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RESUMO 

 

INTRODUÇÃO: A doença de Chagas é uma zoonose causada pelo protozoário 

hemoflagelado Trypanosoma cruzi, que afeta milhões de pessoas na America Latina. No 

Brasil e em muitos países, o tratamento dessa enfermidade se baseia na utilização de 

benzonidazol. Este fármaco tem o seu uso associado a uma série de efeitos colaterais no 

paciente ao longo do tratamento e uma baixa taxa de cura nos indivíduos com doença 

crônica. Nesse contexto, é necessário o desenvolvimento de novos medicamentos para 

uma quimioterapia adequada da doença de Chagas crônica, sobretudo na forma cardíaca 

da doença. OBJETIVO: Este estudo teve como objetivo testar o derivado 

semissintético do ácido betulínico (BA5) e o esfingolipídio N,N-dimetil esfingosina 

(DMS), moléculas com propriedades antiparasitária e imunomoduladora, para o 

tratamento da cardiomiopatia chagásica crônica. MATERIAIS E MÉTODOS: O 

efeito tripanocida foi avaliado in vitro em tripomastigotas do T. cruzi e também na 

proliferação de formas amastigotas intracelulares em culturas de macrófagos peritoneais 

infectados com T. cruzi, com determinação de valores de concentração inibitória (CI)50. 

A atividade imunomoduladora in vitro foi avaliada em cultura de macrófagos 

estimulados com LPS + IFNγ e em esplenócitos estimulados com concanavalina A 

através da quantificação de mediadores inflamatórios por ELISA e em ensaios de 

linfoproliferação pela incorporação de 
3
H-timidina. A ação imunomoduladora do BA5 

foi validada in vivo em modelo de endotoxemia e de reação de hipersensibilidade tardia 

(DTH). Por último, camundongos C57BL/6 cronicamente infectados com T. cruzi foram 

tratados com BA5 ou DMS, e submetidos a avaliações de função cardíaca, quantificação 

de inflamação e fibrose no coração, de citocinas no soro por ELISA, e análises de PCR 

para avaliar a modulação da expressão gênica no coração e a carga parasitária no baço. 

RESULTADOS: Assim como o BA5 (já previamente estudado), o DMS apresentou 

um efeito anti-T. cruzi direto, porém também age através da ativação da via do 

inflamassoma gerando a produção de óxido nítrico e espécies reativas de oxigênio. 

Quando testados em culturas de macrófagos e linfócitos ativados, os compostos 

mostraram uma potente atividade imunomoduladora, reduzindo a produção de 

mediadores inflamatórios e inibindo a proliferação de linfócitos. In vivo, o BA5 

demonstrou potente atividade imunomoduladora, conferindo proteção contra dose letal 

de LPS e reduzindo edema em modelo de DTH. Observamos uma redução significativa 

da inflamação e fibrose nos corações dos animais chagásicos crônicos tratados com 

BA5 ou DMS, achados estes que foram acompanhados por uma redução dos níveis 

séricos de TNFα e IFNγ, assim como a redução da expressão gênica de mediadores 

inflamatórios no coração. Nos animais tratados com BA5 observamos também um 

aumento significativo na produção de IL-10 e na expressão gênica de arginase e CHI3, 

reconhecidos marcadores de macrófagos M2. A redução de mediadores inflamatórios 

poderia ocasionar um aumento na carga parasitária na CCC experimental. Entretanto, 

através da quantificação do DNA de T. cruzi no baço, demonstramos que o tratamento 

com o BA5 não alterou a carga parasitária, enquanto o tratamento com o DMS causou a 

redução da carga parasitária de forma substancial, evidenciado o efeito antiparasitário 

desta molécula.  CONCLUSÃO: Nossos resultados demonstram que o BA5 e o DMS, 



através de ação antiparasitária e imunomoduladora, são candidatos em potencial para o 

desenvolvimento de novos fármacos para o tratamento da cardiomiopatia chagásica. 

 

Palavras-chave: Doença de Chagas, T. cruzi, N,N-dimetil esfingosina, Ácido 

betulínico, cardiomiopatia chagásica. 
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ABSTRACT 

 

INTRODUCTION: Chagas disease is a zoonosis caused by the protozoan 

hemoflagellate Trypanosoma cruzi, which affects millions of people in Latin America. 

In Brazil and in many countries, the treatment of this disease is based on the use of 

benznidazole. Its use is associated with a number of side effects throughout the 

treatment and has a low cure rate in individuals with chronic disease. In this context, the 

development of new drugs for a proper chemotherapy of chronic Chagas' disease is 

necessary, especially in the cardiac form of the disease. OBJECITVE: This study 

aimed to test the semisynthetic derivative of betulinic acid (BA5) and sphingolipid N,N-

dimethyl sphingosine (DMS), two molecules with antiparasitic and immunomodulatory 

properties, for the treatment of Chagas' heart disease. MATERIALS AND 

METHODS: The trypanocidal effect was evaluated in vitro in T. cruzi trypomastigotes 

and also in the proliferation of intracellular amastigote forms in cultures of peritoneal 

macrophages infected with T. cruzi, with determination of inhibitory concentration 

(IC)50 values. Immunomodulatory activity in vitro was evaluated in culture of 

macrophages stimulated with LPS + IFNγ and in splenocytes stimulated with 

concanavalin A by the quantification of inflammatory mediators by ELISA and in 

lymphoproliferation assays by the incorporation of 
3
H-thymidine. The 

immunomodulatory action of BA5 was validated in vivo in a model of endotoxemia and 

delayed hypersensitivity (DTH). Finally, C57BL/6 mice chronically infected with T. 

cruzi were treated with BA5 or DMS and subjected to evaluations of cardiac function, 

quantification of inflammation and fibrosis in the heart, serum cytokines by ELISA, and  

PCR analyzes to evaluate the modulation of gene expression in the heart and the 

parasite load on the spleen. RESULTS: Similar to BA5 (already previously studied), 

DMS presented a direct anti-T. cruzi effect, but also presented a potential to activate 

inflammasome pathway generating the production of nitric oxide and reactive oxygen 

species. When tested in macrophages and lymphocyte activated cultures, both 

compounds showed potent immunomodulatory activity, reducing the production of 

inflammatory mediators and inhibiting lymphocyte proliferation. In vivo, BA5 

demonstrated potent immunomodulatory activity, conferring protection against lethal 

dose of LPS and reducing edema in the DTH model. We observed a significant 

reduction of inflammation and fibrosis in the hearts of chronic chagasic animals treated 

with BA5 or DMS, which were accompanied by a reduction in serum levels of TNFα 

and IFNγ, as well as the reduction of the gene expression of inflammatory mediators in 

the heart. In BA5-treated animals we also observed a significant increase in IL-10 

production and in the gene expression of arginase and CHI3, recognized markers of M2 

macrophages. The reduction of inflammatory mediators could cause an increase in the 

parasitic load in the experimental CCC. However, through the quantification of T. cruzi 

DNA in the spleen, we demonstrated that the treatment with BA5 did not alter the 

parasitic load, whereas the treatment with DMS caused the reduction of the parasite load 

substantially, evidencing the antiparasitic effect of this molecule. CONCLUSION: Our 

results demonstrate that BA5 and DMS, through antiparasitic and immunomodulatory 

action, are potential candidates for the development of new drugs for the treatment of 

chagasic cardiomyopathy. 



 

Keywords: Chagas disease, T. cruzi, N,N-dimethylsphingosine, Betulinic acid, 

Chagasic cardiomyopathy. 
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1  INTRODUÇÃO 

 

As doenças negligenciadas afetam milhões de pessoas nas diferentes regiões do 

planeta e são responsáveis por incapacitar uma fração significativa da população 

mundial, principalmente em países em desenvolvimento (WORLD HEATH 

ORGANIZATION, 2017a). Dentre estas doenças se destaca a doença de Chagas, 

descrita no inicio do século XX pelo pesquisador Carlos Chagas (CHAGAS, 1909). A 

doença consiste em uma zoonose causada pelo protozoário hemoflagelado 

Trypanosoma cruzi, que afeta entre 6 e 7 milhões de pessoas, principalmente na 

Americana Latina, onde é considerada endêmica (WORLD HEATH ORGANIZATION, 

2017b).  

Apesar dos avanços significativos na profilaxia da doença de Chagas gerados 

pelo controle da transmissão natural, pelo aumento do controle na triagem em bancos de 

sangues e de casos de transmissão congênita, a doença de Chagas ainda representa um 

problema de saúde pública grave, principalmente na América Latina (MATSUO, 2010; 

WHO, 2017a; PÉREZ-MOLINA; MOLINA, 2018). A intervenção terapêutica com 

fármacos antiparasitários é limitada a duas drogas: o benzonidazol e o nifurtimox. Estes 

medicamentos possuem eficácia em curar a fase aguda da doença, porém possuem baixa 

eficácia na fase crônica, apresentam diversos efeitos colaterais e ainda com indução de 

cepas resistentes a esses medicamentos (JUNIOR, 2017). Devido a essas limitações, o 

desenvolvimento de novas estratégias é necessário, em especial para a forma cardíaca 

crônica, que é responsável por uma taxa de mortalidade alta por doenças cardíacas na 

América Latina (BENZIGER, 2017).  

Devidos aos danos teciduais causados pela resposta inflamatória na 

cardiomiopatia chagásica crônica (CCC), a intervenção terapêutica não deveria 

compreender apenas fármacos capazes de eliminar o parasito, mas também de reduzir a 

inflamação. Nesse contexto, o desenvolvimento de novas moléculas com propriedades 

farmacológicas duais, atuando como antiparasitárias e imunomoduladoras na 

cardiomiopatia chagásica crônica é de extrema importância. 

Recentemente, nosso grupo de pesquisas demonstrou o efeito benéfico do fator 

estimulador de colônias de granulócitos (G-CSF) em um modelo de cardiomiopatia 

chagásica crônica. Através de uma ação dual, atuando como agente tripanocida e 

imunomodulador, o G-CSF reduziu a inflamação, a fibrose e o parasitismo no coração 

de animais chagásicos e contribuiu para uma melhorar funcional cardíaca dos animais 
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(VASCONCELOS, 2013). Estes achados reforçam a utilização de agentes 

imunomoduladores como uma estratégia eficaz para o tratamento da CCC.  

Nesse contexto, no presente trabalho investigamos os efeitos do derivado 

semissintético do ácido betulínico (BA5) e do esfingolipídio N,N-dimetil esfingosina 

(DMS) em um modelo de cardiopatia chagásica crônica. O DMS é um inibidor 

pantrópico de esfingosinas cinases, moléculas importantes na patogênese de inúmeras 

desordens de origem inflamatória e no remodelamento cardíaco (TAKUWA, 2010; 

MACEYKA; SPIEGEL, 2014; YANAGIDA; HLA, 2017). Já o BA5 é um derivado 

semissintético do ácido betulínico, um triterpenóide conhecido por sua abundância na 

natureza e por ter diversas atividades biológicas já reportadas, incluindo atividade 

antiparasitária e imunomoduladora (YOGEESWARI; SRIRAM, 2005; Anexo I). 

Recentemente, o nosso grupo demonstrou que a incorporação de um grupamento amida 

no carbono de posição C28 resultou em uma nova série de compostos, sendo o derivado 

BA5 o composto com o melhor perfil antiparasitário (Anexo II). 
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2  REVISÃO DE LITERATURA 

 

2.1  A DOENÇA DE CHAGAS 

 

As doenças negligenciadas afetam milhões de pessoas nas diferentes regiões do 

planeta e são responsáveis por incapacitar uma fração significativa da população 

mundial, principalmente em países em desenvolvimento. Estimativas indicam que mais 

de um bilhão de pessoas são pelo menos portadoras de uma doença negligenciada, o que 

representa aproximadamente um sexto da população mundial e gera um grande impacto 

social e econômico no mundo (WORLD HEATH ORGANIZATION, 2017a). Dentre 

estas, destaca-se a doença de Chagas, uma zoonose causada pelo protozoário 

hemoflagelado Trypanosoma cruzi, descrita pela primeira vez no inicio do século XX 

pelo pesquisador brasileiro Carlos Chagas (CHAGAS, 1909). 

O T. cruzi é um protozoário pertencente à ordem Kinetoplastida e família 

Trypanosomatidae, cuja principal característica é a presença de flagelo e cinetoplasto, 

região da mitocôndria onde se concentra uma grande quantidade de DNA extranuclear 

(DE SOUZA, 2002). A doença é transmitida por insetos triatomíneos pertencentes à 

família Reduviidae, mais especificamente à subfamília Triatominae, popularmente 

conhecidos no Brasil como barbeiros (COURA, 2015). Existem aproximadamente 150 

espécies capazes de transmitir o parasito, sendo as espécies de maior contribuição na 

transmissão vetorial o Triatoma infestans, T. dimidiata, T sórdida. Rhodinus prolixus e 

Panstrongylus megistus (GARCIA; AZAMBUJA, 1991). 

A infecção pelo T. cruzi inicialmente era restrita a pequenos mamíferos de 

regiões de matas e campos da América, desde a Patagônia até o sul dos Estados Unidos. 

Esses animais (tatus, gambás, roedores) convivem com triatomíneos silvestres e, entre 

eles, ainda hoje circula o T. cruzi (TARLETON, 2007). Com a chegada do homem na 

América e os processos de colonização, ocorreram desequilíbrios ecológicos 

(desmatamentos, queimadas) e os barbeiros invadiram as habitações próximas a 

ambientes naturais, na procura por novas fontes de alimento. Como resultado, a 

infecção chegou ao homem (doença de Chagas) e aos mamíferos domésticos, sendo 

então classificada como uma zoonose (COURA; DIAS, 2009). A presença de 

exemplares de T. infestans em habitações humanas da era pré-colombiana e a detecção 

de DNA de T. cruzi em múmias encontradas na América do Sul datadas de 7050 anos 

a.C. evidenciam o estabelecimento gradual do ciclo domiciliar (AUFDERHEIDE, 

2004).  
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2.2 CICLO DE VIDA DO Trypansoma cruzi 
 

O T. cruzi possui um ciclo de vida complexo que compreende diferentes formas 

morfológicas em hospedeiros vertebrados e invertebrados (COURA, 2015). O parasito 

apresenta-se sob três formas: uma forma replicante encontrada no citoplasma das 

células do hospedeiro vertebrado, conhecida como forma amastigota; uma forma 

flagelada, fusiforme, infectiva para vertebrados, incapaz de se dividir e presente nos 

hospedeiros vertebrados (tripomastigotas sanguíneos) e nos invertebrados 

(tripomastigotas metacíclicos); e uma terceira forma flagelada, que não é infectiva para 

vertebrados e se replica por fissão binária, presente no intestino médio do hospedeiro 

invertebrado, conhecida como forma epimastigota (DE SOUZA, 2002). 

O ciclo de vida do T. cruzi se inicia quando um triatomíneo infectado, após a 

realização do repasto sanguíneo, elimina fezes e urina contendo formas tripomastigotas 

metacíclicas do parasito, que são capazes de infectar o hospedeiro vertebrado quando 

entram em contato com mucosas do olho, boca, ferimentos ou quando são ingeridas 

(BRENER; ANDRADE; BARRAL-NETO, 2000). Uma vez dentro do hospedeiro, a 

interação parasito-hospedeiro ocorre de forma dinâmica, resultante de múltiplos fatores 

ligados ao T. cruzi (cepa, virulência, tamanho do inóculo), ao homem (sexo, idade, raça) 

e ao ambiente (ANDRADE, 1985; DUTRA, 2014). Dentro do hospedeiro vertebrado, as 

formas tripomastigotas podem invadir macrófagos e uma variedade de outras células, 

permanecendo por algum tempo dentro de fagolisossomos. Quando escapam para o 

citoplasma, estas se diferenciam para as formas amastigotas e proliferam por divisão 

binária. Após sucessivas divisões, as formas amastigotas iniciam a sua diferenciação em 

formas tripomastigotas sanguíneas. O rompimento da célula hospedeira pode ocorrer 

antes da total diferenciação de formas amastigotas em formas tripomastigotas, o que 

gera o aparecimento de diferentes formas no meio externo. No meio extracelular, os 

tripomastigotas e as amastigotas podem alcançar outras regiões e infectar novas células 

(GARCIA; AZAMBUJA, 1991; DE SOUZA, 2002). 

