 to hydrazone ArH), 6.94 (d, 2H,
3] = 8.8 Hz, meta to oxadiazole ArH), 6.84 (d, 1H, 3>/=8.2Hz, 5 to
hydrazone ArH), 3.82 (s, 3H, OCHz). MS (m/z,%): 354 (M *, 100),
192 (M-phenyloxadiazole, 8), 164 (192-CO, 3), 149 (192-HNCO,
32), 136 (164-N,, 42). HRMS for Cy7H4N40s calcd (found):
354.09642 (354.09733).

4.1.1.8. 3-(4-Methoxyphenyl)-N'-[(4-hydroxy-3-methoxyphenyl)-
methylene]-1,2,4-oxadiazole-5-carbo hydrazide (5h). Yield:
97%; Mp 221 °C (from dioxane/H,0); IR (KBr, cm™!): v =3500-

3000 (br O-H), 3415 (N-H, acyl hydrazone), 1677 (C=0), 1597
(C=N, imine), 1512 (C=N, heterocyclic). 'H NMR (200 MHz,
DMSO-dg) 5: 12.6 (s, 1H, CONH), 9.70 (s, 1H, OH), 8.47 (s, 1H,
N=CH), 8.02 (d, 2H, 3] = 8.9 Hz, ortho to oxadiazole ArH), 7.31 (d,
1H, % = 1.3 Hz, 2 to hydrazone ArH), 7.15 (d, 2H, 3| = 8.6 Hz, meta
to oxadiazole ArH), 7.11 (dd, 1H, %) = 1.3 Hz, 3] = 8.3 Hz, 6 to hydra-
zone ArH), 6.84 (d, 1H, 3] = 8.3 Hz, 5 to hydrazone ArH), 3.84 (s, 3H,
para to oxadiazole OCH3), 3.82 (s, 3H, OCH3). MS (m/z,%): 368 (M™,
100), 192 (M-phenyloxadiazole, 10), 164 (192-CO, 4), 149 (192-
HNCO, 35), 136 (164-N,, 42). HRMS for C;gH;6N405 calcd (found):
368.11207 (368.11232).

4.2. Animals

Female BALB/c mice (6-8 weeks old) were supplied by the ani-
mal breeding facility at Centro de Pesquisas Gon¢alo Moniz (Fun-
dacdo Oswaldo Cruz, Bahia, Brazil) and maintained in sterilized
cages under a controlled environment, receiving a balanced diet
for rodents and water ad libitum. All experiments were carried
out in accordance with the recommendations of Ethical Issues
Guidelines, and were approved by the local Animal Ethics
Committee.
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Figure 6. Oxadiazole 6d substantially reduces parasitemia in mice. Female BALB/c mice were infected with 10* Y strain trypomastigotes. Five days after infection, mice were
treated orally with compounds 6c and 6d in one daily dose of 50 mg/kg or Benznidazole (Bdz, at 100 mg/kg), during five consecutive days. Parasitemia was monitored by
counting the number of trypomastigotes in fresh blood samples. Values represent the mean + SEM of six mice per group. Two independent experiments, data are from one

experiment. ***, p <0.001 compared to untreated-infected group (vehicle).

4.3. Parasites

Epimastigotes of T. cruzi (Y strain) were maintained at 26 °C in
LIT medium (Liver Infusion Tryptose) supplemented with 10% fetal
bovine serum (FBS) (Cultilab, Campinas, SP, Brazil), 1% hemin (Sig-
ma Co, St. Louis, MO, USA), 1% R9 medium (Sigma Co), and 50 pg/
mL gentamycin (Novafarma, Anapolis, GO, Brazil). Bloodstream
trypomastigotes forms of T. cruzi were obtained from supernatants
of LLC-MK; cells previously infected and maintained in RPMI-1640
medium (Sigma Co.) supplemented with 10% FBS, and 50 pg/mL
gentamycin at 37 °C and 5% CO,.

4.4. Cruzain inhibition

Cruzain activity was measured by monitoring the cleavage of
the fluorogenic substrate Z-Phe-Arg-aminomethylcoumarin (Z-
FR-AMC), as previously described.!® All assays were performed in
96-well plate format, in a final volume of 200 pL, in sodium acetate
0.1 M (pH 5.5), in the presence of 5 mM dithiothreitol (DTT) and
0.01% Triton X-100, except for evaluation of detergent-sensitivity,
when inhibition was also evaluated in 0% and 0.1% Triton for com-
parison. The enzyme was present at the final concentration of
0.4 nM and the substrate at 2.5 uM (K, = 2 uM). All assays were
performed in duplicate and followed for 5 min, and cruzain activity
was calculated based on initial rates of substrate cleavage com-
pared to a DMSO control. All compounds were dissolved in DMSO.
The initial screen was performed at 100 uM of each compound.
Compounds were first evaluated for time-dependence by compar-
ing percentages of enzyme inhibition by a compound with or with-
out pre-incubation with enzyme for 10 min. During the pre-
incubation step, cruzain and compound concentrations were 10-
fold higher than in the final assay. Since compounds were observed
to be time-dependent, consistently with a covalent mode of inhibi-
tion, all subsequent assays were performed with a 10 min pre-
incubation. Compounds which inhibited over 50% of cruzain activ-
ity at 100 pM had their ICsy determined and were further evalu-

ated for detergent-sensitivity. Dose-response curves were
determined based on at least nine compounds concentrations,
varying from 100 uM to 0.1 nM in fourfold dilutions. Data was ana-
lyzed with Prism 4 (GraphPad) employing non-linear regression.

4.5. Cytotoxicity to mouse splenocytes

Splenocytes obtained from BALB/c mice were placed into 96-
well plates at a cell density of 5 x 10° cells/jwell in RPMI-1640
medium supplemented with 10% of FBS and 50 pg mL~' of genta-
mycin. Each test inhibitor was used in five concentrations (1.23,
3.70, 11.11, 33.33, and 100 pg mL™") in triplicate. To each well,
an aliquot of test inhibitor suspended in DMSO was added. Con-
trols included wells only containing either solvent (untreated
cells) or gentian violet (positive control). The plate was incubated
for 24 h at 37 °C and 5% CO,. After incubation, 1.0 uCi of *H-thy-
midine (Perkin Elmer, Waltham, USA) was added to each well,
and the plate was returned to the incubator. The plate was then
transferred to a beta-radiation counter (Multilabel Reader, Fin-
land), and the percent of >H-thymidine was determined. Cell via-
bility was measured as the percent of >H-thymidine incorporation
for treated-cells in comparison to untreated cells. LDsq values
were calculated using data-points gathered from two indepen-
dent experiments.

4.6. Antiproliferative activity for epimastigotes

Epimastigotes were counted in a hemocytometer and then dis-
pensed into 96-well plates at a cell density of 10° cells/well. Test
inhibitors, dissolved in DMSO, were diluted into five different con-
centrations (1.23, 3.70, 11.11, 33.33, and 100 pg/mL) and added to
the respective wells in triplicate. The plate was incubated for
5 days at 26 °C, and aliquots of each well were collected and the
number of viable parasites were counted in a Neubauer chamber,
and compared to untreated parasite culture. ICso calculation was
carried out using non-linear regression on Prism 4.0 GraphPad
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software. This experiment was done in triplicate, and benznidazole
(LAFEPE, Pernambuco, Brazil) was used as the reference inhibitor.

4.7. Cytotoxicity for trypomastigotes

Trypomastigotes collected from the supernatants of LLC-MK,
cells were dispensed into 96-well plates at a cell density of
4 % 10° cells/well. Test inhibitors, dissolved in DMSO, were diluted
into five different concentrations and added into their respective
wells, and the plate was incubated for 24 h at 37 °C and 5% of
CO,. Aliquots of each well were collected and the number of viable
parasites, based on parasite motility, was assessed in a Neubauer
chamber. The percentage of inhibition was calculated in relation
to untreated cultures. ICsq calculation was also carried out using
a non-linear regression with Prism 4.0 GraphPad software. This
experiment was repeated once, and benznidazole was used as
the positive control.

4.8. Trypomastigote development

Peritoneal exudate macrophages were seeded at a cell density
of 2 x 10° cells/well in a 24 well-plate with rounded coverslips
on the bottom in RPMI supplemented with 10% FBS and incubated
for 24 h. Cells were then infected with trypomastigotes at a ratio of
10 parasites per macrophage for 2 h. Free trypomastigotes were re-
moved by successive washes using saline solution. Each test inhib-
itor was dissolved in DMSO at 10 pg/mL and incubated for 6 h. The
medium was replaced by a fresh medium and the plate was incu-
bated for 4 days. Cells were fixed in methanol and the percentage
of infected macrophages and the mean number of amastigotes/in-
fected macrophages was determined by manual counting after
Giemsa staining in an optical microscope (Olympus, Tokyo, Japan).
The percentage of infected macrophages and the number of
amastigotes per macrophage was determined by counting 100 cells
per slide.

4.9. Trypomastigote invasion

Peritoneal macrophages (10° cells) were plated onto 13-mm
glass coverslips in 24-well plate and kept for 24 h. The plate
was washed with saline solution and then trypomastigotes were
added at a cell density of 1.25 x 107 along with the addition of
test inhibitor (stock solution at 10 pg/mL). The plate was incu-
bated for 2 h at 37 °C and 5% CO,, followed by five washes with
saline solution to remove extracellular trypomastigotes. Plates
were maintained in RPMI medium supplemented with 10% FBS
at 37 °C for 2 h. Infected cells were examined for the presence
of amastigotes by optical microscopy using a standard Giemsa
staining.

4.10. Ultrastructural studies

Trypomastigotes at a cell density of 3 x 107 were treated with
test inhibitors 6¢ (9.5 uM) and 6d (3.5 uM) for 24 h. Parasites
were then fixed with 2% formaldehyde and 2.5% glutaraldehyde
(Electron Microscopy Sciences, PA, USA) in sodium cacodylate
buffer (0.1 M, pH 7.2) for 1 h at room temperature. After fixation,
parasites were washed three times with sodium cacodylate buf-
fer (0.1 M, pH 7.2), and post-fixed with a 1.0% solution of os-
mium tetroxide (Sigma Chemical Co., MO, USA) for 1h. Cells
were subsequently dehydrated in increasing concentrations of
acetone (30%, 50%, 70%, 90% and 100%) for 10 min at each step
and embedded in resin Polybed (PolyScience family, Warrington,
PA, USA). Ultrathin sections were prepared on an ultramicrotome
Leica UC7 and sections were collected on copper grids of 300
meshes, contrasted with uranyl acetate and lead citrate and ob-

served under a JEOL TEM-1230 transmission electron micro-
scope. For scanning electron microscopy, trypomastigotes
treated with 6c (30 uM) or 6d (10 pM) and fixed in the same
conditions were washed in 0.1 M cacodylate buffer, and allowed
to adhere in coverslips pre-coated with poly-L-lysine (Sigma Co.).
After adherence, cells were post-fixed with a solution of osmium
tetroxide containing 0.8-1% of potassium ferrocyanide for
30 min. Cells were subsequently dehydrated in the presence of
increasing concentrations of ethanol (30%, 50%, 70%, 90%, and
100%) during 15 min each step, and then subjected to the critical
point, metallized with gold and analyzed in a JEOL JSM-6390LV
scanning electron microscope. The same procedure was per-
formed for TEM in infected macrophages treated with compound
6d.

4.11. Toxicity in mice

Female BALB/c mice (6-8 weeks old; n = 3/group) were orally
treated with oxadiazole 6d at doses of 100, 50 and 25 mg/kg. Ani-
mals were monitored for signs of general toxicity, including behav-
ior and feeding, until 24 h after treatment. Heparinized blood
samples were collected after 24 h of treatment, centrifuged for
3 min. to separate out from cells and then serum components were
analyzed using Analyst® (Hemagen, Columbia, USA) platform
system.

4.12. Infection in mice

Female BALB/c mice (6-8 weeks old) were infected with blood-
stream trypomastigotes by intraperitoneal inoculation of 10* para-
sites in 100 pL of saline solution and then mice were divided in
groups (six animals per group). After the day 5 of infection, treat-
ment with 50 mg/kg weight of drugs 6¢ and 6d was given orally
for five consecutive days. For the control group, Benznidazole
was given orally at dose of 100 mg/kg weight. Animal infection
was monitored daily by counting the number of motile parasites
in 5 pL of fresh blood sample drawn from the lateral tail veins as
recommended by standard protocols.>®

4.13. Statistical analyses

To determine the statistical significance of each group in the
in vitro/in vivo experiments, the one-way ANOVA test and the Bon-
ferroni for multiple comparisons were used. A p value <0.05 was
considered of statistical significance. The data are representative
of at least two or three experiments ran in triplicate.
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ABSTRACT: We modified the thiazolidinic ring at positions N3, C4, and CS, yielding compounds 6—24. Compounds with a
phenyl at position N3, 15—19, 22—24, exhibited better inhibitory properties for cruzain and against the parasite than
2-iminothiazolidin-4-one 5. We were able to identify one high-efficacy trypanocidal compound, 2-minothiazolidin-4-one 18, which
inhibited the activity of cruzain and the proliferation of epimastigotes and was cidal for trypomastigotes but was not toxic for
splenocytes. Having located some of the structural determinants of the trypanocidal properties, we subsequently wished to determine
if the exchange of the thiazolidine for a thiazole ring leaves the functional properties unaffected. We therefore tested thiazoles 26—45
and observed that they did not inhibit cruzain, but they exhibited trypanocidal effects. Parasite development was severely impaired
when treated with 18, thus reinforcing the notion that this class of heterocycles can lead to useful cidal agents for Chagas disease.

B INTRODUCTION

The World Health Organization estimates that 5—10% of Latin
America’s population is afflicted by Chagas disease, which is
caused by the protozoan Trypanosoma cruzi.' Current treatment is
solely based on benznidazole (Bdz), a nitroimidazole compound.
Bdz is cidal for bloodstream trypomastigotes and thus efficient
in eliminating parasite in circulation during the initial stages of
infection (acute and asymptomatic chronic).>* The efficacy of Bdz
for patients with Chagas-related cardiomyopathy is still unknown,

-4 ACS Publications  © 2012 American Chemical Society

although a clinical trial (BENEFIT) aiming to investigate this
is expected to be concluded in 2013.*° However, many patients
experience drug intolerance and adverse effects for Bdz.® Thus,
there is a need to look for other drugs to treat Chagas disease.
A useful strategy for anti-T. cruzi drug design is to inhibit the

cysteine protease cruzain. Most of the functional properties of

Received: July 25, 2012
Published: November 20, 2012

dx.doi.org/10.1021/jm301518v | J. Med. Chem. 2012, 55, 10918—-10936


pubs.acs.org/jmc

Journal of Medicinal Chemistry

S N
\/\N/ Ys
HN
2-iminothiazolidin-4-one 1

IC50 = 20.4 pM (cruzain)
IC50 = 80.4 uM (T. cruzi)

s
s N /k/éto
W\N N

H

2-iminothiazolidin-4-one 2
IC5q = 0.4 uM (cruzain)
IC50 = 10 uM (T. cruzi)

constrained geometry
mimetics of fragment-A

s
N \rs

HN
(o}

more conformationally constrained than 2

exchanging the
sulphur by oxygen o

—>

.

N/

N
N
NH
Y

cruzain inhibitor triazole 54

W

\)\ N S
N Y\Z(&
N
R/
X

designed compounds
( 2-iminothiazolidin-4-ones 5-24)

Figure 1. Structural design of new 2-iminothiazolin-4-ones as trypanocidal agents.

cruzain have been revealed in the recent years.””'> For example,
cruzain prevents macrophage activation, probably by degrading
macrophage proteins such as the nuclear factor NF-xB. Cruzain-
deficient T. cruzi is viable but unable to invade host cells.” On
the other hand, cruzain protects infected cardiomyocytes from
apoptosis, which is essential for a pathogenic outcome.'® Cruzain
is also responsible for the proteolytic cleavage of kinins that,
once released, trigger bradykinin receptors. These receptors in
cooperation with endothelin receptors are involved in vascular
permeability, which is beneficial for parasite invasion and its
persistence in the tissue.'"'> Given these functional properties,
cruzain is a valid T. cruzi drug target.

Since the discovery that thiosemicarbazones are cruzain
inhibitors,">~'® many attempts have been made to explore the
structure—activity relationships (SAR) with a view to designing
compounds with improved trypanocidal effects.'’ " Recently,
potent triazole-based inhibitors that covalently entrap cruzain
have been identified. The triazole family of inhibitors bind to the
amino acid CYS2S and establish polar interactions with amino
acids GLY66 and GLNI19 in this binding pocket to stabilize
the cruzain—ligand complex.*>** Similar interactions have been
observed for other cruzain inhibitors.”* Some variants of this
family of triazole inhibitors are cidal for the parasite. One good
example is the aryloxymethyl ketone triazole 54, which eradicates
blood parasitemia when administered to T. cruzi-infected mice
intraperitoneally at 20 mg/kg.”® The results support the feasibi-
lity of employing multiple tactics to inhibit cruzain, which is
essential for T. cruzi infection.

We selected 2-iminothiazolidin-4-ones for development as
trypanocidal compounds because of their structural similarity
to cruzain-inhibiting thiosemicarbazones. The most potent
2-iminothiazolidin-4-ones we had previously identified were

10919

equipotent to Bdz but less potent than their thiosemicarbazone
analogues for cruzain and parasite inhibition assays. However, we
also observed that 2-iminothiazolidin-4-ones had low toxicity for
mammalian cells (mouse splenocytes), a feature not generally
observed in thiosemicarbazones.”>™>’

For the design of new anti-T. cruzi 2-iminothiazolidin-4-ones,
we combined some chemical features of cruzain inhibitor 54 and
of our previously tested 2-iminothiazolidin-4-ones (compounds
1 and 2, Figure 1). All these newly designed 2-iminothiazolidin-
4-ones share an aryloxypropylimine group. This was introduced
because of the similarity, in terms of geometry and flexibility, to
the aryloxymethyl ketone group of the cruzain inhibitor 54. Our
previous model for the docking of 2-iminothiazolidin-4-ones
with cruzain suggests that the thiazolidinic ring establishes
both polar and hydrophobic interactions with cruzain. As a way
of locating the structural determinants of cruzain affinity, we
derived a series of 2-iminothiazolidin-4-ones 5—24 by varying
substituents around the thiazolidinic ring at positions N3,
C4, and CS. Bearing in mind the bioisosteric relationship
between 2-imino-1,3-thiazoles and 2-iminothiazolidin-4-ones,™®
we prepared the 2-imino-1,3-thiazoles 26—4S. Therefore, we
synthesized 2-iminothiazolidin-4-ones 5—19, their analogues
2-iminothiazolidin-4-thiones 20 and 21, and 2-imino-1,3-
thiazoles 26—45 and evaluated their activity against cruzain
and the parasite.

B RESULTS

Chemistry. The thiosemicarbazones 4a—c were prepared
by reacting commercially available phenoxy-2-propanone 1 with
the appropriate thiosemicarbazide in an ultrasound bath in the
presence of catalytic AcOH. 2-Iminothiazolidin-4-ones 5—19

dx.doi.org/10.1021/jm301518v | J. Med. Chem. 2012, 55, 10918—10936
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Scheme 1. Synthetic Procedures for 2-Iminothiazolidin-4-ones 5-19 and 2-Iminothiazolidin-4-thiones 20, 21“

O@

phenol

/\ﬂ/\
lc

O

4a-c

”Y\p~@( Y

20,21

5-19
R and Ry, see Table 1

“Reagents and conditions: (A) 2-chloroacetone, K,CO;, butanone, ultrasound bath, rt, 2 h, yield of 68% (B) thiosemicarbazides, EtOH, AcOH,
ultrasound bath, rt, 30 min, yields of 65—82%; (C) ethyl 2-bromoacetate or ethyl 2-substituted-2-bromoacetates; NaOAc, EtOH, reflux, overnight,
yields of 38—84%; (D) Lawesson’s reagent, 1,4-dioxane/toluene, reflux, 20 h, yields of 54% (20) and 60% (21).

Scheme 2. General Synthetic Procedures for 2-Imino-1,3-thiazoles 26—45“

N 7 T ~N R A
s (R=H)

4a-c lA
o\)\\ N s
NT N
),
R/

44 (R=CH;)
45 (R=Ph)

26-43 Ar
Compd#  Ar Compd#  Ar
26 Ph 36 3-NO,Ph
27 2-Py 37 3,4-diCIPh
28 3-Py 38 2,4-diCIPh
29 4-Py 39 2,3 4-triCIPh
30 4-CHsPh 40 4-'BuPh
31 4-CH,OPh ¢y 2-naphthyl
32 4-FPh
3 4-CIPh 42 2-furfuryl
34 4-BrPh 43 2-thiophene
35 4-NO,Ph

“Reagents and conditions: (A) substituted 2-bromoacetophenones, 2-propanol, ultrasound irradiation, rt, 30—60 min, yields of 48—85%.

were prepared by reacting the respective thiosemicarbazones
4a—c with commercially available ethyl 2-bromoacetate or
preparing the desired 2-substituted-2-bromoacetates. These
reactions were carried out in the presence of an excess of
anhydrous NaOAc under reflux, affording compounds 5—19
in acceptable yields (38—84%). For the conversion of
2-iminothiazolidin-4-ones 7 and 19 into 2-iminothiazolidin-4-
thiones 20 and 21, we used Lawesson’s reagent as the thionation
reagent (yields of 54% and 60%, respectively) (Scheme 1).
2-Imino-1,3-thiazoles 26—45 were prepared via a Hantzsch
synthesis between thiosemicarbazones 4a—c and substituted
2-bromoacetophenones (Scheme 2). These reactions proceed
well upon refluxing with ethanol (1—3 h), but we adapted them
under ultrasound conditions®” using propanol as a solvent™ and
observed excellent yields in general (48—85%) and shorter times
(30 min in most cases).

We attempted to define the relative configuration of the iminic
bond. Chemical shifts in the methyl and methylene of the ary-
loxypropylimine group were diagnostically useful for identifying
an E-isomer (for details, see the Experimental Section).
Moreover, we succeeded in crystallizing the 2-iminothiazolidin-
4-one 12 and the thiosemicarbazones 4a and 4c suitable for
X-ray analysis. High-performance chromatography revealed a

mixture of isomers (9.5/0.5) for thiosemicarbazones 4a and 4c,
and the major isomer has an E-geometry. On the other hand,
chromatographic analysis in practice revealed only one major
isomer for compounds 5—24 and 26—435. 2-Iminothiazolidin-4-
one 12 has an E-geometry (Figure 2). It is therefore highly
probable that all 2-iminothiazolidin-4-ones 5—24 as well as
2-imino-1,3-thiazoles 26—45 have the same E-geometry. For com-
pounds 5—9, an important structural assignment is the location
of an iminic bond in C2. X-ray analysis and quantum chemistry
calculations for other 2-iminothiazolidin-4-ones structurally
related to compounds 5—9 had suggested that the iminic bond
is exocyclic in relation to heterocyclic ring (Figure S1, Supporting
Information). It would, therefore, seem fair to suggest that the
structures proposed for $—9 are the correct ones.
Structure—Activity Relationships (SAR). We first assayed
the viability of BALB/c mouse splenocytes treated with
2-iminothiazolidin-4-ones 5—19 and 22—24, 2-iminothiazoli-
din-4-thiones 20 and 21, or 2-imino-1,3-thiazoles 26—45. Once
the toxicity to mammalian cells had been determined, we focused
on evaluating their effects in T. cruzi in vitro assays. We tested
against epimastigotes (axenic culture) and bloodstream
trypomastigotes of the Y strain (Tables 1, 2, and 4). Compounds
that showed ICj, values comparable to benznidazole (Bdz) or

dx.doi.org/10.1021/jm301518v | J. Med. Chem. 2012, 55, 10918—10936
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S

thiosemicarbazone 4a

Figure 2. Structures of compounds 4a and 12 determined by X-ray analysis. Anisotropic thermal ellipsoids are drawn at a 50% level. For details, see the
Experimental Section and Supporting Information.

Table 1. Anti-T. cruzi Activities of 2-Iminothiazolidin-4-ones 5-19 and 2-Iminothiazolidin-4-thiones 20, 21

Cpd R, Y strain T. cruzi 1Csy (nM) toxicity to splemfc]ytes
trypomastigotes™ epimastigotes™ pg/mL (M)
0\)\ N S,
N™ N\ Ry
HN
[o]
5 H 19.0 23.2 >100 (380)
6 CH; ND ND >100
7 C,H;s ND ND >100
8 CH(CHj;), 16.8 12.2 >100
9 Ph 18.7 34.8 25
o\/L\ /N S
N \\r R,
N
7/
(o)
10 H ND ND >100
11 CH; ND ND 25
12 C,Hs ND ND >100
13 CH(CHs), 10.7 14.0 >100 (313)
14 Ph 18.0 12.0 >100 (283)
\)\\ N S
-,
N \\r Ry
N
(¢]
15 H 18.0 25.8 >100
16 CH; 29.0 31.8 100
17 C,Hs 5.8 11.1 100 (272)
18 CH(CHj3), 6.1 4.9 >100 (262)
19 Ph 11.1 15.6 >100 (240)
0\)\\ /N S
N \\rsg’&
N
R/
S
20 Ph/Ph 11.2 4.2 100 (231)
21 H/CHs 31.5 26.1 25 (81)
Bdz - 6.2 6.6 25 (96)
Nfx - 2.7 1.9 1.0
SAP - - - <1.0

“Determined 24 h after incubation of trypomastigotes with the compounds. ’Determined 11 days after incubation of epimastigotes with the
compounds. ICs, was calculated from at least five concentrations using concentrations in triplicate (SD # 10%). “Highest nontoxic concentration for
mouse splenocytes after 24 h of incubation in the presence of the compounds. Bdz: benznidazole; Nfx: nifurtimox; Sap: saponin.
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Table 2. Modification of the 2-Iminothiazolidin-4-one 17

toward Compounds 22—24°
°\)\\ ANS
N
Sap oSt
d Y

Cpd R Y strain T. cruzi ICso (nM) toxicity to splenocytes
Tryp tigotes'™! epimastigotes”  pg/mL (uM)"!
@ 5.8 111 100 (272)
Q 19.9 15.0 100 (262)
Q 9.0 6.8 100 (251)
—d
<:> ND ND >100 (268)

“See footnote in Table 1. ND, not determined.

nifurtimox (Nfx) were further selected for assays of in vitro
infection of host cells. The inhibitory activity against cruzain was
measured based on the cleavage of the substrate Z-FR-AMC. 3
Compounds were first tested at 20 or 100 uM, and a dose—

most active compounds. We also evaluated the compounds against
the mammalian proteases cathepsins L and S (Tables 3 and 4).

Of all the tested compounds, 2-iminothiazolidin-4-one 18
possessed the highest overall trypanocidal potency, with ICg,
values of 6.1 and 4.9 uM for bloodstream trypomastigotes
and axenic epimastigotes of the Y strain, respectively (Table 1).
It also had trypanocidal properties comparable to those of Bdz.
However, 2-iminothiazolidin-4-one 18 does not affect the cell
viability of mouse splenocytes even at concentrations of up to
100 pug/mL (262 uM).

The SAR study which led to the identification of
2-iminothiazolidin-4-one 18 began with two kinds of modifica-
tions of the thiazolidinic ring: (a) variation of the substituents
at CS; (b) replacement of NH with N-methyl and N-phenyl.
These modifications yielded 2-iminothiazolidin-4-ones 5—19.
For cruzain inhibition, we observed that modifications at N3
affect cruzain inhibition more than those at CS. For example, most
compounds with a free NH (5—9) or an N-methyl (10—14) did
not inhibit cruzain, while compounds with an N-phenyl (15—19)
did (Table 3). For T. cruzi, we observed somewhat similar
behavior, except for compounds §, 8, and 13 which displayed
good trypanocidal properties. In general, N-phenyl compounds
15—19 were potent trypanocidal agents.

We observed interesting SAR when different substituents were
attached at C$5 in 2-iminothiazolidin-4-ones 15—19. Inserting
a methyl (16), ethyl (17), or isopropyl (18) at position CS did
not increase the affinity for cruzain when compared to the
nonsubstituted 2-iminothiazolidin-4-one 15; all of them had

response curve was determined and the IC;, calculated for the
Table 3. Protease Inhibition

\ /
\ R
5.19,22-24

T. cruzi cruzain®

compd % inhibition at 20 yuM ICsp, uM
5 0+2
6 3
7 5
8 60.8 189 + 0.9
9 63 +2 ND4
10 0
11 0
12 50 319+ 1.0
13 81 8.0+ 0.1
14 27 + 4 ND?
15 66 102 + 0.5
16 50 108 + 1.0
17 66 (64)° 9.5+ 0.07
18 78 (81)¢ 6.6 + 0.05
19 43+2 ND?
20 72 + 5.0 (79)¢ 7.0 + 0.4
21 48+ 10 18.7 £ 2.0
22 65 11.8 + 0.5
23 71 8.7+ 0.1
24 10+2

cathepsin L (% inhibition at 100 uM)®

Y

20,21

ICg, M (SD)

cathepsin L cathepsin S

1+1.5 >100 >100
0 NT

S ND
11+2 ND
NT NT
NT NT
NT NT
6 >100 >100
0+2 >100 >100
NT NT
0 >100 >100

0 NT
4+1 >100 >100
10 + 4 >100 >100
15+2 NT
89+ S 10.8 + 0.7 NT
81+6 13.8 +£2.0 NT
NT NT
NT NT
NT NT

“After 10 min of preincubation with the inhibitor before adding the fluorescent cruzain substrate Z-FR-AMC. bAfter 45 min of incubation before
adding the fluorescent cathepsin substrate Z-FR-pNA. Percentage of inhibition is the average of triplicate runs determined in one experlment ICs,
was calculated from at least seven concentrations. “In parentheses, experiments using 0.01% of Triton X-100 in the reaction buffer. “Not determined
because of the low solubility in 0.1 M sodium acetate pH S5.5. NT is not tested.