O ciclo de vida se completa quando o sangue contendo formas tripomastigotas 

sanguíneas de um hospedeiro vertebrado infectado é sugado por um triatomíneo, 

durante o seu repasto sanguíneo. As formas tripomastigotas sanguíneas se diferenciam 

em formas epimastigotas, na porção média do trato gastrointestinal do inseto e se 

multiplicam por fissão binária. Essa forma está adaptada para sobreviver à ação de 

enzimas presentes no trato gastrointestinal do inseto, através de uma cobertura resistente 
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a ação de proteases e glicosidades, presente na sua superfície (DE SOUZA, 2002). No 

intestino posterior, os parasitos sofrem uma diferenciação celular denominada 

metaciclogênese. Esta envolve mudanças morfológicas e metabólicas que dão origem a 

formas tripomastigotas metacíclicas, que são as formas liberadas nas excretas dos 

insetos e capazes de infectar vertebrados (Figura 1). 

 

 

Figura 1. Ciclo biológico do Trypanosoma cruzi. Fonte: Elaborado pelo  Dr. Nilmar Silvio 

Moretti. 

 

O parasito pode ainda penetrar no hospedeiro vertebrado por outras vias, tais 

como: transfusão sanguínea, transplante de órgãos, acidentes em laboratório, 

transmissão congênita ou ingestão acidental de insetos triturados junto a alimentos 

(contaminação por via oral), tais como o caldo de cana de açúcar, açaí e goiaba 

(YOSHIDA, 2008).  
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Casos agudos resultantes da ingestão acidental do parasito têm sido registrados 

por surtos em diferentes localidades, com maior incidência na região amazônica, onde o 

consumo de açaí é uma frequente causa de contaminação (MONCAYO; SILVEIRA, 

2009). Em 2007, em uma escola de Caracas, Venezuela, 103 crianças foram infectadas 

com o consumo de suco de goiaba contaminado. Destas, 75 apresentaram 

sintomatologia para doença de Chagas aguda e uma criança veio a óbito (ALARCÓN 

DE NOYA, 2010). No Brasil, em 2005, 24 casos agudos da doença foram registrados 

em Santa Catarina, e todos eles foram relacionados com a ingestão de caldo de cana-de-

açúcar contaminado com o parasito (STEINDEL, 2008). Em 2006, outro surto de casos 

agudos da doença no Brasil foi registrado em duas cidades vizinhas, Macaúbas e 

Ibipitanga, do estado da Bahia. O surto envolveu 13 casos confirmados da doença e a 

contaminação ocorreu possivelmente pela ingestão de caldo de cana-de-açúcar ou água 

contaminada com fezes de T. sordida infectados (BASTOS, 2010). 

 

2.3 EPIDEMIOLOGIA E DISTRIBUIÇÃO GEOGRÁFICA DA DOENÇA DE 

CHAGAS 

  

A doença de Chagas é considerada uma condição infecciosa classificada como 

negligenciada pela OMS e inicialmente restrita ao continente americano em virtude da 

distribuição das aproximadamente 150 espécies do inseto vetor (Triatominae, 

Hemiptera, Reduviidae), e por isso é também conhecida como "tripanossomíase 

americana" (COURA; DIAS, 2009). A OMS estima aproximadamente 6 a 7 milhões de 

pessoas infectadas com o T. cruzi em todo o mundo, a maioria residente na América 

Latina, onde a doença esta presente em 21 países e é considerada endêmica (WORLD 

HEATH ORGANIZATION, 2017b). 

Com base em características epidemiológicas, tais como formas de transmissão, 

tipos de ciclos, vetores e programas de controle vetorial e transfusional, a doença de 

Chagas pode ser dividida em cinco grupos de países (COURA; BORGES-PEREIRA, 

2010). O grupo I é formado por Argentina, Bolívia, Brasil, Chile, Equador, Honduras, 

Paraguai, Peru, Uruguai e Venezuela. A doença de Chagas nesses países se caracteriza 

por ser transmitida principalmente pelos ciclos domésticos e peridomésticos, com zonas 

de alta prevalência de indivíduos portadores da forma cardíaca da doença e programas 

de controle de vetores e transfusão na maioria dos países. No Brasil, estima-se cerca de 
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1,9 milhões a 4,6 milhões de pessoas infectadas, o que corresponde á variação de 1,0 a 

2,4% da população (MARTINS, 2014; HOTEZ; FUJIWARA, 2014). 

O grupo II é formado por Colômbia, Costa Rica e México. Nesses países, a 

doença é caracterizada por ciclos domésticos e peridomésticos, presença de cardiopatia 

chagásica crônica, ocorrências de doadores infectados e com a falta ou apenas 

programas de controle incipientes. O Grupo III inclui El Salvador, Guatemala, 

Nicarágua e Panamá. Nesses países, a doença pode ser transmitida por ciclos 

domésticos, peridométicos e selvagens, existe pouca informação clínica sobre casos 

humanos e programas de controle são escassos, sendo encontrados apenas na Guatemala 

e Nicarágua. O Grupo IV, que inclui as Antilhas, Bahamas, Belize, Cuba, Estados 

Unidos, Guiana, Guiana Francesa, Haiti, Jamaica e Suriname, apresenta ciclos 

selvagens, pouca informação clínica, numerosos casos de imigrantes infectados nos 

Estados Unidos e uma ausência de programas de controle, com exceção dos Estados 

Unidos, onde existe controle transfusional (COURA; BORGES PEREIRA, 2010). 

Devido ao intenso processo de globalização e fluxo migratório, é possível 

observar também um aumento do número de casos em países não endêmicos da 

América do Norte, Europa, Ásia e Oceania, em particular os Estados Unidos, Canadá, 

Espanha, França, Suíça, Japão, países asiáticos emergentes e Austrália (SCHMUNIS, 

2007). Estima-se a presença de mais de 300.000 portadores da doença de Chagas nos 

Estados Unidos, 5.500 no Canadá, mais de 80.000 na Europa e região do Pacífico 

ocidental e mais de 1.500 na Austrália (RIBEIRO, 2012). Estes países formam o Grupo 

V, na classificação acima. Um agravante é o fato de que 94-96% dos imigrantes 

portadores da doença Chagas não têm conhecimento de que estão infectados, o que 

dificulta o controle da transmissão e colabora para que a doença de Chagas se torne um 

problema de saúde pública em países não endêmicos (BASILE, 2011). 

 

2.4 MANIFESTAÇÕES CLÍNICAS DA DOENÇA DE CHAGAS 

 

A infecção chagásica apresenta duas fases bem distintas: uma fase aguda, 

correspondente à infecção e disseminação do T. cruzi no organismo, e uma fase crônica, 

caracterizada por duas formas distintas: indeterminada e crônica sintomática. Na 

maioria dos casos, independente da via de transmissão, a fase aguda da doença é 

assintomática, provavelmente devido a uma baixa carga parasitária (RASSI; RASSI; 

MARIN-NETO, 2010; KIRCHHOFF, 2011). Contudo, quando a doença se manifesta, o 
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portador apresenta um quadro febril ou outras manifestações clínicas, tais como 

hipertermia ou pirexia, hepatoesplenomegalia, náuseas, vômitos, diarreia e anorexia. A 

fase aguda sintomática ocorre principalmente em crianças na primeira década de vida, 

podendo levar à morte devido a complicações decorrentes de insuficiência cardíaca e 

processos inflamatórios que envolvem o cérebro (BOAINAIN e RASSI, 1979; RASSI; 

RASSI; MARIN-NETO, 2010). 

Na grande maioria das vezes, após a fase aguda, a doença de Chagas evolui para 

fase crônica (RASSI; RASSI; MARIN-NETO, 2010). A maioria dos indivíduos 

infectados (cerca de 70 %) desenvolve a forma crônica indeterminada da doença, que 

não apresenta sintomas clínicos. Contudo, cerca de 30% dos indivíduos infectados, após 

meses ou décadas da infecção evoluem para a fase crônica sintomática; cardíaca, 

digestiva ou mista. Essa forma da doença é caracterizada pela baixa parasitemia, porém 

com lesão tecidual e altos índices de anticorpos IgG (ANDRADE, 2000).  

A forma cardíaca é conhecida por ser a mais séria e frequente manifestação da 

fase crônica da doença de Chagas. Ela se desenvolve em 20 a 30 % dos indivíduos 

crônicos e é caracterizada por miocardite crônica, insuficiência cardíaca e 

eventualmente morte súbita, por arritmia cardíaca (RASSI; RASSI; LITTLE, 2000; 

MARIN-NETO, 1999; MARIN-NETO, 2010).  

Já a forma digestiva, que se desenvolve em 10 a 15 % dos indivíduos crônicos, 

ocorre quase que exclusivamente no sul da bacia amazônica (principalmente na 

Argentina, Brasil, Chile e Bolívia) e é rara no norte da América do Sul, América Central 

e México (RASSI; RASSI; MARIN-NETO, 2010). Essa distribuição geográfica bem 

definida é provavelmente explicada pelas diferenças existentes entre as cepas do 

parasito que circulam em cada uma dessas regiões (MILES, 2003; CAMPBELL; 

WESTENBERGER; STURM, 2004). Está forma é caracterizada pelo desenvolvimento 

de disfunções gastrointestinais (principalmente megaesôfago, megacólon ou ambos). 

Além das duas formas descritas anteriormente, há relatos da existência de uma forma 

mista, que corresponde à associação entre as formas cardíaca e a digestiva. Em muitos 

países, o desenvolvimento de megaesôfago geralmente precede o aparecimento de 

megacólon e/ou da forma cardíaca. Contudo, a prevalência da forma mista é 

desconhecida, devido à escassez de estudos apropriados (RASSI; RASSI; MARIN-

NETO, 2010). 
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2.5 IMUNOPATOGÊNESE DA DOENÇA DE CHAGAS 

 

O sistema imune consiste em uma rede complexa, formada por diferentes tipos 

celulares e seus mediadores que atuam em conjunto no sentido de manter o equilíbrio 

homeostático. Durante uma infecção parasitária, o sistema imune é essencial para o 

controle do parasito e, algumas vezes, para conferir resistência à reinfecção. Entretanto, 

a resposta imune não controlada pode contribuir para a patogênese da doença (CUNHA-

NETO, 2011; BONNEY; ENGMAN, 2015).  

No caso da doença de Chagas, durante a fase aguda da doença, a primeira linha 

de defesa contra a invasão parasitária é o sistema imune inato. Componentes clássicos 

da imunidade inata, tais como células dendríticas e macrófagos, possuem um papel 

central na ativação da reposta imune anti-T. cruzi (TARLETON, 2007; MAYA, 2010). 

Essas células possuem, em sua superfície, receptores Toll-like (TLR), que são capazes 

de reconhecer padrões moleculares associados a patógenos (PAMPs), induzindo direta 

ou indiretamente uma resposta imune. Após a ativação via TLR, os macrófagos e 

células dendríticas irão produzir moléculas pró-inflamatórias envolvidas na resposta 

local e sistêmica contra o parasito como as citocinas IL1β, IL-6, IL-8, IL-12 e fator de 

necrose tumoral alfa (TNFα), quimiocinas e a produção de substâncias microbicidas 

como o óxido nítrico (RODRIGUES; OLIVEIRA; BELLIO, 2012). 

No controle da infecção aguda, as células natural killer (NK) também 

desempenham um importante papel ao promoverem uma conexão entre os eventos da 

resposta inata e adaptativa (SATHLER-AVELAR, 2009). Este tipo celular é a fonte 

primária de interferon-γ (IFN-γ), que aumenta a síntese de IL-12 por macrófagos 

(CARMAGO, 1997). A IL-12 estimula a produção de IFNγ e induz a diferenciação de 

linfócitos T helper (Th) 0 em Th1, promovendo uma resposta adaptativa robusta contra 

o parasita, porém na maioria dos casos não consegue eliminar por completo o parasita 

(REED, 1994). 

A fase crônica sintomática é caracterizada pela presença de um intenso infiltrado 

inflamatório, sendo a cardiomiopatia chagásica crônica a forma de maior prevalência 

(BERN, 2015). A cardiomiopatia crônica é caracterizada por uma miocardite multifocal, 

fibrose e danos nas fibras musculares cardíacas, fruto da persistência do agente nocivo, 

das células inflamatórias, ou de ambos (HIGUCHI, 1987; CUNHA-NETO; 

CHEVILLARD, 2014). Diversos estudos observam a persistência de níveis elevados de 
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citocinas pró-inflamatórias, tais como IFNγ e TNFα e o aumento de linfócitos T CD4 e 

CD8 produtores de IFNγ no sangue periférico, além da redução de células T 

reguladoras, o que contribui para o desencadeamento de lesão tecidual (NOGUEIRA, 

2014). Já na forma indeterminada, existe a predominância de um ambiente regulatório, 

uma vez que além das células ativadas produzindo citocinas inflamatórias, há também 

um aumento no número de células regulatórias e uma alta produção de IL-10, uma 

citocina anti-inflamatória responsável por desativar os macrófagos e consequentemente 

inibir os efeitos das células T e células NK, contribuindo para a restrição da lesão 

tecidual (GOMES, 2003; CUNHA-NETO, 2009). Dessa forma, fica evidente a 

contribuição de uma resposta Th1 exacerbada para o acometimento cardíaco. Contudo, 

ainda não são completamente elucidados os mecanismos que desencadeiam essa 

resposta em somente 30% dos indivíduos portadores da doença de Chagas. 

 

 

Figura 2 A resposta imune nas formas cardíaca e indeterminada da doença de Chagas. 

Fonte: http://chagas.fiocruz.br/resposta-imune. 

 

Diversos mecanismos têm sido propostos para explicar a cardiomiopatia crônica 

nos indivíduos infectados pelo T. cruzi. Um deles é o dano nos cardiomiócitos causado 

diretamente pelos parasitos (Figura 3A). No entanto, não foi demonstrada ainda uma 

correlação entre o grau de parasitismo e a gravidade da cardiomiopatia chagásica 

(TODOROV, 2003; BONNEY; ENGMAN, 2015). 
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 Além da hipótese da persistência do parasito, existem hipóteses baseadas na 

participação da resposta imune específica contra o T. cruzi e de não específica. A 

imunidade específica contra o parasito pode contribuir para a patologia cardíaca através 

da destruição de miócitos, seguida por infiltração de células mononucleares e fibrose. Já 

a imunidade não específica é causada por resposta imune inata, ativação de granulócitos 

e citotoxicidade mediada por anticorpos, o que pode gerar um dano colateral nos 

cardiomiócitos (BONNEY; ENGMAN, 2015). A participação da microvasculopatia, 

conduzindo à isquemia e inflamação, também já foi previamente relatada (ROSSI, 

1990). Por último, há a hipótese da autoimunidade, que sugere uma perda de tolerância 

a antígenos próprios. A autoimunidade pode ter origem em danos causados nos 

cardiomiocitos pelo parasito ou por mimetismo molecular entre proteínas cardíacas, tais 

como os receptores β1 adrenérgico e M2 muscarínico por homologia a antígenos do T. 

cruzi, (SOARES; LAIN-PONTES; RIBEIRO-DOS-SANTOS, 2001; MACIEL, 2012; 

BONNEY; ENGMAN, 2015) (Figura 3). Contudo, não se pode descartar a ocorrência 

dos outros mecanismos, ou até mesmo uma associação entre dois ou mais mecanismos, 

para o estabelecimento da miocardite crônica chagásica. 

 

 

Figura 3. Mecanismos pelo qual o T. cruzi pode levar à miocardite. (A) Dano direto 

causado por parasitos que realizam o ciclo intracelular e destroem as células hospedeiras. (B) 

Imunidade parasito-específica pode contribuir para a patologia cardíaca através da destruição de 
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miócitos, seguida por infiltração de células mononucleares e fibrose. (C) Imunidade não 

especifica causada por resposta imune inata, ativação de granulócitos e citotoxicidade mediada 

por anticorpos pode gerar um dano colateral nos cardiomiócitos. (D) Microvasculopatia, 

incluindo agregação plaquetária oclusiva, causando isquemia. (E) Autoimunidade induzida pelo 

parasito gerada pelo mimetismo molecular entre antígenos do T. cruzi e antígenos cardíacos ou 

ativação de células T autorreativas após a lise celular pelo T. cruzi. Fonte: Adaptado de 

BONNEY; ENGMAN, 2015. 

 

2.6 INTERVENÇÕES TERAPÊUTICAS NA DOENÇA DE CHAGAS 

 

Atualmente, apenas duas drogas estão disponíveis para o tratamento da doença 

de Chagas, o nitroimidazol benzonidazol e o nitrofurano nifurtimox, que foram 

introduzidos na clínica na década de 70 (JUNIOR, 2017). Ambos os medicamentos são 

pró-fármacos e precisam ser ativados por uma enzima conhecida como nitroredutase I 

de tripanosoma (HALL; WILKINSON, 2012). Estes fármacos atuam através da 

formação de radicais livres e/ou metabólitos eletrofílicos, que geram danos a proteínas, 

lipídios e ao DNA do T. cruzi (GARAVAGLIA, 2016). O benzonidazol, por apresentar 

um melhor perfil de eficácia e segurança quando comparado com o nifurtimox, é 

utilizado para o tratamento de primeira linha (VIOTTI, 2006). Em indivíduos adultos, a 

dose recomendada de benzonidazol é de 5 mg/Kg por dia, durante um período de 60 

dias, enquanto que a dose recomenda de nifurtimox é de 8-10 mg/Kg por dia, durante 

um período de 60-90 dias (BRASIL, 2005). A intervenção com estes compostos é 

recomendada em pacientes com a infecção aguda, em crianças, em pessoas recém-

infectadas, naqueles com a forma congênita da doença de Chagas e em casos de 

reagudização após a imunossupressão (ANDRADE, 2011).  

Ambos os quimioterápicos apresentam elevadas taxas de cura na fase aguda da 

doença, sendo capazes de alcançar taxas de cura de aproximadamente 80 a 90% em 

casos agudos (BERN, 2015). Contudo, estes fármacos causam uma série de efeitos 

colaterais quando administrados por um período prolongado (CASTRO, 2006). Este 

fato é particularmente problemático, visto que um grande número de doses deve ser 

administrado por um período longo para que o tratamento obtenha sucesso. Os 

principais efeitos colaterais causados pela utilização destes medicamentos incluem 

erupções cutâneas, náuseas, insuficiência renal e hepática e neuropatia periférica 

(CLAYTON, 2010; URBINA, 2010).  

Além da toxicidade, existe uma variação significativa na susceptibilidade de 

isolados do parasito à ação dessas drogas, e algumas cepas naturalmente susceptíveis e 

resistentes a estes compostos já foram relatadas (FILARDY; BRENER, 1987; NEAL; 
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VAN BUEREN, 1988; MURTA, 1998; TOLEDO, 2004). Outra limitação é a baixa 

eficácia destes compostos na fase crônica da infecção, na qual encontra-se a maioria dos 

indivíduos infectados. Apesar da limitada capacidade de erradicação do parasita na fase 

crônica, há evidências de um efeito benéfico do tratamento com benzonidazol nesta fase 

da doença de Chagas. GARCIA e colaboradores (2005) demonstraram uma relação 

direta entre a diminuição do parasitismo tecidual, redução do infiltrado inflamatório e 

da fibrose cardíaca em animais crônicos tratados com benzonidazol, que resultaram em 

uma melhor função cardíaca.  

Recentemente foi finalizado um estudo clínico multicêntrico e duplo cego 

(BENEFIT – Benzinidazole Evaluation for Interrupting Trypanosomiais) que visou 

avaliar o efeito do benzonidazol em 3.000 pacientes (18-75 anos) portadores da 

cardiomiopatia chagásica crônica (MORILLO, 2015). O estudo demonstrou benefícios 

do tratamento com benzonidazol com relação à carga parasitária, tendo em vista que 

houve uma negativação de 66% da PCR para T. cruzi nos indivíduos tratados com 

benzonidazol e apenas 33% nos indivíduos tratados com placebo. Contudo, não houve 

melhora do quadro clínico dentro de um período de cinco anos de seguimento 

(MORILLO, 2015). 

Visando ao desenvolvimento de alternativas para o benzonidazol e o nifurtimox, 

foram investigados inibidores da cruzipaína (ou cruzaína), a principal cisteíno-protease 

do parasito, e da biossíntese de ergosterol. Entre os inibidores de cruzaína, o peptídeo 

K11777 se destaca pela potente atividade in vitro e pelo efeito benéfico sobre 

camundongos infectados em modelos de infecção aguda e crônica da doença de Chagas. 

Infelizmente, o avanço desse composto nos ensaios pré-clínicos foi interrompido devido 

à baixa tolerabilidade do mesmo em cães e primatas (DRUGS FOR NEGLECTED 

DISEASES, 2014). Já em relação aos compostos capazes de inibir a síntese de 

ergosterol, um exemplo promissor é o posoconazol, que atua sobre a enzima C14α-

esterol desmetilase do parasito. Este antifúngico apresentou uma atividade promissora 

em estudos pré-clínicos, porém, quando testado em um ensaio clínico de fase II, 

apresentou uma baixa taxa de cura (20%) em indivíduos chagásicos crônicos 

(BUCKNER; URBINA, 2012; MOLINA, 2014).  

Considerando-se que o uso terapêutico dos compostos atualmente disponíveis é 

limitado, é necessário o desenvolvimento de novas estratégias para o tratamento dos 

pacientes chagásicos (MOREIRA, 2009). Tendo com base a importância dos 

mecanismos imunológicos na patogênese da doença de Chagas, nosso grupo de 
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pesquisa vem buscando alternativas terapêuticas para a cardiomiopatia chagásica 

crônica, visando à modulação da inflamação e fibrose no coração. Esta linha de 

pesquisa tem contemplado diferentes estratégias, tais como medicamentos, fatores de 

crescimento e terapia celular (VASCONCELOS, 2013; SILVA, 2014; Anexo III). 

Recentemente, nosso grupo de pesquisas demonstrou o efeito imunomodulador 

do fator estimulador de colônias de granulócitos (G-CSF) em um modelo de 

cardiomiopatia chagásica crônica. Os animais tratados com G-CSF tiveram uma 

redução significativa do infiltrado inflamatório e da fibrose no coração quando 

comparados com animais tratados com solução salina (VASCONCELOS, 2013). A 

reversão da inflamação foi acompanhada de um aumento da migração de células Treg 

da medula óssea para o coração e aumento da produção de IL-10 no coração e no baço 

dos animais tratados, o que parece contribuir para a modulação da resposta inflamatória. 

Observamos também a redução da carga parasitária no coração dos animais tratados 

com G-CSF em comparação com o grupo controle (VASCONCELOS, 2013). Estes 

achados reforçam a utilização de agentes imunomoduladores como uma estratégia 

eficaz para o tratamento de pacientes com CCC.  

 

2.7 ÁCIDO BETULÍNICO E O SEU DERIVADO SINTÉTICO BA5 

 

O ácido betulínico (BA; Figura 4) é um triterpeno pentacíclico do tipo lupano 

amplamente distribuído no reino vegetal. Suas fontes tradicionais são espécies europeias 

do gênero Betula, que produzem seu álcool precursor, a betulina (KIM, 1997; 

FRIGHETTO, 2005) e a casca de inúmeras espécies que ocorrem em regiões tropicais e 

subtropicais, especialmente as pertencentes ao gênero Clusia (MAURYA, 1989). 

Este triterpeno apresenta uma variedade de atividades farmacológicas descritas 

na literatura. As atividades antitumoral, antimalárica, anti-HIV, analgésica, 

antiinflamatória e bactericida já estão descritas (YOGEESWARI; SRIRAM, 2005; 

FUJIOKA, 1994; CHANDRAMU, 2003; KROGH, 1999). Dentre essas atividades, 

destaca-se o efeito antitumoral, visto que o ácido betulínico apresenta uma potente 

atividade frente a diversas linhagens neoplásicas, em especial melanomas, o que não é 

evidenciado quando testado em linhagens de células normais, comprovando um caráter 

seletivo dessa molécula (ZUCO, 2002). 

O BA é considerado um protótipo promissor para a geração de moléculas mais 

potentes para diferentes alvos farmacológicos (YOGEESWARI; SRIRAM, 2005). 
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Diversos trabalhos relatam modificações estruturais nos substituintes do C-3, C-20 e C-

28 do ácido betulínico (KIM, 1998). As modificações no C-20 mostraram pouca 

contribuição, em estudos com linhagens de células tumorais (KIM, 2001). Entretanto, as 

modificações no C-3 ou C-28 parecem promissoras (MULLAUER, 2010). 

Modificações realizadas no C-28 já contribuíram para a otimização da atividade anti-

HIV, antitumoral, anti-influenza A e anti-herpes (SUN, 1998; JEONG, 1999; 

BALTINA, 2003; PAVLOVA, 2003). 

Recentemente, o nosso grupo demonstrou a contribuição da inserção de aminas 

no C-28 para um aumento da atividade anti-T. cruzi (MEIRA, 2014; Anexo II). A 

inserção de um grupamento amina potencializou o efeito de uma série de derivados 

sobre a viabilidade de formas tripomastigotas e sobre a proliferação de formas 

amastigotas intracelulares. Em especial, o derivado de código BA5 que se mostrou 

menos citotóxico em culturas de macrófagos e mais efetivo em lisar formas 

tripomastigotas de T. cruzi do que o ácido betulínico (Figura 4). O tratamento de 

formas tripomastigotas com o derivado BA5 induziu uma série de alterações na 

ultraestrutura do parasito, tais como perda da integridade da membrana plasmática, 

deformação corporal, retração flagelar, aparecimento de vacúolos atípicos, dilatação do 

complexo de Golgi e a formação de autofagossomos, culminando com a morte 

parasitária por necrose (Anexo II). Além disso, o derivado BA5 apresentou uma 

potência superior à droga de referência, o benzonidazol, nos ensaios realizados com 

formas tripomastigotas e uma potência equipotente ao benzonidazol nos ensaios 

realizados com macrófagos infectados com T. cruzi (Anexo II). 

 

 

Figura 4. Esquema comparando a citotoxicidade e atividade anti-T. cruzi do ácido betulínico e 

seu derivado BA5. 
 

 

Diminuiu citotoxicidade 

Aumentou atividade 

anti-T. cruzi 

CC
50

 Macrófagos = 31,1 ± 1,2 

CI
50 

Tripomastigotas = 1,8 ± 

0,1 

CC
50

 Macrófagos = 18,8 ± 0,1 

CI
50

 Tripomastigotas = 19,5 ± 

0,95 

BA5 BA 
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2.8 ESFINGOLIPÍDIOS E A N,N-DIMETIL-ESFINGOSINA 

 

Esfingolipídios constituem uma classe de lipídios que possuem esfigonsina, um 

amino álcool orgânico alifático. Eles possuem uma grande diversidade estrutural para 

diferentes espécies, com mais de 300 tipos já identificados e com milhares de possíveis 

estruturas, estando presente em todos os organismos eucariontes e alguns procariontes 

(PATA; HANNUN, NG; 2010). Podem ser encontrados na membrana celular, onde 

participam de diversos processos celulares, tais como crescimento, proliferação e 

diferenciação (HANNUN; OBEID, 2008). 

O envolvimento dessas moléculas em diversos processos celulares torna os 

esfingolipídios potenciais alvos terapêuticos para diversas doenças (MACEYKA; 

SPIEGEL, 2014). Sob esta perspectiva, já foram desenvolvidos compostos análogos às 

bases esfingoides para atuarem como fármacos ou como ferramentas para o estudo das 

funções dos esfingolipídios, modulando suas vias metabólicas. Um exemplo promissor 

é o FTY720, que é utilizado no tratamento de esclerose múltipla e já foi testada com 

sucesso na prevenção de rejeição em casos de transplante. Essa molécula atua em quatro 

dos cincos receptores de esfingosina-1-fosfato (GLAROS, 2008; BRINKMANN, 2010). 

A esfigonsina-1-fosfato (S1P) é produzida principalmente por mastócitos e 

fagócitos primários. Essa molécula tem um importante papel em alterações na migração 

de células do timo, na diferenciação de subpopulações de células T, no tráfico de 

linfócitos em órgãos linfoides e outros tecidos, nas interações entre células T e células 

dendríticas e na produção de citocinas (LEE, 1998; HLA, 2012; MACEYKA; 

SPIEGEL, 2014). Um inibidor potente desse mediador é o N,N-dimetil-esfingosina 

(DMS; Figura 5), que bloqueia a conversão de esfingosina em esfigonsina-1-fosfato 

por inibir as enzimas esfingosinas cinases 1 e 2 (ARISH, 2016; YANAGIDA; HLA, 

2017).  
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Figura 5. Esquema mostrando o mecanismo de ação N,N-dimetil-esfingosina 

(DMS). A molécula atua nas enzimas esfingosinas cinases 1 e 2 impedindo a conversão da 

esfingosina em esfigonsina-1-fosfato (S1P), que é essencial em diversos processos celulares 

como: crescimento, diferenciação, proliferação e migração de células. 

 

Dentre as atividades do DMS já descritas, destaca-se a ação antitumoral em 

células leucêmicas monoblásticas U937 e o bloqueio da ativação plaquetária (YATOMI, 

1996; EDSALL, 1998). Nessas linhagens celulares, o DMS diminuiu os níveis basais de 

esfigonsina-1-fosfato e impediu o aumento da mesma em resposta a estímulos 

fisiológicos conhecidos por ativar esfingosinas cinases (EDSALL, 1998). Além disso, o 

DMS demonstrou um efeito protetor em um modelo de lesão renal aguda isquêmica 

através do recrutamento de células T regulatórias (CD4
+
FoxP3

+
) (LAI; YONG; LIEN, 
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2012). Estas características farmacológicas do DMS demonstram o seu potencial no 

tratamento de doenças inflamatórias. 

Tendo em vista as atividades descritas acima, no presente trabalho propormos 

investigar o potencial terapêutico do DMS e do BA5 em um modelo de cardiomiopatia 

chagásica crônica experimental. 
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3  OBJETIVOS 

 

 3.1 GERAL 
 

Investigar o potencial do BA5 e do DMS em um modelo experimental de 

cardiomiopatia chagásica crônica. 