10922

dx.doi.org/10.1021/jm301518v | J. Med. Chem. 2012, 55, 10918—10936



Journal of Medicinal Chemistry

Table 4. Cruzain and Anti-T. cruzi Activities of 2-Imino-1,3-thiazoles 26—45

o\)% /n S O\)\\ /N\ S
©/ 26-43 ) \Nf\/z ©/ 44,45 N :N(\/z
Ar R Ph

Y strain T. cruzi, ICs, (M)

compd Ar/R % of cruzain inhibition at 20 yuM“

26 Ph no inhib
27 2-Py no inhib
28 3-Py no inhib
29 4-Py 13.3 + 3.8°
30 4-CH;Ph no inhib
31 4-CH;OPh no inhib
32 4-FPh no inhib
33 4-CIPh 13+6
34 4-BrPh 25+1
35 4-NO,Ph no inhib
36 3-NO,Ph no inhib
37 3,4-diCIPh 20+ 6
38 2,4-diCIPh 40+6
39 2,3,4-triCIPh no inhib
40 4-'BuPh no inhib
41 PNaph no inhib
42 2-furfuryl 47 +32°
43 2-thiophene 30 + 6°
44 CH; no inhib
45 Ph no inhib

trypomastigotesb epimastigotes® toxicity splenocytes ug/mL (/lM)d
19.6 ND 50 (154)
34.8 11.8 100 (308)
12.3 20.5 100 (308)
39 4.0 100 (308)
49.7 67.0 100 (296)
17.8 14.9 100 (283)
115 41.3 >100 (293)
ND 57.1 100 (280)
ND 49.8 100 (249)
57 1.9 100 (271)
3.8 4.0 100 (271)
17.0 19.0 25 (63.9)
17.0 422 <1(2.8)
ND ND >1(2.3)
ND ND 50 (131)
36.4 83.0 >100 (268)
17.7 26.6 >100 (319)
37.6 16.6 50 (128)
174.7 25.6 10 (29.5)
61.1 2.6 >100 (250)

“After 10 min of preincubation with the inhibitor before adding the fluorescent protease substrate Z-FR-AMC. *Determined 24 h after incubation of
trypomastigotes with the compounds. “Determined 11 days after incubation of epimastigotes with the compounds. ICy, was calculated from at least
five concentrations using concentrations in triplicate (SD =+ 10%). dHighest nontoxic concentration for mouse splenocytes after 24 h of incubation in
the presence of the compounds. “Compounds tested at 100 #M. no inhib mean no cruzain inhibition was observed.

the same range of IC,s. However, varying substituents at CS
resulted in different trypanocidal compounds. For example, ethyl
(17), and isopropyl (18) compounds were 4-times more potent
cidal agents than compound 15. 2-Iminothiazolidin-4-ones 17
and 18 have an IC; of 5.8 and 6.1 sM for trypomastigotes, which
is equal in potency to Bdz (ICs, of 6.1 uM) and roughly half
as potent as Nfx (ICg, of 2.7 uM). Of the five N-phenyl
2-iminothiazolidin-4-ones 15—19, only the compound which has
aphenyl at CS (19) showed low inhibitory properties for cruzain
but exhibited trypanocidal effects.

Given these promising results, we next wanted to determine
whether the conversion of 2-iminothiazolidin-4-ones into
2-iminothiazolidin-4-thiones leads to enhanced potency. We
selected 2-iminothiazolidin-4-ones 12 (inactive as trypanocidal
and cruzain inhibitor) and 19 (a potent trypanocidal and weak
inhibitor of cruzain) to convert into their respective thione
variants (Tables 1 and 3). The data revealed that attaching a
thionyl at C4 improves cruzain affinity. 2-Iminothiazolidin-4-one
12 did not inhibit cruzain at 20 M, while 2-iminothiazolidin-4-
thione 21 had an ICs, of 18.7 & 2.0 yM. This was even more
pronounced when we compared 2-iminothiazolidin-4-thione 20
with 2-iminothiazolidin-4-one 19. Compound 20 exhibited an
ICs, of 7.0 + 0.4 uM for cruzain, while compound 19 had an
ICs, > 20 uM. In relation to T. cruzi, 21 showed low trypanocidal
activity while its counterpart 12 was inactive and compounds
19 and 20 were almost equipotent. In general, replacing a
carbonyl with thiocarbonyl enhances the inhibitory properties
of 2-iminothiazolidin-4-ones against cruzain, but it does not

necessarily lead to a significant enhancement of potency against
the parasite.

Of the compounds described in Table 1, the phenyl group in
N3 was identified as the best substituent for conferring anti-
T. cruzi and cruzain inhibition properties, along with an ethyl
or isopropyl attached to CS. We aimed to enhance potency
by preparing 17 analogues. To this end, we attached other sub-
stituents to N3. We succeeded in preparing 2-iminothiazolidin-4-
ones 22, 23, and 24 (Table 2). Replacing an N-phenyl (17)
with N-cyclohexyl (24) was deleterious for cruzain affinity and
for anti-T. cruzi activity, while replacing it with N-tolyl (22) or
N-(4-methoxyphenyl) (23) retains cruzain affinity. Similar to
N-phenyl 17, variants 22 and 23 were toxic for trypomastigotes.

The inhibitory property of 2-iminothiazolidin-4-ones 5—24
for cruzain is centered on the key role of the thiazolidinic ring.
We decided to explore the thiazolidine—thiazole isosterism.
To this end, a congener series of 2-imino-1,3-thiazoles 26—45
was prepared, covering a variety of substitutions at position C4.
However, none of the thiazoles inhibited cruzain activity
(Table 4). 2-Iminothiazolidin-4-ones and 2-imino-1,3-thiazoles
can be viewed as potential bioisosteric heterocycles,” but this
did not prove to be the case, at least not in terms of cruzain
inhibition. We first thought the lack of cruzain inhibition for
thiazoles 26—45 was merely due to the presence of an aromatic
ring at C4. However 2-iminothiazolidin-4-ones 9 and 19 bear
a phenyl group at CS, and they still have some activity against
cruzain (Figure 3). It seems that the cruzain binding site requires
stereo- and electronic-specificity. Nonetheless, 2-imino-1,3-
thiazoles 26—4S5 have a broad range of trypanocidal properties.
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Figure 3. Structure—activity relationships of 2-iminothiazolidin-4-ones versus 2-imino-1,3-thiazoles. Biochemical data for cruzain.

Of all the tested compounds, 2-imino-1,3-thiazoles 29 and 36
possessed the highest overall trypanocidal potency. Compounds
29 and 36 had trypanocidal activity comparable to that of Bdz,
with IC, values of 3.9 and 3.8 uM for bloodstream Y strain
trypomastigotes, respectively. 2-Imino-1,3-thiazole 29 was identi-
fied when the phenyl ring at C4 was replaced with a pyridine ring,
Replacing phenyl (26) with a pyridine ring (compounds 27—29)
changes the magnitude of trypanocidal properties for Y strain
trypomastigotes. A 2-pyridine ring (27) was less potent than a
phenyl (26), but a 3-pyridine (27) and a 4-pyridine (29) increased
the trypanocidal property without affecting mouse splenocytes.
While appending a pyridine ring at C4 is beneficial, this is not the
case when a 2-furfuryl (42) or a 2-thiophene (43) ring is attached.

We also analyzed the effect of para substitution on the phenyl
ring. A 4-tolyl (30) is two times less cidal for trypomastigotes
than phenyl (26), while a 4-methoxyphenyl (31) has the same
potency as phenyl (26). When halogens were attached to the
phenyl ring, a pronounced substituent effect was observed.>”
4-Fluorphenyl (32) is twice as toxic for trypomastigotes as
phenyl thiazole (26) but still less potent than Bdz or Nfx.
However, the same trypanocidal property was not observed
when other halogen atoms were attached, such as 4-chloro (33),
4-bromo (34), or dichloro (37—39), all of them having poor
trypanocidal properties. Dichloro (compounds 37 and 38) and
trichloro (39) thiazoles were also toxic to mouse splenocytes.
However, inserting a nitro group at the para position (35) and
ortho position (36) produced the most potent anti-T. cruzi
thiazoles. For example, 4-nitrophenyl thiazole 35 inhibited the
proliferation of epimastigotes (ICs, of 1.9 uM) and is toxic for
trypomastigotes (ICs, of 5.7 uM) without affecting the cell viability
of mouse splenocytes, i.e., nontoxic at 100 yg/mL (271 uM).

Finally, we prepared and tested 2-imino-1,3-thiazoles contain-
ing a methyl (44) or phenyl (45) located at N3. In comparison
to nonsubstituted 2-imino-1,3-thiazole 26, which has ICy, =
19.6 uM for trypomastigotes, thiazoles 44 and 45 exhibited an
ICsy0f 174.7 and 61.1 uM, respectively. This suggests that a NH is
important for maintaining trypanocidal properties.

To sum up the SAR for 2-imino-1,3-thiazoles 26—4S5, optimal
trypanocidal thiazoles resulted when electron-withdrawing
groups such as 4-fluoro, 3-nitro, and 4-nitro were attached to
the phenyl ring at C4. Chloro, bromo, and dichloro proved to be
detrimental. Electron-releasing groups such as methyl, methoxy,
and tert-butyl are of little or no benefit when compared to non-
substituted thiazole 26. Exchanging phenyl (26) with a naphthyl
group (41) is not good, 41 being half as potent as 26.

Once we determined that N-phenyl 2-iminothiazolidin-4-ones
15—19, 22—24 as well as 2-iminothiazolidin-4-thiones 20, 21
inhibited the catalytic activity of cruzain to some degree, we
wondered whether this inhibitory property was only for cruzain
and not for other cysteine proteases. To this end, we assayed
these compounds for inhibition of cathepsins L and S. At 100 M,
none the N-phenyl 2-iminothiazolidin-4-ones 15—19 and 22—24
inhibited cathepsins, while the 2-iminothiazolidin-4-thiones

20 and 21 inhibited cathepsins. As we can infer from Table 3,
some of the N-phenyl 2-iminothiazolidin-4-ones, such as 17 and
18, were at least 10 times more selective for cruzain than for
cathepsins.

A referee suggested that the weak to moderate potency of
2-iminothiazolidin-4-ones in inhibiting cruzain may be caused
by a nonspecific reactivity toward enzymatic nucleophiles or
compound aggregation involving nonspecific attachment to
the enzyme surface. The N-phenyl 2-iminothiazolidin-4-ones
15—19, 22—24 do not possess general inhibitory properties for
cysteine proteases; they only display inhibitory properties for
cruzain. Therefore, a nonspecific reactivity toward enzymatic
nucleophiles is not the case for these compounds. The same
cannot be said for 2-iminothiazolidin-4-thiones 20 and 21, which
inhibit both cruzain and cathepsin without selectivity. But to
ascertain that N-phenyl 2-iminothiazolidin-4-ones 15—19 and
22—24 do inhibit cruzain without compound aggregation, we
needed to repeat some reactions by adding 0.01% of detergent.>!
As shown in Table 3, cruzain inhibition by compounds 17, 18, or
20 was not altered once the detergent (Triton X-100) was added,
reinforcing the notion that cruzain inhibition by 2-iminothiazo-
lidin-4-ones is specific.

We also wanted to gain information about the cruzain
inhibition in the parasite cells. However, there is no cruzain gene
knockout T. cruzi cell culture, and the existing cruzain-deficient
cell line is also resistant to cruzain inhibitors. To overcome this
limitation, we decided to treat the parasite with the N-phenyl
2-iminothiazolidin-4-one 18 and examine the ultrastructural
alterations as well as the protease activity.

Bloodstream trypomastigotes as well infected macrophages
were treated with 3.9 yM 18 and examined with transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM). This compound caused severe ultrastructural alterations
in the parasite (for complete details, see the Figures S2 and S3
in Supporting Information). In particular, we saw an atypical
morphology in the Golgi complex, such as dilation of cisternae
and atypical vacuoles, which are characteristic alterations caused
by cruzain inhibitors.>*

Besides the evidence collected with electron microscopy, we
also gained information by performing zymography assays with
epimastigotes. Epimastigotes were treated with the 2-iminothia-
zolidin-4-ones 18 and incubated for 48 h. The SDS-page gel
containing 0.1% gelatin was loaded per slot with 20 yg of parasite
protein. As seen in Figure S4 (Supporting Information), the
nontreated epimastigote extract displayed proteolytic activity
for gelatin, while the cells treated with the cruzain inhibitor
E-64 or a protease inhibitor cocktail did not. The treatment of
epimastigotes with the 2-iminothiazolidin-4-ones 18 reduces the
proteolytic activity in a concentration-dependent manner.

Putative Binding Model. The cruzain inhibition of com-
pounds 5—24 indicates that a hydrophobic substituent at CS5,
such as ethyl (17) and isopropyl (8, 13, 18), renders excellent
cruzain inhibitors, better than if a phenyl is attached at
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CS (9, 19). These findings are consistent with another report
showing that the attachment of a hydrophilic substituent at
CS in 2-iminothiazolidin-4-ones, such as N-methylacetamide
and esters, does not enhance the inhibitory properties of
2-iminothiazolidin-4-ones with regard to cruzain.”* In the case
of position N3, a phenyl group is well tolerated, but a methyl
(10, 11) and cyclohexyl (24) are not so well tolerated. To clarify
these relationships, these compounds were investigated using
molecular docking with cruzain.

The binding mode for these ligands was determined as the
highest (most positive) score among the possible solutions for
each ligand, generated according to the Goldscore Fitness
Function. Figure 4 shows the superimposition of the best docking

Figure 4. Superimposition of the docking solutions (blue lines) for
compounds that have ICy, for cruzain: 8R, 8S, 12R, 12§, 13R, 13§, 15,
16R, 165, 17R, 175, 18R, 18S, 20R, 208, 21R, 215, 22R, 225, 23R, 23S,
and the crystallographic structure of the “KB2” (54) cocrystallized
ligand (red-stick). Figure generated with Pymol.*

solutions for compounds that have ICy, values experimentally
determined for cruzain, which are: 8R, 8S, 12R, 128, 13R, 138,
15, 16R, 168, 17R, 175, 18R, 18S, 20R, 208, 21R, 218, 22R, 225,
23R, 23S, and the crystallographic structure of the “KB2” (triazole
54) cocrystallized ligand. To compare in silico versus in vitro
cruzain data, IC;, values were first converted into pICg, values
(equals —log ICy for cruzain inhibition, at molar concentration).

Figure 5 shows the association observed between the in silico
docking scores and the pICs, data, which indicates that the most
potent compounds, or the compounds with the highest values

5.2 1 18Re o185

51 4 135¢ @ 13R 23R 23S

15 ®17s &1

5.0 1
.
49 | 165 ® 225 1R e

¢ 20S ¢ 20R
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docking score
Figure 5. Trend observed between the in vitro (pICs, for cruzain

inhibition) and in silico (docking score) results. The S and the R
symbols stand for the respective enantiomer.

for pICyy, are usually those with the higher docking scores, demon-
strating that the molecules with more stable or positive docking
scores (i.e., greater in silico affinity for cruzain) are also the most
potent cruzain inhibitors (ie., greater in vitro pICy, values).

To identify the molecular reasons for the two extremes of
potency (highest and lowest in vitro results, 18S and 12R,
respectively), we performed a detailed analysis of the inter-
molecular interactions. The enantiomer with higher in silico
affinity was selected in each case. The differences between these
two molecules are as follows: (i) the presence of a phenyl ring
linked to the N3 nitrogen atom of the thiazolidinic ring in
molecule 188, instead of a methyl group in molecule 12R; (ii) an
isopropyl group at position CS of the thiazolidinic ring for
molecule 188, rather than an ethyl group for 12R. It seems that
the additional hydrophobicity of the phenyl and isopropyl groups
in 2-iminothiazolidin-4-one 18S provides a greater contact
surface for interactions with cruzain hydrophobic residues, as shown
in Figures 6 and 7.

Figure 6. Superimposition of the docking solutions for compounds 12R
(blue stick) and 18S (orange stick) and the crystallographic structure of
the “KB2” (54) cocrystallized ligand (gray line).

The difference between the binding modes of these molecules
is shown in detail in Figure 7 and Table 5. The hydrophobic
residues are highlighted in green, those that participate in the
hydrogen bond are highlighted in cyan, and n—7x stacking
interactions are highlighted in orange. The benzene ring linked to
the N3 nitrogen atom is capable of forming a 7— interaction
with the HIS162 amino acid residue, which may be a key inter-
action for positioning the phenoxyl group close to SER6I,
SER64, GLY6S, GLY66, and LEU67 residues, providing greater
stability for the complex by way of hydrophobic contact and one
hydrogen bond, highlighted in Figure 7B. These differences
ensured that the docking solution for molecule 18S was the only
one in the series of compounds that came closer to the crystal
position of the “KB2” ligand, as shown in Figures 4 and 6.

In Vitro and in Vivo Infection. Given the selectivity of these
compounds against extracellular forms of T. cruzi, we next
examined the activity for the intracellular parasite. To this end,
we assayed an in vitro model of parasite development using
mouse macrophages infected with Y strain trypomastigotes. Four
days postinfection, untreated control had 35—40% of macro-
phages infected and a high mean number of intracellular
amastigotes. In this assay, 10 uM Bdz reduces roughly half of
infected cells as well the number of intracellular amastigotes,
indicating a severe impairment of parasite development. Once
we had this assay validated, we first tested the three most potent
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Figure 7. Detailed view of the docking solutions for (A) compound 12R and (B) compound 18S. Hydrophobic interactions (green), hydrogen bonds
(cyan), and the 7—7 interactions (orange). The highlighted residues (blue circle) interacting with molecule 18S are involved with the additional
intermolecular interactions responsible for the greater affinity of this inhibitor, as shown in Table S.

Table S. Molecular Interaction of Cruzain with Molecules 12R
and 18S“

molecules
cruzain residues 12R 18S
GLN19 3.0
GLY23 HC HC
CYS25 2.5 HC
TRP26 HC
SER61 HC
SER64 HC
GLY65 HC
GLY66 29
LEU67 HC
ALA138 HC HC
LEU160 HC
ASP161 HC HC
HIS162 HC PI
GLY163 HC HC
TRP184 HC

“HC means hydrophobic contacts, PI means 7— stacking, and the
numbers are the hydrogen bond distances in angstroms.

cruzain inhibitors, 2-iminothiazolidin-4-ones 16, 17, and 18 as
well as the 2-imino-1,3-thiazoles 29 and 3S.

At a concentration of 10 M, we observed that 2-iminothia-
zolidin-4-one 18 was able to reduce the number of infected cells
with efficacy more pronounced than that seen with Bdz-treated
cells. 2-Iminothiazolidin-4-ones 16 and 17 were less potent than
Bdz. 2-Imino-1,3-thiazole 29, which was a trypanocidal
compound for bloodstream parasites, had no significant activity
in reducing the infection in macrophages. Yet 4-nitro derivative
35 inhibited the in vitro infection similarly to Bdz (Table S1,
Supporting Information).

We next examined the 2-iminothiazolidin-4-ones § and 18 ata
concentration of 50 M. As seen in Figure 8A and B, compound
18 as well as Bdz substantially reduces the intracellular parasites
in most of the microscopy fields (P < 0.001). We determined the
ICy, values of these compounds to reduce the percentage of infected
macrophages (Table 6), and we found that 2-iminothiazolidin-4-
one 18 hasan ICy, 0f 10.1 + 0.09 M, almost identical to that of Bdz

10926

(ICsy of 13.9 + 0.39 uM). 2-Iminothiazolidin-4-one 5, which
had an ICg; of 19.0 uM for bloodstream parasites but did not
inhibit cruzain, showed an ICg; of 19.5 + 1.1 uM to reduce the
percentage of infected macrophages.

Table 1 shows that in concentrations up to 100 pg/mL
(262 uM), the 2-iminothiazolidin-4-one 18 does not affect cell
viability of mouse splenocytes. We next wanted to determine the
ICs, value. Strikingly, compound 18 does not affect either cell
viability or proliferation (under mitogen challenge) of splenocytes
(ICq values >262 uM), in contrast to an IC, of 10.1 + 0.09 uM
for intracellular T. cruzi (Table 6). The selectivity index (SI) value
can be estimated to be over 25. For comparison, compound §, our
simplest 2-iminothiazolidin-4-one variant, has an SI of 10.

On the one hand, we have potency enhancement from
2-iminothiazolidin-4-one 5 to 18 (Table 6). On the other hand,
we have observed that even at a concentration of 50 uM,
2-iminothiazolidin-4-one 18 does not eradicate the infection in a
culture of macrophages. The same is observed under treatment
with Bdz. As seen in Figure 8C, we only approached eradication
of the in vitro intracellular parasite under the simultaneous
treatment of Bdz and 18.

Chemically inhibiting parasite invasion is a desirable functional
property for any Chagas disease drug candidate. For that reason,
we assayed an invasion experiment with Y strain trypomastigotes
in mouse macrophages.® After 60 min of parasite exposure,
about 35% of macrophages are infected (untreated control).
Bdz did not impair parasite viability in the invasion assay, even
at 50 uM; so we decided to use amphotericin B (AmpB)
as a reference drug. At 50 uM, AmpB was quite efficient in
inhibiting parasite invasion into macrophages. Our best cruzain
and T. cruzi inhibitor, N-phenyl 2-iminothiazolidin-4-one 18,
also decreased parasite invasion (P < 0.01) albeit less than AmpB
did. 2-Iminothiazolidin-4-one S only attenuated the invasion
(P < 0.05), and thiazole 29 did not have any significant effect in
this assay (Figure 8D).

Finally, we evaluated the in vivo efficacy of N-phenyl
2-iminothiazolidin-4-one 18 to reduce blood parasitemia (acute
phase). Starting on day S postinfection (dpi), compound 18 was
orally administered once a day at 250 ymol/kg for 5 consecutive
days in BALB/c mice infected with 10" Y strain trypomastigotes.
Controls included untreated and Bdz-treated infected mice.
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Figure 8. 2-Iminothiazolidin-4-one 18 severely impairs intracellular parasite development. The infection ratio (A) and the mean number of intracellular
amastigotes per host cell (B) are higher in untreated controls than in cultures treated with test inhibitors §, 18, or Bdz. Macrophages were infected with Y
strain trypomastigotes for 2 h, and test inhibitors were then added at 50 #M. Cell cultures were incubated for 4 days. Significance: ***, P < 0.001; *,
P < 0.01. (C) Combined treatment of 2-iminothiazolidin-4-one 18 (40 M) and Bdz (40 uM) approaches an eradication of in vitro infection.
Macrophages were infected with Y strain trypomastigotes for 2 h, and the combination of drugs was simutaneously added. Cell cultures were incubated
for 4 days. Significance: ***, P < 0.001. (D) 2-Iminothiazolidin-4-one 18 attenuates parasite invasion in host cells, while Bdz does not. Y strain
trypomastigotes and each test inhibitor (at S0 #M) were simultaneously added to the cell culture of macrophages and incubated for 2 h. ***, P < 0.001;
*% P < 0.01; * P < 0.05. All test inhibitors were tested in triplicate concentrations, and two independent experiments were carried out. Standard
deviations are shown as error bars. Bdz is benznidazole; AmpB is amphotericin B.

Table 6. Comparison of the Pharmacological Properties between the 2-Iminothiazolidin-4-ones § and 18

ICs, (£SD), uM

compd intracellular parasite” toxicity for splenocytes”  antiproliferative for spleenocytes®  index (SI) 9% parasitemia reduction in mice®
s 195 + 1.1 >200 98 + 10 10 -

18 10.1 + 0.09 262 >262 25 89.6

controls 13.9 + 0.39 (benznidazole) 1.7 + 0.002 (saponin) 0.01 pg/mL (cyclosporine A) - >99 (benznidazole)

“Determined 4 days after incubation of infected macrophages. IC, values calculated in regard to the percent of treated infected cells in comparison
to untreated infected cells. “Determined 24 h after incubation of mouse splenocytes. Cell viability measured using the incorporation of tritiated
thymidine. “Splenocyte proliferation was induced by concanavalin A. The effect on the proliferation was determined 72 h after incubation of mouse
splenocytes using the AlamarBlue. SD is the standard deviation. “Cellular selective index was estimated using the ratio (ICs, for splenocytes)/
(ICs, for amastigotes). “Calculated as ([average vehicle group — average treated group)/average vehicle group] X 100%). Values of blood
parasitemia were taken from day S of treatment.

The course of infection was monitored by counting blood synthetic redesign. We found that 2-iminothiazolidin-4-ones are
parasites in a hemocytometer, and animal survival was followed structural analogues of thiosemicarbazones and endowed with in
for one month.> As seen in Figure 9 and Table 6, compound 18 vitro trypanocidal properties. In previous studies, we discovered
was efficient in reducing 89.6% of blood parasitemia (P <0.001 of that 2-iminothiazolidin-4-ones were less potent trypanocida] agents
significance) when compared to untreated control. Bdz was even than thiosemicarbazones, but at least 2-iminothiazolidin-4-ones
more effective than 18, nearly eradicating blood parasites (>99% were more selective for parasite than for mammalian cells.”>~%’
of parasitemia reduction). No signs of toxicity or body weight loss Here, our principal aim was to improve the cidal potency by
were observed in mice of the treatment groups. molecular modification. We knew from past studies that the

thiazolinidic ring is more important for trypanocidal activity than
B DISCUSSION the hydrazone and aryl groups. We chose the aryloxypropylimine
Thiosemicarbazones are known for their powerful in vitro group as a common core for designing compounds $S—45 because
trypanocidal and cruzain inhibition effects.">~"” However, cur- of the remarkable functional property of the drug candidate
rently, very few thiosemicarbazones that are effective in reducing aryloxymethyl ketone triazole $4.>> We next wanted to identify the
in vivo T. cruzi infection have been described.’’ One method main structural determinants for trypanocidal and cruzain inhibition
for increasing the efficacy of anti-T. cruzi thiosemicarbazones is in this class of 2-iminothiazolidin-4-ones. Here, we have identified
through complexation with transition metals.**~*’ Another pos- most of them after screening the 2-iminothiazolidin-4-ones 5—24
sibility is the chemical modification of thiosemicarbazones by and comparing them with 2-imino-1,3-thiazoles 26—4S.
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Figure 9. 2-Iminothiazolidin-4-one 18 substantially reduces the
parasitemia in mice. Female BALB/c mice were infected with 10* Y
strain trypomastigotes. Five days postinfection (dpi) mice were orally
treated once a day with compound 18 or benznidazole (Bdz) at a dose of
250 pmol/kg during five consecutive days. Parasitemia was monitored
by counting the number of trypomastigotes in fresh blood samples.
Values represent the mean + SEM of six mice per group. Two
independent experiments; data are representative from one experiment.
Significance (***, P < 0.0001) compared to untreated infected group
(vehicle).

We first observed that, with few exceptions, most of the
nonsubstituted 2-iminothiazolidin-4-ones 5—9 or those contain-
ing a methyl at N3 10—14 are inactive or poor cruzain inhibitors,
and there was no reliable relationship between trypanocidal
effects and chemical structure. In contrast, 2-iminothiazolidin-4-
ones containing a phenyl group at N3 (15—19, 22—24) inhibit
cruzain and share trypanocidal properties. They are effective
against the parasite but with the notable advantage that they do
not affect either the viability or the proliferation of host cells.

With regard to the mechanism of action, we cannot confirm
whether the anti-T. cruzi property is entirely due to the inhibi-
tion of cruzain alone. We argue that the trypanocidal properties
of compounds 15—24 are, to some degree, a result of cruzain
inhibition. This statement is based on the ability of 2-iminothia-
zolidin-4-ones to inhibit the catalytic activity of recombinant
cruzain (competition experiments), to alter the morphology of
the Golgi complex (electron microscopy), and to impair the
proteolytic activity in the whole parasite (zymography assays
with epimastigotes).

The model of docking for 2-iminothiazolidin-4-one 18 with
cruzain shows that the phenyl ring linked to the N3 nitrogen is
capable of forming a 7— interaction with the HIS162 amino acid.
This interaction would seem to be the reason for the phenoxy
group being located at a position which allows important
hydrophobic contacts and hydrogen bond interactions, giving
greater stability to the complex. The same is not predicted for
2-iminothiazolidin-4-one containing a methyl at N3, such as
compound 12. This model is consistent with recombinant cruzain
inhibition and also provides an explanation for why the
attachment of the phenyl on the heterocyclic ring is important
for cruzain inhibition, in addition to explaining the importance of
an alkyl group, such as ethyl and isopropyl, at position CS5.

Despite the structural analogy, the functional properties of
2-iminothiazolidin-4-ones $—24 and 2-imino-1,3-thiazoles 26—
4S are distinguishable. 2-Iminothiazolidin-4-ones inhibited the
catalytic activity of cruzain while none of the tested thiazoles did.
Therefore, they do not behave as antiparasitic bioisosteres.

Our findings corroborate a very recent work describing that
2-imino-1,3-thiazoles are trypanocidal agents by altering the
ergosterol biosynthesis instead of inhibiting the catalytic activity
of cruzain.*' In agreement with this, we also found 2-imino-1,3-
thiazoles are trypanocidal agents, and a few of them were
equipotent to Bdz, such as thiazoles 29, 35, and 36. There was a
clear trend toward trypanocidal potency as polar substituents on
the phenyl at C4 are attached to 2-imino-1,3-thiazoles. This led
to some of the most potent thiazole variants examined, such as
compounds 29 (4-pyridine), 32 (4-fluor), 35 (4-nitro), and 36
(3-nitro). This contrasts with the incorporation of an alkyl
(30,31, 40) or naphthyl (41) group, which, in the same position,
decreased the cidal effects of the thiazole.