 

3.2 ESPECÍFICOS 

 

- Avaliar os efeitos imunomoduladores in vitro do BA5 e do DMS sobre macrófagos e 

linfócitos ativados  

 

- Avaliar o potencial imunomodulador do BA5 in vivo em modelos de endotoxemia e de 

reação de hipersensibilidade tardia. 

 

- Avaliar os efeitos do BA5 e do DMS na resposta inflamatória no coração de 

camundongos chagásicos crônicos; 

 

- Avaliar os efeitos BA5 e do DMS na fibrose no coração de camundongos chagásicos 

crônicos; 

 

- Avaliar os efeitos BA5 e do DMS no parasitismo na fase crônica da infecção por T. 

cruzi; 

 

- Analisar a função cardíaca dos animais chagásicos crônicos tratados ou não com BA5 

ou DMS; 

 

- Avaliar o perfil de citocinas e expressão gênica entre os camundongos na fase crônica 

da infecção; 

 

- Elucidar o mecanismo de ação do BA5 e do DMS na cardiomiopatia chagásica 

crônica. 
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4  RESULTADOS 

 

CAPÍTULO I 

 

 

Neste capítulo descrevemos a atividade imunomoduladora do derivado 

semissintético BA5 sobre macrófagos e linfócitos e seu efeito imunossupressor em 

modelo murino de endotoxemia e de hipersensibilidade do tipo tardia. 
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A R T I C L E I N F O
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A B S T R A C T

Betulinic acid (BA) is a naturally occurring triterpenoid with several biological properties already described,
including immunomodulatory activity. Here we investigated the immunomodulatory activity of eight semi-
synthetic amide derivatives of betulinic acid. Screening of derivatives BA1-BA8 led to the identification of
compounds with superior immunomodulatory activity than BA on activated macrophages and lymphocytes.
BA5, the most potent derivative, inhibited nitric oxide and TNFα production in a concentration-dependent
manner, and decreased NF-κB activation in Raw 264.7 cells. Additionally, BA5 inhibited the proliferation of
activated lymphocytes and the secretion of IL-2, IL-4 IL-6, IL-10, IL-17A and IFNɣ, in a concentration-dependent
manner. Flow cytometry analysis in lymphocyte cultures showed that treatment with BA5 induces cell cycle
arrest in pre-G1 phase followed by cell death by apoptosis. Moreover, BA5 also inhibited the activity of calci-
neurin, an enzyme that plays a critical role in the progression of cell cycle and T lymphocyte activation. BA5 has
a synergistic inhibitory effect with dexamethasone on lymphoproliferation, showing a promising profile for drug
combination. Finally, we observed immunosuppressive effects of BA5 in vivo in mouse models of lethal en-
dotoxemia and delayed type hypersensitivity. Our results reinforce the potential use of betulinic acid and its
derivatives in the search for potent immunomodulatory drugs.

1. Introduction

Betulinic acid (BA) is a naturally occurring pentacyclic triterpenoid
found in several plant species, which can be alternatively prepared from
its metabolic precursor, betulin (Yogeeswari and Sriram, 2005). This
natural product holds several biological activities, including anti-
cancer, anti-HIV, antiparasitic and anti-angiogenic activities (Takada
and Aggarwal, 2003; Dehelean et al., 2011; Ali-Seyed et al., 2016; Li
et al., 2016; Meira et al., 2016). In particular, BA has been reported to
possess cytotoxic effects on several tumor cell lines of different origins,
as well as in animal models of cancer (Gheorgheosu et al., 2016).

BA has also been investigated as an immunomodulatory agent
(Sultana and Saify, 2012). More specifically, BA inhibits the production
of several inflammatory mediators, including nitric oxide (NO),

prostaglandin E2 (PGE2), tumor necrosis factor alpha (TNFα), inter-
leukin (IL)-6 and IL-1β (Jingbo et al., 2015; Kim et al., 2016). Most of
these effects are related to the inhibition of nuclear factor-κB (NF-κB), a
transcription factor involved in the regulation of several pro-in-
flammatory genes, in particular TNFα (Viji et al., 2010; Kim et al.,
2016). BA is also known to suppress STAT3 signaling, which is essential
transcription factor for differentiation of the CD4+ Th17 cells in a
variety of autoimmune diseases (Blaževski et al., 2013).

In addition, in a cecal ligation and puncture mouse model, it has
been demonstrated that BA treatment reduces mortality and amelio-
rates lung and kidney function by down-regulating NF-κB (Lingaraju
et al., 2015a, b). Furthermore, in lipopolysaccharide (LPS)-induced
endotoxin shock, pre-treatment with BA significantly improves mice
survival by modulating TNFα production by macrophages in vivo
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through a mechanism dependent on IL-10 (Viji et al., 2010; Costa et al.,
2014). However, in a number of in vitro and in vivo models of in-
flammation, the anti-inflammatory activity of BA has been considered
to be moderate (Cichewicz and Kouzi, 2004; Li et al., 2017).

In view of these findings, BA has been used as a prototype for the
design and synthesis of more potent immunomodulatory agents.
Chemical modifications of the carboxyl group have suggested that this
part of BA molecule has potential for the production of derivatives with
enhanced biological activity, including immunomodulatory agents
(Sultana and Saify, 2012; Chen et al., 2017). Based on these facts, the
purpose of our work was to evaluate the immunomodulatory potential
of new semi-synthetic amide derivatives of betulinic acid in vitro and in
vivo, as well as their mechanisms of action.

2. Materials and methods

2.1. Drugs

Betulinic acid (BA) was extracted from the bark of Ziziphus joazeiro
Mart. (Rhamnaceae) by using a previously described method (Barbosa-
Filho et al., 1985). Semi-synthetic compounds (BA1 to BA8; 94–98%
purity by high performance liquid chromatography) were prepared
from betulinic acid, as previously described (Meira et al., 2016). Gen-
tian violet (Synth, São Paulo, SP, Brazil) was used as positive control in
the cytotoxicity assays. Dexamethasone (Sigma-Aldrich, St. Louis, MO),
a synthetic glucocorticoid, was used as positive control in im-
munomodulatory assays. Cyclosporin A (Sigma-Aldrich) was used as
positive control in calcineurin activity assay and in DTH assay. Mife-
pristone (RU 486; Sigma-Aldrich), an antagonist of glucocorticoid re-
ceptor, was used in mechanism assays. All compounds were dissolved in
Dimethyl sulfoxide (DMSO; PanReac, Barcelona, Spain) and diluted in
cell culture medium for use in the assays. The final concentration of
DMSO was less than 0.1% in all in vitro experiments and less than 5% in
all in vivo experiments.

2.2. Animals

BALB/c and C57BL/6 mice 4–12 weeks old) were bred and main-
tained at the Gonçalo Moniz Institute (Oswaldo Cruz Foundation,
Bahia, Brazil) in sterilized cages, under a controlled environment and
receiving a balanced rodent diet and water ad libitum. All animal ex-
periments and procedures were approved by the institution's committee
on the ethical handling of laboratory animals (Approved number: L-
IGM-018/15).

2.3. Cytotoxicity to mammalian cells

Cytotoxicity of the compounds was determined using the rat car-
diomyoblast H9c2 and the monkey kidney LCC-MK2 cell lines. Cells
were seeded into 96-well plates at a cell density of 1 × 104 cells/well in
Dulbecco's modified Eagle medium (DMEM; Life Technologies, GIBCO-
BRL, Gaithersburg, MD) supplemented with 10% fetal bovine serum
(FBS; GIBCO) and 50 µg/ml of gentamicin (Life, Carlsbad, CA) and in-
cubated for 24 h at 37 °C and 5% CO2. The compounds tested were then
added (10 - 0.04 µM), in quadruplicate, and incubated for 72 h. One µCi
of 3H-thymidine (Perkin Elmer, Waltham, MA) was added to each well,
incubated for 18 h, frozen at −20 °C and subsequently thawed and the
contents transferred to UniFilter-96 GF/B PEI coated plates
(PerkinElmer) using a cell harvester. After drying, 50 μl of scintillation
cocktail (MaxiLight, Hidex, Turku, Finland) was added in each well,
sealed and plate read in a liquid scintillation microplate counter
(Chameleon, Turku, Finland). Cell viability was measured as the per-
cent of 3H-thymidine incorporation for treated-cells in comparison to
untreated cells. Gentian violet was used as positive control, at con-
centrations ranging from 0.04 to 10 µM. Cytotoxicity concentration at
50% (CC50) values were calculated using data from three independent

experiments.
In addition, the cytotoxicity of compounds was also determined in

peritoneal macrophages. Cells were obtained by washing, with cold
phosphate buffered saline (PBS), the peritoneal cavity of BALB/c mice
4–5 days after injection of 3% thioglycolate (Sigma-Aldrich) in saline
(1.5 ml per mice). Then, cells were seeded into 96-well plates at a cell
density of 2 × 105 cells/well in DMEM supplemented with 10% FBS
and 50 µg/ml of gentamycin and incubated for 24 h at 37 °C and 5%
CO2. After that time each test inhibitors were added at least in six
concentrations (20 – 0,15 µM) in triplicate and incubated for 24 h.
20 μl/well of AlamarBlue (Invitrogen, Carlsbad, CA) was added to the
plates during 10 h. Colorimetric readings were performed at 570 and
600 nm. CC50 values were calculated using data-points gathered from
three independent experiments.

2.4. Macrophage cultures

Peritoneal exudate macrophages were seeded in 96-well plates at 2
× 105 cells/well in DMEM medium supplemented with 10% of FBS and
50 µg/ml of gentamicin for 2 h at 37 °C and 5% CO2. Plates were wa-
shed to remove non-adherent cells, and the remaining cells were then
stimulated with LPS (500 ng/ml, Sigma-Aldrich) and interferon gamma
(IFNγ; 5 ng/ml, Sigma-Aldrich) in the absence or presence of com-
pounds at different concentrations, and incubated at 37 °C. Cell-free
supernatants were collected 4 h (for TNFα measurement) and 24 h (for
IL-1β, IL-10 and nitrite quantifications), and kept at −80 °C until use.

2.5. NF-κB luciferase assay

The murine mouse leukemic monocyte macrophage cell line Raw
264.7 Luc cells bearing the pBIIX-luciferase (pBIIX-luc) targeting vector
containing the firefly luciferase gene (luc) driven by two NF-kB binding
sites from the kappa light chain enhancer in front of a minimal fos
promoter (Zhong et al., 1997) were kindly provided by Maria Célia
Jamur (University of São Paulo, Ribeirão Preto, Brazil). The cells were
cultured in RPMI medium (Sigma) supplemented with 20% FBS and
50 μg/ml gentamicin in 24-well plates at 37 °C in a humidified en-
vironment containing 5% CO2. For luciferase reporter assays, 5 × 105

cells/ml were pretreated with different concentrations of BA5 (20, 10 or
5 μM), BA (20 μM) or dexamethasone (20 μM) for 1 h prior to stimu-
lation with LPS (500 ng/ml) and IFNγ (5 ng/ml) for 3 h. After washing
with cold PBS, cells were lysed by adding TNT lysis buffer (200 mM
Tris, pH 8.0, 200 mM NaCl, 1% Triton X-100) for 20 min at 4 °C. The
determination of the luciferase activity was performed using the Pro-
mega luciferase assay system (Promega, Madison, CA), according to the
manufacturer's instructions. The samples were analyzed in a Globomax
20/20 Luminometer (Promega). Data are expressed as relative light
units.

2.6. Splenocyte cultures

For lymphoproliferation assays, BALB/c splenocyte suspensions
were prepared in DMEM medium supplemented with 10% of FBS and
50 µg/ml of gentamicin. Splenocytes (1 × 106 cells/well) were plated
in 96-well plates, in quadruplicate, and stimulated or not with con-
canavalin A (Con A; 2 µg/ml, Sigma-Aldrich) or Dynabeads® mouse T-
activator CD3/CD28 (bead to cell ratio = 1:1; ThemoFisher Scientific,
Waltham, MA). In some experiments, RU486, a glucocorticoid receptor
antagonist (Sigma-Aldrich), was added to the cultures to investigate the
mechanism of action of the most potent derivative. To evaluate the
lymphoproliferation, splenocytes were activated in the absence or
presence of various concentrations of derivatives (500–0.0005 nM).
After 48 h of incubation, 1 µCi of 3H- thymidine was added to each well,
incubated for 18 h and read, as described above. Cell proliferation was
measured as the percent of 3H-thymidine incorporation for treated-cells
in comparison to untreated cells. Dexamethasone was used as positive
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control. Inhibitory concentration at 50% (IC50) values were calculated
using data from three independent experiments.

Splenocytes from BALB/c mice were also plated into 24-well plates
at a cell density of 5 × 106 cells/ in DMEM medium supplemented with
FBS containing or not 5 µg/ml of Con A in the absence or presence of
different concentrations of BA5 (500, 50 and 5 nM), BA (500 nM) and
dexamethasone (500 nM). After 48 h, cell-free supernatants were col-
lected and kept at −80 °C until use for cytokine quantification.

2.7. Mixed lymphocyte reaction (MLR)

BALB/c mice were weekly immunized with intraperitoneal injec-
tions of 107 splenocytes obtained from C57BL/6, as previously de-
scribed (Soares et al., 2006). After 3 weeks of immunization, mice were
euthanized for spleen cell preparation in DMEM medium supplemented
with 10% of FBS and 50 µg/ml of gentamicin. Spleen cells were plated
in 96 well plates at a cell density of 1 × 106 cells/well in the absence or
in the presence of irradiated C57BL/6 splenocytes at 106 cells/well
(dose of 3 Gy in a 137Cs source irradiator purchased from CisBio In-
ternational, Cordolet, France) and different concentrations of drugs in
testing, in quadruplicates. After 72 h of incubation, 3H-thymidine was
added to each well, and the plates were incubated for additional 18 h.
The incorporation of 3H-thymidine was determined as described above.

2.8. Assessment of cytokine and nitric oxide production

Cytokine concentrations in supernatants from peritoneal macro-
phages cultures collected at 4 h (for TNFα) and 24 h (for IL-1β and IL-
10) and from splenocyte cultures (IL-2, IL-4, IL-6, IL-10, IL-17A and
IFNγ) were determined by enzyme-linked immunosorbent assay
(ELISA), using DuoSet kits from R&D Systems (Minneapolis, MN), ac-
cording to the manufacturer's instructions. Nitric oxide production was
estimated in macrophage culture supernatants harvested at 24 h using
the Griess method for nitrite quantification (Green et al., 1982).

2.9. Flow cytometry analyses

Splenocytes from BALB/c mice were plated into 24-well plates at a
cell density of 5 × 106 cells/ in DMEM medium supplemented with
10% FBS containing 5 µg/ml of Con A in the absence or presence of
different concentrations of BA5 (500, 50 and 5 nM) for 24 and 48 h for
cell death determination and cell cycle analysis respectively. For cell
death determination, cells were centrifuged and then pellet washed
twice with cold PBS and initially labeled with APC anti-mouse CD3
(Biolegend, San Diego, CA) diluted 1:100 for 15 min followed by
stained with propidium iodide (PI) and annexin V using the annexin V-
FITC apoptosis detection kit (Sigma-Aldrich), according to the manu-
facturer's instructions. For cell cycle analysis, cells were labeled with
APC anti-mouse CD3 followed by a second stained with a solution of
PBS with propidium iodide (2 µg/ml), RNAase (100 µg/ml) and 0.1% of
Triton X-100 in the dark at 37 °C for 30 min. The cell preparations were
analyzed using a FACS Calibur flow cytometer (Becton Dickinson, San
Diego, CA). A total of 10,000 events positive for APC anti-mouse CD3
staining was acquired and data were analyzed using FlowJo software
(Tree Star, Ashland, OR).

2.10. Calcineurin activity

The calcineurin phosphatase activity was measured in cell extracts
using a Calcineurin Cellular Activity assay kit (Enzo Life Sciences,
Farmingdale, NY). In brief, splenocytes from BALB/c mice were plated
into 24-well plates at a cell density of 5 × 106 cells/ in DMEM medium
supplemented with 10% FBS containing 5 µg/ml of Con A in the ab-
sence or presence of BA5 (500, 50 and 5 nM), or cyclosporin A
(500 nM) for 48 h. Then, cells were lysed in a buffer containing pro-
tease inhibitors, centrifuged and the supernatant was used for analysis.

The same amount of protein (5 μg) per sample was used in the calci-
neurin activity assays. Colorimetric measurements were performed at
620 nm. The amount of phosphate released by calcineurin was calcu-
lated using a standard curve.

2.11. Drug combination assay

For in vitro drug combinations, doubling dilutions of each drug (BA5
and dexamethasone), used alone or in fixed combinations were in-
cubated with splenocytes followed the protocol described above. The
analysis of the combined effects was performed by determining the
combination index (CI), used as cutoff to determine synergism, by using
Chou-Talalay CI method (Chou and Talalay, 2005) and through the
construction of isobologram using the fixed ratio method, as described
previously (Fivelman et al., 2004).

2.12. LPS-induced endotoxic shock

Groups of six male BALB/c mice (4 weeks of age) were used for the
LPS lethality assays. Mice were treated with BA5 (50 or 25 mg/kg),
dexamethasone (25 mg/kg) or vehicle (5% of DMSO in saline), by in-
traperitoneal (i.p.) route. Ninety min later, animals were challenged
with 600 µg of LPS (from serotype 0111:B4 Escherichia coli, Sigma-
Aldrich) in saline, by i.p. route. Survival was then monitored daily,
during 4 days.

2.13. Delayed type hypersensitivity (DTH) assay

BALB/c mice (8–12 weeks of age) were sensitized by injecting 50 μg
of crystallized bovine serum albumin (BSA; Sigma-Aldrich) emulsified
in 20 μl of complete Freund´s adjuvant (CFA; Sigma-Aldrich) sub-
cutaneously into each side of the base of tail. Seven days later, animals
were randomized into five groups and mice were treated with BA5 (50
or 25 mg/kg), cyclosporin A (25 mg/kg), dexamethasone (25 mg/kg) or
vehicle (5% of DMSO in saline), by the intraperitoneal route 24 and 3 h
before challenge. DTH was elicited by injection of 30 μl of a 2% sus-
pension of heat-aggregated BSA in saline subcutaneously into the
footpad, according to a previously reported method (Titus and Chiller,
1981). Before and 3 h post-challenge, footpad thickness was measured
with calipers and swelling was calculated by subtracting the thickness
of the footpad after challenge from that before challenge.

2.14. Statistical analyses

One-way analysis of variance and Newman-Keuls multiple com-
parison tests were employed by using Graph Pad Prism version 5.01
(Graph Pad Software, San Diego, CA). Differences were considered
significant when the values of P were<0.05.

3. Results

3.1. Cytotoxicity and modulation of macrophage function in vitro by
BA derivatives

In order to test the effects of the compounds in vitro, first we eval-
uated the cytotoxicity of compounds on peritoneal macrophages, LCC-
MK2 and H9c2 cells. As shown in Table 1, all compounds had no cy-
totoxic effect in the concentrations tested, which were used in the fol-
lowing in vitro assays.

All the compounds were initially evaluated in cultures of macro-
phages activated with LPS and IFNγ. Dexamethasone, a standard glu-
cocorticoid, was used as positive control. As shown in Table 1, betulinic
acid inhibited NO production in 45.1% at 10 μM. In contrast, most of
derivatives showed a weak inhibitory activity of nitric oxide produc-
tion, with the exception of BA5. This derivative inhibited in 53.0% the
production of NO, more potently than the prototype molecule (BA) and
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close to that found for dexamethasone (57.6% of inhibition at 10 μM).
BA5 caused a concentration-dependent inhibition of NO and TNFα
production (Figs. 1A and B). Additionally, the production of IL-10 was
significantly reduced by BA5 and dexamethasone, while it was in-
creased by BA (Fig. 1C).

LPS-induced Toll-like receptor-4 (TLR4) activation leads to

triggering of intracellular signaling pathways, including NF-kB activa-
tion, consequently causing the transcriptional regulation of several in-
flammatory genes, including Tnf and Nos2 (Bartuzi et al., 2013). To
investigate whether BA5 modulates NF-kB activation in macrophages,
we performed an assay using RAW cells transduced with a reporter gene
under the control of a promoter regulated by NF-κB. Addition of BA5

Table 1
Screening of cytotoxicity and immunomodulatory activity of semi-synthetic derivatives of betulinic acid.

a Determined 24 h after incubation with compounds. b Determined 72 h after incubation with compounds. c Percent inhibition determined 24 h after incubation with compounds and LPS
plus IFN-γ. d Determined 48 h after incubation with compounds and Con A. Values represents the mean± S.E.M. and were calculated from three independent experiments performed.
IC50 = inhibitory concentration at 50%. CC50 = cytotoxic concentration at 50%. MØ = peritoneal macrophages Dexa = Dexamethasone. GV = gentian violet. S.E.M. = standard error
of mean.
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caused the reduction of NF-kB activation, in a concentration-dependent
manner, in RAW cells stimulated with LPS and IFNγ. BA and dex-
amethasone also caused a significant reduction of luciferase activity
(Fig. 1D).

3.2. BA derivatives inhibit T cell proliferation

To evaluate the immunosuppressive effects of BA derivatives on
lymphocytes, we first performed a Con A-induced lymphoproliferation
assay. Screening of BA derivatives led to the identification of three
compounds more active than BA (Table 1). The most active derivatives
were BA5, BA6 and BA8, which present a morpholyl, thiomorpholyl
and 4-methylphenylpiperidine groups, presented increased potency,
especially the BA5 derivative, which had an IC50 value of 14.3 nM,
close to that of dexamethasone (IC50 = 6.9 nM). Dexamethasone has a
potent T cell proliferation inhibition activity (Table 1).

We further evaluated in splenocyte cultures activated with anti-
CD3/anti-CD28 coated-beads to evaluate the effect of BA5 on the pro-
liferation of CD4+ T lymphocytes. As shown in Fig. 2A, BA5 caused a
concentration-dependent inhibition of lymphoproliferation, with higher
potency (P< 0.05) than the prototype BA and similar to the activity
observed for dexamethasone. Additionally, BA5 treatment inhibits in
vitro alloreactive T cell response as demonstrated by a concentration-
dependent reduction of proliferation in a mixed lymphocyte reaction
(Fig. 2B).

3.3. BA5 modulates cytokine production and induces cell cycle arrest in
activated T cells

As a potential immunotherapeutic agent, it was also important to
determine the effect of BA5 on cytokine secretion. To this end, cytokine
production by splenocytes stimulated with Con A and treated with BA5
was investigated (Fig. 3). Compared to untreated and stimulated cul-
tures, treatment with BA5 decreased the secretion of IL-2, IL-4, IL-6, IL-
10, IL-17A and IFN- γ in a concentration dependent manner. Under the
same conditions, dexamethasone also promoted a significant decrease
in cytokine production. BA also decreased the production of most cy-
tokines but less efficient when compared with BA5. Once again, BA
treatment increased IL-10 production (Fig. 3D).

Flow cytometry analysis was carried out in splenocyte cultures in
order to determine the effect of BA5 on cell cycle progression and cell
death. Treatment with BA5 induced, in a concentration-dependent
manner, cell cycle arrest on G0/G1 phase, accompanied by an increase
in PreG1 phase (Figs. 4A and B). Moreover, the cell cycle arrest was
accompanied by a significant and concentration-dependent increase in
annexin V positive cells, which is a hallmark of apoptosis (Fig. 4C).

3.4. BA5 effects on lymphocytes is independent of glucocorticoid receptor,
but affects calcineurin activity

To understand the mechanisms by which BA5 inhibits lymphocyte

Fig. 1. Modulation of nitric oxide, cytokines and NF-κB activity in BA5-treated macrophages. Effect of BA5 (20, 10 or 5 µM), BA (20 µM) or dexamethasone (20 µM) on nitrite (A), TNFα
(B), IL-10 (C) production and NF-κB activity (D). C- is untreated cells. Values represent the means± S.E.M. of four determinations obtained in one of two experiments performed.
*P<0.05 compared to stimulated and untreated cells; #P<0.05 compared to BA-treated cells.
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activation, we tested the ability of RU486, a glucocorticoid receptor
antagonist, to reverse the effect of BA5 in Con A-stimulated splenocyte
cultures. As shown in Fig. 5, addition of RU486 inhibited spleen cell
proliferation. This is a glucocorticoid receptor (GR) antagonist which
can block the effect of GR agonists, such as dexamethasone. However, it
presents off-targets effects, which lead to an attenuation of T cell pro-
liferation (Chien et al., 2009). When co-treated with dexamethasone,

addition of RU486 promoted a partial block of dexamethasone activity.
In contrast, the inhibition of spleen cell proliferation upon Con A ac-
tivation by BA5 was not reversed under RU486 co-treatment.

We also investigated the effect of BA5 on calcineurin activity, which
leads to the activation of Nuclear factor of activated T-cells (NFAT), a
transcription factor involved in T cell activation (Macian, 2005). As
shown in Fig. 6, treatment with BA5 decreased the activity of this

Fig. 2. Inhibition of lymphocyte proliferation by BA5. (A) Effect of BA5 (500, 50 and 5 nM), BA (500 nM) or dexamethasone (500 nM) on lymphoproliferation induced by anti-CD3 +
anti-CD28 for 48 h. (B) Splenocytes from BALB/c mice sensitized with C57BL/6 cells were cultured in the absence (unstimulated) or presence (stimulated) of irradiated C57BL/6 spleen
cells, with or without BA5 (500, 50 and 5 nM), BA (500 nM) or dexamethasone (500 nM) for 72 h. C- is untreated cells Proliferation rates were assessed through 3H-thymidine
incorporation. Values represent means± S.E.M. of four determinations. Results shown were obtained in one representative of three experiments performed. *P<0.05 compared to cells
stimulated anti-CD3/anti-CD28 (A) or irradiated C57BL/6 spleen cells (B); #P<0.05 compared to BA-treated cultures.

Fig. 3. Assessment of cytokine production by splenocytes treated with BA5. Concentrations of IL-2 (A), IL-4 (B), IL-6 (C), IL-10 (D), IL-17A (E) and IFN- γ (F) were determined in
splenocytes treated or not with BA (500 nM), dexamethasone (500 nM) or BA5 (500, 50 and 5 nM) in the presence of concanavalin A (Con A; 5 µg/ml) for 48 h. C- is untreated cells Cell-
free supernatants were then collected for cytokine measurement by ELISA. Values represent the means± S.E.M. of four determinations obtained in one of three experiments performed.
*P<0.05 compared to stimulated and untreated cells; #P<0.05 compared to BA-treated cells.
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enzyme in a concentration-dependent manner, when compared to
control untreated cultures. At 500 nM, BA5 caused the inhibition of
calcineurin activity comparable to that of cyclosporin A, a reference
inhibitor of calcineurin (Fig. 6).

3.5. Synergistic effects of BA5 and dexamethasone

Drug combinations are often employed in the clinical setting for
treatment of immune-mediated diseases. Thus, we investigated the
immunosuppressive effects of BA5 and dexamethasone in combination
on lymphocyte proliferation induced by Con A. Compared to each drug

Fig. 4. Analysis of cell cycle progression and cell death after treatment with BA5. (A and B) Splenocytes were treated or not with BA5 (500, 50 or 5 nM) for 24 and 48 h for cell death
determination and cell cycle analysis respectively. After staining with propidium iodide (2 µg/ml), DNA content was analyzed by flow cytometry. The distribution and percentage of cells
in pre-phase, G0/G1, S and G2/M phase of the cell cycle are indicated. (C) Percentage of stained cells for annexin V after 24 h of treatment with BA5. Values represent the means± S.E.M.
of four determinations obtained in one of two experiments performed. *P<0.05 compared to stimulated and untreated cells.

Fig. 5. Effects of RU486 on BA5 activity on Con A-induced lymphoproliferation. BALB/c
splenocytes were stimulated with Con A alone or in the presence of dexamethasone (Dexa;
50 nM), BA5 (50 nM) and RU486 (10 µM). C- is untreated cells Proliferation was assessed
48 h later by 3H-thymidine incorporation. Values represent the means± S.E.M. of 4 de-
terminations. *P<0.05 compared to Con A; #P<0.05 compared to BA5 + Con A;
$P<0.05 compared to Dexa + Con A.

Fig. 6. BA5-based treatment inhibits calcineurin activity in a concentration-dependent
manner. Spleen cells stimulated or not with Con A (5 μg/ml) were treated or not with
different concentrations of BA5 (500, 50 and 5 nM) or cyclosporin A (Csa; 500 nM) for
48 h. C- is untreated cells Then, cells were lysed and cellular calcineurin phosphatase
activity was measured in cell extracts, as described in the methods Values represent the
means± S.E.M. of four determinations obtained in one of two experiments performed.
*P<0.05 compared to stimulated and untreated cells; #P<0.05 compared to cyclos-
porin A-treated cells.
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alone, the combination of BA5 and dexamethasone reduced both IC50

and IC90 values. In fact, the IC50 and IC90 of both drugs decreased at
least eight times (Table 2). The combination index values associated
with a concave isobologram revealed that BA5 and dexamethasone
have synergistic effects (Table 2; Fig. 7).

3.6. BA5 protects mice against a lethal LPS challenge and reduces edema in
delayed-type hypersensitivity reaction

To investigate the effects of BA5 in a model of endotoxic shock,
groups of BALB/c mice were treated with BA5 or vehicle (5% of DMSO
in saline) and challenged with a lethal dose of LPS. Treatment with
50 mg/kg BA5 induced protection to 83% of the animals (Fig. 8). Mice
treated with BA5 at a lower dose (25 mg/kg) had, at the end of the
observed period (four days), a survival rate of 33%, similar to the ve-
hicle-treated group. Administration of dexamethasone protected 100%

of animals at 25 mg/kg. Animals from all groups displayed signs of
shock, such as piloerection, shivering, and lethargy.

Finally, we investigated the effect of BA5 on BSA-induced DTH re-
action in BALB/c mice. Following sensitization, groups of mice were
treated with different doses of BA5 and thicknesses of paw measured
before and after challenge were used as clinical signs of hypersensi-
tivity. As shown in Fig. 9, treatment with BA5 at 50 and 25 mg/kg
caused a reduction of paw edema of 41.7% and 27.8% respectively.
Treatment with dexamethasone or cyclosporin A (25 mg/kg) caused a
reduction of 97.4% and 61.7%, respectively.

4. Discussion

Natural products are still a promising source for drug discovery
through the continuous process of prospection of new compounds or
synthesis of derivatives based on natural products (Newman and Cragg,
2016). This is exemplified by betulinic acid, a natural product with
pleiotropic biologic effects and used successfully to generate more ac-
tive compounds, such as antitumor and anti-HIV agents (Smith et al.,
2007; Willmann et al., 2009; Ali-Seyed et al., 2016). In the present
study, we investigated the immunomodulatory activity of amide semi-
synthetic betulinic acid derivatives containing substituents attached in
the lupane backbone. We showed that the incorporation of an amide on
C-28 enhanced the immunomodulatory effects on macrophage activa-
tion and lymphocyte function. The investigation led to the identifica-
tion of a potent immunomodulatory agent, the semi-synthetic deriva-
tive BA5.