The selectivity of 2-iminothiazolidin-4-ones seems to be more
consistent than that of 2-imino-1,3-thiazoles, because some
thiazole variants were toxic to mouse splenocytes. Moreover, the
mechanism through which thiazoles arrest parasite growth remains
unknown. In view of these findings, we decided to search for more
information on the trypanocidal effects of 2-iminothiazolidin-4-
ones. We selected 2-iminothiazolidin-4-one 18, the most potent
cruzain inhibitor among the examined compounds. With regard to
the functional activity of 18, it inhibits the catalytic activity of
cruzain but not that of cathepsins L and S, clearly arrests parasite
growth (epimastigotes) and motility (trypomastigotes), impairs
intracellular trypomastigote development into amastigotes, and
attenuates trypomastigote invasion of macrophages. Using
electron microscopy, we observed that 2-iminothiazolidin-4-one
18 alters the parasite morphology, in particular, altering the
structure of the Golgi complex in a way very similar to that for
other cruzain inhibitors. Moreover, 2-iminothiazolidin-4-one 18
reduces the protease activity in epimastigotes; both experiments
suggest that cruzain is involved with the trypanocidal activity
of 2-iminothiazolidin-4-one 18. Finally, the antiparasitic effect of
compound 18 was reinforced by its efficacy in reducing blood
parasitemia in T. cruzi-infected mice.

One potential downside to 18 is that it does not eradicate
parasitemia in mice (acute infection), a desirable property
already demonstrated for other Chagas disease drug candi-
dates.”>**~* However, the design of anti-T. cruzi 2-iminothia-
zolidin-4-one 18 is a remarkable achievement for our program,
especially because it worked orally. Synthetic redesign of the
aryloxypropylimine group is one possible way to optimize the
efficacy of compound 18.

B CONCLUSIONS

A detailed SAR study of anti-T. cruzi 2-iminothiazolidin-4-ones
was conducted. It included molecular modifications on the
thiazolidinic ring, as well isosteric exchanges of the carbonyl
carbon and of the heterocycle itself. We observed a remarkable
improvement in trypanocidal properties and cruzain inhibi-
tion only when positions N3 and CS$ in the thiazolidinic ring
were simultaneously substituted. This led to the identification
of potent N-phenyl 2-iminothiazolidin-4-ones 15—19, 22—24.
Replacement of the carbonyl with thiocarbonyl (20, 21) did not
produce a clear enhancement in potency, and exchanging the
thiazolidinic for a thiazole ring 26—4S5 was deleterious for cruzain
affinity, although some thiazoles did exhibit trypanocidal pro-
perties. Of compounds 15—24, we found consistent trypanocidal
effects for 18, thereby corroborating the notion that this class
of heterocycles can lead to useful cidal agents for Chagas disease
treatment.
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B EXPERIMENTAL SECTION

Equipment and Reagents. All reagents were used as purchased
from commercial sources (Sigma-Aldrich, Acros Organics, Vetec, or
Fluka). Moisture-sensitive reactions were carried out under a nitrogen
atmosphere. Progress of the reactions was followed by thin-layer
chromatography (silica gel 60 F,, in aluminum foil). Purity of the target
compounds was confirmed by combustion analysis (for C, H, N, S)
performed by a Carlo-Erba instrument (model EA 1110). Chemical
identity was confirmed with NMR and IR spectroscopy and accurate
mass. IR was determined in KBr pellets. For NMR, we used a Varian
UnityPlus 400 MHz (400 MHz for 'H and 100 MHz for *C) and
Bruker AMX-300 MHz (300 MHz for 'H and 75.5 MHz for *C)
instruments. DMSO-dj, acetone-d;, CDCl;, and D,O were purchased
from CIL or Sigma-Aldrich. Chemical shifts are reported in ppm, and
multiplicities are given as s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet), and dd (double doublet), and coupling constants (J) in
hertz. NH signals were localized in each spectrum after the addition of a
few drops of D,0O. Structural assignments were corroborated by DEPT,
HMBC and HSBC experiments. Mass spectrometry experiments were
performed on a Q-TOF spectrometer (nanoUPLC-Xevo G2 Tof,
Waters) or LC-IT-TOF (Shimadzu). When otherwise specified, ESI was
carried out in the positive ion mode. Typical conditions were capillary
voltage of 3 kV, cone voltage of 30 V, and a peak scan between 50 and
1000 m/z. To determine the molecular structure of thiosemicarbazones
4a and 4c as well as 2-iminothiazolidin-4-one 12, a crystal of the
corresponding compound was mounted on a Enraf-Nonius Kappa
diffractometer equipped with a CCD detector (95 mm camera on
k-goniostat), and reflections were measured using monochromatic Mo
Ka radiation (0.71073 A) at room temperature.

General Procedure for the Synthesis of 2-Iminothiazolidin-4-ones
5-19 and 22—-24. Example for compound 5: Thiosemicarbazone 4a
(1.12 g, S mmol), anhydrous sodium acetate (1.2 g, 15 mmol), and
100 mL of ethanol were added to a 250 mL round-bottom flask under
magnetic stirring and slightly warmed for 10—15 min. Then ethyl
2-bromoacetate (1.6 g, 10 mmol) was added, and the colorless reaction
was refluxed for 18 h. After cooling back to rt, the precipitate was filtered
off and the solvent was evaporated to half of its volume and then cooled
to 0 °C. A white solid was obtained, filtered in a Biichner funnel with a
sintered disc filter, washed with cold water, and then dried over SiO,.
Products were purified by column chromatography or recrystallization
using the solvent system detailed below for each compound. Purity of
compounds were >95% as determined by combustion analysis.

2-((1-Phenoxypropan-2-ylidene)hydrazono)thiazolidin-4-one (5).
After elution with hexane/toluene (1:1), colorless crystals were
obtained, yield = 0.7 g, 53%. Mp (°C): 130—131. IR (KBr): 3196
(N-H), 3006 (C—H), 1734 (C=0), 1649 and 1595 (C=N) cm™".'H
NMR (300 MHz, DMSO-dj): 6 1.98 (s, 3H, CH,), 3.83 (s, 2H, S—CH,,),
4.66 (s, 2H, CH,), 6.92—6.99 (m, 3H, Ar), 7.28 (t, 2H, Ar), 11.90 (s, 1H,
NH). 3C NMR (75.5 MHz, DMSO-d,): & 14.8 (CH,), 32.8 (CH,,
heterocycle), 70.9 (CH,), 114.5 (CH, Ar), 1209 (CH, Ar), 129.5
(CH, Ar), 158.1 (C=N), 161.9 (C-0, Ar), 164.1 (S—C=N), 173.9
(C=0). HRMS (ESI): 286.0599 [M + Na]". Anal. Calcd for
C,HsN,0,8: C, 54.74; H, 4.98; N, 15.96; S, 12.18. Found: C, 54.42;
H, 5.02; S, 11.91; N, 15.78.

2-((1-Phenoxypropan-2-ylidene)hydrazono)-5-methylthiazolidin-
4-one (6). After elution with hexane/ethyl acetate (3:1), yellowish
crystals were obtained, yield = 0.11 g, 33%. Mp (°C): 117—120. IR
(KBr): 3195 (N—H), 1710 (C=0), 1640 and 1602 (C=N) cm™". 'H
NMR (300 MHz, DMSO-d,): 6 1.46 (d, 3H, ] 7.8 Hz, CH,), 2.02 (s, 3H,
CH,), 4.11 (t, 1H, ] 7.8 Hz, CH), 4.66 (s, 2H, CH,), 6.93—6.99 (m, 3H,
Ar),7.28 (t,2H, Ar), 11.79 (s, 1H,NH). *C NMR (75.5 MHz, DMSO-
dg): 6 14.5 (CH,), 18.6 (CH,), 41.7 (CH), 70.9 (CH,), 114.6 (CH, Ar),
120.8 (CH, Ar), 129.3 (CH, Ar), 158.0 (C=N), 161.8 (C—O, Ar),
161.9 (S—C=N), 176.5 (C=0). HRMS (ESI): 278.0995 [M + H]".
Anal. Caled for C,3H,N3SO,: C, 56.30; H, 5.45; N, 15.15; S, 11.56.
Found: C, 56.16; H, 5.38; S, 11.21; N, 15.09.

2-((1-Phenoxypropan-2-ylidene)hydrazono)-5-ethylthiazolidin-4-
one (7). After elution with hexane/toluene (2:1), yellowish crystals were
obtained, yield = 0.15 g, 51%. Mp (°C): 133. IR (KBr): 1715 (C=0),
1614 and 1596 (C=N) cm ~*. 'H NMR (400 MHz, DMSO-d;): 5 0.94

(t,J 7.2 Hz, 3H, CH;), 1.73—1.81 (m, 1H, J 7.2 and 4.4 Hz, CH,), 1.92—
1.98 (m, 1H, J 7.2 and 4.4 Hz, CH,), 2.02 (s, 3H, CHj,), 4.12—4.15 (q,
1H, J 7.6 and 4.4 Hz, CH asymmetric), 4.67 (s, 2H, CH,), 6.92—7.00 (m,
3H, Ar), 7.28 (t, 2H, Ar), 11.94 (broad s, 1H, NH). 3*C NMR (100
MHz, DMSO-dy): 10.1 (CH,), 14.5 (CH,), 25.4 (CH,), 48.8 (CH),
70.9 (CH,), 114.6 (CH, Ar), 120.8 (CH, Ar), 129.3 (CH, Ar), 158.1
(C=N), 161.9 (C-0, Ar), 162.1 (S—C=N), 175.6 (C=0). Anal.
Caled for C,H;N3SO,: C, 57.71; H, 5.88; N, 14.42; S, 11.00; found: C,
57.64; H, 5.69; N, 14.25; S, 10.89.
2-((1-Phenoxypropan-2-ylidene)hydrazono)-5-isopropylthiazoli-
din-4-one (8). Crystallization from cyclohexane afforded colorless
crystals, yield = 0.14 g, 38%. Mp (°C): 139. IR (KBr): 2967 (C—H),
1725 (C=0), 1640 and 1580 (C=N) cm™’. 'H NMR (400 MHz,
DMSO-dg): 6 0.86 (d, 3H, J 4.0 Hz, CH;), 0.96 (d, 3H, ] 4.0 Hz, CH,),
1.97 and 2.01 (two s, 3H, CH,), 2.35 (broad s, 1H, CH), 4.25 (s, 1H,
CH), 4.61 and 4.67 (two s, 2H, CH,), 6.98 (t, 3H, Ar), 7.28 (d, 2H, Ar),
11.86 (s, 1H, NH). *C NMR (100 MHz, DMSO-d,): 14.7 (CH;),
16.2 (CH,), 20.2 (CHj;), 29.8 (CH), 54.4 (CH), 70.9 (CH,), 114.7
(CH, Ar), 120.9 (CH, Ar), 129.4 (Ar), 158.1 (C=N), 162.1 (C), 175.2
(C=0). HRMS (ESI): 306.1265 [M + H]*. Anal. Calcd for
C;sHoN3SO,: C, 58.99; H, 6.27; N, 13.76; S, 10.50; found: C, 59.53;
H, 6.21; S, 8.69; N, 13.38.
2-((1-Phenoxypropan-2-ylidene)hydrazono)-5-phenyithiazolidin-
4-one (9). Crystallization from toluene afforded colorless crystals,
yield = 0.14 g, 41%. Mp (°C): 150. IR (KBr): 3391 (N—H), 1709 (C=
0), 1640 and 1599 (C=N) cm™". '"H NMR (400 MHz, acetone-d): 5
1.92 and 2.06 (s, 3H, CH;), 3.58 (br s, NH+HDO), 4.67 and 5.01 (s, 2H,
CH,), 5.34 (s, 1H, CH), 6.90—7.01 (m, 3H, Ar), 7.27 (brs, 7H, Ar). *C
NMR and DEPT (100 MHz, acetone-dg): 14.8 and 26.3 (CH,), 51.4
(CH), 65.1 and 71.0 (CH,), 114.2 (CH, Ar), 114.2 (CH, Ar), 120.9
(CH, Ar), 128.3 (CH, Ar), 128.7 (CH, Ar), 129.4 (CH, Ar), 130.4 (CH,
Ar), 1374 (C—N, Ar), 157.0 and 157.1 (C=N), 161.2 and 162.8
(C-0, Ar), 164.4 (S—C=N), 176.1 (C=0). HRMS (ESI): 340.1129
[M + H]*. Anal. Calcd for C;gH;,SO,N;: C, 63.70; H, 5.05; N, 12.38; S,
9.45; found: C, 64.01; N, 12.60; H, 5.60; S, 8.73.
2-((1-Phenoxypropan-2-ylidene)hydrazono)-3-methylthiazolidin-
4-one (10). Crystallization from cyclohexane afforded colorless crystals,
yield = 0.15 g, $4%. Mp (°C): 112. IR (KBr): 1721 (C=0), 1636 and
1580 (C=N) cm™. '"H NMR (400 MHz, DMSO-dy): § 2.06 (s, 3H,
CH,), 3.13 (s, 3H, N—CH,), 3.87 (s, 2H, CH,), 4.70 and 5.02 (two s,
2H, CH,—0), 6.94—7.00 (m, 3H, Ar), 7.27—7.30 (m, 2H, Ar). *C
NMR (100 MHz, DMSO-dy): 14.4 and 19.4 (CH,), 29.2 (N—CH,),
31.9 (CH,), 64.9 and 70.8 (CH,), 114.2 (CH, Ar), 114.7 (CH, Ar),
120.9 (CH, Ar), 129.4 (CH, Ar), 158.0 (C=N), 163.1 (C), 172.0 (C=
0). HRMS (ESI): 278.0995 [M + H]*. Anal. Calcd for C,3H;{N;SO,:
C, C,56.30; H, 5.45; N, 15.15; S, 11.56; found: C, 56.54; H, 5.40; S, 9.89;
N, 14.91.
2-((1-Phenoxypropan-2-ylidene)hydrazono)-3,5-dimethylthiazo-
lidin-4-one (11). Crystallization from toluene afforded colorless crystals,
yield = 0.18 g, 60%. Mp (°C): 67. IR (KBr): 1720 (C=0), 1632 (C=
N), 1581 (C=N) cm™. '"H NMR (300 MHz, DMSO-d,): & 1.48 (d,
3H, ] 7.2 Hz, CH;), 2.06 (s, 3H, CH;), 3.14 (s, 3H,N—CH,), 4.16—4.23
(9, 1H, J 7.2 Hz, CH), 4.69 (s, 2H, CH,), 6.92—7.00 (m, 3H, Ar), 7.26—
7.31 (m, 2H, Ar). *C NMR (75.5 MHz, DMSO-d): 14.6 (CH,), 18.7
(CH,), 29.4 (N—CH;), 41.2 (CH), 70.8 (CH,), 114.7 (CH, Ar), 120.9
(CH, Ar), 129.4 (CH, Ar), 158.1 (C=N), 1619 (C-0, Ar), 163.3
(S—C=N), 175.1 (C=0). HRMS (ESI): 292.1134 [M + H]". Anal.
Calcd for C,H;N;3SO,: C, 57.71; H, 5.88; N, 14.42; S, 11.00; found: C,
57.70; H, 5.91; N, 14.38; S, 11.10.
2-((1-Phenoxypropan-2-ylidene)hydrazono)-3-methyl-5-ethyl-
thiazolidin-4-one (12). Crude was washed with ethyl ether, affording
colorless crystals, yield = 0.26 g, 76%. Mp (°C): 129. IR (KBr): 1718
(C=0), 1636 and 1582 (C=N) cm ~*. '"H NMR (300 MHz, DMSO-
dg): 60.92 (t, 3H, ] 7.5 Hz, CH,), 1.74—1.82 (m, 1H, CH,), 1.95—1.98
(m, 1H, CH,), 2.06 (s, 3H, CHj,), 3.18 (s, 3H, N—CH ,), 4.21—4.25 (q,
1H, ] 4.2 and 7.8 Hz, CH), 4.70 (s, 2H, CH,), 6.93—7.01 (m, 3H, Ar),
7.26—7.32 (m, 2H, Ar). *C NMR (75.5 MHz, DMSO-d): 10.3 (CH,),
14.6 (CH;), 25.5 (CH,),29.3 (N—CH ;), 48.2 (CH), 70.8 (CH,), 114.7
(CH, Ar), 1209 (CH, Ar), 129.5 (CH, Ar), 158.0 (C=N), 161.9
(C—0, Ar), 163.4 (S—C=N), 174.2 (C=0). HRMS (ESI): 306.1283
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[M + HJ*. Anal. Calcd for C,sH,,N;0,S: C, 58.99; N, 13.76; H, 6.27; S,
10.50; found: C, 59.15; H, 6.09; N, 13.32; S, 9.43.
2-((1-Phenoxypropan-2-ylidene)hydrazono)-3-methyl-5-isopro-
pylthiazolidin-4-one (13). Crystallization from cyclohexane afforded
colorless crystals, yield = 0.25 g, 70%. Mp (°C): 138. IR (KBr): 1717
(C=0), 1634 and 1581 (C=N) cm™". 'H NMR (300 MHz, DMSO-
dg): 5 0.80 (d, 3H, ] 6.6 Hz, CH;), 0.97 (d, 3H, ] 6.9 Hz, CHj,), 2.07 (s,
3H, CH,), 2.39—2.42 (m, 1H, CH), 3.151 and 3.34 (s, 3H, N—CH,),
431 (d, 1H, ] 3.9 Hz, CH), 4.70 (s, 2H, CH,), 6.92—7.00 (m, 3H, Ar),
7.26—7.31 (m, 3H, Ar). *C NMR (75.5 MHz, DMSO-d;): 14.5 (CH,),
164 (CH,), 202 (CH,), 304 (CH), 31.3 (CH,—N), 53.7 (CH),
70.8 (CH,), 114.7 (CH, Ar), 120.9 (CH, Ar), 129.4 (CH, Ar), 158.1
(C=N), 161.9 (C-0, Ar), 163.5 (S—C=N), 173.7 (C=0). HRMS
(ESI): 320.0915 [M + H]". Anal. Calcd for C,4H,;N,SO,: C, 60.16; H,
6.63; N, 13.16; S, 10.04; found: C, 60.40; H, 6.14; N, 13.11; S, 9.66.
2-((1-Phenoxypropan-2-ylidene)hydrazono)-3-methyl-5-phenyl-
thiazolidin-4-one (14). Crystallization from toluene afforded colorless
crystals, yield = 0.25 g, 70%. Mp (°C): 157. IR (KBr): 1716 (C=0),
1628 and 1589 (C=N) cm™’. 'H NMR (300 MHz, DMSO-d,): 1.98
and 2.12 (s, 3H, CH;), 3.23 and 3.36 (s, 3H, N—CH,), 4.71 (s, 2H,
CH,), 5.49 (s, 1H, CH), 6.94—7.00 (m, 3H, Ar), 7.25—7.30 (m, 3H, Ar),
7.37 (brs, 4H, Ar). *C NMR (75.5 MHz, DMSO-d): 14.7 (CH;), 26.3
and 29.8 (N—CH,), 50.0 (CH), 70.7 (CH,), 114.7 (CH, Ar), 120.9
(CH, Ar), 128.3 (CH, Ar), 128.5 (CH, Ar), 128.8 (CH, Ar), 129.4
(CH, Ar), 136.5 (C—N, Ar), 158.0 (C=N), 161.5 (C—0, Ar), 163.8
(8—C=N), 172.9 (C=0). HRMS (ESI): 354.0728 [M + H]". Anal.
Calcd for C,oH;4SO,N;: C, 64.57; H, 5.42; N, 11.89; S, 9.07; found: C,
64.41; N, 12.01; H, 5.39; S, 9.13.
2-((1-Phenoxypropan-2-ylidene)hydrazono)-3-phenylthiazolidin-
4-one (15). Crystallization from toluene afforded colorless crystals,
yield = 0.25 g, 70%. Mp (°C): 139. IR (KBr): 1716 (C=0), 1628 and
1589 (C=N) cm™. "H NMR (300 MHz, DMSO-dy): 1.98 and 2.12 (s,
3H, CH,), 3.23 and 3.36 (s, 3H, N—CH,), 4.71 (s, 2H, CH,), 5.49 (s,
1H, CH), 6.94—7.00 (m, 3H, Ar), 7.25—7.30 (m, 3H, Ar), 7.37 (broad s,
4H, Ar). 3C NMR (75.5 MHz, DMSO-d;): 14.7 (CH,), 26.3 and 29.8
(N—CH,;), 50.0 (CH), 70.7 (CH,), 114.7 (CH, Ar), 120.9 (CH, Ar),
128.3 (CH, Ar), 128.5 (CH, Ar), 128.8 (CH, Ar), 129.4 (CH, Ar), 136.5
(C—N, Ar), 158.0 (C=N), 161.5 (C—0, Ar), 163.8 (S—C=N), 172.9
(C=0). HRMS (ESI): 354.0728 [M + H]*. Anal. Calcd for
Cy5H,,SO,N;: C, 63.70; H, 5.05; N, 12.38; S, 9.45; found: C, 63.65;
N, 12.28; H, 5.13; S, 10.31.
2-((1-Phenoxypropan-2-ylidene)hydrazono)-3-phenyl-5-methyl-
thiazolidin-4-one (16). Crystallization from toluene afforded yellowish
crystals, yield = 0.3 g, 84%. Mp (°C): 138. IR (KBr): 1722 (C=0),
1631 and 1577 (C=N) cm™". 'H NMR (400 MHz, DMSO-d,): 1.61 (d,
3H, ] 7.2 Hz, CHj;), 1.80 and 1.97 (s, 3H, CH,), 4.40 (q, 1H, J 7.2 Hz,
CH), 4.67 (s, 2H, CH,), 6.73 (d, 2H, ] 8.0 Hz, Ar), 6.93 (m, 1H, Ar),
7.23 (t,2H, ] 7.9 Hz, Ar), 7.38—7.51 (m, SH, Ar). 3 C NMR (100 MHz,
DMSO-dy): 18.8 and 19.4 (CHj;), 26.2 (CH;), 41.2 (CH), 64.5 (CH,),
114.0 (CH, Ar), 121.0 (CH, Ar), 127.9 (CH, Ar), 128.4 (CH, Ar), 128.7
(CH, Ar), 129.6 (CH, Ar), 135.0 (C—N, Ar); 157.6 (C=N), 160.9
(C—0, Ar), 164.4 (S—C=N), 174.6 (C=0). HRMS (ESI): 354.1264
[M + H]". Anal. Calcd for C;4H;3SO,N;: C, 64.57; H, 5.42; N, 11.89; S,
9.07; found: C, 64.50; H, 5.39; S, 10.89; N, 11.80.
2-((1-Phenoxypropan-2-ylidene)hydrazono)-3-phenyl-5-ethyl-
thiazolidin-4-one (17). Crystallization from cyclohexane/toluene (1:1)
afforded colorless crystals, yield = 0.26 g, 70%. Mp (°C): 118. IR (KBr):
1722 (C=0), 1634 and 1576 (C=N) cm™. 'H NMR (400 MHz,
DMSO-dg): 1.01 (t, ] 7.2 Hz, 3H, CHj;), 1.81 (s, 3H, CHj;), 1.89—1.98
(m, 1H, CH,), 2.03—-2.09 (m, 1H, CH,), 4.38—4.41 (q, 1H, 7.2 and 4.4
Hz, CH), 4.66 (s, 2H, CH,), 6.92—6.98 (m, 3H, Ar), 7.26—7.30 (m, 2H,
Ar), 7.34 and 7.36 (two s, 2H, Ar), 7.41—7.44 (m, 1H, Ar), 7.48—7.51
(m, 2H, Ar). 3C NMR (100 MHz, DMSO-d,): 10.1 (CH,), 14.6
(CH,), 25.7 (CH,), 48.1 (CH), 70.6 (CH,), 114.7 (CH, Ar), 120.9
(CH, Ar), 127.9 (CH, Ar), 128.5 (CH, Ar), 128.8 (CH, Ar), 129.4
(CH, Ar), 134.9 (C—N, Ar), 158.0 (C=N), 161.5 (C-0, Ar), 163.6
(§—C=N), 173.8 (C=0). HRMS (ESI): 368.1422 [M + H]"*. Anal.
Caled for C,,H,;SO,N3: C, 65.37; H, 5.76; N, 11.44; S, 8.73; found: C,
65.31; H, 5.64; S, 8.07; N, 11.27.

2-((1-Phenoxypropan-2-ylidene)hydrazono)-3-phenyl-5-isopro-
pylthiazolidin-4-one (18). Crude was washed with ethyl ether, affording
colorless crystals, yield = 0.3 g, 78%. Mp (°C): 128—130. IR (KBr): 1724
(C=0), 1632 and 1579 (C=N) cm ™. '"H NMR (400 MHz, DMSO-
dg): 1.01 (d, 3H, J 4.0 Hz, CH;), 1.08 (d, 3H, ] 4.0 Hz, CH;), 1.86 (s, 3H,
CH,), 2.51 (t, 1H, J 4.0 and 3.4 Hz, CH), 4.52 (m, 1H, ] 3.4 Hz, CH),
472 (s, 2H, CH,), 6.97—7.03 (m, 3H, Ar), 7.31—7.38 (m, 4H, Ar),
7.46—7.56 (m, 3H, Ar). '*C NMR (100 MHz, DMSO-d): 14.6 (CH;),
16.4 (CH,), 20.1 (CHj;), 30.4 (CH), 53.6 (CH), 70.6 (CH,), 114.7
(CH, Ar), 120.9 (CH, Ar), 127.8 (CH, Ar), 128.5 (CH, Ar), 128.9 (CH,
Ar), 129.4 (CH, Ar), 134.8 (C—N, Ar), 158.0 (C=N), 161.4 (C-0,
Ar), 163.8 (S—C=N), 173.4 (C=0). HRMS (ESI): 382.1580
[M + HJ*. Anal. Calcd for C, H,;SO,N5: C, 66.12; H, 6.08; N, 11.01;
S, 8.41; found: C, 66.48; H, 5.70; S, 6.73; N, 10.81.

2-((1-Phenoxypropan-2-ylidene)hydrazono)-3,5-diphenylthiazo-
lidin-4-one (19). Crystallization from cyclohexane afforded colorless
crystals, yield = 0.32 g, 74%. Mp (°C): 159. IR (KBr): 1715 (C=0),
1628 and 1590 (C=N) cm™. 'H NMR (400 MHz, acetone-dg): 1.01
(d, 3H, J 4.0 Hz, CH,), 1.08 (d, 3H, J 4.0 Hz, CH,), 1.86 (s, 3H, CH,),
2.51 (t, 1H, ] 4.0 and 3.4 Hz, CH), 4.52 (m, 1H, ] 3.4 Hz, CH), 4.72 (s,
2H, CH,), 6.97—7.03 (m, 3H, Ar), 7.31—7.38 (m, 4H, Ar), 7.46—7.56
(m, 3H, Ar). C NMR (100 MHz, acetone-dg): 14.6 (CH;), 16.4
(CH,), 20.1 (CH;), 30.4 (CH), 53.6 (CH), 70.6 (CH,), 114.7 (CH,
Ar), 120.9 (CH, Ar), 127.8 (CH, Ar), 128.5 (CH, Ar), 128.9 (CH, Ar),
129.4 (CH, Ar), 134.8 (C—N, Ar), 158.0 (C=N), 161.4 (C—O, Ar),
163.8 (S—C=N), 173.4 (C=0). HRMS (ESI): 416.1433 [M + H]*.
Anal. Caled for CpH,,SO,N3: C, 69.37; H, 5.09; N, 10.11; S, 7.72;
found: C, 69.35; H, 5.00; S, 8.01; N, 10.21.

Synthesis of 2-Iminothiazolidine-4-thiones 20 and 21. Example
for Compound 21: A solution of 2-iminothiazolidin-4-one 9 (0.34 g,
1.5 mmol) in anhydrous 1,4-dioxane/toluene (1:1, 50 mL) was added to
a 100 mL round-bottom flask under magnetic stirring in N, and slightly
warmed. Then Lawesson’s reagent (1.0 g, 2.6 mmol) was added in
portions, and the brownish mixture was kept under stirring and heating
overnight. After cooling back to rt, the solvent was evaporated to half
volume. Water was added and extracted with ethyl ether and then brine.
The organic layers were then combined and dried with MgSO,, and
solvent was removed under reduced pressure and then dried over SiO,.
The compound was isolated after column chromatography.

2-((1-Phenoxypropan-2-ylidene)hydrazono)-3,5-diphenylthiazo-
lidin-4-thione (20). After elution with hexane/ethyl acetate (7:3) to a
short silica gel column, yellowish crystals were obtained, yield = 0.2 g,
54%. Mp (°C): 131. IR (KBr): 1620 and 1596 (C=N) cm™. '"H NMR
(400 MHz, acetone-dy): 1.90 (s, 3H, CH;), 4.69 (s, 2H, CH,), 5.40 (s,
1H, CH), 6.91-7.03 (m, 3H, Ar), 7.24—7.30 (m, 2H, Ar), 7.35—7.40
(m, 3H, Ar), 7.42—7.7.56 (m, 6H, Ar). *C NMR (100 MHz, acetone-
dg): 27.5 (CH;), 56.1 (CH), 72.0 (CH,), 1152 (CH, Ar), 115.7
(CH, Ar), 121.9 (CH, Ar), 129.01 (CH, Ar), 129.32 (CH, Ar), 129.38
(CH, Ar), 129.72 (CH, Ar), 129.84 (CH, Ar), 130.4 (CH, Ar), 136.6
(C-N, Ar), 138.0 (C—N, Ar), 159.6 (C=N), 162.4 (C—O, Ar), 168.0
(S—C=N), 189.1 (C=S). Anal. Calcd for C,,H,,S,0N;: C, 66.79; H,
4.90; N, 9.74; S, 14.86; found: C, 66.81; H, 5.00; S, 15.11; N, 14.01.