It is well-known that TNFα and NO play critical roles in in-
flammatory conditions. TNFα recruits and activates macrophages and T
cells and modulates the secretion of other pro-inflammatory cytokines

Table 2
Concentration reductions and combination indexes for immunossupression by BA5 and dexamethasone.

Compounds IC50± S.E.M. (nM)a IC90± S.E.M. (nM)a CIb

Drug alone Combination Drug alone Combination IC50 IC90

BA5 13.7± 0.9 0.4±0.05 205±7.7 10±2.5 0.13±0.01 0.14± 0.03
Dexa 4.2± 0.1 0.5±0.06 76±8.7 8.1± 2.8

a IC50 and IC90 values were calculated using concentrations in quadruplicates and two independent experiments were performed.
b Combination index (CI). Cutoff: CI value of 0.1–0.7, synergism; 0.7–0.85, moderate synergism; 0.85–0.9, slight synergism; 0.9–1.1, additivity;> 1.1, antagonism. S.E.M. = standard

error of the mean.

Fig. 7. Isobologram describing the synergistic effects of BA5 and dexamethasone on
lymphocyte proliferation induced by Con A. Broken lines correspond to the predicted
positions of the experimental points for additive effects.

Fig. 8. Survival curve of mice treated with BA5 and submitted to endotoxic shock. Male
BALB/c mice (n = 6) were treated with BA5 (25 and 50 mg/Kg) or dexamethasone
(25 mg/Kg) or vehicle (5% DMSO in saline) and challenged with LPS 90 min later, in-
traperitoneally administered. Survival was monitored during 4 days after LPS challenge.
Results are from one experiment of two experiments performed. *P<0.05 compared to
vehicle group. Statistical analysis was carried out using Logrank (Mantel Cox).

Fig. 9. BA5 reduces BSA-induced DTH in mice. Male BALB/c mice (n = 6) were treated
with BA5 (25 and 50 mg/Kg) or dexamethasone (Dexa; 25 mg/Kg) or cyclosporin A (CsA;
25 mg/Kg) or vehicle (5% DMSO in saline) and challenged with 30 μl of a 2% suspension
of heat-aggregated BSA in saline administrated in the footpad. At 3 h post-challenge,
footpad thickness was measured with calipers and the extent of swelling was calculated
by subtracting the thickness of the footpad after challenge from that before challenge.
Values represent the means± S.E.M. of six determinations obtained in one of two ex-
periments performed. *P<0.05 compared to vehicle group; #P<0.05 compared to
dexamethasone group.
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(Elenkov et al., 2005). Nitric oxide, due to its over production on in-
flammatory conditions, causes vasodilation (Xu et al., 2013). Here, we
demonstrated a potent inhibitory activity of BA5 on TNFα and NO
production in a concentration-dependent manner without affect cell
viability in the tested concentrations. Consistent with these findings,
BA5 also suppressed NF-ĸB activity, an important transcription factor
that regulates several pro-inflammatory genes, such as TNFα (Lawrence
et al., 2002). Moreover, the anti-inflammatory mechanism of BA5 dif-
fers from that of BA, the prototype molecule, which is IL-10 dependent
(Fiorentino et al., 1991; Costa et al., 2014).

Although there are several reports about the anti-inflammatory ac-
tivity of betulinic acid and its derivatives, little is known about the
effects of these molecules on lymphocyte function. In the present work,
we showed that betulinic acid is a potent inhibitor of lymphocyte
proliferation and production of key cytokines in the proliferation and
activation of lymphocytes, such as IL-2 and IFNγ (Kohno et al., 1997;
Boyman and Sprent, 2012). In addition, we showed that these proper-
ties are enhanced in BA5 derivative. In fact, the antiproliferative effect
of BA and other terpenoids is well recognized in different tumor cell
lines, especially in leukemia lineages, such as Jurkat cells, in which BA
treatment induced cell cycle arrest in pre-G1 phase followed by cell
death by apoptosis (Chen et al., 2008). Interestingly, a similar pathway
of cell death was observed in lymphocytes treated with BA5. In addi-
tion, BA5 also potently inhibited calcineurin activity, an enzyme that
plays a critical role in the progression of cell cycle and T lymphocyte
activation through activation of NFAT (Rusnak and Mertz, 2000;
Lipskaia and Lompré, 2004; Cen et al., 2013).

Despite the large number of immunosuppressive drugs available,
most have side effects associated to a prolonged use and are not effi-
cient in certain conditions (Garcia et al., 2004; Malvezzi et al., 2015).
Combined drug therapy may be a valuable tool to improve treatment
efficacy and reduce dose levels and toxicity immune disorders, as well
as to prevent the potential development of resistance (Vedtofte et al.,
2017; Kavishe et al., 2017). In our study, BA5 had synergistic effects
with dexamethasone on the inhibition of lymphocyte proliferation,
showing a promising profile for drug combination.

Previous studies detected the potential of betulinic acid and others
triterpenoids in inflammatory mouse models (Costa et al., 2014; Niu
et al., 2014; Lingaraju et al., 2015b). In the present work, we observed
the effects of BA5 in a mouse model of endotoxemia induced through
intraperitoneally LPS administration. In this model of lethal shock, LPS
binds to CD14 receptors of macrophages and triggers the release of
proinflammatory cytokines, including IL-1 and TNF-α that can in turn
induce lethal shock (Blank et al., 1997). Despite having protective ef-
fects in T-cell mediated shock models, classic calcineurin inhibitors
such as cyclosporin A didn´t have protective effects in LPS mediated
shock models (Gonzalo et al., 1993). In contrast, BA5 proven to be a
potent inhibitor of calcineurin and also able to protect animals from a
lethal dose of LPS, showing a advantage when compared to others
calcineurin inhibitors. We also observed a reduction of paw edema in a
mouse model of BSA-induced DTH, a expected feature for a calcineurin
inhibitor. Our results reinforce the potential use of betulinic acid and its
derivatives in the searching for more potent and selective im-
munomodulatory drugs

In conclusion, betulinic acid can be successfully used for the gen-
eration of more active compounds, such as the derivative BA5, identi-
fied herein with a potent immunomodulatory in vitro and in vivo. BA5
also proved to be a suitable partner for drug combination, evidencing
its potential use for the treatment of immune-mediated disorders.
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CAPÍTULO II 

 

Neste capítulo demonstramos que o composto BA5, através de uma ação dual 

anti-T. cruzi e imunomoduladora, é benéfico no modelo experimental de cardiomiopatia 

chagásica crônica. 
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Abstract 

Chronic Chagas disease cardiomyopathy (CCC) is a major cause of heart disease in 

Latin America and treatment for this condition is unsatisfactory. Here we investigated 

the effects of BA5, an amide semi-synthetic derivative betulinic acid, in a model of 

CCC. Mice chronically infected with T. cruzi were treated orally with BA5 (10 or 1 

mg/Kg), three times per week, for two months. BA5 treatment decreased inflammation 

and fibrosis in heart sections but did not improve exercise capacity or ameliorate cardiac 

electric disturbances in infected mice. Serum concentrations of TNF-α, IFN-γ and IL-

1β, as well as cardiac gene expression of pro-inflammatory mediators, were reduced 

after BA5 treatment. In contrast, a significant increase in the anti-inflammatory cytokine 

IL-10 concentration was observed in BA5-treated mice in both tested doses compared to 

vehicle-treated mice. Moreover, polarization to anti-inflammatory/M2 macrophage 

phenotype was evidenced by a decrease in the expression of NOS2 and 

proinflammatory cytokines and the increase in M2 markers, such as Arg1 and CHI3 in 

mice treated with BA5. In conclusion, BA5 had a potent anti-inflammatory activity on a 

model of parasite-driven heart disease related to IL-10 production and a switch from M1 

to M2 subset of macrophages. 

 

KeyWords: Trypanosoma cruzi, Betulinic acid derivative, Chagas disease 

cardiomyopathy. 
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Introduction 

Chagas disease, caused by the flagellate protozoan Trypanosoma cruzi, affects 7 

million people worldwide (WHO, 2017). Endemic in Latin American countries, it is 

increasingly found in non-endemic countries due to intense flow of migration, 

representing a major public health problem (Conners et al., 2016). The acute phase of 

Chagas disease is characterized by the presence of T. cruzi parasites in the bloodstream, 

which trigger an intense inflammatory response in several tissues, especially in the 

cardiac tissue (Boscardin et al., 2010). The majority of T. cruzi-infected patients survive 

in the acute phase and develop a chronic asymptomatic infection (Lewis & Kelly, 

2016). Nonetheless, after a variable period of time (10-30 years after the onset 

infection), about 30% of chronically-infected patients become symptomatic (Marin-

Neto et al., 2010).  

Chronic Chagasic cardiomyopathy (CCC) is the most common symptomatic 

form of Chagas disease and may evolve with several manifestations, including heart 

failure, arrhythmias and thromboembolism (Benziger et al., 2017). CCC is a major 

cause of heart disease and a cardiovascular-related death in Latin America, and causes a 

significant economic and social burden in affected countries (Cunha-Neto & Chevillard, 

2014).  

Antiparasitic treatment is based on the use of two drugs, benznidazole and 

nifurtimox. Although benznidazole has good cure rates when administered during the 

acute phase, its prolonged use is related to severe side effects, and has limited efficacy 

during the chronic phase (Rassi et al., 2000; Morillo et al., 2015). New candidate drugs 

are being tested, including the inhibitor of ergosterol posaconazole, which failed in 

promote cure in patients in the chronic stage of disease (Molina et al., 2014). This 



50 
 

scenario makes the search for new drugs with a better profile of safety and efficiency an 

important issue for Chagas disease. 

In addition to eliminating the parasites, an ideal treatment for chronic stage must 

be able modulate the inflammatory process responsible to the establishment of 

myocarditis, causing loss of cardiomyocytes and fibrosis deposition, ultimately leading 

to heart failure, arrhythmias and death of Chagasic patients (González-Herrera et al., 

2017). In this context, the compound BA5, an amide semi-synthetic betulinic acid 

derivative, is an attractive option. Recently, our group reported the antiparasitic activity 

against T. cruzi trypomastigotes and intracellular amastigotes, with potency similar to 

benznidazole (Meira et al., 2016). We also found a potent immunomodulatory activity 

of BA5 in vitro, decreasing the production of crucial inflammatory mediators, including 

nitric oxide (NO), tumor necrosis factor alpha (TNF-α) and inhibiting the activation of 

nuclear factor-ĸB (NF-kB), a transcription factor that regulates the expression of several 

pro-inflammatory genes (Meira et al., 2017). Moreover, BA5 conferred protection 

against a lethal dose of LPS and decreased edema in a delayed type hypersensitivity 

model (Meira et al., 2017). 

In the present study we tested the therapeutic effects of BA5, a compound with 

combined antiparasitic and immunomodulatory activities, in a mouse model of chronic 

T. cruzi infection, which reproduces key features of CCC. 
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Materials and methods 

Drugs 

Semi-synthetic compound BA5 (95% purity by HPLC) was prepared from 

betulinic acid, as previously described (Meira et al., 2016). Benznidazole (LAFEPE, 

Recife, Brazil) was used as a positive control. 

 

Animals 

C57BL/6 mice (4 weeks old) were bred and maintained in the animal facility of 

the Center for Biotechnology and Cell Therapy, Hospital São Rafael (Salvador, Bahia, 

Brazil), and provided with rodent diet and water ad libitum. All experiments were 

carried out in accordance with the recommendations of Ethical Issues Guidelines, and 

were approved by the local ethics committee for animal use under number 001/15 

(FIOCRUZ, Bahia, Brazil). 

 

Trypanosoma cruzi infection and BA5 treatment 

Trypomastigotes of the myotropic Colombian T. cruzi strain were obtained from 

culture supernatants of infected LLC-MK2 cells. Infection was performed by 

intraperitoneal inoculation of 10
3
 parasites in 100 µL of saline solution and parasitemia 

was monitored during infection, using standard protocols (Brener, 1962). After six 

months of infection, mice were divided into groups of 10 and received treatments, as 

follows: 10 or 1 mg/kg of BA5, 100 mg/Kg benznidazole or vehicle (10% DMSO in 

saline), given orally three times per week for two months (Figure 1). A naive group 

(n=5) was also included as a control. Mice were euthanized one week after therapy, 

under anesthesia with 5% ketamine and 2% xylazine (Vetanarcol® and Sedomin®, 

respectively; Konig, Avellaneda, Argentina). 
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Exercise capacity analysis and electrocardiography  

A motor-driven treadmill chamber for one animal (LE 8700; Panlab, Barcelona, 

Spain) was used to exercise the animals. The speed of the treadmill and the intensity of 

the shock (mA) were controlled by a potentiometer (LE 8700 treadmill control; Panlab). 

Total running distance and time of exercise were recorded. Electrocardiography was 

performed using the Bio Amp PowerLab System (PowerLab 2/20; ADInstruments, 

Castle Hill, NSW, Australia), recording the bipolar lead I. All data were acquired for 

computer analysis using Chart 5 for Windows (PowerLab). The EKG analysis included 

heart rate, PR interval, P wave duration, QT interval, QTc, and arrhythmias. The QTc 

was calculated as the ratio of QT interval by square roots of RR interval (Bazett’s 

formula)
 
(Berul et al., 1996). 

 

Morphometric analysis 

The hearts of all mice were removed and half of each heart was fixed in 10% 

buffered formalin. Sections of paraffin-embedded tissue were stained by the standard 

hematoxylin-eosin and Sirius red staining methods for evaluation of inflammation and 

fibrosis, respectively, by optical microscopy. Images were digitized using a color digital 

video camera (CoolSnap, Montreal, 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). The inflammatory cells were counted 

in 10 fields (400x magnification) per heart. The percentage of fibrosis was determined 

using Sirius red-stained heart sections and the Image Pro Plus v.7.0 Software to 

integrate the areas, 10 random fields per animal were captured using a 200x 

magnification.  
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Real time reverse transcription polymerase chain reaction (qRT-PCR) 

RNA was extracted of the heart samples using TRIzol (Invitrogen, Molecular 

Probes, Eugene, OR). cDNA was synthetized using High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems). The qPCR was prepared with TaqMan® 

Universal PCR Master Mix (Applied Biosystems). qRT-PCR assays were performed to 

detect the expression levels of, Lgals3 (Mm_00802901_m1), Tnf (Mm_00443258_m1), 

IFN-γ (Mm_00801778_m1), Il10 (Mm_00439616_m1), Tbet (Mm_00450960_m1), 

Foxp3 (Mm_00475162_m1), Gata-3 (Mm_00484683_m1), TGF-β 

(Mm_00441724_m1), Nos2 (Mm_01309898_m1), Chi3l3 (Mm_00657889_m1), Il1β 

(Mm_0044228_m1) and Arg1 (Mm_00475988_m1). All reactions were run in triplicate 

on an ABI 7500 Real Time PCR System (Applied Biosystems) under standard thermal 

cycling conditions. A non-template control (NTC) and non-reverse transcription 

controls (No-RT) were also included. The samples were normalized with Gpdh 

(mm99999915_g1). The threshold cycle (2-ΔΔCt) method of comparative PCR was 

used to analyse the results (Schmittgen & Livak, 2008). 