2-((1-Phenoxypropan-2-ylidene)hydrazono)-5-ethylthiazolidin-4-
thione (21). After elution with hexane/ethyl acetate (7:3), yellowish
crystals were obtained, yield = 0.28 g, 60%. Mp (°C): 111. IR (KBr):
1620 and 1590 (C=N) cm™". 'H NMR (300 MHz, DMSO-d;): 0.92
(t, 3H, J 7.5 Hz, CH;), 1.74—1.82 (m, 1H, CH,), 1.95—1.98 (m, 1H,
CH,), 2.06 (s, 3H, CH}), 4.20—4.24 (q, 1H, ] 4.2 and 7.8 Hz, CH), 4.70
(s,2H, CH,), 6.93—7.00 (m, 3H, Ar), 7.26—7.32 (m, 2H, Ar). ®*C NMR
(75.5 MHz, DMSO-dg): 10.3 (CH;), 14.6 (CH;), 25.5 (CH,), 49.0
(CH), 70.8 (CH,), 114.7 (CH, Ar), 121.0 (CH, Ar), 129.5 (CH, Ar),
158.0 (C=N), 1619 (C—0O, Ar), 163.4 (S—C=N), 188.9 (C=S).
Anal. Caled for C,,H,,S,0N;: C, 54.69; H, 5.57; N, 13.67; S, 20.86;
found: C, 54.71; H, 5.60; S, 19.99; N, 14.05.

2-((1-Phenoxypropan-2-ylidene)hydrazono)-3-(4-tolyl)-5-ethyl-
thiazolidin-4-one (22). Crystallization from cyclohexane/toluene (1:1)
afforded colorless crystals, yield = 0.26 g, 68%. Mp (°C): 140. IR (KBr):
1722 (C=0), 1634 and 1575 (C=N) cm™’. 'H NMR (400 MHz,
DMSO-dg): 1.01 (t, ] 7.2 Hz, 3H, CHj;), 1.81 (s, 3H, CH;), 1.89—1.98
(m, 1H, CH,), 2.03—2.09 (m, 1H, CH,), 2.67 (s, 3H, CH,) 4.38—4.40
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(9, 1H, J 7.2 and 4.5 Hz, CH), 4.66 (s, 2H, CH,), 6.92—6.98 (m, 3H,
Ar), 7.20—7.27 (m, 2H, Ar), 7.29 (d, 2H, Ar), 7.60 (d, 2H, Ar). *C
NMR (100 MHz, DMSO-d,): 10.1 (CH,), 14.6 (CH,), 23.5 (CH,),
25.7 (CH,), 48.1 (CH), 70.6 (CH,), 114.7 (CH, Ar), 120.9 (CH, Ar),
127.9 (CH, Ar), 128.5 (CH, Ar), 129.4 (CH, Ar), 134.9 (C—N, Ar),
158.0 (C=N), 161.5 (C—0, Ar), 163.6 (S—C=N), 174.1 (C=0).
Anal. Caled for C,;H,3SO,N;: C, 66.12; H, 6.08; N, 11.01; S, 8.41;
found: C, 66.10; H, 6.01; S, 9.10; N, 11.11.

2-((1-Phenoxypropan-2-ylidene)hydrazono)-3-(4-anisyl)-5-ethyl-
thiazolidin-4-one (23). Crystallization from toluene afforded colorless
crystals, yield = 0.28 g, 70%. Mp (°C): 162. IR (KBr): 1722 (C=0),
1630 and 1576 (C=N) cm™". '"H NMR (400 MHz, DMSO-d;): 1.00
(t, ] 7.2 Hz, 3H, CH,), 1.81 (s, 3H, CH;), 1.89—1.98 (m, 1H, CH,),
2.02—2.08 (m, 1H, CH,), 3.82 (s, 3H, OCH,) 4.38—4.40 (q, 1H, ] 7.2
and 5 Hz, CH), 4.66 (s, 2H, CH,), 6.92—6.98 (m, 3H, Ar), 7.20-7.27
(m, 2H, Ar), 7.29 (d, 2H, ] 9.1 Hz, Ar), 7.69 (d, 2H, J 9.1 Hz, Ar). *C
NMR (100 MHz, DMSO-d,): 11.0 (CHj,), 14.6 (CHj,), 25.7 (CH,),
48.1 (CH), 54.0 (CHj,), 63.5 and 70.6 (CH,), 114.7 (CH, Ar), 120.9
(CH, Ar), 127.9 (CH, Ar), 128.5 (CH, Ar), 129.4 (CH, Ar), 134.9
(C—N, Ar), 155 (C-0, Ar) 157.0 (C=N), 161.5 (C-0, Ar), 163.6
(S—C=N), 174.1 (C=0). Anal. Calcd for C,;H,;SO;N;: C, 63.45; H,
5.83; N, 10.57; S, 8.07; found: C, 63.44; H, 5.91; S, 8.99; N, 10.42.

2-((1-Phenoxypropan-2-ylidene)hydrazono)-3-(cyclohexyl)-5-eth-
ylthiazolidin-4-one (24). Crystallization from cyclohexane afforded
colorless crystals, yield = 0.26 g, 71%. Mp (°C): 139—141. IR (KBr):
1728 (C=0), 1630 and 1576 (C=N) cm™. 'H NMR (400 MHz,
DMSO-dg): 1.00 (t, ] 7.2 Hz, 3H, CHj,), 1.81 (s, 3H, CH};), 1.89—1.98
(m, 1H, CH,), 2.02—2.08 (m, 1H, CH,), 3.82 (s, 3H, OCHj;) 4.38—4.40
(9, 1H, ] 7.2 and $ Hz, CH), 4.66 (s, 2H, CH,), 6.92—6.98 (m, 3H, Ar),
7.20—7.27 (m, 2H, Ar), 7.29 (d, 2H, ] 9.1 Hz, Ar), 7.69 (d, 2H, ] 9.1 Hz,
Ar). HRMS (ESI): 374.1919 [M + H]*. Anal. Calcd for C,,H,,SO,N;:
C, 64.31; H, 7.29; N, 11.25; S, 8.58.; found: C, 64.31; H, 7.21; N, 11.39;
S, 9.00.

General Procedure for the Synthesis of 2-Imino-1,3-thiazoles 26—
45. Example for Compound 26: Thiosemicarbazone 4a (0.24 g,
1 mmol) dissolved in 2-propanol (5 mL) was transferred to a boiling
tube and placed in an ultrasound bath (40 MHz, 180 V). Then
2-bromoacetophenone (0.21 g, 1.1 mmol) was added to the mixture
and allowed to react until the consumption of the starting materials
(30—45 min). The reaction was cooled, and the colorful precipitate
was separated in a Biichner funnel with a sintered disc filter, washed
with cold propanol followed by cold water, and then dried over SiO,
in a glass desiccator under vacuum. Pure products were obtained after
recrystallization using the solvent system detailed below for each
compound.

2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-phenyl-1,3-thia-
zole (26). Crystallization from methanol afforded pinkish crystals,
yield = 0.25 g, 77%. Mp (°C): 157. IR (KBr): 1618 (C=N), cm™". 'H
NMR (400 MHz, DMSO-dg): 2.03 (s, 3H, CHj;), 4.63 (s, 2H, CH,),
6.07 (broad s, 1H, N—H), 6.93—7.01 (m, 3H, 2H Ar and 1H thiazole),
7.27—7.42 (m, 6H, Ar), 7.83—7.86 (m, 2H, Ar). *C NMR and DEPT
(100 MHz, DMSO-d ¢): 14.7 (CH;), 71.8 (CH,), 104.5 (CH, thiazole),
115.2 (CH, Ar), 121.4 (CH, Ar), 126.0 (CH, Ar), 128.0 (CH, Ar), 128.2
(CH, Ar), 128.7 (CH, Ar), 129.4 (CH, Ar), 129.9 (Ar), 134.7 (Ar),
148.1 (C=CH, thiazole), 158.1 (C—0), 169.9 (S—C=N). HRMS
(ESI): 324.1171 [M + H]*. Anal. Calcd for C;gH,,SON;: C, 66.85; H,
5.30; N, 12.99; S, 9.91; found: C, 66.52; H, 5.40; N, 13.00; S, 9.71.

2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(2-pyridinyl)-1,3-
thiazole (27). Crystallization from methanol afforded greenish crystals,
yield = 0.24 g, 74%. Mp (°C): 136. IR (KBr): 3364 (N—H), 1620 and
1582 (C=N) cm™’. 'H NMR (400 MHz, DMSO-d;): 2.05 (s, 3H,
CH,), 4.65 (s, 2H, CH,), 5.5-6.5 (broad s, 1H, NH), 6.92—7.02 (m,
3H, Ar), 7.27—7.31 (m, 2H, Ar), 7.82 (t, 1H, J 8.0 and 9.6 Hz, Ar), 8.14
(s, 1H, CH thiazole), 8.35 (d, 1H, ] 10 Hz, Ar), 8.46 (t, 1H, ] 10 Hz, Ar),
8.75 (d, 1H, J 8 and 9.6 Hz, Ar). >*C NMR and DEPT (100 MHz,
DMSO-dg): 13.0 and 14.6 (CH;), 69.71 and 71.4 (CH,), 114.4 (CH,
thiazole), 114.8 (CH, Ar), 121.0 (CH, Ar), 123.1 (CH, Ar), 124.7 (CH,
Ar), 129.5 (CH, Ar), 143.3 (CH, Ar), 143.6 (CH, Ar), 144.8 (CH, Ar),
146.4 (Ar), 149.2 (C=CH, thiazole), 158.0 (C=N), 158.7 (C—O0, Ar),
170.0 and 170.6 (S—C=N). HRMS (ESI): 325.1123 [M + H]".

2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(3-pyridinyl)-1,3-
thiazole (28). Crystallization from methanol afforded greenish crystals,
yield = 0.2 g, 61%. Mp (°C): 136. IR (KBr): 1621 and 1586 (C=N)
cm ™', 'H NMR (400 MHz, DMSO-dy): 2.05 (s, 3H, CH;), 4.64 (s, 2H,
CH,), 5.5-6.5 (broad s, 1H, NH), 6.92—7.02 (m, 3H, Ar), 7.27—7.30
(m, 2H, Ar), 7.82 (t, 1H, ] 10 Hz, Ar), 8.14 (s, 1H, CH of thiazole), 8.40
(d,2H,J 10 Hz, Ar), 8.46 (t, 1H, ] 10 Hz, Ar), 8.81 (s, 1H, Ar). *C NMR
(100 MHz, DMSO-dy): 14.1 (CH;), 69.71 and 71.4 (CH,), 114.4
(CH, thiazole), 114.7 (CH, Ar), 120.9 (CH, Ar), 125.5 (CH, Ar), 129.1
(CH, Ar), 129.4 (CH, Ar), 131.2 (Ar), 137.0 (Ar), 148.2, 149.1 (C=N),
158.0 (C—0, Ar), 169.4 (S—C=N).
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(4-pyridinyl)-1,3-
thiazole (29). Crystallization from methanol afforded greenish crystals,
yield = 0.23 g, 70%. Mp (°C): 140. IR (KBr): 3339 (N—H), 1617 and
1567 (C=N) cm™.. 'H NMR (400 MHz, DMSO-d;): 2.03 (s, 3H,
CH,), 4.63 (s,2H, CH,), 6.94—7.00 (m, 3H, Ar), 7.28 (broad s, 2H, Ar),
7.28 (d, ] 9 Hz, 2H, Ar), 7.70 (d, J 9 Hz, 2H, Ar), 11.28 (broad s, 1H,
NH). 3C NMR and DEPT (100 MHz, DMSO-dy): 14.3 (CH;), 71.2
(CH,), 114.4 (CH, thiazole), 114.7 (CH, Ar), 120.9 (CH, Ar), 125.5
(CH, Ar), 129.1 (CH, Ar), 129.4 (CH, Ar), 131.2 (Ar), 137.0 (Ar),
148.2, 149.1 (C=N), 158.0 (C—0, Ar), 169.4 (S—C=N).
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(4-tolyl)-1,3-thia-
zole (30). Crystallization from methanol afforded yellowish crystals,
yield = 0.2 g, 60%. Mp (°C): 160. IR (KBr): 1618 (C=N) cm™". 'H
NMR (400 MHz, DMSO-dg): 2.03 (s, 3H, CH;), 2.32 (s, 3H, CH,),
4.63 (s, 2H, CH,), 6.17 (broad s, 1H, N—H), 6.92—7.00 (m, 3H, Ar),
7.20—7.30 (m, SH, 4H of Ar and 1H of thiazole), 7.71—-7.74 (m, 2H,
Ar). ®C NMR (100 MHz, DMSO-dg): 14.8 (CH,), 21.2 (CH,), 71.6
(CH,), 103.6 (CH, thiazole), 115.2 (CH, Ar), 121.4 (CH, Ar), 126.0
(CH, Ar), 128.0 (CH, Ar), 128.2 (CH, Ar), 129.3 (CH, Ar), 129.6
(CH, Ar), 129.9 (CH, Ar), 130.1 (Ar), 137.5 (Ar), 158.5 (C—0, Ar),
169.9 (S—C=N). HRMS (ESI): 338.1327 [M + H]*. Anal. Calcd for
CoHoSON;: C, 67.63; H, 5.68; N, 12.45; S, 9.50; found: C, 67.60; H,
5.64; N, 12.23; S, 9.40.
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(4-anisyl)-1,3-thia-
zole (31). Crystallization from ethanol afforded pale greenish crystals,
yield = 0.25 g, 70%. Mp (°C): 168. IR (KBr): 1613 and 1601 (C=N)
cm™'. 'H NMR (300 MHz, DMSO-dy): 1.99 and 2.04 (s, 3H, CH;),
3.76 (s, 3H, OCH;), 4.64 and 4.90 (s, 2H, CH,), 6.91—7.01 (m, 5H, Ar),
7.17 (s, 1H, CH of thiazole), 7.24—7.32 (d, 2H, ] 2.5 Hz, Ar), 7.72—7.81
(d, 2H, J 2.5 Hz, Ar), 10.55 (broad s, 1H, N—H). 3*C NMR and DEPT
(75.5 MHz, DMSO-dg): 14.6 (CHj3), 55.2 (OCHj), 71.1 (CH,), 102.3
(CH, thiazole), 114.1 (CH, Ar), 113.7 (CH, Ar), 114.8 (CH, Ar), 121.0
(CH, Ar), 125.8 (CH, Ar), 127.1 (CH, Ar), 129.3 (CH, Ar), 129.6
(CH, Ar), 146.8 (CH=C), 149.6 (C=N), 158.1 (C—0O, Ar), 159.2
(C-0, Ar), 169.5 (S—C=N). HRMS (ESI): 354.1282 [M + H]". Anal.
Calcd for C;gH4SO,N ;: C, 64.57; H, 5.42; N, 11.89; S, 9.07; found: C,
64.60; H, 5.35; N, 11.80; S, 8.91.
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(4-fluorophenyl)-
1,3-thiazole (32). Off-white crystals, yield = 0.29 g, 85%. Mp (°C): 157.
IR (KBr): 1619 and 1608 (C=N) cm™". 'H NMR (300 MHz, DMSO-
dg): 1.98 and 2.03 (s, 3H, CH,), 4.59 and 4.62 (s, 2H, CH,), 6.89—6.97
(m, 3H, Ar), 7.20—7.30 (m, SH, 4H of Ar and 1CH of thiazole), 7.82—
7.87 (m, 2H, Ar), 10.53 (broad s, 1H, N—H). After addition of D,0O, the
signal at § 10.53 ppm decreased. '*C NMR (75.5 MHz, DMSO-d,): 14.7
(CH,), 71.2 (CH,), 104.3 (CH, thiazole), 114.5 (CH, Ar), 114.8 (CH,
Ar), 115.2 (CH, Ar), 121.1 (CH, Ar), 127.8 (CH, Ar), 127.9 (CH, Ar),
129.6 (CH, Ar), 129.8 (C—F), 130.0 (C—F), 146.7 (Ar), 146.9
(CH=C), 148.5 (C=N), 158.1 (C-0), 169.4 and 169.7 (S—C=N).
HRMS (ESI): 342.1099 [M + H]*. Anal. Calcd for C;H,(SOFN;: C,
63.32; H, 4.72; N, 12.31; S, 9.39; found: C, 63.40; H, 4.69; N, 12.30; S,
9.22.
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(4-chlorophenyl)-
1,3-thiazole (33). Crystallization from ethanol afforded reddish crystals,
yield = 0.26 g, 72%. Mp (°C): 164—16S. IR (KBr): 1620 and 1586
(C=N) cm™". 'H NMR (300 MHz, DMSO-d,): 2.09 (s, 3H, CHj,),
4.63 and 4.90 (s, 2H, CH,), 6.90—7.00 (m, 3H, Ar), 7.25—7.46 (m, SH,
4H of Ar and 1CH of thiazole), 7.80—7.85 (d, 2H, ] 7.8 Hz, Ar), 10.61
(broad s, 1H, N—H). 3C NMR (75.5 MHz, DMSO-d,): 14.6 (CHj),
71.2 (CH,), 104.4 (CH, thiazole), 114.8 (CH, Ar), 121.0 (CH, Ar),
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125.7 (CH, Ar), 127.4 (CH, Ar), 127.9 (CH, Ar), 128.0 (CH, Ar), 128.4
(CH, Ar), 128.6 (CH, Ar), 129.6 (CH, Ar), 133.3 (Ar), 148.3 (CH=C),
149.4 (C=N), 158.1 (C-0, Ar), 169.6 (S—C=N). HRMS (ESI):
358.0909 [M + H]*. Anal. Calcd for C;4H,,SOCIN;: C, 60.41; H, 4.51;
N, 11.74; S, 8.96; found: C, 61.01; H, 4.62; N, 12.03; S, 8.81.
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(4-bromophenyl)-
1,3-thiazole (34). Brownish crystals, yield = 0.8 g, 66%. Mp (°C): 171.
IR (KBr): 3317 (N—H), 1615 and 1572 (C=N) cm™. 'H NMR (400
MHz, DMSO-d,): 2.02 (s, 3H, CH,), 4.62 (s, 2H, CH,), 6.92—7.01 (m,
3H, Ar), 7.26—7.35 (m, 2H, Ar), 7.35 (s, 1H, CH thiazole), 7.58 (d, 2H,
J7.5 Hz, Ar), 7.80 (d, 2H, 7.5 Hz, Ar), 11.10 (s, 1H, N—H). 3*C NMR
(100 MHz, DMSO-d,): 14.2 (CHj;), 71.3 (CH,), 104.8, 114.7 (CH, Ar),
120.4 (CH, Ar), 120.9 (CH, Ar), 127.4 (CH, Ar), 129.4 (CH, Ar), 131.4
(CH, Ar), 133.9 (Ar), 147.1 (C=C, thiazole), 149.3 (C=N), 158.1
(C—0, Ar), 169.6 (S—C=N). HRMS (ESI): 402.0272 [M + H]". Anal.
Calcd for C,gH,(SOBrN;: C, 53.74; H, 4.01; N, 10.44; S, 7.97; found: C,
53.72; H, 4.02; N, 10.55; S, 7.57.
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(4-nitrophenyl)-
1,3-thiazole (35). Crystallization from 2-propanol afforded yellowish
crystals, yield = 0.3 g, 80%. Mp (°C): 171-173. IR (KBr): 3337 (N—H),
1598 and 1565 (C=N) cm ™. '"H NMR (300 MHz, DMSO-d,): 2.03 (s,
3H, CH,), 4.63 (s, 2H, CH,), 6.92—7.01 (m, 3H, Ar), 7.29 (t, 2H, Ar),
7.70 (s, 1H, CH of thiazole), 8.07 (d, 2H, ] 8.7 Hz, Ar), 8.29 (d, 2H, ] 9.0
Hz, Ar), 11.26 (s, 1H, N—H). *C NMR (75.5 MHz, DMSO-d,): 14.3
(CH;), 71.3 (CH,), 108.9 (CH, thiazole), 114.8 (CH, Ar), 121.0 (CH,
Ar), 124.1 (CH, Ar), 126.3 (CH, Ar), 129.5 (CH, Ar), 140.7 (CH, Ar),
146.1 (Ar), 147.6 (CH=C), 148.5 (C=N), 158.1 (C—0), 169.9
(S—C=N). HRMS (ESI): 369.1072 [M + H]".
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(3-nitrophenyl)-
1,3-thiazole (36). Crystallization from toluene afforded yellowish
crystals, yield = 0.18 g, 48%. Mp (°C): 159—160. IR (KBr): 3337 (N—
H), 1598 and 1565 (C=N) cm™. '"H NMR (400 MHz, DMSO-d):
2.64 (s, 3H, CH;), 5.15 (s, 2H, CH,), 7.40 (t, 1H, Ar), 7.49 (d, 2H, Ar),
7.75 (t, 2H, Ar), 7.89 (s, 1H, CH of thiazol), 8.10 (t, 1H, J 8.0 Hz, Ar),
8.56 (d, 1H, ] 8.0 Hz, Ar), 8.70 (d, 1H, J 8.0 Hz Ar), 10.58 (broad s, 1H,
N—H). 3C NMR and DEPT (100 MHz, DMSO-ds): 23.5 (CH;), 82.0
(CH,), 116.7 (CH, thiazole), 125.4 (CH, Ar), 130.8 (CH, Ar), 131.5
(CH, Ar), 132.3 (CH, Ar), 139.9 (CH, Ar), 140.3 (CH, Ar), 141.8 (Ar),
147.3 (Ar) 157.8 (CH=C), 159.3 (C=N), 169.2 (C—0, Ar), 180.1
(S—C=N). HRMS (ESI): 369.1042 [M + H]".
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(3,4-dichlorophen-
yl)-1,3-thiazole (37). Crystallization from methanol afforded reddish
crystals, yield = 0.26 g, 66%. Mp (°C): 160. IR (KBr): 3338 (N—H),
1615 and 1565 (C=N) cm™". "H NMR (400 MHz, DMSO-dy): 2.01 (s,
3H, CH,), 4.61 (s, 2H, CH,), 6.92—7.00 (m, 3H, Ar), 7.26—7.30 (m,
3H, Ar), 7.50 (s, 1H, 1H thiazole), 7.64 (d, 1H, ] 8 Hz, Ar), 7.82 (d, 1H,
] 8 Hz, Hz, Ar), 8.07 (s, 1H, Ar), 11.10 (broad s, 1H, N—H). 3*C NMR
and DEPT (100 MHz, DMSO-dg): 14.2 (CH;), 71.3 (CH,), 106.2 (CH,
thiazole), 114.7 (CH, Ar), 120.9 (CH, Ar), 125.5 (CH, Ar), 127.1
(CH, Ar), 129.4 (CH, Ar), 129.6 (CH, Ar), 130.8 (CH, Ar), 131.4 (Ar),
135.2 (Ar), 147.5 (CH=C), 147.7 (C=N), 158.1 (C-0, Ar), 169.7
(S—C=N). HRMS (ESI): 392.0378 [M + H]".
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(2,4-dichlorophen-
yl)-1,3-thiazole (38). Crystallization from methanol afforded reddish
crystals, yield = 0.17 g, 55%. Mp (°C): 200. IR (KBr): 1568 (C=N)
cm ™. 'H NMR (400 MHz, DMSO-dy): 2.01 (s, 3H, CH,), 4.63 (s, 2H,
CH,), 6.92—7.00 (m, 3H, Ar), 7.26—7.30 (m, 2H, Ar), 7.36 (s, 1H, CH
of thiazole), 7.47—7.49 (d, 1H, J 8.4 Hz, Ar), 7.66 (s, 1H, Ar), 7.89 (d,
1H, J 8.4 Hz, Ar), 11.25 (broad s, 1H, N—H). *C NMR (100 MHz,
DMSO-dy): 14.2 (CH;), 71.3 (CH,), 109.4 (CH, thiazole), 114.8 (CH,
Ar), 120.9 (CH, Ar), 127.4 (CH, Ar), 129.4 (CH, Ar), 129.6 (CH, Ar),
131.5 (CH, Ar), 132.1 (CH, Ar), 132.2 (CH, Ar), 132.3 (Ar), 135.2 (Ar),
145.8 (CH=C), 1472 (C=N), 158.1 (C-0, Ar), 168.6 (S—C=N).
HRMS (ESI): 392.0378 [M + HJ*.
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(2,3,4-trichloro-
phenyl)-1,3-thiazole (39). Crystallization from toluene afforded reddish
crystals, yield = 0.24 g, 50%. Mp (°C): 200 (decomp). IR (KBr): 3321
(N—H), 1615 and 1565 (C=N) cm™". 'H NMR (300 MHz, DMSO-
dg): 2.01 (s, 3H, CH,), 4.63 (s, 2H, CH,), 6.92—7.01 (m, 3H, Ar),
7.29 (t,2H, Ar), 7.40 (s, 1H, CH of thiazole), 7.72 (d, 1H, J 8.5 Hz, Ar),

7.81 (d, 1H, ] 8.4 Hz, Ar), 11.17 (broad s, 1H, N—H). '3C NMR (75.5
MHz, DMSO-d): 14.2 (CHj,), 71.3 (CH,), 110.2 (CH, thiazole), 114.8
(CH, Ar), 120.9 (CH, Ar), 128.7 (CH, Ar), 129.4 (CH, Ar), 129.9 (CH,
Ar), 130.7 (Ar), 131.1 (Ar), 131.7 (Ar), 134.3 (Ar), 1459 (CH=C),
147.3 (Ar), 158.1 (C-0), 168.7 (S—C=N). HRMS (ESI): 426.7810
[M+H]".
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(tert-butylphenyl)-
1,3-thiazole (40). Crystallization from toluene afforded yellowish
crystals, yield = 0.3 g, 79%. Mp (°C): 180—182. IR (KBr): 1610 and
1586 (C=N) cm™. '"H NMR (300 MHz, DMSO-dq): 1.23 (broad s,
9H, 3xCH,), 2.00 (s, 3H, CH;), 4.89 (s, 2H, CH,), 6.92—7.00 (m, 3H,
Ar),7.16—7.20 (d,2H, J 7.1 Hz, Ar), 7.37—7.42 (m, 3H, 2H Ar, ] 7.1 Hz,
and 1H of thiazole), 7.48—7.52 (m, 2H, Ar), 10.91 (broad s, 1H, N—H).
3C NMR (75.5 MHz, DMSO-dy): 142 (CH,), 31.1 (CH,), 32.8
(CCH ,), 71.6 (CH,), 103.6 (CH, thiazole), 115.2 (CH, Ar), 121.4
(CH, Ar), 126.0 (CH, Ar), 128.1 (CH, Ar), 128.2 (CH, Ar), 129.1 (CH,
Ar),129.2 (CH, Ar), 129.9 (Ar), 130.1 (Ar), 135.5 (Ar), 149.1 (C=N),
158.5 (C—0, Ar), 169.9 (S—C=N).
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(2-naphthalenyl)-
1,3-thiazole (41). Crystallization from toluene afforded brownish
crystals, yield = 0.26 g, 70%. Mp (°C): 180—182 (decomp). IR (KBr):
1614 and 1490 (C=N) cm ~'. '"H NMR (400 MHz, DMSO-d;): 2.05
(s,3H, CH,), 4.64 (s, 2H, CH,), 6.95—7.02 (m, 3H, Ar), 7.30 (s, 2H, 1H
of Ar and 1H of thiazole), 7.47 (d, 3H, Ar), 7.91—8.01 (m, 4H, Ar), 8.39
(s, 1H, Ar), 11.14 (broad s, 1H, N—H). *C NMR and DEPT (100 MHz,
DMSO-dy): 14.2 (CH;), 71.4 (CH,), 104.7 (CH, thiazole), 114.7 (CH,
Ar), 120.9 (CH, Ar), 123.9 (CH, Ar), 124.0 (CH, Ar), 125.9 (CH, Ar),
126.3 (CH, Ar), 127.5 (CH, Ar), 128.0 (CH, Ar), 128.0 (CH, Ar), 129.4
(CH, Ar), 132.1 (CH, Ar), 132.3 (CH, Ar), 138.1 (Ar), 147.1 (CH=C),
158.1 (C—0, Ar), 169.5 (S—C=N). HRMS (ESI): 374.1270 [M + H]*.
Anal. Calcd for C,,H,,SON;: C,70.75; H, 5.13; N, 11.25; S, 8.59; found:
C, 70.68; H, 5.10; N, 11.27; S, 8.62.
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(2-furanyl)-1,3-
thiazole (42). Crystallization from methanol afforded brownish crystals,
yield = 0.15 g, 50%. Mp (°C): 210. IR (KBr): 1600 and 1576 (C=N)
cm™. '"H NMR (400 MHz, DMSO-dy): 2.02 (s, 3H, CH,), 4.61 (s, 2H,
CH,), 6.58 (two s, 2H, Ar and CH thiazole), 7.00 (broad s, 4H Ar), 7.25
(d, 2H, Ar), 7.67 (s, 1H, Ar), 11.21 (s, 1H, N—H). "*C NMR and DEPT
(100 MHz, DMSO-dy): 14.2 (CH,), 71.3 (CH,), 102.9 (CH, thiazole),
106.0 (CH, Ar), 111.6 (CH, Ar), 114.7 (CH, Ar), 120.9 (CH, Ar), 129.5
(CH, Ar), 142.4 (CH, Ar), 1472 (C-0, Ar), 150.3 (C=N), 158.1
(C-0, Ar), 170.0 (S—C=N).
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-4-(2-thiophenyl)-1,3-
thiazole (43). Crystallization from methanol afforded brownish crystals,
yield = 0.15 g, 53%. Mp (°C): 190—191. IR (KBr): 1620 and 1590
(C=N) am™". 'H NMR (400 MHz, DMSO-dy): 2.02 (s, 3H, CH;),
4.61 (s, 2H, CH,), 6.58 (two s, 2H, Ar and CH thiazole), 7.00 (broad s,
4H Ar), 7.25 (d, 2H, Ar), 7.67 (s, 1H, Ar), 10.53 (s, 1H, N—H). 13C
NMR (100 MHz, DMSO-di): 14.2 (CH;), 71.3 (CH,), 104.0 (CH,
thiazole), 106.0 (CH, Ar), 111.6 (CH, Ar), 114.7 (CH, Ar), 120.9 (CH,
Ar), 129.5 (CH, Ar), 141.3 (CH, Ar), 142.4 (CH, Ar), 147.2 (C-0O, Ar),
150.3 (C=N), 158.1 (C—0, Ar), 170.0 (S—C=N).
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-3-methyl-4-phenyl-
1,3-thiazole (44). Prepared from thiosemicarbazone 4b, crystallization
from toluene afforded yellowish crystals, yield = 0.25 g, 73%. Mp (°C):
135. IR (KBr): 1591 (C=N) cm™. '"H NMR (300 MHz, DMSO-d;):
2.03 and 2.16 (s, 3H, CHj;), 3.47 (s, 3H, N—CHj), 4.76 and 5.07 (s, 2H,
CH,), 6.91—6.99 (m, 3H, Ar), 7.02 (s, 1H, S—CH), 7.25—7.31 (m, 2H,
Ar), 7.52 (m, 6H, Ar). *C NMR (75.5 MHz, DMSO-d;): 15.4 (CHj),
35.4 (N—CH,), 70.6 (CH,), 114.3, 114.8, 121.0 (Ar), 128.9 (Ar), 129.1,
129.2, 129.5, 129.7, 129.8, 141.8 (CH=C), 158.0 (C=N), 158.7
(C-0, Ar), 169.6 (S—C=N). HRMS (ESI): 338.1326 [M + H]*. Anal.
Caled for CgH;,SON;3: C, 67.63; H, 5.68; N, 12.45; S, 9.50; found: C,
67.70; H, 5.80; N, 12.53; S, 9.31.
2-((1-Phenoxypropan-2-ylidene)hydrazinyl)-3,4-diphenyl-1,3-
thiazole (45). Prepared from thiosemicarbazone 4c, isolated as yellowish
crystals, yield = 0.3 g, 75%. Mp (°C): 136. IR (KBr): 1622 and 1591
(C=N) cm™. 'H NMR (400 MHz, DMSO-dy): 1.84 (s, 3H, CH;),
4.63 (s, 2H, CH,), 6.58 (s, 1H, CH thiazole), 6.92—7.00 (m, 3H,
Ar), 7.15 (d, 2H, Ar), 7.22—7.35 (m, 10H, Ar). *C NMR (100 MHz,
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DMSO-dy): 14.6 (CH;), 71.2 (CH,), 101.3 (CH, thiazole), 114.7 (CH,
Ar), 120.7 (CH, Ar), 127.5 (CH, Ar) 128.0 (CH, Ar), 128.20 (CH, Ar),
12828 (CH, Ar), 128.3 (CH, Ar), 128.6 (CH, Ar), 129.4 (CH, Ar), 130.8
(Ar), 137.6 (Ar), 139.3 (C=CH), 156.9 (C=N), 158.2 (C-0, Ar),
168.6 (S—C=N). Anal. Caled for C,,H,,SONy: C, 72.15; H, 5.30; N,
10.52; S, 8.03; found: C, 72.14; H, 5.31; N, 10.42; S, 7.93.

Molecular Modeling. The optimized structures of all compounds
were obtained by using the RM1*® method, available as part of the
SPARTAN '08 program,*® using internal default settings for
convergence criteria. Some of these new molecules were synthesized
as racemic mixtures, so the molecular modeling treated the two isomers
(R and S) independently, when appropriate, and the docking procedure
used both isomers for each compound. Docking calculations and
analysis were carried using the T. cruzi cruzain (PDB ID code: 3IUT) as
the target,” in which there was a cocrystallized complex with inhibitor
54 (referred to as “KB2”). The active site was defined as all atoms within
a radius of 6.0 A from the cocrystallized ligand. The residues GLN19,
CYS25, SER61, LEU67, MET68, ASN70, ASP161, HIS162, TRP184,
and GLU208 were treated as flexible, using the conformation library for
each one. The GOLD 5.1 program47 was used for docking calculations,
followed by the Binana program,*® which was used to analyze the mole-
cular interactions present in the best docking solutions, using the default
setting, except for hydrogen bond distance, which was changed to a
maximum of 3.5 A. Figures were generated with Pymol.*

Cruzain Inhibition. Recombinant cruzain was dissolved in acetate
buffer (0.1 M; pH S.5) to a concentration of 0.1 yM. Ten microliters of
cruzain in DTT (S mM) was distributed into a 96-well plate, and 150 uL
of the test inhibitor (previously dissolved in DMSO) in phosphate buffer
(in the presence of 0.001% EDTA, 100 mM NaCl, and DTT) was added
to the respective wells. The plate was incubated at room temperature
for 10 min. After this time, 340 uL of a solution containing the protease
substrate Cbz-Phe-Arg-7-aminomethylcoumarin (Z-FR-AMC, Sigma-
Aldrich Co., St. Louis, MO) was added to each well and the plate
incubated. The plate was read 1, S, and 10 min after the addition of the
substrate (concentration of protein and substrate in the reaction was
0.5 nM and 2 uM, respectively). The percentage of cruzain inhibition
was calculated using the following equation: 100 — (A;/A X 100), where
A; means the RFU of the cruzain in the presence of the test inhibitor,
and A means the RFU for the control well (cruzain plus substrate; no
test inhibitor). Each test inhibitor concentration was measured in
duplicate, and the ICs, values were estimated employing nonlinear
regression from at least nine different concentrations.

Cathepsins L and S Inhibition. Recombinant cathepsin L was
dissolved in acetate buffer (0.1 M; pH 5.5) and activated with 1 mM of
DTT. Test inhibitors were dissolved in DMSO and then diluted with
phosphate buffer containing BSA (0.1%) and EDTA (1 mM) in 0.001%
Tween. Protease substrate (Cbz-Phe-Arg-p-nitroanilide hydrochloride;
denoted ZFR-pNA) in DMSO was suspended in phosphate buffer.
Reactions were performed in 24-well plates. First, 90 L of test inhibitor
was distributed into the respective well, followed by the addition of
10 puL of cathepsin L. The plate was incubated for 45 min at room
temperature. Then 100 uL of protease substrate was added, and the
reaction was incubated for 5 min. The concentration of the protein in
the reaction was 30 nM, and the concentration of the substrate was
5.0 uM. ICy, values were calculated as described for cruzain. The same
experiment was carried out for cathepsin S.

Animals. Female BALB/c mice (6—8 weeks old) were supplied by
the animal breeding facility at Centro de Pesquisas Gongalo Moniz
(Fundagio Oswaldo Cruz, Bahia, Brazil) and Centro de Pesquisas
Aggeu Magalhaes (Fundagio Oswaldo Cruz, Pernambuco, Brazil) and
maintained in sterilized cages under a controlled environment, receiving
a balanced diet for rodents and water ad libitum. All experiments were
carried out in accordance with the recommendations from Ethical Issues
Guidelines and were approved by the local Animal Ethics Committee.

Parasites. Epimastigotes of T. cruzi (Y strain) were maintained at
26 °C in LIT medium (liver infusion tryptose) supplemented with 10%
fetal bovine serum (FBS) (Cultilab, Brazil), 1% hemin (Sigma Co., St.
Louis, MO), 1% R9 medium (Sigma Co), and S0 pg/mL gentamycin
(Novafarma, Brazil). Bloodstream trypomastigote forms of T. cruzi were
obtained from the supernatant of LLC-MK2 cells previously infected

and maintained in RPMI-1640 medium (Sigma Co.) supplemented with
10% FBS and 50 pg/mL gentamycin at 37 °C and 5% CO,.

Toxicity to Mouse Splenocytes. Splenocytes from BALB/c mice
were placed into 96-well plates at a cell density of 5 X 10° cells/well in
RPMI-1640 medium supplemented with 10% of FBS and 50 g mL ™" of
gentamycin. Each test inhibitor was used in at least three concentrations
(1.0, 10, and 100 g mL™") in triplicate. To each well, an aliquot of test
inhibitor suspended in DMSO was added. Negative (untreated) and
positive (saponin) controls were used with every plate. The plate was
incubated for 24 h at 37 °C and 5% CO,. After incubation, 1.0 uCi of
’H-thymidine (Perkin-Elmer, Waltham, MA) was added to each well,
and the plate was returned to the incubator. The plate was then
transferred to a f-radiation counter (Multilabel Reader, Finland), and the
percent of *H-thymidine was determined. Cell viability was measured
as the percent of *H-thymidine incorporation for treated cells in
comparison to untreated cells. The highest nontoxic concentration was
estimated.

Antiproliferative Activity for Splenocytes. BALB/c mouse
splenocytes were placed into 96-well plates at a cell density of 5 X 10°
cells/well in RPMI-1640 medium supplemented with 10% of FBS and
100 yig mL™" of gentamycin. Then 2.0 ug/mL of concanavalin A (con A)
suspended in HEPES buffer and test inhibitors § and 18 (suspended in
DMSO) were added to each well. Controls include untreated plus con A,
without con A, and con A plus 0.01 pg/mL of cyclosporin A. Each
concentration was assayed in triplicate. The plate was incubated for 72 h
at 37 °C and 5% CO,. According to manufacturer’s reccommendations,
AlamarBlue was added and the plate was incubated for 1 h until
AlamarBlue reduction by the living cells to the red fluorescent dye
resorufin. After excitation at 530 nm and fluorescence at 590 nm, the
signal was measured using a fluorescence microplate reader. Counts of
untreated plus con A wells were subtracted from counts of untreated
without con A wells. Inhibition (%) of cell proliferation was calculated in
comparison to untreated cells. The concentration that results in 50%
inhibition of cell proliferation (ICs,) was calculated from six different
concentrations using nonlinear regression (Origin software).

Antiproliferative Activity for Epimastigotes. Epimastigotes
were counted in a hemocytometer and then dispensed into 96-well
plates at a cell density of 10° cells/well. Test inhibitors, dissolved in
DMSO, were diluted to five different concentrations (1.23, 3.70, 11.11,
33.33, and 100 pg/mL) and added to respective wells in triplicate.
The plate was incubated for 11 days at 26 °C, aliquots of each well
were collected, and the number of viable parasites were counted in a
Neubauer chamber and compared to untreated parasite culture. ICys
were calculated using nonlinear regression on Prism 4.0 GraphPad
software. Two independent experiments were carried out; benznidazole
(LAFEPE, Brazil) and nifurtimox (Lampit, Roche) were used as the
reference inhibitors.

Toxicity for Y Strain Trypomastigotes. Trypomastigotes col-
lected from the supernatant of LLC-MK2 cells were dispensed into
96-well plates at a cell density of 4 X 10° cells/well. Test inhibitors,
dissolved in DMSO, were diluted to five different concentrations and
added into their respective wells, and the plate was incubated for 24 h
at 37 °C and 5% of CO,. Aliquots of each well were collected, and the
number of viable parasites, based on parasite motility, was assessed in
a Neubauer chamber. The percentage of inhibition was calculated in
relation to untreated cultures. ICs calculation was also carried out using
nonlinear regression with Prism 4.0 GraphPad software. Benznidazole
and nifurtimox were used as the reference drugs.

Intracellular Parasite Development. Peritoneal exudate macro-
phages were seeded at a cell density of 2 X 10° cells/well in a 24-well
plate with rounded coverslips on the bottom in RPMI supplemented
with 10% FBS and incubated for 24 h. Cells were then infected with Y
strain trypomastigotes at a ratio of 10 parasites per macrophage for 2 h.
Free trypomastigotes were removed by successive washes using saline
solution. Each test inhibitor was dissolved in DMSO at 10 yuM and
incubated for 6 h. The medium was replaced by a fresh medium, and
the plate was incubated for 4 days. Cells were fixed in methanol, and the
percentage of infected macrophages and the mean number of
amastigotes/infected macrophages were determined by manual counting
after Giemsa staining under an optical microscope (Olympus, Tokyo, Japan).
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The percentage of infected macrophages and the number of amastigotes
per macrophage were determined by counting 100 cells per slide. To
estimate the ICg, values, compounds were tested in triplicate at 1.0, 10,
25, and 50 uM.

Trypomastigote Invasion. Peritoneal macrophages (10° cells)
were plated onto 13-mm glass coverslips in a 24-well plate and allowed
to stand for 24 h. The plate was washed with saline solution, and then
trypomastigotes were added at a cell density of 1.25 X 107 along with the
addition of test inhibitor (at SO #M). Amphotericin B (50 #M) was used
as reference inhibitor. The plate was incubated for 2 h at 37 °C and 5%
CO,, followed by five washes with saline solution to remove extracellular
trypomastigotes. Plates were maintained in RPMI medium supple-
mented with 10% FBS at 37 °C for 2 h. The number of infected cells was
counted with optical microscopy using a standard Giemsa staining.

Infection in Mice. Female BALB/c mice (6—8 weeks old) were
infected with bloodstream trypomastigotes by intraperitoneal injection
of 10* parasites in 100 uL of saline solution. Mice were then randomly
divided into groups (six mice per group). After day S of postinfection,
treatment with 250 pmol/kg weight of drug 18 was given orally by
gavage once a day for five consecutive days. For the control group,
benznidazole was also given orally at a dose of 250 pmol/kg weight.
Infection was monitored daily by counting the number of motile
parasites in S yL of fresh blood sample drawn from the lateral tail veins as
recommended by standard protocols.*®

Statistical Analyses. To determine the statistical significance of
each group in the in vitro/in vivo experiments of infection, the one-way
ANOVA test and the Bonferroni for multiple comparisons were used.
A P value <0.05 was considered significant. The data are representative
of at least two experiments.
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ANEXO 3

Da Silva TB, Menezes LR, Sampaio MF, Meira CS, Guimaraes ET, Soares MB, Prata
AP, Nogueira PC, Costa EV. Chemical composition and anti-Trypanosoma cruzi actvity
of essential oils obtained from leaves of Xylopia frutescens and X. laevigata
(Annonaceae). Natural Product Communications. v. 8, p. 403-406, 2013.
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Essential oils from leaves of Xylopia frutescens (XFMJ) and two specimens of Xylopia laevigata (XLMC and XLSI) were obtained by hydrodistillation using
a Clevenger-type apparatus, and analyzed by GC-MS and GC-FID. Sesquiterpenes dominated the essential oils. The main constituents of XFMJ were
(E)-caryophyllene (24.8%), bicyclogermacrene (20.8%), germacrene D (17.0%), B-elemene (7.9%), and (E)-B-ocimene (6.8%). XLMC contained significant
quantities of germacrene D (18.9%), bicyclogermacrene (18.4%), B-elemene (9.5%), 8-selinene (9.2%), (E)-caryophyllene (8.5%), germacrene B (5.7%) and
y-muurolene (5.7%), while germacrene D (27.0%), bicyclogermacrene (12.8%), (E)-caryophyllene (8.6%), y-muurolene (8.6%), d-cadinene (6.8%), and
germacrene B (6.0%) were the main components of XLSI. The essential oils had trypanocidal activity against the Y strain of Trypanosoma cruzi, with ICs,
values lower than 30 pg.mL™" and 15 pg.mL" against epimastigote and trypomastigote forms of T. cruzi, respectively, and were also able to reduce the
percentage in vitro of T. cruzi-infected macrophages and the intracellular number of amastigotes at concentrations that were non-cytotoxic to macrophages.

Keywords: Xylopia frutescens, Xylopia laevigata, Essential oil, Trypanocidal activity.

Xylopia L. (Annonaceae) comprises approximately 157 species of
trees and shrubs that are found predominantly in tropical regions
[1]. This genus is known for the aromatic fragrance of its flowers
and fruits and medicinal purposes [2a,b]. The fruits and seeds of
some species of this genus, such as X. aethiopica, X. sericea, and X.
aromatica, are also used as either condiments or mixed spices. As a
spice, the fruit containing the seeds is usually pounded and used in
cooked foods or in the spicing of beverages. As a component of
herbal medicine, it is locally used as a carminative, stimulant, and
additive to other remedies for the treatment of skin infections, as a
digestive, appetizer, and antiemetic agent, and for the management
of cough and fever [2a,3].

Recent phytochemical investigations of some species of Xylopia
have indicated the presence of essential oils (monoterpenes and
sesquiterpenes), diterpenes, steroids [4,5,6], alkaloids [7,8], and
flavonoids [8], exhibiting several pharmacological activities, such
as antifungal [4,6], antioxidant [3,7,8], antileishmanial [9],
cytotoxic [10], antinociceptive [11], acaricidal [12], and insecticidal

[6].

X. frutescens Aubl. and X. laevigata (Mart.) R. E. Fries are two
Brazilian species commonly known as ‘pindaiba’ and ‘meil’,
respectively, found in the Northeast Region, mainly in Sergipe,
Pernambuco, Bahia, and Paraiba States. Previous phytochemical
and biological investigations of the stem of X. /aevigata reported
the isolation and identification of sesquiterpenes, steroids, and ent-
kaurane diterpenoids with antimicrobial and larvicidal activities [6].
Phytochemical and biological investigations of fruits of X
frutescens have reported the presence of essential oils

(monoterpenes and sesquiterpenes), diterpenes and alkaloids, some
of them with antimicrobial and anti-inflammatory activities [13].
Both species are used in traditional medicine. The seeds of X
frutescens are used as bladder stimulants and to trigger
menstruation, as well as a treatment for rheumatism, halitosis, tooth
decay, and intestinal diseases [13], whereas the leaves and flowers
of X. laevigata are used to treat painful disorders, heart disease, and
inflammatory conditions (oral communications received from local
woodsmen known as ‘mateiros’, unpublished data).

In our continuous search for trypanocidal natural products from
Annonaceous plants, herein we report the chemical composition of
the essential oils from the leaves of X. frutescens and X. laevigata.
There are no previous reports on the chemical composition of the
essential oils from the leaves of these species or their trypanocidal
action on Chagas’ disease.

Hydrodistillation of the leaves of X. frutescens from ‘Mata do
Junco’ (XFMJ) and two specimens of X. laevigata from ‘Mata do
Crasto’ (XLMC) and ‘Serra de Itabaiana’ (XLSI) resulted in light
yellow crude essential oils with yields of 1.1 £0.0%, 0.9+0.1% and
1.5+0.0% (w/w), respectively, in relation to the dry weight of the
plant material. As shown in Table 1, it was possible to identify 43
compounds: 23 in the essential oil of XFMJ (91.0%); and 33 in both
XLMC and XLSI (97.3 and 97.6%, respectively). The essential oils
were dominated by sesquiterpenes, with 83.1% in XFMJ, 96.3% in
XLMC and 93.5% in XLSI. The major compounds identified in the
essential oil of XFMJ were (E)-caryophyllene (24.8%), bicyclo-
germacrene (20.8%), germacrene D (17.0%), P-elemene (7.9%),
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Table 1: Essential oil composition of the leaves of Xylopia frutescens (XFMIJ) and
X laevigata (XLMC and XLSI).

Compound Peak area %
RI’ RI’ XFMJ XLMC XLSI
1 o-Pinene 931 932 0.6+0.1 0.3+0.5 1.3£0.4
2 Camphene 947 946 0.3+0.0 0.1+0.1 0.3+0.1
3 B-Pinene 975 974 0.3+0.1
4 Myrcene 988 988 0.2+0.0
5 Limonene 1028 1024 0.4+0.3 1.7+0.4
6 (Z)-B-Ocimene 1036 1032 0.2+0.2 0.4+0.1
7 (E)-B-Ocimene 1046 1044 6.8+0.4 0.1+0.1
8 Bicycloelemene 1332 1335 0.2+0.0 0.2+0.0 0.3+0.0
9 3-Elemene 1335 1335 2.940.1 2.7£0.0
10 | o-Cubebene 1347 1345 0.3+0.0 0.6+0.1 1.3£0.1
11 o-Ylangene 1370 1373 0.4+0.0 0.3+0.0 0.6+0.1
12 | a-Copaene 1376 1374 1.4+0.0 2.5+0.2 4.8+0.4
13 | B-Bourbonene 1384 1387 0.1£0.1 0.3+£0.0
14 | B-Cubebene 1388 1387 1.0£0.0
15 B-Elemene 1390 1389 7.9+0.3 9.5+0.5
16 | (E)-Caryophyllene 1421 1417 24.8+0.2 8.5+0.5 8.6+0.3
17 | y-Elemene 1429 1430 1.0£0.0
18 | B-Copaene 1431 1430 0.3+0.0 1.6+0.0
19 | a-Guaiene 1435 1437 0.3+0.0
20 | Aromadendrene 1440 1439 1.0+0.1 1.6+0.1
21 trans-Muurola-3,5- 1450 1451 0.3+0.0
diene
22 | o-Humulene 1457 1452 2.4+0.0 2.0+0.0 1.1£0.0
23 allo- 1461 1458 0.3+£0.0
Aromadendrene
24 | y-Muurolene 1476 1478 2.1£0.1 5.7+0.3 8.6+0.2
25 | Germacrene D 1483 1484 17.0+£0.3 18.9+0.4 27.0+0.4
26 5-Selinene 1488 1492 9.240.2 0.2+0.0
27 | trans-Muurola- 1493 1493 0.7+0.0 1.8+0.1
4(14),5-diene
28 | Bicyclogermacrene 1497 1500 20.8+0.1 18.4+0.2 12.840.4
29 | 3-Amorphene 1503 | 1509 0.6+0.2 0.6+0.1
30 Germacrene A 1508 1509 1.0+0.0 1.1£0.1
31 | y-Cadinene 1514 1513 0.7+0.0 1.2+0.1 2.5+0.1
32 | 3-Cadinene 1519 1522 2.4+0.0 3.3+0.0 6.8+0.2
33 | trans-Cadina-1,4- 1534 1533 0.3+0.0 0.3+0.0
diene
34 | a-Cadinene 1538 1537 0.1+0.1 0.7+0.0
35 | Selina-3,7(11)- 1543 1545 0.3+£0.0
diene
36 | Germacrene B 1561 1559 0.1£0.1 5.7+0.3 6.0+0.5
37 Spathulenol 1578 1577 0.3+0.1 0.840.1 0.9+0.3
38 | Caryophyllene 1584 1582 0.4+0.0 0.4+0.1
oxide
39 | Viridiflorol 1588 1592 0.4+0.0
40 | epi-o-Muurolol 1645 1640 0.2+0.3
41 | o-Cadinol 1657 1652 0.1+0.2 0.5+0.2
42 | neo-Intermedeol 1660 1658 0.7+0.3
43 | Abietadiene 2084 2087 0.240.2
Monoterpenes 7.9 1.0 4.1
Sesquiterpenes 83.1 96.3 93.5
Total Identified 91.0 97.3 97.6

RI* (calc.), retention indices on DB-5MS column calculated according to ref. [20a]. RI®
retention indices according to ref. [20b]. Data are expressed as mean + SD of three
analyses.

and  (E)-B-ocimene  (6.8%). Germacrene D = (18.9%),
bicyclogermacrene (18.4%), B-elemene (9.5%), d-selinene (9.2%),
(E)-caryophyllene (8.5%), germacrene B (5.7%), and y-muurolene
(5.7%) were the main compounds in the essential oil of XLMC,
whereas germacrene D (27.0%), bicyclogermacrene (12.8%),
(E)-caryophyllene (8.6%), y-muurolene (8.6%), 8-cadinene (6.8%),
and germacrene B (6.0%) were the major compounds in the
essential oil of XLSI (Table 1).

Table 1 shows the chemical composition of the essential oils from
the leaves of XFMJ, XLMC and XLSI, which were very similar,
differing only in the concentrations of their constituents. These
results confirm that X. laevigata and X. frutescens are typical
members of the Annonaceae family, because the chemical
constituents identified have been reported in the essential oils of
other species of Xylopia [5,14]. Although the chemical constituents
in the essential oils of X. frutescens and X. laevigata specimens
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have been found in other essential oils of Xylopia species, recent
studies have demonstrated significant variations in the chemical
composition of the essential oils of the species of this genus.

Maia et al. [5] analyzed the chemical composition of four Amazon
Xvlopia species (X. aromatica, X. caynnensis, X. emarginata, and X.
nitida) and observed variations in their chemical composition. The
main compounds found in the leaf oil of X aromatica were
bicyclogermacrene (36.5%), spathulenol (20.5%), and limonene
(4.6%); for X. cayennensis, o-pinene (29.2%), B-pinene (16.5%),
caryophyllene oxide (14.5%), bicyclogermacrene (12.5%),
germacrene D (4.7%), and 1,8-cineole (4.5%); for X. emarginata,
spathulenol (73.0%); and for X. nitida, y-terpinene (44.1%),
p-cymene (13.7%), o-terpinene (12.6%), and limonene (11.3%).
Lago et al. [14] analyzed the chemical composition of the leaves of
X. aromatica from the Savannah region, and verified that the
major compounds were o-pinene (26.1%), limonene (22.3%),
bicyclogermacrene (20.4%), and B-pinene (19.0%). Tavares et al.
[15] investigated the chemical constituents from the leaves of X
langsdorffiana, a species from northeastern Brazil, and observed
that the major compounds were germacrene D (22.9%), trans-B3-
guaiene (22.6%), (E)-caryophyllene (15.7%), and a-pinene (7.3%).
These variations in the composition of the major constituents, as
well as the contents of all components, can be related to soil and
climate conditions, water stress, collection place, nutrition, and
other abiotic factors.

The difference between the chemical composition of species of
Xylopia collected in the Amazon and Savannah regions has been
investigated to evaluate the influence of the climatic differences
[5,14], but for the species of Xylopia from northeastern Brazil there
have been few investigations. For species of the Amazon region it
has been suggested that there is a dominance of oxygenated
constituents (mono- and sesquiterpenes) when compared with the
species of the Savannah region [5,14]. According to our results and
those of Tavares et al. [15], the Xylopia species from northeastern
Brazil are dominated by non-oxygenated constituents (mono- and
sesquiterpenes), such as (E)-caryophyllene, bicyclogermacrene, and
germacrene D.

The in vitro trypanocidal activity against epimastigote and
trypomastigote forms of 7. cruzi is presented in Table 2. All
essential oils showed significant trypanocidal action with ICsg
values lower than 30 pg.mL™" and 15 pg.mL™" against epimastigote
and trypomastigote forms, respectively.

In the in vitro model of macrophage infection, the essential oils
showed trypanocidal activity against intracellular forms of 7. cruzi
at concentrations that were non-toxic to macrophages (10 pg.mL™).
As shown in Figure 1, the essential oils significantly reduced
(P < 0.05) the percentage of infected macrophages and the number
of intracellular parasites, although less than the reference drug
(benznidazole).

Although the oils were less effective than benznidazole, it is
important to say that this drug is highly toxic to mammalian cells
and its action results in a cure rate of approximately 70-80% in the
acute phase and 10-20% in the chronic phase. Even after decades of
research there are still no compounds able to cure all Chagas’
disease patients, and no substitute for benznidazole has been
developed [16].

The trypanocidal activities of the essential oils were considered
very closely and could be explained by the similarity in their
chemical compositions. In all the essential oils, bicyclogermacrene,
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Table 2: ICs, values for anti-T.cruzi activity.

1Csy pg.mL™’
Essential Oil Epimastigote forms Trypomastigote forms
XFMJ 20.2 (+1.4) 11.9 (£0.6)
XLMC 22.2 (*1.7) 12.7 (1.9)
XLSI 27.7 (£0.4) 134 (#2.1)
Benznidazole® 2.8 (+0.7) 2.8 (+0.5)

Data are expressed as mean + SD of three independent experiments.
*Reference drug (positive control).
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Figure 1: Xylopia oils inhibited 7. cruzi trypomastigote development in macrophages at
a concentration of 10 pg.mL". Peritoneal macrophages were infected with Y strain
trypomastigotes and treated with either benznidazole (10 ug.mL™") or the essential oils
(10 pg.mL™") or neither (negative control) for 6 hours. The percentage of infected
macrophages (A) and the relative number of amastigotes in infected cells (B) were
higher in untreated infected controls than in cultures treated the test-inhibitor XLSI,
XLMC and XFMJ. Bdz (Benznidazole) was used as a positive control. Standard error
of the mean is shown as error bars. *** P <(.001 vs control; *, P < 0.05 vs control.

(E)-caryophyllene and germacrene D were detected in high
concentration. The significant trypanocidal activity against the
different forms of 7. cruzi could be attributed to the high
concentration of these compounds. Recent works have
demonstrated that essential oils with high concentration of these
compounds possess antiprotozoal properties, in particular against 7.
cruzi [17,18a,b]. The results obtained in this work are considered
very promising when compared with other essential oils with
trypanocidal activity [17,18a,b,19a,b] and confirm that species of
Annonaceae are a natural source of compounds that are biologically
active with antiprotozoal properties.

This is the first report of the volatile constituents from the leaves of
X. frutescens and X. laevigata and their trypanocidal action. The
significant trypanocidal properties presented by the essential oils
suggest that these species are a rich source of biologically active
compounds. The presence of (E)-caryophyllene, bicyclogermacrene
and germacrene D in high concentration in the essential oils could
be responsible for the significant trypanocidal activity, because
these compounds have been found in other essential oils with
trypanocidal action. In addition, this study confirms the importance
of chemical and biological investigations of essential oils of
Annonaceous species, in particular Xylopia spp., in the search for
new and safer trypanocidal agents.