 

Parasitemia and quantification of parasite load 

Blood parasitemia of infected mice was monitored weekly in the period of 

treatment by counting the number of motile parasites in 5 µL of fresh blood sample 

drawn from the lateral tail veins, as recommended by standard protocol (Brener, 1962). 

To evaluate the tissue parasitism, T. cruzi DNA was quantified in spleen samples 

by qPCR analysis. For DNA extraction, spleen pieces were submitted to DNA 

extraction using the Mini Spin plus Kit (Biopur, Cambridge, USA), as recommended by 

the manufacturer. Spleen samples was submitted to DNA extraction, and the DNA 

amount and purity (260/280 nm) were analyzed by Nanodrop 2000 spectrophotometry 
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(Thermo Fisher Scientific, Waltham, MA, USA). Primers were designed based on the 

literature (Schijman et al, 2011) and the quantification of parasite load was performed 

as described previously (Vasconcelos et al, 2013). To calculate the number of parasites 

per milligram of tissue, each plate contained a 7-log standard curve of DNA extracted 

from trypomastigotes of the Colombian T. cruzi strain (ranging from 10
-1

 to 10
6
) in 

triplicate. Data were analyzed using 7500 software 2.0.1 (Applied Biosystems).  

 

Assessment of cytokine production 

Blood samples was collected via the brachial plexus, centrifuged (1200 g, 10 

min, 4 °C) and the serum supernatant transferred to microcentrifuge tube and stored at   

-80 °C until subsequent analysis. Serum samples from the in vivo study were used for 

TNF-α, IFN-γ, IL-1β and IL-10 determination. Quantification of cytokines was 

performed by ELISA, using specific antibody kits (R&D Systems, Minneapolis, MN), 

according to manufacturer's instructions.  

 

Statistical analyses 

All continuous variables are presented as means ± SEM. Data were analyzed 

using one-way ANOVA, followed by Newman-Keuls multiple-comparison test with 

Prism 5.01 (GraphPad Software, San Diego, CA). Differences were considered 

significant when the values of P were < 0.05.  

 

 

Results 

BA5 decreases cardiac inflammation and fibrosis in T. cruzi-infected mice 
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To investigate the effects of BA5 in chronic Chagas disease, we treated T. cruzi-

infected mice with BA5 (1 or 10 mg/Kg) benznidazole (100 mg/Kg) or vehicle (Figure 

1A). First, we performed functional evaluation by ergometry and ECG before and after 

treatment. The exercise capacity of mice from both BA5-treated groups showed no 

improvements compared to saline treated chagasic controls (Figures 1B and C). 

Treatment with benznidazole caused only a small improvement in time run (Figure 1B). 

The evaluation of conduction disturbances did not show significant differences between 

the groups infected with T. cruzi before and after treatment, which presented alterations 

such as atrioventricular block, atrioventricular dissociation and tachycardia (Table 1).  

We next evaluated the effects of BA5 administration in the cardiac tissue, by 

analyzing heart sections stained with hematoxylin and eosin and Sirius red for 

quantification of inflammation and fibrosis, respectively. A multifocal inflammatory 

response, mainly composed of mononuclear cells, was found in vehicle-treated infected 

mice (Figure 2B and 2I). BA5 administration at the highest dose (10 mg/Kg), but not at 

1 mg/Kg, decreased the number of inflammatory cells (Figure 2D and 2I). Treatment 

with the standard drug, benznidazole, promoted a more pronounced reduction in 

inflammation (Figure 2C and 2I). In addition, the gene expression of CD45, a pan 

leukocyte marker, was increased in T. cruzi infected mice treated with vehicle, but not 

in BA5 (10 mg/Kg) and benznidazole-treated mice (Figure 2J). 

Similarly, fibrosis deposition was increased in chronic chagasic hearts compared 

to naïve controls (Figure 2F and 2K). A significant reduction of fibrosis was found in 

mice treated with BA5 at 10 and 1 mg/Kg, although the highest dose promoted a more 

pronounced effect (Figure 2H and 2K). Benznidazole also reduced cardiac fibrosis 

compared to vehicle-treated mice, as revealed by Sirius red staining (Figure 2G and 

2K).  
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BA5 modulates the production of inflammatory mediators in chagasic mice 

The inflammatory response in CCC has been associated with an elevated 

production of proinflammatory cytokines, such as TNF-α and IFN-γ (Abel et al., 2001). 

Thus, we evaluated the effects of BA5 in cytokine production in the sera and in the 

hearts of chagasic mice. T. cruzi chronic infection caused a significant increase in serum 

concentrations of proinflammatory cytokines TNF-α, IFN-γ and IL-1β (Figure 4A-C). 

BA5 promoted a marked reduction in the production of TNF-α in both doses tested (10 

and 1 mg/Kg), and a significant decrease in the production of IFN-γ and IL-1β in the 

highest dose (Figures 4A-C). Benznidazole administration significantly inhibited serum 

TNF-α and IFN-γ, but not IL-1β. In contrast, a significant increase in the concentration 

of IL-10, an antiinflammatory cytokine, was observed in BA5-treated mice in both 

doses tested, compared to vehicle-treated mice. Benznidazole treatment did not induce 

an increase in IL-10 production (Figure 4D). 

To evaluate the effects of BA5 treatment in the heart, we performed RT-qPCR 

analysis in samples from the different experimental groups. As expected, infection 

upregulated the expression of several inflammation-related genes, including TNF-α,  

IFN-γ, IL-1β, galectin-3, TGFβ and IL-10, compared to naïve controls (Figures 5A-F). 

Treatment with BA5 (10 mg/Kg) or benznidazole promoted a significant reduction in 

the gene expression of IFN-γ, TGFβ and Gal-3, but not in gene expression of TNF-α, 

and IL-β and (Figure 5). In contrast, IL-10 was significantly increased by BA5, while 

treatment with benznidazole reduced IL-10 transcripts (Figure 5E). Moreover, the gene 

expression levels of T-bet, GATA-3, and FoxP3, transcription factors associated with T-

cell subtypes T helper 1, T helper 2 and Treg cells, respectively, was investigated. These 

transcription factors were significantly increased in vehicle-treated mice compared to 

naïve controls. BA5 promoted a significant reduction in Tbet and FoxP3 gene 
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expression, but not on GATA-3 gene expression, while benznidazole reduced the 

transcription of all three factors (Figures 5G-I).  

Based on the critical role of macrophages in the heart inflammatory infiltrate in 

Chagas disease, we evaluated the gene expression of markers for M1 and M2 

macrophages. Treatment with BA5, but not with benznidazole, promoted a significant 

reduction in the M1 marker iNOS (Figure 5J). Conversely, a marked increase in the M2 

markers Arg1 and CHI3 was seen after BA5 treatment, while this marker was reduced 

in benznidazole group (Figure 5K and 5L).  

 

Assessment of parasite load in mice treated with BA5 

The use of immunosuppressive drugs during chronic Chagas disease has been 

associated with parasitemia resurgence (Bocchi, 1995). Thus, we evaluated blood 

samples during the course of the treatment with BA5. All samples evaluated at different 

time points were negative for T. cruzi trypomastigotes (data not shown). In order to 

determine if BA5 treatment affected the residual parasite load, we performed RT-qPCR 

in spleen samples from infected mice submitted to the different treatments. As shown in 

Figure 6, treatment with BA5 at 10 mg/Kg did not influence the parasite load. In 

contrast, treatment with benznidazole caused a significant reduction in the parasite load 

when compared to vehicle-treated mice. 

 

Discussion 

Current treatment for Chagas disease is based on trypanocidal drugs in the 

intention of eliminate parasitic load (Sales-Junior et al., 2017). This approach has 

proven to be useful in the management of acute Chagas disease, but inefficient in the 

majority of patients, which are in the chronic stage of the disease (Rassi et al., 2000; 
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Morillo et al., 2015). Regarding chronic Chagas disease cardiomyopathy, the main 

problem is the persistence of an intense inflammatory response, which leads to a 

permanent structural damage in myocardium and culminates with heart dysfunctions 

(Bern, 2015; Bonney & Engman, 2015). Therefore, the development of strategies to 

attenuate inflammatory response without affecting parasite control can be of great value 

for CCC patients. In the present study, we investigated the effects of BA5, an amide 

semi-synthetic derivative betulinic acid, in a mouse model of chronic Chagas 

cardiomyopathy which reproduces the pathological findings observed in human hearts 

(Vasconcelos et al., 2013). We found here a potent immunomodulatory potential of 

BA5, reducing inflammation and fibrosis in the hearts, as well as the expression of 

important inflammatory mediators which participate in the regulation of pathogenesis of 

CCC. Importantly, this immunomodulatory action was not accompanied by an increase 

in parasite load. 

In a previous study we have shown that BA5 modulates the in vitro activation of 

T lymphocytes through a mechanism related to the inhibition of calcineurin (Meira et 

al., 2017), an enzyme that regulates the activation of the nuclear factor of activated T 

cells, NFAT which is involved in T cell activation (Rusnak & Mertz, 2000). In vivo, 

BA5 was shown to inhibit edema formation in a delayed type hypersensitivity model 

(Meira et al., 2017), which is a T cell dependent reaction. The finding that BA5 inhibits 

chagasic myocarditis, which is an inflammatory reaction similar to DTH response, 

composed mainly by macrophages and lymphocytes, reinforces its modulatory role 

upon T cell-mediated immune responses. 

Inflammation and disease severity in CCC has been associated with high levels 

of IFN-γ. We found here a marked reduction in IFN-γ after BA5, both in the serum as 

well as in the heart tissue, having thus systemic and local modulatory effects. The 
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modulation of Th1-type responses was reinforced by the reduction of gene expression 

of Tbet, a Th1 associated transcription factor, in the hearts of infected mice after BA5 

treatment. Similar results were found in mice treated with benznidazole.  

A marked increase in IL-10 production was seen after BA5 treatment, both in 

the sera and hearts of chronic chagasic mice, a feature which was not achieved with 

benznidazole treatment. IL-10 is a crucial regulatory cytokine, and its production is 

associated with a better outcome of chronic Chagas disease, since asymptomatic 

individuals were found to produce higher IL-10 levels than patients with 

cardiomyopathy (Mendes-da-Silva et al., 2017). IL-10 negatively correlated with IFN-γ 

levels in chronic chagasic individuals, suggesting a protective effect against the type 1 

inflammatory response (Gomes et al., 2003).  

Macrophage activation and production of pro-inflammatory mediators, such as 

TNF-α, have been well demonstrated to play a critical role for parasite control during 

the acute phase of infection. During the chronic phase, however, these cytokines are 

well associated with chronic inflammation and cardiac dysfunction in Chagas disease. 

BA5 and its prototype betulinic acid down regulate key inflammatory mediators such as 

TNF-α in vitro and in vivo, regulating the activation of the transcription factor NF-ĸB in 

activated macrophages (Costa et al., 2014; Meira et al., 2017). In the present study we 

confirmed the anti-TNF-α action of BA5 in chronic T. cruzi infection. 

An interesting observation in our study was a switching in macrophage 

polarization from M1 to M2, evidenced by a decrease in the expression of NOS2 and 

proinflammatory cytokines and the increase in the M2 markers, Arg1 and CHI3, in the 

hearts of mice treated with BA5. This effect was not achieved by treatment with 

benznidazole. M2 macrophages play a protective role in several disease settings, 

including cardiovascular diseases, due to their anti-inflammatory properties (Bolego et 
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al., 2013). IL-10 production is elevated in M2 macrophages, and greatly contributes to 

their anti-inflammatory action. Thus, it is likely that the increase in IL-10 production 

seen after BA5 treatment is in part due to the M2 polarization. 

The balance between the parasite-mediated immune response and the 

inflammation detrimental to host tissues probably determines the course of CCC (Rassi 

et al., 2010). We have previously shown that BA5 presents anti-T. cruzi activity (Meira 

et al., 2016). In the present study, however, by quantifying the T. cruzi DNA in the 

spleen we found that treatment with BA5 did not affect parasite load. The lack of 

parasite reduction by BA5 may be explained by a low efficacy of parasite clearance 

during the chronic phase, or alternatively, the antiparasitic effects of BA5 may be 

surpassed by its immunosuppressive effects. Moreover, our data reinforce the 

hypothesis that heart inflammation does not correlate directly with parasite load (Soares 

et al., 2001). 

In agreement with a previous study (Vilar-Pereira et al., 2016), we observed a 

reduction in parasite load in benznidazole-treated chronic chagasic mice, accompanied 

by a reduction of cardiac inflammation, fibrosis and crucial inflammatory mediators 

such as TNF-α and IFN-γ. Several studies have shown immunomodulatory effects of 

benznidazole. More specifically, benznidazole inhibits the production of inflammatory 

mediators, including IL-6, NO and TNF-α (Pascutti et al., 2004; Manarin et al., 2008; 

Ronco et al., 2011). In addition, in a cecal ligation and puncture mouse model, it has 

been demonstrated that benznidazole treatment reduces mortality by down-regulating 

NF-κB and mitogen-activated protein kinase (MAPK) (p38 and extracellular signal-

regulated kinase - ERK) (Ronco et al., 2011). In fact, benzonidazole acts as an 

imunomodulador agent, suggesting that the beneficial properties of benzonidazole are 
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related on both trypanocidal action and immunomodulatory effects (Cutrullis et al., 

2011; Piaggio et al., 2001). 

Despite the reduction of inflammation and fibrosis, we did not observe any 

significant gains in cardiac function by EKG and ergometry analyses, both in BA5 or 

benznidazole treated mice. Since in vitro drug combination showed a synergistic effect 

(Meira et al., 2016), it is possible that a combined therapy may result in a better 

recovery, especially if given earlier. 

Finally, we conclude that the betulinic acid derivative BA5 had a potent anti-

inflammatory activity on a model of parasite-driven heart disease, being related to 

elevated IL-10 production and a switch from M1 to M2 macrophage subset. More 

importantly, decrease in inflammation and fibrosis was achieved without affect parasite 

control, making BA5 an interesting molecule for development of alternative treatments 

for patients with CCC. 
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Table 1. ECG analysis in naive and T. cruzi-infected mice. 

 AVB, atrioventricular block; AVD, atrioventricular dissociation; Bdz, benznidazole; ECG, 

electrocardiography EXTS, extrassistole; IVCD, intraventricular conduction delay; JR, 

junctional rhythm; PVT, polymorphic ventricular tachycardia; SVT, supraventricular 

tachycardia. 

ECG findings 
Naïve  

(n = 5) 

Vehicle 

(n = 10) 

Bdz  

100 mg/Kg 

(n = 8) 

BA5  

10 mg/Kg 

(n = 10) 

BA5  

1 mg/Kg 

(n = 10) 

No alterations 5/5 0/10 0/8 0/10 0/10 

AVB 0/5 2/10 0/8 6/10 3/10 
AVD 0/5 4/10 6/8 10/10 10/10 
EXTS 0/5 0/10 1/8 0/10 0/10 

IVCD 0/5 2/10 1/8 0/10 0/10 

JR 0/5 0/10 1/8 0/10 0/10 

PVT 0/5 2/10 0/8 0/10 1/10 
SVT 0/5 2/10 0/8 0/10 0/10 
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Figure legends 

Figure 1. Experimental design and exercise capacity of mice from the different 

experimental groups. (A) C57BL/6 mice were infected with 10
3
 Colombian strain T. 

cruzi trypomastigotes and treated during the chronic phase (6 months after infection) 

with 10 or 1 mg/kg of BA5 or benznidazole (100 mg/Kg), as indicated. (B and C) 

Distance run and time of exercise on a motorized treadmill. Values represent the means 

± S.E.M. of 5-10 mice per group. *P< 0.05 compared to vehicle-treated mice; #P < 0.05 

compared to naive group. $P < 0.05 compared to benznidazole-treated group. 