Experimental

Plant material: The leaves of X. laevigata were collected in
January and August 2011 at the ‘Parque Nacional Serra de
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Itabaiana’, city of Itabaiana [coordinates: S 10° 44' 53" W 37° 20'
21"] and ‘Mata do Crasto’ [coordinates: S 11° 24' 05" W 37° 25'
45"], city of Santa Luzia do Itanhy, respectively, whereas the leaves
of X. frutescens were collected in January 2011 at the ‘Mata do
Junco, city of Capela [coordinates: S 10° 31' 45" W 37° 03' 32"], all
in Sergipe State, Brazil. The identity of the plants was confirmed by
Dr Ana Paula do Nascimento Prata, Departamento de Biologia,
Universidade Federal de Sergipe (UFS), Brazil, and voucher
specimens (24792, 21510, and 19796, respectively) have been
deposited in the Herbarium of the Universidade Federal de Sergipe
(ASE/UFS).

Hpydprodistillation of the essential oils: The essential oils from dried
leaves (for 24 h) of X. laevigata specimens and X. frutescens (200 g
each) were obtained by hydrodistillation for 3 h using a Clevenger-
type apparatus. The essential oils were dried over anhydrous sodium
sulfate and the percentage content was calculated on the basis of the
dry weight of plant material. The essential oils were stored in a
freezer until analysis. The hydrodistillation was performed in
triplicate.

GC-FID and CG-MS analysis of the essential oils: GC-FID
analyses were carried out using a Shimadzu GC-17A fitted with a
flame ionization detector (FID) and an electronic integrator.
Separation of the compounds was achieved employing a ZB-5MS
fused capillary column (30m X 0.25mm X 0.25um film thickness)
coated with 5%-phenyl-arylene-95%-dimethylpolysiloxane. Helium
was the carrier gas at 1.0 mL.min' flow rate. The column
temperature program was 40°C/4min, at a rate of 4° C/min to 240°C,
then at 10°C/min to 280°C, and at 280°C/2min. The injector and
detector temperatures were 250°C and 280°C, respectively. Samples
(10 mgmL™" in CH,Cl,) were injected with a 1:50 split ratio.
Retention indices were generated with a standard solution of n-
alkanes (Cg-Cg). Peak areas and retention times were measured by
an electronic integrator. The relative amounts of individual
compounds were computed from GC peak areas without a FID
response factor correction. GC-MS analyses were performed on a
Shimadzu QP5050A GC-MS system equipped with an AOC-20i
auto-injector. A J&W Scientific DB-5MS (coated with 5%-phenyl-
95%-dimethylpolysiloxane) fused capillary column (30 m X 0.25
mm X 0.25 pm film thickness) was used as the stationary phase.
MS were taken at 70 eV with scan intervals of 0.5s and fragments
from 40-550 Da. The other conditions were similar to the GC
analysis. Essential oil components were identified by comparing the
retention times of the GC peaks with standard compounds run under
identical conditions, and by comparison of retention indices [20a,b]
and MS [20b] with those in the literature and by comparison of MS
with those stored in the NIST and Wiley libraries.

In vitro trypanocidal activity: Epimastigotes of 7. cruzi (Y strain)
were maintained at 26°C in LIT medium (Liver Infusion Tryptose),
supplemented with 10% fetal bovine serum (FBS; Cultilab,
Campinas, SP, Brazil), 1% hemin (Sigma, Chemical Co., MO,
USA), 1% R9 medium (Sigma), and 50 pg.mL-1 of gentamycin
(Novafarma, Anapolis, GO, Brazil). Parasites (1 x 10° cells.well™)
were cultured in fresh medium in the absence or presence of the
essential oils at various concentrations (100 to 1.23 pg.mL™), in
triplicate. Cell growth was determined after culture for 5 days by
counting viable forms in a Neubauer chamber. Bloodstream
trypomastigote forms of 7. cruzi were obtained from supernatants of
LLC-MK2 cells previously infected and cultured in 96-well plates
(4 x 10° cells.well") in RPMI (Sigma), supplemented with 10%
FBS and 50 pg.mL-1 of gentamycin in the absence or presence of
different concentrations of the essential oils, in triplicate. Viable
(motile) parasites were counted in a Neubauer chamber 24 h later.



406 Natural Product Communications Vol. 8 (3) 2013

The percentage of inhibition was calculated in relation to untreated
cultures. To determine the 50% inhibitory concentration (ICs) of
the epimastigote and trypomastigote forms of 7. cruzi, nonlinear
regression on Prism 5.02 GraphPad software was used.

In vitro macrophage infection and treatment with essential oils:
Peritoneal exudate macrophages (2 x 10° cells.well™") obtained from
BALB/c mice were placed in a 24-well plate with rounded
coverslips on the bottom in RPMI supplemented with 10% FBS and
incubated for 24 h. Cells were then infected with trypomastigotes at
a ratio of 10 parasites per macrophage for 2 h. Free trypomastigotes
were removed by successive washes using saline solution. Cultures
were incubated in complete medium alone or with the essential oils
(10 pg.mL™") or benznidazole at the same concentration for 6 h. The
medium was replaced by a fresh medium and the plate was
incubated for 72 h. Cells were fixed in absolute EtOH and the
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percentage of infected macrophages and the mean number of
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counting after hematoxylin and eosin staining using an optical
microscope (Olympus, Tokyo, Japan). The percentage of infected
macrophages and the number of amastigotes per macrophage was
determined by counting 100 cells per slide. One-way ANOVA and
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Administration of granulocyte colony-stimulating factor
induces immunomodulation, recruitment of
T regulatory cells, reduction of myocarditis and
decrease of parasite load in a mouse model of
chronic Chagas disease cardiomyopathy

Juliana F. Vasconcelos,* Bruno S. F. Souza,*' Thayse F. S. Lins,*
Leticia M. S. Garcia, Carla M. Kaneto,"* Geraldo P. Sampaio,*
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ABSTRACT Chagas disease, caused by Trypanosoma
cruzi infection, is a leading cause of heart failure in
Latin American countries. In a previous study, we
showed beneficial effects of granulocyte colony-stimu-
lating factor (G-CSF) administration in the heart func-
tion of mice with chronic 7. cruzi infection. Presently,
we investigated the mechanisms by which this cytokine
exerts its beneficial effects. Mice chronically infected
with T. cruzi were treated with human recombinant
G-CSF (3 courses of 200 pg/kg/d for 5 d). Inflamma-
tion and fibrosis were reduced in the hearts of G-CSF-
treated mice, compared with the hearts of vehicle-treated
mice, which correlated with decreased syndecan-4, intercel-
lular adhesion molecule-1, and galectin-3 expressions.
Marked reductions in interferon-y and tumor necrosis
factor-a and increased interleukin-10 and transforming
growth factor-§ were found after G-CSF administra-
tion. Because the therapy did not induce a Thl to Th2
immune response deviation, we investigated the role of
regulatory T (T,.,) cells. A significant increase in
CD3*Foxp3™ cells was observed in the hearts of G-
CSF-treated mice. In addition, a reduction of parasit-
ism was observed after G-CSF treatment. Our results
indicate a role of T, cells in the immunosuppression
induced by G-CSF treatment and reinforces its poten-
tial therapeutic use for patients with Chagas disease.—
Vasconcelos, J. F., Souza, B. S. F., Lins, T. F. S., Garcia,

Abbreviations: CCC, chronic chagasic cardiomyopathy; DAPI,
4,6-diamidino-2-phenylindole dihydrochloride; DMEM, Dulbecco’s
modified Eagle’s medium; ELISA, enzyme-linked immunosorbent
assay; FBS, fetal bovine serum; Foxp3, forkhead box P3; G-CSF,
granulocyte colonystimulating factor; ICAM-1, intercellular adhe-
sion molecule 1; IL, interleukin; IFN-y, interferon-y; RT-qPCR,
reverse transcription-quantitative polymerase chain reaction; PBS,
phosphate-buffered saline; TGF-, transforming growth factor{3;
TNF-«, tumor necrosis factoro; T, regulatory T

reg?
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CHAGAS DISEASE, CAUSED BY infection with Trypanosoma
cruzi, is considered a neglected tropical disease en-
demic in Latin American countries that mainly affects
the poorest populations (1, 2). Although recent data
indicate a reduction in the number of infected people
as a result of vector transmission control, it is estimated
that 10 million individuals are infected and 25 million
are at risk of acquiring the disease (3, 4). About 70% of
infected individuals remain asymptomatic, whereas
30% will develop the chronic symptomatic form of
Chagas disease. Chronic chagasic cardiomyopathy
(CCC), the most common symptomatic form of the
disease, is one of the leading causes of heart failure.
The only available treatment is heart transplantation, a
high-cost procedure, that is limited by organ donation
and presents severe complications in patients with
Chagas disease due to infection reactivation after im-
munosuppressant administration (5).
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Granulocyte colony-stimulating factor (G-CSF) is a
pleiotropic cytokine that stimulates the production of
neutrophils and releases bone marrow stem cells into the
peripheral circulation. It has been in clinical use for
nearly 2 decades, mainly as an adjunctive medication to
chemotherapy or to mobilize stem cells for bone marrow
transplantation (6). In addition to neutrophils and their
precursors, monocytes are direct target cells of G-CSF
action (7, 8). The administration of G-CSF in models of
cardiac ischemic diseases has also shown the potential use
of this cytokine in regenerative medicine (9-11).

Evidence is now accumulating that G-CSF also has
immunomodulatory effects on adaptive immune re-
sponses mediated through several mechanisms, including
activation of regulatory T (T,.,) cells (12). T, cells
express the regulatory lineage factor forkhead box P3
(Foxp3), comprise 5—10% of peripheral CD4" T cells,
and are known as natural T, cells (13). CD4" T cells
from G-CSF-mobilized stem cell donors are able to sup-
press alloproliferative responses of autologous T cells in a
cell contactindependent manner, by acquiring a T, -like
cytokine profile (14). G-CSF drives the n vitro differenti-
ation of human dendritic cells that express tolerogenic
markers involved in T, cell induction (15).

We have previously demonstrated that administration
of G-CSF in mice with chronic heart lesions caused by 7.
cruzi infection improved cardiac structure and function
(16). Here we investigate the immunomodulatory effects
of G-CSF in a mouse model of chronic Chagas disease, by
investigating the modulation of key inflammatory media-

tors and the participation of T, cells.

MATERIALS AND METHODS
Animals

Four-week-old male C57BL/6 mice were used for T. cruzi
infection and as normal controls. All animals were raised and
maintained at the Gong¢alo Moniz Research Center, Fundacao
Oswaldo Cruz (FIOCRUZ) in rooms with controlled temper-
ature (22+2°C) and humidity (55%£10%) and continuous air
flow. Animals were housed in a 12 h-light-dark cycle (6:00
AM—6:00 PM) and provided with rodent diet and water ad
libitum. Animals were handled according to the U.S. Na-
tional Institutes of Health guidelines for animal experi-
mentation. All procedures described had prior approval

;

Figure 1. Experimental design. C57BL/6 mice
were infected with 100 Colombian strain 7. cruzi
trypomastigotes and treated during the chronic
phase of infection with human recombinant

from the local animal ethics committee under number
L-002/11 (FIOCRUZ, Bahia, Brazil).

T. cruzi infection and G-CSF administration

Trypomastigotes from the myotropic Colombian 7. cruzi
strain (17) were obtained from culture supernatants of in-
fected LLC-MK2 cells. Infection of C57BL/6 mice was per-
formed by intraperitoneal injection of 100 7. cruzi trypomas-
tigotes in saline. Parasitemia of infected mice was evaluated at
different time points after infection by counting the number
of trypomastigotes in peripheral blood aliquots. Groups of
chronic chagasic mice (6 mo after infection) were treated
intraperitoneally (200 pug/kg/d) with 3 administered courses
of human recombinant G-CSF (Filgrastim; Bio Sidus S.A.,
Buenos Aires, Argentina) for 5 consecutive d with an interval
of 9 d between the courses (Fig. 1). Control chagasic mice
received saline solution in the same regimen.

Morphometric analyses

Groups of mice were euthanized 2 mo after the therapy under
anesthesia [56% ketamine (Vetanarcol; Konig, Santana de
Parnaiba, Brazil) and 2% xylazine (Sedomin; Konig)], and
hearts were removed and fixed in 10% buffered formalin.
Heart sections were analyzed by light microscopy after paraf-
fin embedding, followed by standard hematoxylin and eosin
staining. Inflammatory cells infiltrating heart tissue were
counted using a digital morphometric evaluation system.
Images were digitized using a color digital video camera
(CoolSnap, Photometrics, Montreal, QC, Canada) adapted to
a BX41 microscope (Olympus, Tokyo, Japan). Morphometric
analyses were performed using the software Image-Pro Plus
v.7.0 (Media Cybernetics, San Diego, CA, USA). The inflam-
matory cells were counted in 10 fields (X400 view)/heart.
The percentage of fibrosis was determined using Sirius red-
stained heart sections and Image-Pro Plus v.7.0 to integrate
the areas; 10 fields per animal were captured using X200
view. All of the analyses were performed in a blinded fashion.

Confocal immunofluorescence analyses

Frozen or formalin-fixed paraffin-embedded hearts were sec-
tioned, and 4-pm-thick sections were used for detection of
syndecan-4, intercellular adhesion molecule-1 (ICAM-1), ga-
lectin-3, CD3, Foxp3, and interleukin (IL)-10 expression by
immunofluorescence. First, paraffin-embedded sections were
deparaffinized and submitted to a heat-induced antigen re-
trieval step by incubation in citrate buffer (pH 6.0). Then,
sections were incubated overnight with the following primary
antibodies: anti-syndecan-4 (1:50; Santa Cruz Biotechnology,

G-CSF, as indicated. |

*G-CSF *G-CSF  *G-CSF
1%t cycle 2" cycle 3" cycle Euthanasia
l Rest l Rest l l
0 24 26 28 36 >Weeks
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Santa Cruz, CA, USA), anti-ICAM-1 (1:50; BD Biosciences,
San Jose, CA, USA), anti-CD3 (1:400; BD Biosciences), anti-
Foxp3 (1:400; Dako, Glostrup, Denmark), or anti-IL-10 (1:
100; BD Biosciences). On the following day, sections were
incubated for 1 h with Alexa Fluor 633- or Alexa Fluor 488-
conjugated phalloidin (1:200), mixed with one of the following
secondary antibodies: Alexa Fluor 594-conjugated anti-goat IgG
(1:200) or Alexa Fluor 488-conjugated anti-rabbit IgG (1:200;
Molecular Probes, Carlsbad, CA, USA). Nuclei were stained with
4,6-diamidino-2-phenylindole (DAPIL; VectaShield Hard Set
mounting medium with DAPI H-1500; Vector Laboratories,
Burlingame, CA, USA). The presence of fluorescent cells was
determined by observation on a FluoView 1000 confocal micro-
scope (Olympus). Quantifications of galectin-3" cells, synde-
can4" blood vessels, and ICAM-1" percentual area were per-
formed in 10 random fields captured under X400 magnification,
using Image-Pro Plus v.7.0.

Real-time reverse transcription-quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was isolated from heart samples with TRIzol
reagent (Molecular Probes) and concentration was deter-
mined by photometric measurement. A High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA) was used to synthesize cDNA from 1 pg of RNA
following the manufacturer’s recommendations. RT-qPCR
assays were performed to detect the expression levels of Tbhet
(Mm_00450960_m1), GATA3 (Mm_00484683_ml), and G-
CSF (Mm 00438334_m1). The RT-qPCR amplification mix-
tures contained 20 ng of template cDNA, TaqgMan Master Mix
(10 pl), and probes in a final volume of 20 pl (all from
Applied Biosystems). All reactions were run in duplicate on
an ABI 7500 sequence detection system (Applied Biosystems)
under standard thermal cycling conditions. The mean C,
(cycle threshold) values from duplicate measurements were
used to calculate expression of the target gene, with normal-
ization to an internal control (GAPDH) using the gaact
formula. Experiments with coefficients of variation > 5%
were excluded. A nontemplate control and nonreverse tran-
scription controls were also included.

Flow cytometry analysis

Quantitative analysis of T, cells was performed in the bone
marrow and spleen of G-CSF- or saline-treated chronic cha-
gasic mice, by flow cytometry. In brief, mice were treated with
one course of G-CSF or saline and were euthanized under
anesthesia the day after the final dose. Bone marrow cells
were obtained from mice femurs. The bone marrow was
collected by flushing the bones with Dulbecco’s modified
Eagle’s medium (DMEM), followed by cell purification by
centrifugation in Ficoll (Histopaque 1119 and 1077, 1:1;
Sigma-Aldrich, St. Louis, MO, USA) gradient at 1000 g for 15
min. The spleens were collected, washed in DMEM, and
homogenized by pressing through a 40-mm cell strainer.
Bone marrow and spleen cells were counted and resuspended
in phosphate-buffered saline (PBS) buffer [1% fetal bovine
serum (FBS) in PBS]. For flow cytometry, cells were stained
with labeled anti-CD4 PE-Cy5.5 and CD25 APC antibodies
(BD Biosciences) for 20 min at room temperature. Cells were
washed and analyzed using a cell analyzer (LSRFortessa; BD
Biosciences) with FACSDiva software (version 6.1.3; BD Bio-
sciences).

Cytokine assessment

Cytokine concentrations were measured in total spleen or
heart protein extracts and in sera. Tissue proteins were

G-CSF IMMUNOMODULATORY EFFECTS IN CHAGAS DISEASE

extracted at 50 mg of tissue/500 ml of PBS to which 0.4 M
NaCl, 0.05% Tween 20, and protease inhibitors (0.1 mM
phenylmethylsulfonyl fluoride, 0.1 mM benzethonium chlo-
ride, 10 mM EDTA, and 20 kIU of aprotinin A/100 ml) were
added. The samples were centrifuged for 10 min at 3000 g,
and the supernatants were immediately used in enzyme-
linked immunosorbent assays (ELISAs) or frozen at —70°C
for later quantification. Interferon-y (IFN-y), tumor necrosis
factor-a (TNF-a), transforming growth factor-3 (TGF-8),
IL-4, IL-6, IL-10, or IL-17 was quantified from individual mice
by ELISA using specific antibody kits (R&D Systems, Minne-
apolis, MN, USA), according to the manufacturer’s instruc-
tions. In brief, 96-well plates were blocked and incubated at
room temperature for 1 h. Samples were added in duplicate
and incubated overnight at 4°C. Biotinylated antibodies were
added, and plates were incubated for 2 h at room temperature.
A 0.5-h incubation with streptavidin-horseradish peroxidase con-
jugate was followed by detection using 3,3",5,5'-tetramethylben-
zidine peroxidase substrate and reading at 450 nm.

Quantification of parasite load

T. cruzi DNA was quantified in heart samples by qPCR analysis.
For DNA extraction, heart fragments were submitted to DNA
extraction using the NucleoSpin Tissue Kit (Machenerey-Nagel,
Duren, Germany), as recommended by the manufacturer. In
brief, 10 mg of each heart sample was submitted to DNA
extraction, and the DNA amount and purity (260/280 nm) were
analyzed by Nanodrop 2000 spectrophotometry (Thermo Fisher
Scientific, Waltham, MA, USA). Kapa Probe Fast Universal 2X
qPCR Master Mix was used to perform the qPCR in 20-ul
reactions, including ROX low as the passive reference, as rec-
ommended by the manufacturer (Kapa Biosystems Inc.,
Woburn, MA, USA). Primers were designed based on the report
by Schijman et al. (18), and the amounts used per reaction were
0.4 uM concentrations of both primers (primer 1, 5'-GTTCA-
CACACTGGACACCAA-3" and primer 2, 5'“TCGAAAACGAT-
CAGCCGAST-3") and a 0.2 pM concentration of the probe
(SatDNA  specific probe, 5'-/56-FAM/AATTCCTCC/ZEN/
AAGCAGCGGATA/3IABKFQ/-3"), all included in a Mini
PrimeTime qPCR assay (Integrated DNA Technologies, Inc.,
Coralville, IA, USA). Amounts of 1 ul for each point of the
standard curve, samples, and controls were applied to differ-
ent wells of a PCR microplate (Axygen, Union City, CA, USA),
film sealed, and submitted to amplification. Cycles were
performed in an ABI 7500 system (Applied Biosystems) as
follows: first, 3 min at 95°C for Tag activation; and second, 45
cycles at 95°C for 10 s followed by 55°C for 30 s. To calculate
the number of parasites per milligram of tissue, each plate
contained an 8-log standard curve of DNA extracted from
trypomastigotes of the Colombian 7. cruzi strain (ranging
from 4.7X107" to 4.7X10°) in duplicate. Data were analyzed
using 7500 software 2.0.1 (Applied Biosystems).

Assessment of trypanocidal activity

T. cruzi epimastigotes (Colombian strain) were maintained at
26°C in liver infusion tryptose medium supplemented with
10% FBS, 1% hemin (Sigma-Aldrich), 1% R9 medium (Sigma-
Aldrich), and 50 pg/ml gentamicin. Parasites were counted
in a hemocytometer and then dispensed into 96-well plates at
a cell density of 5 X 10° cells/ml in the absence or presence
of the human recombinant G-CSF at 3, 10, or 30 wg/ml in
triplicate. The plate was incubated for 5 d at 26°C, aliquots of
each well were collected, and the number of viable parasites
was counted in a Neubauer chamber. Trypomastigote forms
of T. cruziwere obtained from supernatants of LLC-MK2 cells
previously infected and cultured in 96-well plates at a cell
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density of 2 X 10° cells/ml in RPMI 1640 medium (Sigma-
Aldrich) supplemented with 10% FBS and 50 pg/ml genta-
micin in the absence or presence of human recombinant
G-CSF. After 24 h of incubation, the number of viable
parasites, based on parasite motility, was assessed in a Neu-
bauer chamber and compared with that of an untreated
parasite culture to calculate the percentage of inhibition.
Benznidazole (30 pg/ml) was used as a positive control. For
in vitro infection, peritoneal macrophages obtained from
C57BL/6 mice were seeded at a cell density of 2 X 10°
cells/ml in a 24-well plate with rounded coverslips on the
bottom in RPMI 1640 medium supplemented with 10% FBS
and 50 pwg/ml gentamicin and incubated for 24 h. Cells were
then infected with trypomastigotes (1:10) for 2 h. Free
trypomastigotes were removed by successive washes using
saline solution. Cultures were incubated in complete medium
alone or with G-CSF (2, 6, or 10 ng/ml) or benznidazole (10
pg/ml) for 6 h. The medium was then replaced by fresh
medium, and the plate was incubated for 3 d at 37°C. Cells
were fixed in absolute alcohol, and the percentage of infected
macrophages and the mean number of amastigotes/100
infected macrophages was determined by manual counting
after hematoxylin and eosin staining using an optical micro-
scope (Olympus).

Evaluation of anti-T. cruzi antibodies

T. cruzispecific, total IgG, IgGl, and IgG2 antibodies were
detected in the sera of naive or G-CSF- or saline-treated
chronic chagasic mice by ELISA. Microtiter plates were
coated overnight at 4°C with 7. cruzi trypomastigote antigen
(3 wg/ml) in 50 pl of carbonate-bicarbonate buffer (pH 9.6).
The plates were washed 3 times with PBS containing 0.05%
Tween 20 and then blocked by incubation at room tempera-
ture for 1 h with PBS-5% nonfat milk. After washing, the
plates were incubated with 50 pl of a 1:200 (IgG) or 1:100
(IgG1 or IgG2a) dilution of each serum sample at 37°C for 2
h. The plates were washed, and a 1:1000 dilution of goat
anti-mouse IgG (Sigma-Aldrich) or rat anti-mouse IgGl or
IgG2a (BD Biosciences) was incubated for 1 h at room
temperature. After washing, peroxidase-conjugated anti-
mouse polyvalent immunoglobulins (Sigma-Aldrich) diluted
1:1000 were dispensed into each well, and the plate was
incubated for 30 min at room temperature followed by
detection using 3,3',5,5'-tetramethylbenzidine peroxidase
substrate and read at 450 nm.

Statistical analyses

All continuous variables are presented as means * SEM.
Morphometric and cytokine levels were analyzed using 1-way
analysis of variance, followed by a Newman-Keuls multiple
comparison test with Prism 3.0 (GraphPad Software, San
Diego, CA, USA). All differences were considered significant
at values of P < 0.05.

RESULTS

Administration of G-CSF reduces inflammation and
fibrosis in hearts of chronic chagasic mice

Multifocal inflammation, mainly composed of mononu-
clear cells, and fibrosis were found in the hearts of 7.
cruzi-infected mice during the chronic phase of the
disease (Fig. 2A, B). Administration of G-CSF reduced
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the number of inflammatory cells and the fibrotic area
in chronic chagasic hearts (Fig. 2C, D). Morphometric
analysis showed a statistically significant reduction of
inflammation and fibrosis after G-CSF treatment, com-
pared with the saline-treated controls (Fig. 2F, F).

Reduction of syndecan-4, ICAM-1, and galectin-3
expression in the hearts of G-CSF-treated mice

We have previously shown the overexpression of synde-
can-4, ICAM-1, and galectin-3 in the hearts of chronic
chagasic mice (19). To evaluate the effects of G-CSF on
the expression of these inflammation markers, we
performed confocal microscopy analysis in heart sec-
tions of mice from the 3 different groups. A marked
decrease in syndecan-4 production, which is highly
expressed in blood vessels of chagasic hearts, was seen
after G-CSF treatment (Fig. 34, B). Morphological
analyses revealed a statistically significance difference
(Fig. 3C). Similarly, the expression of ICAM-1, mainly
in inflammatory cells and cardiomyocytes in hearts of
chronic chagasic mice, was significantly decreased
after G-CSF treatment (Fig. 3D—F). Moreover, the
high expression of galectin-3 in inflammatory cells
was down-regulated in mouse hearts treated with
G-CSF, which correlated to decreased inflammation
(Fig. 3G—1).

Modulation of cytokine production after G-CSF
administration

CCC has been associated with increased IFN-y and
TNF-a production in mice and in humans (19, 20). The
concentrations of these two proinflammatory cytokines
were increased in heart extracts from saline-treated
chagasic mice, compared with those in normal mice.
The administration of G-CSF promoted a statistically
significant reduction in the concentrations of both
cytokines (Fig. 44,B). In contrast, a significant increase
in TGF- and IL-10 concentrations was observed in
G-CSF-treated chagasic mice hearts compared with that
in saline-treated controls (Fig. 4C, D). No significant
differences were measured in IL-17 and IL-4 concen-
trations (Fig. 4FE. F). Moreover, RT-qPCR analysis
showed a significant decrease in 7bet gene expression
after G-CSF administration (Fig. 4G), but no significant
alterations in GATA3 gene expression were observed in
the hearts of chronic chagasic mice (Fig. 4H).

The systemic effects of G-CSF on cytokine production
were also investigated. G-CSF increased IL-10 produc-
tion in the spleens of chagasic mice compared with that
in uninfected and saline-treated mice (Fig. 54). This
effect was also correlated with a reversion in the
overexpression of IL-17, TNF-a, and IFN-y in sera or
in the spleens of G-CSF-treated mice (Fig. 5B—E). In
addition, G-CSF administration also induced an in-
crease in G-CSF gene expression in the spleens of
chagasic mice (Fig. 5F).
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G-CSF therapy increases the percentage of T, cells
in the hearts of chagasic mice

Next, we examined whether G-CSF administration al-
tered the number of T, cells in chagasic mice. G-CSF
caused a decrease in the percentage of CD4"CD25"
cells in the bone marrow of chagasic mice (Fig. 6A—C).
Foxp3 expression was analyzed in cardiac CD3™ cells by
immunofluorescence. A higher percentage of CD3"
Foxp3™ T-cell expression was found in the hearts of
G-CSF-treated mice compared with those of saline-treated
mice (Fig. 6D—F). A partial recovery of CD4"CD25" cells in
the spleens of chagasic mice was observed after G-CSF

G-CSF IMMUNOMODULATORY EFFECTS IN CHAGAS DISEASE

administration (Fig. 6G), and splenic Foxp3™* cells
coexpressed IL-10 (Fig. 6H).

Effects of G-CSF administration on T. cruzi infection

To investigate whether the suppressive response in-
duced by G-CSF treatment affected the immune re-
sponse against the parasite, we first analyzed parasite-
specific antibody levels in the sera of mice from the
different experimental groups. Total IgG anti-7. cruzi
antibody levels were similar between G-CSF and saline-
treated chagasic mice (Fig. 74). A significant increase
in IgGl but not in IgG2 anti-7. c¢ruzi antibodies was
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#EP < (0.01; #*P < 0.001.

found in the group treated with G-CSF compared with
the saline-treated controls (Fig. 7B, C).

To evaluate whether G-CSF administration in
chronic chagasic mice affected the residual 7. cruz
infection, we performed RT-qPCR analysis to quantify
the parasite load in the hearts of the mice. As shown in
Fig. 7D, a significant reduction in the parasite load was
observed in the hearts of G-CSF-treated mice compared
with that in saline-treated controls. To determine
whether G-CSF acts directly on the parasite, we ana-
lyzed the effects of G-CSF on T. cruzi cultures. Addition
of G-CSF at various concentrations in axenic cultures of
T. cruzi epimastigotes had little effect on viability at 30
pg/ml (Table 1). In contrast, a concentration-depen-
dent trypanocidal effect was seen in cultures of isolated
trypomastigotes (Table 1). In addition, when G-CSF was
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added to macrophage cultures infected with 7. cruz, a
concentration-dependent decrease in the percentage
of infected cells, as well as in the number of intracellu-
lar amastigotes, was observed (Fig. 7E, F).

DISCUSSION

The hallmark of CCC is the presence of a multifocal
inflammatory response mainly composed of lympho-
cytes and macrophages, which promotes myocytolysis,
fibrosis deposition, and myocardial remodeling (21).
This is a progressively debilitating condition that occurs
during a phase of the disease when parasitism is very
scarce. Although the pathogenic mechanisms are still
a matter of debate (22), the correlation of disease
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severity and IFN-y production has been well demon-
strated (23, 24). The fact that the parasite persists in
T. cruzi-infected individuals renders any immunosup-
pressive condition a risk for reactivation of para-
sitemia (25, 26).

In the present study, we have demonstrated that
systemic administration of G-CSF, a cytokine widely
used in the clinical setting, modulates the inflammatory

response, decreasing the production of key inflamma-
tory mediators such as IFN-y and TNF-o, in the main
target organ, the heart. Different cytokine profiles are
involved in the control of both the immune response
and pathology during 7. cruzi infection. The control of
parasitism during the acute phase of Chagas disease is
critically dependent on effective macrophage activation
by cytokines, such as IFN-y and TNF-a, which are
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from naive (rn=3) and chagasic mice treated with saline (r=7) or G-CSF (n=10). F) G-CSF mRNA expression was determined
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Figure 6. Mobilization of T,
cells after G-CSF administration.
A, B) Flow cytometry analysis of
bone marrow cells obtained from
chagasic mice treated with saline
(A) or one course of G-CSF (B).
() Quantification of CD4"CD25"
cells was evaluated in the bone
marrow of naive and chagasic
mice treated with saline or G-
CSF. D, E) Foxp3 expression
(red) in CD3" cells (green) was
evaluated in heart sections of
mice treated with saline (D) or
G-CSF (E) by immunofluorescence
(n=4/group). Nuclei (blue) were
stained with DAPI. F) Quantifica-

tion of CD3" Foxp3™" cells in hearts of naive and chagasic mice treated with saline or G-CSF. G) Quantification of
CD4"CD25" cells was evaluated in the spleens of naive and chagasic mice treated with saline or G-CSF. Bars
represent means = sEM. H) Spleen section of a G-CSF-treated mouse, stained with anti-Foxp3 (green) and anti-IL-10
(red) antibodies. Nuclei (blue) were stained with DAPI. *P < 0.05; **P < 0.01; ***P < (0.001.

crucial for limiting parasite replication (20, 27). On the
other hand, an intense Thl response will enhance
heart inflammation (23), and elevated TNF-a may
affect cardiomyocyte contraction (28). Exacerbated
production of IFN-y against 7. cruzi antigens favors the
development of a strong Thl response in symptomatic
cardiac patients, which leads to the progression of heart
disease (20, 29). Despite the observed suppression of
IFN-y and TNF-a after G-CSF administration in cha-
gasic mice, this therapy did not increase the parasite
load, suggesting that the immune response against the
parasite is still effective.

Previous reports have shown immune deviation in-
duced after G-CSF treatment (30). In our model of
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Chagas disease, we did not observe an increase in IL-4,
a marker of the Th2-type response. In addition, we
found a significant decrease in 7bet mRNA, a transcrip-
tional factor essential for Thl-polarized immune re-
sponses, but we did not observe a significant difference
in gene expression levels for GATA3, essential for Th2
responses, in the hearts of G-CSF-treated mice. There-
fore, our results do not indicate a shift toward a Th2
profile after G-CSF administration in chagasic mice, but
rather a suppression of the Thl-type immune response
found in chronic chagasic mice.

In addition to cytokines, the expression of adhesion
molecules important to cell migration, such as synde-
can-4 and ICAM-1, already shown to be elevated in the
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amastigotes (F) were determined by counting hematoxylin and eosin-stained cultures. Values represent means * Sem of
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hearts of chronic chagasic mice (19, 29), was reduced
after G-CSF therapy. TNF-a induces ICAM-1 expres-
sion, thus increasing endothelial adhesiveness for leu-
kocytes (31). Syndecan-4 is a transmembrane heparan
sulfate proteoglycan that acts cooperatively with integ-
rins in generating signals necessary for the assembly of
actin stress fibers and focal adhesions (32-34). Because
TNF-a up-regulates syndecan-4 expression (35), the
decreased expression in endothelial cells in the hearts
of chagasic mice may be a consequence of the TNF-a
down-regulation observed after G-CSF administration.
Taken together, the decreases in syndecan-4 and
ICAM-1 may contribute to a reduction in cell migration
into the myocardium and, consequently, reduced in-
flammation.

Another important action of G-CSF in the Chagas
disease model, as well as in other models of ischemic
heart disease, is reduced fibrosis (17, 36). This may be
due to the modulation in the heart of fibrogenic

TABLE 1. Effects of G-CSF in axenic cultures of T. cruzi
(Colombian strain)

% Inhibition
Conc.
Drug (pg/ml) Epimastigotes Trypomastigotes
G-CSF 3 0.52 = 0.52 1.90 = 0.90
10 2.58 = 0.66 12.85 = 1.43*
30 9.60 * 1.34%* 24.28 * 2. 5]1%%*
Benznidazole 30 96.78 £ 0.06%** 100

Values are means * sEM of 3 independent experiments. *P <
0.05; *#P < 0.01; =P < (0.001.
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mediators, such as galectin-3, which have been shown
to play important roles in fibrosis deposition and in
heart failure (37). Galectin-3 expression was found in
activated myocardial macrophages and is increased by
IFN-y (38, 39). In addition, the administration of
recombinant galectin-3 in rats induced cardiac fibro-
blast proliferation, collagen production, and left ven-
tricular dysfunction (38). Moreover, galectin-3 is known
to play important roles in the regulation of inflamma-
tory responses, including suppression of T-cell apopto-
sis (40). In fact, in our previous study, we observed an
increase in apoptosis in the hearts of chagasic mice
treated with G-CSF (16), correlating with the decrease
of galectin-3 found herein.

We observed suppression of inflammatory mediators
after G-CSF administration, which was accompanied by
an increase in IL-10 production in the hearts and
spleens of chagasic mice. This is an important regula-
tory cytokine already shown to be associated with an
improved outcome in chronic chagasic patients (20).
Studies in noninfectious disease models have shown
that G-CSF administration can induce both increases in
IL-10 and TGF-B and mobilization of T, cells from the
bone marrow (12, 41, 42). Evidence for the suppressive
effects of G-CSF-mobilized T,., cells are shown in a
model of diabetes, in which isolated G-CSF-mobilized
T,ey cells protected naive recipients against diabeto-
genic lymphocytes (42). Natural T, cells have
emerged as potential immune tolerance mediators
after immunotherapy in allergic diseases, comprising a
population of circulating T cells that express the IL-
10"CD4*7CD25" phenotype involved in the ameliora-
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tion of symptoms (43-45). The coexpression of 1L-10
in T, cells, which demonstrated increased frequency
after G-CSF treatment, suggests that these cells are a
source of IL-10. In fact, the production of IL-10 has
been described as one of the mechanisms by which T,
cells exert their suppressive activity (46).

G-CSF administration had a systemic effect on the
immune response, as shown by the reduction in- in-
flammatory mediators such as TNF-oe and IFN-y in the
spleen and sera of chagasic mice. Although we did not
observe significant alterations in IL-17 in the hearts of
G-CSF-treated mice, G-CSF administration did affect
splenetic IL-17 levels. In contrast to the work in naive
mice performed by Hill et al. (47), we did not observe
IL-17 induction after G-CSF administration in chroni-
cally infected mice. Concomitant with the reduction in
inflammatory mediators, we observed increased pro-
duction of IL-10 in the spleens of G-CSF-treated mice.
FoxP3" cells also were costained for IL-10 in the
spleens of chagasic mice treated with G-CSF, suggesting
a role of this cell population in the modulatory action
induced by G-CSF.

T,cq cells constitute an anti-inflammatory T-cell pop-
ulation associated with immune regulation, which may
prevent tissue damage caused by parasite-triggered immune
responses (48). T, cells expressing CD4"CD25" cells have
recently been associated with the expression of the
regulatory lineage factor Foxp3 and are responsible for
maintaining self-tolerance (49, 50). The increased per-
centage of T, cells in the spleens and lymph nodes of
G-CSF-treated mice caused by mobilization of bone
marrow-resident T,., cells has been described previ-
ously (41). This mobilization of T,., cells after G-CSF
administration seems to be due to the reduced expres-
sion of SDF1, the CXCR4 ligand, in the bone marrow.
Rutella et al. (51) reported that G-CSF induces an
increase in T, cells in the peripheral blood of normal
human recipients. Recent investigations evaluating the
frequency of T, cells during early and late indetermi-
nate forms of Chagas disease have shown a correlation
between the severity of the CCC and a lower frequency
or suppressive activity of CD4"CD25" cells (52-54).
Thus, our data corroborate these findings, because an
inverse correlation between the percentage of T,
cells, inflammatory cells, and cytokines in the heart of
chagasic mice was found when G-CSF- and saline-
treated mice were compared.

One important issue raised was whether the suppres-
sive effects of G-CSF could interfere with the control of
T. cruzi infection. The levels of anti-7. cruzi IgG anti-
bodies in the sera of chagasic mice were not reduced
after G-CSF treatment. More importantly, by using a
very sensitive quantification method (18), we found a
decrease in parasite load in the hearts of chronic
chagasic mice treated with G-CSF compared with that
in saline-treated mice, suggesting that this cytokine
could have a direct effect on parasite elimination. To
address this question, we evaluated the effects of G-CSF
in vitro, in 3 parasitic forms. Although G-CSF had little
effect on the viability of epimastigote form, it did
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significantly affect the forms found in the mammalian
hosts (trypomastigotes and amastigotes) in a concen-
tration-dependent manner. In fact, previous reports
have shown that other cytokines, such as GM-CSF and
TNF-o, can have direct effects on the parasite and
interfere with 7. c¢ruzi infection (55). Taken together,
our data indicate that parasitism reduction may be a
positive effect of G-CSF therapy.

In conclusion, the present study reinforces our pre-
vious work, in which we demonstrated improvement in
cardiopulmonary function after G-CSF administration,
by revealing its potent anti-inflammatory properties in a
model of parasite-driven heart disease. More impor-
tantly, we demonstrated the modulation of pathogenic
immune responses without affecting the control of
infection, a feature highly desired in the clinical setting.
Finally, our results reinforce the possibility of clinical
applications of G-CSF, a well-tolerated drug with few side
effects, in the treatment of patients with CCC.
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Structural Design, Synthesis and Structure-Activity
Relationships of Thiazolidinones with Enhanced Anti-

Trypanosoma cruzi Activity

Diogo Rodrigo Magalhaes Moreira,*™ ¢ Ana Cristina Lima Leite,"
Marcos Verissimo Oliveira Cardoso,”™ Rajendra Mohan Srivastava,”
Marcelo Zaldini Hernandes,™ Marcelo Montenegro Rabello,” Luana Faria da Cruz,"

Rafaela Salgado Ferreira,” Carlos Alberto de Simone, Cassio Santana Meira,'

el

Elisalva Teixeira Guimaraes,™” Aline Caroline da Silva,”® Thiago André Ramos dos Santos,’

Valéria Régo Alves Pereira,” and Milena Botelho Pereira Soares

Pharmacological treatment of Chagas disease is based on
benznidazole, which displays poor efficacy when administered
during the chronic phase of infection. Therefore, the develop-
ment of new therapeutic options is needed. This study reports
on the structural design and synthesis of a new class of anti-
Trypanosoma cruzi thiazolidinones (4a-p). (2-[2-Phenoxy-1-(4-
bromophenyl)ethylidene)hydrazono]-5-ethylthiazolidin-4-one

(4h) and (2-[2-phenoxy-1-(4-phenylphenyl)ethylidene)hydrazo-
no]-5-ethylthiazolidin-4-one (41) were the most potent com-
pounds, resulting in reduced epimastigote proliferation and
were toxic for trypomastigotes at concentrations below 10 um,
while they did not display host cell toxicity up to 200 pm. Thia-
zolidinone 4h was able to reduce the in vitro parasite burden
and the blood parasitemia in mice with similar potency to

Introduction

Chagas disease, caused by Trypanosoma cruzi parasite infec-
tion, affects approximately 5-10% of the Latin American popu-
lation."? The standard treatment is based on benznidazole,
a compound able to eliminate the parasite during the acute
phase.”) However, during the chronic phase, in which the para-
site remains located inside various cell types, benznidazole is

[e, h]

benznidazole. More importantly, T. cruzi infection reduction
was achieved without exhibiting mouse toxicity. Regarding the
molecular mechanism of action, these thiazolidinones did not
inhibit cruzain activity, which is the major trypanosomal pro-
tease. However, investigating the cellular mechanism of action,
thiazolidinones altered Golgi complex and endoplasmic reticu-
lum (ER) morphology, produced atypical cytosolic vacuoles, as
well as induced necrotic parasite death. This structural design
employed for the new anti-T. cruzi thiazolidinones (4a-p) led
to the identification of compounds with enhanced potency
and selectivity compared to first-generation thiazolidinones.
These compounds did not inhibit cruzain activity, but exhibited
strong antiparasitic activity by acting as parasiticidal agents
and inducing a necrotic parasite cell death.

not able to eliminate the parasitism even following long-term
administration.”) Human vaccination against T. cruzi infection is
not available,” and thus other therapies aiming to control in-
fection or reduce clinical symptoms are being investigated.®™®

Aiming at the development of more effective medicines,
a large number of anti-T. cruzi small molecules have been eval-
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uated. To date, compounds that
in some way inhibit either the
trypanosomal protease cruzain
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growth inhibitors®' In fact,
some of these compounds have
exhibited strong activity in re-
ducing parasitemia in T. cruzi-in-
fected mice as well as low toxici-
ty in these animal models."*™®
Given this promising outlook,
the structural design of new
molecules based on these
T. cruzi molecular targets is an
attractive line of research.

Hydrazones are well-known antiparasitic compounds.
Based on this, our research group has been investigating cru-
zain-inhibiting hydrazones to obtain novel and potent anti-
T. cruzi agents. At least five distinct classes were investigated:
thiosemicarbazones,"  N-acylhydrazones,**?"  thiazolidi-
nones2% and their transition metal complexes.?”’ Within the
thiazolidinone class of compounds, we identified compound
18 after examining the importance of modifications at every
atom of the thiazolidinic ring (Figure 1). Compound 18 dis-
played an ICs, value of 10.1+£0.09 um to reduce the percent-
age of infected host cells, which is similar to the observed
value for benznidazole. However, thiazolidinone 18 was less ef-
ficient in reducing blood parasitemia in T. cruzi-infected mice
than benznidazole.® To identify new anti-T. cruzi thiazolidi-
nones with enhanced in vivo efficacy, we reasoned that some
molecular modifications in this class of compounds are neces-
sary.

Previously, it was observed that thiazolidinone 18 inhibits
cruzain activity but not its homologous in mammalian cells
(cathepsin L).?" However, it was several times less potent than
KB2, a high-efficient cruzain inhibitor."® A comparison of cru-
zain docking between 18 and KB2 has revealed that the major
difference is that KB2 assumes a T-shaped conformation. There-
fore, we hypothesized that thiazolidinones displaying a confor-
mation resembling the KB2 might enhance activity against cru-
zain, and consequently, against parasite cells. To achieve this, it
was necessary to disrupt the existent planarity between the
phenoxyl group and the thiazolidinic ring. Based on literature
findings,**?” the attachment of an aryl ring to the iminic
carbon should produce thiazolidinones with greater conforma-
tional restriction (i.e., high rotational energy barrier) than ob-
served in 18, and, consequently, produce thiazolidinones with
the desirable T-shaped conformation (Figure 2).

Based on this structural design, new thiazolidinones denoted
as compounds 4a-p were synthesized and evaluated as anti-
parasitic agents as well as cruzain inhibitors. Initially, com-
pound 4a was prepared, which contains a phenyl ring at-
tached to the iminic carbon. To determine the importance of
this phenyl for the activity, compounds containing a pyridinyl
instead of a phenyl ring were synthesized. Thereafter, substitu-
ents attached to the phenyl ring were examined, such as, alkyl,

compound among them.

[17,18]
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Figure 1. SARs of the previously studied anti-T. cruzi agents. Thiazolidinone 18 was identified as the most potent
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Figure 2. Thiazolidinones previously investigated (top) and proposed here
(bottom). Crystal structures (Ortep-3) highlight the difference of molecular
planarity between the two series.

alkoxy, halogen atoms and six-membered rings. In addition,
compounds containing two or three substituents attached to
the phenyl ring were prepared. By evaluating the antiparasitic
activity of compounds 4a-p, we identified that thiazolidinones
had stronger anti-T. cruzi activity compared with the previously
reported thiazolidinone 18. More importantly, we found that
compounds 4h and 41 are as potent as benznidazole in the in-
hibition of T. cruzi infection in host cells. As expected, based
on its high in vitro antiparasitic activity, mice treated orally
with thiazolidinone 4h had substantially reduced blood parasi-
temia, similar to the observations made with benznidazole-
treated mice.

Results
Synthesis

The route used for synthesizing thiazolidinones 4a-p is shown
in Scheme 1. The synthesis was initiated with the reaction be-
tween commercially available ketones and bromines, which
yielded o-bromoketones 1a-p.?® These were reacted with
phenol in basic conditions to give the respective -ketoethers
2a-p. To prepare biphenyl compound 21, a Suzuki cross-cou-
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Scheme 1. Synthesis of thiazolidinones 4a-q. Reagents and conditions: a) Br,,
Et,O/dioxane (1:1), —5°C, 5 h. b) Phenol, K,CO;, butanone, reflux, 5-10 h,
42-72%. c) Phenylboronic acid, Pd(OAc),, P(Ph);, MeOH, dioxane, 90°C, 20 h,
50%. d) Thiosemicarbazide, EtOH, AcOH, reflux, 2 h, 43-83 %. e) Ethyl 2-bro-
mobutyrate, KOAc, EtOH, reflux, 6-8 h, 40-81 %. f) Ethyl 2-bromoacetate,
KOAc, EtOH, reflux, 6 h, 75%. Ph=phenyl, Py =pyridinyl.

pling reaction was performed between the bromophenyl 2h
and phenylboronic acid by using Pd(OAc), and P(Ph); as cata-
lysts.? Reactions of B-ketoethers 2a-p with thiosemicarbazide
under acidic conditions at reflux provided thiosemicarbazones
3a-p with yields varying from 43 to 83% and acceptable puri-
ties (approx. 95%) by simple precipitation following recrystalli-
zation. Cyclizations of thiosemicarbazones 3a-p to thiazolidi-
nones 4a-p were carried out with ethyl-2-bromobutyrate in
the presence of potassium acetate at reflux for six to eight
hours, and thiazolidinones 4a-p were isolated as colorless
solids with purities >98% determined by elemental analysis.
The compounds were chemically characterized by 'H and
3C NMR, IR and HRMS (ESI). The 'H NMR spectra showed that
thiazolidinones 4a-p are composed of two diastereomers, and
through analysis of the HPLC chromatograms, we determined
that the ratio of the isomer mixture 4a/4h is 90:10.

Next, we aimed to define the configuration of the major
isomer by crystallographic analysis. We did not succeed in crys-
tallizing thiazolidinones 4a-p suitable for X-ray analysis. Be-
cause previously we observed that thiazolidinic derivatives
without substituents attached to the heterocyclic ring are
more prone to afford crystals suitable for X-ray measurements,
we decided to prepare thiazolidinone 4q for X-ray analysis.
After recrystallization and chromatographic purification of 4q,
its major isomer was isolated, and a single crystal suitable for
X-ray analysis was collected. As shown in the Ortep-3 represen-
tation of thiazolidinone 4 q, carbon C5 and nitrogen N2 are on
the same side, characteristic of a Z configuration in regard to
the C4=N1 bond (Figure 3). Interestingly, the phenyl ring at-
tached to the iminic carbon is coplanar to the thiazolidinic
ring, while the phenoxy ring is oriented to a different side. An-
other interesting observation is that the double bond of C1 is
located in an exocyclic position in relation to the heterocyclic
ring, which gives rise to an isomerism in the C1=N2 bond.*3?
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Figure 3. A) Structures of the possible diastereoisomers and B) Ortep-3 rep-
resentation for the crystal structure of thiazolidinone 4q.

In the crystalline structure depicted in Figure 3, N2 and the
sulfur atom are on the same side, characterizing a Z configura-
tion for the C1=N2 bond. Thiazolidinone 4q showed 'H NMR
chemical shifts similar to thiazolidinones 4a-p; therefore, it is
fair to suggest that the major isomer for thiazolidinones 4a-p
has a Z configuration in regard to the C4=N1 bond. Important
to note is that all compounds were used in the pharmacologi-
cal tests as isomer mixtures.

Antiparasitic activity against extracellular forms and
cytotoxicity against host cells

First, compounds 4a—p were evaluated against epimastigotes
and trypomastigotes of T. cruzi. Antiparasitic activity was deter-
mined by counting the parasite number in a Neubauer cham-
ber and calculating the concentration of the test compound
resulting in 50% inhibition (ICs, epimastigotes) or 50% cyto-
toxicity (CCs,, trypomastigotes). Cytotoxicity in host cells was
determined in mouse splenocytes, measured by the incorpora-
tion of [*H]-thymidine, and results were expressed as the high-
est non-cytotoxic concentration (HNC). Benznidazole was used
as reference antiparasitic drug and exhibited a CCy, value of
6.0 UM against trypomastigotes. As cut-off, compounds with
CCs, values <6.0 uMm against trypomastigotes were considered
potent anti-T. cruzi compounds. The results are reported in
Table 1.

We first analyzed the antiparasitic activity against trypomas-
tigotes. The nonsubstituted phenyl derivative 4a was active
but was less potent than benznidazole. The replacement of
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the phenyl ring (4a) by 2- and 4-pyridinyl (4b and 4c, respec-
tively) produced inactive thiazolidinones. The attachment of
a methyl (4d), methoxy (4e) and tert-butyl (4k) substituent at
the 4-position of the phenyl ring decreased the antiparasitic
activity. The attachment of 4-fluoro (4 f) also decreased the ac-
tivity; however, attaching a 4-chloro (4g) produced a com-
pound as active as the nonsubstituted phenyl derivative (4a).
A further increase in potency was achieved by replacing the
nonsubstituted phenyl ring (4a) with a 4-bromo (4h), which
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- . . . resulted in a fourfold increase in
Table 1. Anti-T. cruzi activity, cytotoxicity and cruzain inhibition. . .
activity and produced a deriva-
Compd R T. cruzi Splenocytes Cruzain tive that was as potent as benz-
CCso [um]™ ICs [um]® HNC [pm] Inhibition | njdazole. In contrast, attaching
trypomastigotes epimastigotes [9%]9 two (4i) or three chloro (4j) sub-
4a 177 250 - 283 6442 stlt'u«.ents decreased anti-T. cruzi
activity.
N . -
ab N| D 5100 5100 )8 sis Compound 4I,. carrying a bi
phenyl group, displayed an ac-
N L o . :
Ac | ) ~100 678 28 1142 tivity 5|m|Iar' to benznl'dazole
Z treated parasites. In practice, the
ad @\ 972 ND <272 361406 4-bron?ophenyl t:'ierl\{atlve 4h
) and biphenyl derivative 41 are
b i n nti nosomal
4e ©\ _ 82.0 ND > 261 58+5 equipotent antitrypa 950 . a
o] agents. The 4-phenoxy derivative
4m exhibited a CCs, value of
af 789 >100 >269 3742 L A
F 68.5 um, being inactive in prac-
tice. In comparison to the non-
49 o 173 ns3 258 504+£03 | sybstituted phenyl derivative 4a,
the piperidinyl derivative 4n was
4h ©\B 4.0 3.9 >231.4 40+13 slightly more active. The same
r .
al was observed when a morpholin-
4i @: 50.8 ND 237 2542 yl (40) or a thiomorpholinyl (4p)
) cl substituent was attached. Over-
) all, 4h was identified as the
4j cl cl ND >100 219 13£3 most potent cidal agent against
c trypomastigote, while six other
4k ®+ 749 >100 >244 0 compounds (4a, 49, 4l and
4n-p) also showed considerable
4 10.8 1.1 >233 1842 antiparasitic  activity = (CCsy<
10 um), but they were less
4m ©\o/© 68.5 >100 >244 31+2 potent than benznidazole.
7842 Next, we analyzed the antipar-
eean. N g . . . . ._
4n @ / ) 127 1.8 573 (0.7+04) | asitic activity against epimasti
@N/_\O gotes. Benznidazole, which was
4o / 159 >100 228 15£2 used as the reference drug, ex-
N\ i
ap @N S 108 319 2.0 9:.(3)I00;59 hibited an ICs, value of 4.8.|.LM.
— (4.0£0.5) In comparison, the nonsubstitut-
Bdz 6.0 438 96.1 - d phenvl derivati
Sap ~ ~ 10 pgmL " ~ ed phenyl derivative 4a was sev-
eral times less potent (IC,=
[a] Determined 24 h after incubation of Y strain trypomastigotes with the test compounds. [b] Determined 25 |LM) The 4-bromo derivative
5 days after incubation of Dm28c-strain epimastigotes with the test compounds. [a, b] Only values with a stan- h ) . in inhibiti
dard deviation <10% were included. [c] Highest noncytotoxic (HNC) concentration for mouse splenocytes 4h was very active in inhibiting
after 24 h of incubation in the presence of the test compounds. [d] Compounds were tested at 100 um and epimastigote and displayed an
the percent inhibition of catalytic activity was determined; values in parenthesis are ICs, values [nm] and repre- IC5, value of 3.9 um. In fact, this
sent the mgan:tSD of three m.easurements. ND=not determined due to lack of activity; NT=not tested; compound was as potent as
Bdz =benznidazole; Sap = saponin. . )
benznidazole. In contrast, the bi-

phenyl derivative 41 was active
in  inhibiting  epimastigotes

(ICso=11.1 um) but was only half as potent as benznidazole.
After determining the antiparasitic activity, we evaluated the
cytotoxicity in host cells. Saponin was used as the reference
drug in this assay, while benznidazole was evaluated to com-
pare the cytotoxicity. As shown in Table 1, compounds 4a-p
were less cytotoxic than saponin. In comparison to benznida-
zole, only five derivatives 4b, 4c, 4n, 40, and 4p were equally
or more cytotoxic, whereas the rest of the derivatives were less
cytotoxic. Derivatives 4h and 41, which are the most potent
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Figure 4. Thiazolidinone 4h reduces the parasite development and invasion process in host cells. A,B) T. cruzi-infected macrophages were treated and incu-
bated for 4 days. A) Infected cells in percent. B) Mean number of intracellular amastigotes per 100 infected macrophages. C) Macrophages were simultaneous-
ly exposed to trypomastigotes and treatment. The cell culture was incubated for 2 h, washed and the percent of infected cells was determined after 2 h. Bdz
= benznidazole, AmpB = amphotericin B. Data are the mean +S.E.M. (error bars) of two independent experiments performed. Panels A and B: ***, p <0.001;

panel C: ***, p <0.001; **, p <0.01.

anti-T. cruzi compounds among the series, did not exhibit cyto-
toxicity for splenocytes at concentrations up to 200 pm.

In vitro infection and selectivity index

After evaluating the antiparasitic activity against the extracellu-
lar parasite, we analyzed the activity against the intracellular
parasite. In this assay, T. cruzi-infected macrophages were treat-
ed and incubated for 96 h. Benznidazole was used as a refer-
ence drug, and the results are summarized in Figure 4A,B. In
comparison to untreated cells, treatment with 4h reduced the
percentage of infected cells (p<0.001) as well as the mean
number of intracellular amastigotes per 100 macrophages.
Next, we investigated whether 4 h inhibits the T. cruzi invasion
process in macrophages. To study this, macrophages were in-
fected with trypomastigotes and simultaneously treated. After
2 h, unbound parasites were removed, and the cells were incu-
bated for 2 h. Benznidazole and amphotericin B were used as
reference drugs (Figure 4C). In comparison to untreated cells,
treatment with 4h or 41 reduced the percentage of infected
macrophages (p<0.01); however, this reduction was smaller
than observed under amphotericin B treatment (p <0.001). In
this parasite invasion assay, benznidazole did not show signifi-
cant activity.

Because the activity of 4h was concentration-dependent, we
determined its IC;, value and selectivity index (SI) in the in
vitro infection assay (see Table 2). Compound 4h was twice as
potent as benznidazole in reducing the percentage of infected
cells. In contrast, 41 was less potent, exhibiting the same po-
tency as benznidazole. Compound 4h has an Sl value of 44,
which is two times higher than the value for 41 as well as
benznidazole.

Cruzain inhibition and docking analysis

To investigate the mechanism of action, compounds were
tested against cruzain. The inhibition of cruzain enzymatic ac-
tivity by all compounds was measured using a competition-
based assay with the substrate Z-Phe-Arg-aminomethylcou-
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Table 2. In vitro infection, cytotoxicity in macrophages and selectivity
index (SI).

Compd ICso [um]® CCso [um]® SR
4h 5240.54 230545 44
41 10.140.09 233349 23
Bdz 13.940.39 25049 18

[a] ICs, determined in T. cruzi-infected macrophages after incubation for
4 days. [b] CCs, determined in mouse splenocytes after incubation for
24 h. Data represent the mean + SD of two independent experiments per-
formed in duplicate. [c] Determined as CCs/ICso. Bdz=benznidazole.

marin (Z-FR-AMC).®¥ Initially, compounds were screened at
100 puMm, and only compounds with an inhibition value >70%
were chosen for ICs, value determination (see Table 1). We ob-
served that cruzain activity was not substantially inhibited by
the presence of most thiazolidinones, except for derivatives 4n
and 4p, which showed ICs, values of 0.74+0.4nm and 4.0+
0.5 nM, respectively.

To define the structural determinants for cruzain inhibition
observed for compounds 4n and 4p, molecular docking was
performed. The binding mode for these ligands was deter-
mined by the highest (most positive) score among the possible
solutions for each ligand. These calculations were generated
according to the Goldscore fitness function. In order to identify
the molecular reasons for the two extreme affinities towards
the cruzain target, we selected the two most potent com-
pound, (R)-4n and (R)-4p, in addition to the weak cruzain in-
hibitor (S)-4b. We performed a detailed analysis of the inter-
molecular interactions observed in the docking solutions, for
these molecules. Although the two most potent molecules are
very similar to each other, they differ by the replacement of
a carbon atom on (R)-4n for a sulfur atom on (R)-4p. The dif-
ference between the active (R)-4n and the inactive cruzain in-
hibitor (S)-4b is the presence of a 2-pyridinyl instead of a 4-(pi-
peridinyl)phenyl ring, in addition to the inversion of the chiral
center. The comparative results can be found in Figure 5.

The difference between the binding modes of (R)-4n and
(S)-4b is show in Figure 6 and Table 3. The residues of cruzain,
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Figure 5. Superimposition of the docking solutions on cruzain for compounds (R)-4 n (orange stick), (R)-4p (red
stick), (5)-4b (blue stick) and the crystal structure of “KB2" co-crystallized ligand (gray line). A) Full and B) active

site view. Inset: chemical structure of KB2.M!
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Figure 6. Detailed view of the docking solutions on cruzain, for A) (R)-4n and B) (S)-4b. Residues involved in hy-
drophobic interactions (green), hydrogen bonds (cyan), and -t T-shaped interactions (orange) are highlighted. A
detailed view of the m-rt T-shaped interaction (orange) of the HIS162 residue with (R)-4n is shown in the box.

which participate in hydrophobic interactions, are highlighted
in green, whereas those that participate in hydrogen bonds
are highlighted in cyan. Finally, the residues involved in t—xt T-
shaped interactions are highlighted in orange. As shown in
Figure 5, the cruzain binding mode for (R)-4n and (R)-4p is
very similar. Table 3 provides a list of the molecular interactions
and shows that the two compounds have many interactions in
common. This similarity is also revealed when we analyze the
docking score values for (R)-4n and (R)-4p, which are 55.39
and 56.48, respectively. In contrast, through comparison with
the values for (R)-4n and (R)-4p, the lower affinity of (S)-4b for
cruzain can also be identified. The data presented in Table 3
demonstrates that the m-m T-shaped interaction seems to be
mainly responsible for the greater stability and the positioning
of the complex formed between (R)-4n or (R)-4p and cruzain.
The docking score calculated for (S)-4b is lower (49.59) than
those calculated for the potent compounds (R)-4n or (R)-4p.
Therefore, this result indicates that the most potent cruzain in-
hibitors (R)-4n and (R)-4p are also those with the highest

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

LEU160

docking scores, demonstrating
that the molecules with more
stable or positive docking scores
(in silico affinity) are the most
potent cruzain inhibitors.

Electron microscopy of parasite
morphology

We analyzed the T. cruzi cellular
membranes and organelles fol-
lowing thiazolidinone treatment.
In this assay, trypomastigotes
were treated with 4h (4.0 um;
CCs, value), incubated for 24 h
and then cells were analyzed by
transmission electron microsco-
py (TEM). In comparison to un-
treated parasites, the treatment
induced the formation of an
atypical dilatation of the Golgi
complex and endoplasmatic re-
ticulum (ER), as well as some dis-
tentions of the ER perinuclear
membrane (Figure 7). In addi-
tion, treatment produced the
formation of numerous and
atypical vacuoles within the cy-
toplasm and in close proximity
to the Golgi complex, which is
commonly observed within para-
site autophagy. In comparison to
untreated parasites, no altera-
tions were observed in the kinet-
oplast and cell nucleus in the
treated parasites.

Table 3. Molecular interaction of cruzain with (R)-4n, (R)-4p and (S)-4b.
Residues Compounds®

(R)-4n (R)-4p (S)-4b
Gly23 HC HC HC
Cys25 - - 2.4
Trp26 HC HC HC
Ser61 HC HC -
Ser64 3.0 2.9% -
Gly 65 HC HC HC
Gly66 31" 3.0 -
Leu67 HC HC HC
Met 68 HC HC HC
Ala138 HC HC HC
Leu 160 - - HC
Asp 161 HC HC HC
His 162 PIT PIT 2.6"
Gly163 HC HC HC
Scores 55.39 56.48 49.59
[a] HC=hydrophobic contacts, PIT=mn-mn T-shaped interaction. [b] Hydro-
gen bond distances [A] between donor and acceptor.
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Figure 7. Electron microscopy analysis of parasite morphology. A) Untreated
trypomastigotes analyzed by TEM. B-D) Trypomastigotes incubated for 24 h
with 4h (4.0 um). The formation of atypical vacuoles in the cytoplasm is
shown(B). Arrows highlight alterations in the ER membrane (C). Alterations
in the Golgi complex is indicated by stars (D). Untreated infected macro-
phages are observed after 6 h of infection (E). F) Infected macrophages incu-
bated for 6 h with 4h (5.0 um). Alterations in the Golgi apparatus and the
formation of atypical vacuoles are visible (indicated by arrows). N=nucleus;
K=kinetoplast; GA = Golgi apparatus; ER =endoplasmatic reticulum. Scale
bars: A) 1 um; B,C) 0.5 um; D) 0.2 um; E) 1 um; F) 0.5 pm.

Next, infected macrophages were analyzed by TEM. In com-
parison to untreated infected macrophages, thiazolidinone
treatment led to the formation of atypical cytosolic vacuoles as
well as alterations in the Golgi complex morphology. These re-
sults indicate that 4h is a parasiticidal agent.?”

Parasite death process

After ascertaining that 4h is a parasiticidal agent, the process
of parasite death induction was studied more closely. Trypo-
mastigotes were treated with different concentrations of 4h
during 24, 48 and 72 h incubation and then labeled with an-
nexin V and propidium iodide (Pl). Experiments were analyzed
by flow cytometry (Figure 8). In untreated parasites, most cells
were negative for annexin V and Pl staining, demonstrating cell
viability. In comparison to untreated parasites, a significant and
concentration-dependent increase in the number of Pl-positive
parasites was observed under treatment with 4h. Treatment
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with 12 um of 4h for 48 h resulted in 9.56 and 16.2% of para-
sites positively stained for Pl and Pl+4annexin V, respectively;
whereas 1.94% parasite cells were stained only for annexin V.
These results indicate that thiazolidinone treatment increases
the number of PI staining, which is characteristic of a parasite
cell death caused by a necrotic process.

Toxicology in mice

A single-dose toxicological study was carried out for thiazolidi-
none 4h. The compound was given orally by gavage in unin-
fected female BALB/c mice (n=3/group) at the doses of 150,
300 or 600 mgkg~'. Mice were monitored during 14 days. To
the tested doses, neither mortality nor gross signs associated
to toxicity were observed (data not shown). Doses higher
600 mgkg ™' could not be tested due to the limited solubility
of 4h in 20% DMSO/saline, so the maximum tolerated dose in
BALB/c mice was not calculated.

In another experiment, 600 mgkg™' of 4h was administrated
to a group of uninfected mice (n=6) and blood samples were
collected 24 h after treatment. Fourteen biochemical compo-
nents of the sera were measured and the levels were com-
pared to the negative control group (receiving vehicle; data
are summarized in table ST of the Supporting Information). In
comparison to the negative control, treatment with 4h altered
three biochemical components of the sera (p<0.05): alanine
aminotransferase, amylase and creatine. Alanine aminotransfer-
ase and amylase are biochemical components involved in liver
function, suggesting that in this dose, compound 4h is poten-
tially hepatotoxic. However, between untreated and treated
groups, no statistical differences were observed for other ana-
lyzed components.

Infection in mice

Given the potent in vitro antiparasitic activity as well as low
toxicity in mice, we tested thiazolidinone 4h in T. cruzi-infected
mice (acute model). In this assay, Y strain trypomastigotes were
inoculated in female BALB/c mice (n=6/group). Five days after
infection, mice were treated orally by gavage once a day for
five consecutive days. Compound 4h was administrated at
a dose of 125umolkg™ (55mgkg™) and 250 umolkg™
(110 mgkg™"). The positive and negative control groups re-
ceived benznidazole (250 pmolkg™', 65 mgkg™') and 20%
DMSO/saline, respectively. Blood parasitemia was analyzed,
and the results are shown in Figure 9.

In the negative control group, blood parasitemia was ob-
served after day 6 of parasite inoculation and peaked on
day 10. In the positive control group, which received benznida-
zole, very low blood parasitemia was observed during the ex-
periment, indicating that infection erradication was achieved.
In comparison to the negative control group, treatment with
4h significantly reduced blood parasitemia in all tested doses
(p<0.001). All infected and treated mice survived and did not
show any behavioral alterations until the end of the experi-
ment (data not shown).
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Drug combination

In another set of experiments,
the antiparasitic activity of thia-

zolidinone 4h alone and in com-
bination with benznidazole was
investigated in the in vitro infec-
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As shown in Table5, neither
thiazolidinone 4h nor benznida-
zole alone were unable to cure
the infection in macrophage cul-
ture. In contrast, the combina-
tion of 4h plus benznidazole re-
duced the number of infected
macrophages to greater extent

than each compound used
alone. The combination of the
two compounds each at a con-
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Figure 8. Thiazolidinones cause T. cruzi death by a necrotic process. Flow cytometry examination of trypomasti-
gotes treated with 4 h within 48 h incubation. A) Untreated trypomastigotes; B) 4.0 um; C) 8.0 um; D) 12 um. Two
independent experiments were performed. Data are representative of one experiment.
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Figure 9. Course of acute infection and response to treatment in T. cruzi-
infected mice. Female BALB/c mice (n=6/group) were infected with trypo-
mastigotes and treated for five consecutive days with thiazolidinone 4h by
oral gavage once a day. Blood parasitemia was monitored by counting the
number of trypomastigotes. One single experiment. Error bars for S.E.M.; sig-
nificance: ***, p <0.001 compared to untreated (vehicle) group.

The peak parasitemia was employed to calculate the per-
centage of parasitemia reduction (Table 4). In comparison to
the negative control, treatment with 4h at a dose of 125
umol/kg reduced blood parasitemia by 75.4% (p<0.001). At
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centration of 40 pum cured the in-
fection in macrophages. More
importantly, this was achieved
without affecting host cell viabil-
ity (data not shown).

10
Annexin V

Table 4. Summary of the in vivo antiparasitic activity.

Compd Dose Blood parasitemia reduction in mice [%]*
[umolkg™"] 8 dpi 10 dpi

4h 125 79.4 754

4h 250 97.7 97

Bdz 250 98.6 >99

[a] Data taken from Figure 9, and values were calculated using the equa-
tion (vehicle group—treated group)/vehicle group] x 100%. Dpi=days
post-infection; Bdz =benznidazole.

Table 5. Summary of the in vitro antiparasitic activity of the drug combi-
nation.

4h [um] Bdz [um] Cell infection inhibition [%]®
none 14 49.7

55 none 45.2

55 14 81.5

1 28 94.9

40 40 100

[a] Determined 4 days after macrophage infection with Y strain trypomas-
tigotes. Inhibition [%] was determined in comparison to untreated infect-
ed cells. Data are from one single experiment. Bdz=benznidazole.
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Discussion

There is a need for novel anti-T. cruzi drugs. Thiazolidinones
are heterocyclic compounds well known for their antiprotozoal
activities.®*¥ After screening the activity of 60 thiazolidinic
derivatives, we previously identified a potent anti-T. cruzi thia-
zolidinone (18).%Y This compound selectively inhibited the try-
panosomal protease cruzain but not its mammalian homolo-
gous cathepsin L. Of note, compound 18 achieved inhibitory
property against cruzain without exhibiting nonspecific and
promiscuous binding properties, a characteristic observed for
thiazolidinones of very low molecular weight.®¥ Moreover, this
compound presented low cytotoxicity towards host cells, no
apparent toxicity in mice and reduced blood parasitemia in
mice when administrated orally. As a limitation, thiazolidinone
18 was less efficient in reducing acute infection than benznida-
zole. Therefore, compound 18 was used here as a structural
prototype for the synthesis of a series of novel thiazolidinones.

The employed structural planning for the design of com-
pounds 4a-p aimed at causing a disruption in the molecular
planarity between the phenoxy group and the thiazolidinic
ring. This was achieved by the attachment of an aryl group in
the iminic carbon of this class of compounds. As highlighted in
Figure 2, this produced derivatives with higher conformational
restriction compared with the prototype (18). The pharmaco-
logical evaluation of compounds 4a-p confirmed that the dis-
ruption of the planarity changed the bioactive profile of this
compound class. Importantly, this led to the identification of
derivatives with an enhanced antiparasitic activity compared
with known thiazolidinones, such as compound 18.

Regarding the antiparasitic activity for trypomastigotes, we
found that the attachment of a phenyl ring produced an
active thiazolidinone, which was, however, less potent than
benznidazole. Replacing the phenyl with a pyridinyl ring was
deleterious for antiparasitic activity, suggesting certain struc-
tural requirements for placing an aryl ring at the iminic carbon.
In fact, the investigation of substituents attached to the
phenyl ring revealed interesting SARs. We found substituents
that retained (4-Cl, 4-morpholinyl), enhanced (4-Br, 4-phenyl, 4-
thiomorpholinyl) or removed (4-CH;, 4-CH;O, 4-F) activity
against trypomastigotes in comparison to the nonsubstituted
thiazolidinone. Among the substituents that led to an en-
hanced anti-T. cruzi activity, 4-bromo (4h) and biphenyl (41)
were the most promising in terms of potency and selectivity.
These compounds were able to inhibit the proliferation of epi-
mastigotes and were toxic for T. cruzi but displayed low cyto-
toxicity towards host cells. Though compounds 4h and 4l
both have hydrophobic and bulky substituents, other substitu-
ents containing similar properties, such as tert-butyl or phen-
oxy, did not produce active antiparasitic agents. This implies
that there are unknown structural requirements involved in 4h
and 41 that provide the observed antiparasitic activity.

Moreover, we observed that only 4n (piperidinyl) and 4p
(thiomorpholinyl) inhibited cruzain activity whereas other de-
rivatives did not. The literature describes some diastereoiso-
mers with different cruzain inhibitory properties.”” However,
the isomeric ratios for 4n and 4p are not different from the
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rest of the chemical series. Therefore, the observed inhibitory
properties for cruzain are likely due to the substituents present
in 4n and 4p. For compounds 4n and 4p, the attachment of
a piperidinyl or thiomorpholinyl produced compounds with in-
hibitory property against cruzain; however, this was abolished
when a morpholinyl substituent was attached. In fact, cruzain
docking of 4n showed that the piperidinyl group is oriented in
a hydrophobic pocket with the participation of - T-shaped
interactions. The same is not observed for compounds 4b and
40, which explains their lack of inhibitory activity against cru-
zain.

Compound 4h was selected as an anti-T. cruzi lead com-
pound because it exhibited the highest selectivity among the
thiazolidinones studied here. Under 4 h treatment, in vitro par-
asite development and invasion in host cells was substantially
reduced. This activity was more pronounced even than that
observed with benznidazole-treated parasites. Moreover, the
treatment with this compound caused alterations in the Golgi
apparatus and the ER morphology of T. cruzi, whereas little or
no effects were observed in the kinetoplast and cell nucleus
morphology. Therefore, this compound exerts its antiparasitic
activity by altering organelle morphology, which ultimately de-
stroys parasite cells, similar to the mode of action of a parasiti-
cidal agent. In agreement to this, we observed that 4h caused
parasite cell death through a necrotic process.

With regard to the activity in infected mice during the acute
phase, 4h reduced the blood parasitemia in a dose-dependent
manner and exhibited a potency similarly to that observed in
benznidazole-receiving mice. When compared to untreated in-
fected mice, thiazolidinone 4 h reduced 97 % of blood parasite-
mia, while at the same dose, the reduction observed for the
previously reported thiazolidinone 18 was 89%.?* Therefore,
a potency enhancement of the in vivo antiparasitic activity was
achieved from the first-generation thiazolidinone 18 to the
new generation described here (4h). Regarding toxicity in
mice, 4h was not lethal in doses up to 600 mgkg™', which is
several times higher than the dose used to reduce blood para-
sitemia. Altogether, these results reinforced the notion that
thiazolidinone 4h is a selective anti-T. cruzi agent. A pharmaco-
kinetic analysis as well as identification of its mechanism of
action should be determined in the course of further investiga-
tion. However, our preliminary results already show that the
combination of thiazolidinone 4h plus benznidazole is additive
in reducing in vitro T. cruzi infection. This finding indicates that
thiazolidinone 4h could be a suitable partner for anti-Chagas
drug combinations. This is an important parameter for new
anti-Chagas drug candidates, since an effective treatment will
likely contain a drug combination to improve the efficacy of
the treatment and to reduce the chance of developing parasite
resistance.””

Conclusions

Thiazolidinones are a family of well-known antiparasitic com-
pounds. Here, we prepared a series of new thiazolidinones 4 a-
p., which were designed to be potential anti-Trypanosoma cruzi
compounds targeting the trypanosomal protease cruzain. In
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fact, we found these compounds are antiparasitic agents and
have a high degree of selectivity. Our structure-activity rela-
tionship (SAR) studies revealed structural determinants for anti-
parasitic activity and led to the identification of thiazolidinone
derivatives, which displayed similar potencies to benznidazole.
Specifically, we demonstrated that thiazolidinone 4h has
strong antiparasitic activity, low cytotoxicity toward host cells
and achieves its anti-T. cruzi activity as a parasiticidal agent.
Most thiazolidinones, including active compound 4h, did not
inhibit cruzain activity, but these compounds affected the
Golgi apparatus as well as ER morphology and produced atypi-
cal cytosolic vacuoles, which ultimately is followed by a necrot-
ic parasite cell death. Consistent with in vitro antiparasitic ac-
tivity, thiazolidinone 4h reduced parasitemia in a mice model
of acute infection. Importantly, this compound displayed low
toxicity in mice and exhibited additive antiparasitic activity
when combined with benznidazole.

Experimental Section
Chemistry

Synthetic protocols and spectral data for compounds are described
in the Supporting Information.

Docking

The structures of all compounds were obtained by application of
the RM1 method,“? available as part of the SPARTAN 08 pro-
gram,® using internal default settings for convergence criteria.
Some of these new molecules were synthesized as racemic mix-
tures; therefore, the molecular modeling treated the two isomers
(R and S) independently, when appropriate, and the docking proce-
dure used both isomers for each compound. Docking calculations
and analysis were carried using the structure of T. cruzi cruzain
(PDBID: 3IUT) as the target, which is composed of a co-crystallized
complex with inhibitor (referred as “KB2")."® The active site was
defined as all atoms within a radius of 6.0 A from the co-crystal-
lized ligand. Residues GIn19, Cys25, Ser61, Leu67, Met68, Asn70,
Asp161, His162, Trp184 and Glu208 were treated as flexible during
the calculations, using a conformation library for each one. The
GOLD 5.1 program™ was used for docking calculations, followed
by Binana program,”*”’ which was used to analyze the molecular in-
teractions present in the best docking solutions, using default set-
ting, except for hydrogen bond distance, which was changed to
a maximum of 3.5 A. Figures were generated with Pymol (version
1.3r1 edu).”®

Biology

Animals: Female BALB/c mice, aged 6-8 weeks, were supplied by
the animal house of Centro de Pesquisas Gong¢alo Moniz (Fundagao
Oswaldo Cruz, Bahia, Brazil) and Centro de Pesquisas Aggeu Magal-
haes (Fundagdao Oswaldo Cruz, Pernambuco, Brazil). Mice were
maintained in sterilized cages under a controlled environment, re-
ceiving a balanced diet for rodents and water ad libitum. All ex-
periments were carried out in accordance with the recommenda-
tions of ethical guidelines and were approved by the local Animal
Ethics Committee.
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Cell culture: Epimastigotes of a Dm28c strain (discrete typing unit I)
were maintained at 26°C in liver infusion tryptose (LIT) medium
(Life Technologies, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS, Life Technologies), 1% hemin (Sigma-Al-
drich, St. Louis, MO, USA), 1% R9 medium (Sigma-Aldrich), and
50 ugmL~' gentamycin (Novafarma, Anapolis, GO, Brazil). Metacy-
clic trypomastigotes of Y strain (discrete typing unitIl) were ob-
tained from the supernatant of infected LLC-MK2 cells and main-
tained in RPMI-1640 medium (Sigma-Aldrich) supplemented with
10% FBS and 50 pgmL~" gentamycin at 37°C and 5% CO,. Spleno-
cytes were collected from BALB/c mice and cultivated in RPMI-
1640 medium supplemented with 10% FBS and 50 ugmL~' genta-
mycin. Peritoneal exudate macrophages were elicited by intraperi-
toneal injection of sodium thioglycollate in BALB/c mouse.

Cytotoxicity in splenocytes: Splenocytes of BALB/c mice (200 pL)
were placed into 96-well plates at 5x10° cells/well. Compounds
were added in a serial dilution (1.1, 3.3, 11, 33 and 100 uygmL™") in
triplicate. To each well, an aliquot of compound suspended in di-
methyl sulfoxide (DMSO) was added. Negative (untreated) and pos-
itive (saponin, Sigma-Aldrich) controls were measured in each
plate, which was incubated for 24 h at 37 °C and 5% CO,. After in-
cubation, [PHl-thymidine (1.0 uCimL™", PerkinElmer, Waltham, MA,
USA) was added to each well, and the plate was returned to the in-
cubator. Cells were then transferred to a filter paper using a cell
harvester and measured using a liquid scintillation counter
(WALLAC 1209, Rackbeta Pharmacia, Stockholm, Sweden). [*H]-Thy-
midine incorporation [%] was measured, and the highest noncyto-
toxic concentration was determined using triplicates.

Antiproliferative activity for epimastigotes: Epimastigotes were
counted in a hemocytometer, and 200 puL were dispensed into 96-
well plates at 10° cells/well. Compounds were added in a serial di-
lution (1.1, 3.3, 11, 33 and 100 ugmL™") in triplicate. The plate was
incubated for 5 days at 26°C, and aliquots of each well were col-
lected for counting the number of viable parasites using a Neuba-
uer chamber. The percentage of inhibition was calculated in rela-
tion to untreated cultures. IC,, values were calculated using nonlin-
ear regression on Prism 4.0 (GraphPad). Results are from one single
experiment.

Toxicity for trypomastigotes: Trypomastigotes were collected from
the supernatant of LLC-MK2 cells, and 200 pL were aliquoted into
96-well plate in an axenic media at 4x10° cells/well. Compounds
were added in a serial dilution (1.1, 3.3, 11, 33 and 100 pggmL™") in
triplicate. The plate was incubated for 24 h at 37°C and 5% of CO,.
Aliquots of each well were collected, and the number of viable par-
asites, based on parasite motility, was counted in a Neubauer
chamber. The percentage of inhibition was calculated in relation to
untreated cultures. CCg, calculation was also carried out using non-
linear regression with Prism 4.0 (GraphPad). Two independent ex-
periments were performed.

Intracellular parasite development: Macrophages were seeded at 2 x
10° cells/well for 24 h in a 24-well plate with rounded coverslips on
the bottom in RPMI-1640 medium supplemented with 10% FBS.
Macrophages were infected with trypomastigotes at a ratio of 10
parasites per macrophage for 2 h. Unbound trypomastigotes were
removed by successive washes with saline. Each compound was
dissolved in 5% DMSO and saline in a serial dilution, in triplicate.
Compounds remained on the cell culture for 6 h prior to removal
and addition of fresh media. The plate was incubated for 4 days at
37°C and 5% CO,. Cells were fixed in MeOH, stained with Giemsa
and manual counting of at least 100 cells per slide was done using
an optical microscope (Model CX41, Olympus, Tokyo, Japan). The
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percentages of infected macrophages and mean numbers of amas-
tigotes per 100 infected macrophages were determined. To calcu-
late 1Cs, values, the percentage of infected macrophages in com-
parison to untreated infected macrophages was used.

Drug combination evaluation: The combination of thiazolidinone
4h plus benznidazole was evaluated in the in vitro infection assay
(described above). To this end, compounds were tested in the
same concentration of their ICs, values as well as in higher concen-
trations.

Parasite invasion: Macrophages (10° cellsmL™") were plated onto
13 mm glass coverslips in a 24-well plate and maintained for 24 h.
Y strain trypomastigotes were added at 107 cellsmL™", followed by
addition of compound 4h. Amphotericin B (Fungizone, Life Tech-
nologies) and benznidazole (Lafepe, Recife, PE, Brazil) were used as
reference compounds. The plate was incubated for 2 h at 37°C
and 5% CO,. Unbound parasites were then removed by successive
washes with saline, and the RPMI medium was replaced. After 2 h
of incubation, the number of infected cells was counted by optical
microscopy using standard Giemsa staining.

Inhibition of cruzain activity: Recombinant cruzain was kindly pro-
vided by Dr. Anna Tochowicz and Dr. James H. McKerrow from the
University of California, San Francisco (CA, USA). Cruzain activity
was measured by monitoring the cleavage of the fluorogenic sub-
strate Z-Phe-Arg-aminomethylcoumarin (Z-FR-AMC, Sigma-Aldrich)
using a Synergy 2 microplate reader (Biotek) from the Center of
Flow Cytometry and Fluorimetry in the Biochemistry and Immunol-
ogy Department (UFMG, Brazil) with filters for A =340 nm (excita-
tion) and A=440 nm (emission). All assays were performed in 0.1 m
NaOAc (pH 5.5) and in the presence of 5 mm dithiothreitol. The
final concentration of cruzain was 0.5 nm, and the substrate con-
centration was 2.5 um (K,=1.0 um). Assays were conducted in
presence of 0.01% Triton X-100. Compounds were screened at
100 pm, after pre-incubation for 10 min with the enzyme prior to
the addition of Z-FR-AMC. In all assays, fluorescence was moni-
tored for 5 min after addition of the substrate and activity was cal-
culated in relation to DMSO control. If the cruzain inhibition was
higher than 70% at 100 um, ICs, values were determined by using
at least seven inhibitor concentrations. Each compound concentra-
tion was tested in triplicate and data were analyzed with Prism 5.0
(GraphPad).

Electron microscopy analysis: Trypomastigotes (3x 10 cellsmL™")
were treated with 4h (4.0 um ) for 24 h. Parasites were fixed in 2%
formaldehyde and 2.5% glutaraldehyde (Electron Microscopy Sci-
ences, Philadelphia, PA, USA) in sodium cacodylate buffer (0.1 wm,
pH 7.2) for 1 h at RT, washed 3x with sodium cacodylate buffer
(0.1 M, pH 7.2), and post-fixed with a 1% solution of osmium tetr-
oxide (Sigma-Aldrich) for 1 h. After dehydration with acetone, try-
pomastigotes were embedded in Poly/Bed (PolyScience, Dallas, TX,
USA), sectioned, stained with uranyl acetate and lead citrate and
analyzed using a JEOL TEM-1230 transmission electron microscope
(Acworth, GA, USA). Mouse macrophages were infected with
Y strain trypomastigotes. Cell cultures were washed with saline to
remove unbound parasites, followed by the addition of 4h
(5.0 um) and incubation for 6 h at RT. Cell cultures were processed
as described above for collecting TEM images.

Flow cytometry analysis: Trypomastigotes (107 cellsmL™") were
treated with 4h (4.0, 8.0 and 12 um) and incubated for 72 h at
37°C. Aliquots were collected in the intervals of 24-72 h and incu-
bated for 45 min with propidium iodide (PI) and annexin V using
the annexin V-FITC apoptosis detection kit (BioLegend, San Diego,
CA, USA) according to the manufacturer instructions. Data acquisi-
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tion and analyses were performed using FACS Calibur flow cytome-
ter (Becton Dickinson, San Jose, CA, USA) and FlowJo software
(Tree Star, Ashland, OR, USA), respectively. A total of 20000 events
were acquired. Two independent experiments were performed.

Acute toxicity in mice: Uninfected BALB/c mice (female, 7-9 weeks
old) were randomly divided in groups (n=3). Oral administration
of 4h was given by gavage in one single dose of 150, 300 or
600 mgkg ™' in 20% DMSO/saline as vehicle. After treatment, sur-
vival was monitored for 14 days. The same experiment was repeat-
ed using n=6 per group. Heparinized blood samples were collect-
ed 24 h after treatment for biochemical analysis of serum compo-
nents. Readings were performed in an Analyst platform (Hemagen
Diagnostics, Colombia, MD, USA) for 16 biochemical components.
Biochemical readings were compared to negative control (received
vehicle only).

Infection in mice: BALB/c mice (female, 6-8 weeks old) were infect-
ed with bloodstream trypomastigotes (Y strain) by intraperitoneal
injection of 10* parasites in 100 uL of saline solution. Mice were
randomly divided in groups (n=6 per group). After day 5 of post-
infection, treatment with 4h was given orally by gavage once
a day for five consecutive days. For the positive control group,
benznidazole was given orally. As recommended by standard pro-
tocols, infection was monitored daily by counting the number of
motile parasites in 5 pL of fresh blood sample drawn from the lat-
eral tail vein.*”’ Mortality was recorded daily until day 30 after the
end of treatment.

Statistical analysis: To determine the statistical significance of each
group in the in vitro and in vivo experiments, the one-way ANOVA
test and the Bonferroni for multiple comparisons were used. A
p value <0.05 was considered significant.

Supporting Information

Please see the Supporting Information for synthetic protocols,
spectral data for compounds and a table with toxicological results.
CCDC 936127 contains the supplementary crystallographic data
(4q) of this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre (Cambridge, UK)
via www.ccdc.cam.ac.uk).
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