 

Figure 2. Reduction of inflammation and fibrosis by BA5 in cardiac tissue of 

chagasic mice. (A and E) heart sections of naive group. (B and F) heart sections of 

mice infected with T. cruzi and treated with vehicle. (C and G) heart sections of 

infected mice treated with 10 mg/Kg of BA5. (D and H) heart sections of mice infected 

and treated with 100 mg/Kg of benznidazole. (A-D) staining with hematoxylin & eosin. 

(E-H) staining with picrosirius red. (I) Inflammatory cells were quantified in heart 

sections of naive mice, vehicle-treated mice, BA5-treated mice or benznidazole-treated 

mice and integrated by area. (J) The expression of CD45 was evaluated by real-time 

qRT-PCR using cDNA samples prepared from mRNA extracted from hearts of 

experimental groups. (K) Fibrotic area is represented by percentage of collagen 

deposition in heart sections. Values represent the means ± S.E.M. of ten determinations. 

*P< 0.05 compared to vehicle-treated mice; #P < 0.05 compared to naive group. $P < 

0.05 compared to benznidazole-treated group. 

 

Figure 3. BA5 promoted a significant reduction of fibrosis in the hearts of chagasic 

mice. Heart sections of mice from naïve (A), vehicle (B), 100 mg/Kg benznidazole (C) 
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and heart sections of infected mice treated with 10 mg/Kg of BA5 (D), stained with 

Sirius red. (E) Fibrosis area was quantified in heart sections by morphometric analysis 

and integrated by area. Values represent the means ± S.E.M. of 5-10 mice per group. 

*P< 0.05 compared to vehicle-treated mice; #P < 0.05 compared to naive group. $P < 

0.05 compared to benznidazole-treated group. &P < 0.05 compared to group treated 

with 10 mg/Kg of BA5. 

 

Figure 4. Modulation of systemic cytokine production in chronic chagasic mice 

treated with BA5 or benznidazole. Effects of BA5 (10 or 1 mg/Kg) or benznidazole 

(Bdz; 100 mg/Kg) in serum concentrations of TNF-α (A), IFN-γ (B), IL-1β (C) and IL-

10 (D). Values represent the means ± S.E.M. of 5-10 mice per group. *P< 0.05 

compared to vehicle-treated mice; #P < 0.05 compared to naive group. $P < 0.05 

compared to benznidazole-treated group. 

 

Figure 5. Gene expression in the hearts of infected mice after BA5 or benznidazole 

treatment. Analysis of gene expression was performed by real-time qRT-PCR using 

cDNA samples prepared from mRNA extracted from hearts of naive and chronic 

Chagasic mice treated with vehicle (Saline), BA5 (10 mg/Kg) or Benznidazole (Bdz; 

100 mg/Kg). (A) Tnfa, (B) Ifng, (C) IL1b, (D) Tgfb, (E) Il10, (F) Lgals3, (G) FoxP3, 

(H) Tbet (I) Gata3 (J) Nos2, (K) Arg1 and (L) Chi3 gene expression. Values represent 

the means ± S.E.M. of 5-10 mice per group. *P< 0.05 compared to vehicle-treated mice; 

#P < 0.05 compared to naive group. $P < 0.05 compared to benznidazole-treated group. 

 

Figure 6. Effects of BA5 treatment in the residual parasite load. Spleen fragments 

obtained from uninfected and T. cruzi-infected mice treated with vehicle, Bdz or BA5 
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were used for DNA extraction and RT-qPCR analysis for quantification of parasite load, 

as described in the Materials and Methods section. Values represent the means ± S.E.M. 

of 5-10 mice per group. *P< 0.05 compared to vehicle-treated mice; #P < 0.05 

compared to naive group. $P < 0.05 compared to benznidazole-treated group. 
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Figure 4 
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Figure 5 
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CAPÍTULO III 

 

Neste capítulo demonstramos que o N,N dimetil esfingosina (DMS), através de 

uma ação anti-T. cruzi e imunomoduladora, é benéfico no modelo experimental de 

cardiomiopatia chagásica crônica. 
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Therapeutic effects of 
sphingosine kinase inhibitor N,N-
dimethylsphingosine (DMS) in 
experimental chronic Chagas 
disease cardiomyopathy
Juliana Fraga Vasconcelos1,2,3, Cássio Santana Meira1,2, Daniela Nascimento Silva2, Carolina 
Kymie Vasques Nonaka2, Pâmela Santana Daltro2, Simone Garcia Macambira2,4, Pablo 
Daniel Domizi5, Valéria Matos Borges1, Ricardo Ribeiro-dos-Santos2, Bruno Solano de Freitas 
Souza1,2 & Milena Botelho Pereira Soares1,2

Chagas disease cardiomyopathy is a parasite-driven inflammatory disease to which there are no 
effective treatments. Here we evaluated the therapeutic potential of N,N-dimethylsphingosine(DMS), 
which blocks the production of sphingosine-1-phosphate(S1P), a mediator of cellular events during 
inflammatory responses, in a model of chronic Chagas disease cardiomyopathy. DMS-treated, 
Trypanosoma cruzi-infected mice had a marked reduction of cardiac inflammation, fibrosis and 
galectin-3 expression when compared to controls. Serum concentrations of galectin-3, IFNγ and TNFα, 
as well as cardiac gene expression of inflammatory mediators were reduced after DMS treatment. The 
gene expression of M1 marker, iNOS, was decreased, while the M2 marker, arginase1, was increased. 
DMS-treated mice showed an improvement in exercise capacity. Moreover, DMS caused a reduction 
in parasite load in vivo. DMS inhibited the activation of lymphocytes, and reduced cytokines and NO 
production in activated macrophage cultures in vitro, while increasing IL-1β production. Analysis 
by qRT-PCR array showed that DMS treatment modulated inflammasome activation induced by T. 
cruzi on macrophages. Altogether, our results demonstrate that DMS, through anti-parasitic and 
immunomodulatory actions, can be beneficial in the treatment of chronic phase of T. cruzi infection 
and suggest that S1P-activated processes as possible therapeutic targets for the treatment of Chagas 
disease cardiomyopathy.

The pathological manifestations of chronic Chagas disease, caused by Trypanosoma cruzi infection, both in the 
cardiac and in the digestive form, are associated with the occurrence of an inflammatory reaction1. Chronic 
Chagas disease cardiomyopathy (CCC) involves cardiac myocytes undergoing necrosis and cytolysis via various 
mechanisms, and areas of myocellular hypertrophy and mononuclear cell infiltration occur2–4. In response to the 
myocardial damage, fibrotic areas occur and may contribute to the disruption of the cardiac conduction system 
and appearance of dysrhythmias, as well as to myocardial thinning and cardiac hypertrophy5. Given the lack of an 
effective specific therapy, CCC is treated similarly to all other heart failure syndromes using therapies to mitigate 
symptoms6. Therefore, the development of new alternative treatments for CCC is needed.
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Sphingolipid metabolites are emerging as important lipid signaling molecules in both health and disease7. 
Among them, sphingosine-1-phosphate (S1P), produced by phosphorylation of sphingosine (Sph) by sphingosine 
kinases (SphK1 and SphK2) in response to various stimuli, plays important roles in several cellular processes, 
including cell growth and cell trafficking8, 9. The balance of Sph and S1P determines the progress of many diseases 
and there is evidence that sphingolipid metabolism and the expression of S1P receptors (S1PR1-5) are altered in 
inflammatory processes10. S1P drives the differentiation of different immune cell types, inducing changes in their 
functional phenotypes and regulating production of pro-inflammatory cytokines and eicosanoids. In particular, 
S1P has emerged as a central regulator of lymphocyte egress11, 12.

Due to the persistent inflammation found in CCC, which is a hallmark of the disease, and the critical role 
of S1P-activated pathways on the regulation of inflammation, we hypothesized that N,N-dimethylsphingosine 
(DMS), a pan SphK inhibitor, has a beneficial effect in chronic Chagas disease. Thus, in the present study we 
investigated the effects of DMS in a murine model of chronic Chagas disease cardiomyopathy, as well as its mech-
anisms of action on in vitro assays.

Results
Treatment with DMS reduces heart inflammation and fibrosis in T. cruzi-infected mice.  Groups 
of mice chronically infected with T. cruzi were treated with DMS or vehicle (saline) (Fig. 1A). Inflammation 
and fibrosis were evaluated in heart sections two months after the first dose. A diffuse inflammatory response, 
mainly composed of mononuclear cells, was found in saline-treated infected controls (Fig. 1B). Administration 
of DMS caused a marked reduction in the number of inflammatory cells, which was statistically significant 
when compared to vehicle-treated mice (Fig. 1B,C). Gene expression of CD45, a pan-leukocyte marker, which 
was increased in T. cruzi infected mice treated with saline, was also significantly reduced after DMS treatment 
(Fig. 1D). Similarly, heart sections from DMS-treated mice had a reduced percentage of fibrosis when compared 
with vehicle-treated mice (Fig. 1B,E).

Galectin-3 reduction in the heart and sera of chagasic mice after DMS treatment.  We have pre-
viously shown the overexpression of galectin-3 in the hearts of chronic chagasic mice13. To evaluate the effects of 
DMS on the expression of this important mediator of inflammation and fibrosis, we performed confocal micros-
copy analysis in the heart tissue. Vehicle-treated, T. cruzi-infected mice had a high expression of galectin-3, while 
a reduction of galectin-3 expression was seen after DMS treatment (Fig. 1B). Morphometrical analyses revealed 
a statistically significant difference between the groups (Fig. 1F). Moreover, DMS treatment also caused a signifi-
cant reduction in the concentration of galectin-3 in the serum of T. cruzi-infected mice (Fig. 2C), as well as in the 
expression of galectin-3 gene in the hearts (Fig. 3A).

DMS administration modulates the production of inflammatory mediators in T. cruzi-infected mice.  
CCC has been associated with an increase of IFNγ and TNFα production in mice, as well as in humans14, 15. We 
observed, both in the sera as well as in the heart, an up regulation in the expression of these two proinflammatory 
cytokines in the saline-treated chagasic mice, compared to uninfected mice (Figs 2 and 3). The administration of 
DMS promoted a significant reduction in the concentrations of both cytokines in the sera (Fig. 2A,B), as well as 
in the expression of their genes in the heart tissue (Fig. 3B,C). We also investigated the production of regulatory 
cytokines IL-10 and TGFβ, which are increased in T. cruzi-infected mice. TGFβ concentrations in the sera were 
similar in both vehicle and DMS-treated infected groups, and increased compared to naive mice (Fig. 2D). The 
expression of IL-10 gene in the hearts, also increased by T. cruzi infection, was reduced after DMS treatment 
compared to saline group (Fig. 3D). Since macrophages are one of the main cell populations composing the heart 
inflammatory infiltrate in Chagas disease15, we investigated the expression of genes associated with macrophage 
activation. IL-1β expression in the heart was found to be increased by T. cruzi infection and significantly reduced 
by DMS treatment (Fig. 3F). The expression of iNOS, a marker of M1 activation increased in the hearts of T. 
cruzi-infected mice, was reduced after DMS treatment (Fig. 3G). When M2 activation markers were analyzed, we 
observed an up regulation of Arg1 gene expression after DMS, while CHI3 was down-regulated in the hearts of 
DMS-treated mice, when compared to saline-treated controls (Fig. 3H,I).

DMS improves exercise capacity, reduces parasitism but does not ameliorate cardiac electric 
disturbances.  The exercise capacity of the experimental groups was evaluated before and after treatment. T. 
cruzi-infected mice ran less time and smaller distance when compared to naive controls (Fig. 4A,B). DMS-treated 
mice, however, showed a better performance in the treadmill test when compared to saline-treated controls. The 
majority of T. cruzi-infected mice presented severe cardiac conduction disturbances in the EKG records, such as 
AV blockage, intraventricular conduction disturbances and abnormal cardiac rhythm, six months after infec-
tion. At the end of treatment, no improvements were observed in DMS-treated mice, and all T. cruzi-infected 
mice aggravated the conduction disturbances during the observed time (Table 1). To investigate whether the 
anti-inflammatory response induced by DMS treatment affected the immune response against the parasite, we 
analyzed the residual T. cruzi infection by qRT-PCR in the spleens of infected mice. As shown in Fig. 4C, a signif-
icant reduction of parasite load was observed in DMS-treated mice compared to saline-treated controls.

Modulation of lymphocyte and macrophage functions in vitro by DMS.  The inflammatory infil-
trate in the hearts of T. cruzi-infected mice is mainly composed by T lymphocytes and macrophages15. Thus, we 
tested the effects of DMS in vitro in these two cell populations. To investigate whether DMS can directly modulate 
the activation of lymphocytes, we assessed the proliferation of splenocytes stimulated by concanavalin A (Con A) 
or anti-CD3 plus anti-CD28. A concentration-dependent inhibition of lymphoproliferation was seen when DMS 
was added to the cultures (See Supplementary Fig. S1A and B). Additionally, the production of IL-2 and IFNγ 
upon Con A stimulation was significantly reduced by DMS (See Supplementary Fig. S1C and D). Dexamethasone, 

http://S1A
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Figure 1.  Reduction of inflammation, fibrosis and galectin-3 was found in the hearts of DMS-treated mice. 
(A) Experimental design of in vivo treatment. C57BL/6 mice infected with trypomastigotes (Colombian strain) 
were treated during the chronic phase of infection (6 months pos-infection) with DMS (200 µg/Kg/day; 3x 
week; i.p.). (B) Microphotographs of heart sections stained with hematoxylin and eosin or sirius red or anti-
galectin-3 (1:50; red) and DAPI (blue). (C) Inflammatory cells were quantified in heart sections of naive mice, 
saline-treated chagasic mice, or DMS-treated chagasic mice and integrated by area. (D) The expression of 
CD45 was evaluated by real-time qRT-PCR using cDNA samples prepared from mRNA extracted from hearts 
of experimental groups. (E) Fibrotic area is represented by percentage of collagen deposition in heart sections. 
(F) Quantifications of galectin-3+ cells in heart sections were performed in ten random fields captured under 
400x magnification, using the Image Pro Plus v.7.0 software. Bars represent means ± SEM of 10 mice/group. 
***P < 0.001; **P < 0.01; *P < 0.05 compared to saline group; #P < 0.05 compared to naive group.
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a known immunosuppressive agent, reduced proliferation and cytokine production (See Supplementary Fig. S1). 
Moreover, the addition of DMS to macrophage cultures activated by LPS plus IFNγ caused an increase in IL-1β 
production (See Supplementary Fig. S2A). In contrast, the production of other inflammatory mediators, such 
as TNFα, IL-6, IL-10 and nitric oxide was reduced in a concentration-dependent manner (See Supplementary 
Fig. S2B–E). NF-κB activation participates in the regulation of several pro-inflammatory genes, including TNFα. 
To investigate whether DMS acted through the modulation of NF-kB activation, we performed an assay using 
RAW cells transduced with a reporter gene under the control of a promoter regulated by NF-κB. As shown in 
Supplementary Fig. S2F, DMS at 10 and 5 µM caused about 20% reduction of luciferase activity induced by acti-
vation with LPS and IFNγ. To understand if DMS effects in macrophages has off-targets effects by the inhibition 
of PKC and MAPK, we tested the action of DMS in the presence of specific inhibitors of ERK-1/2 (PD98059) 
and MAPK (BIS). The inhibition of IL-6 and iNOS production by DMS was not affected by the inhibitors (See 
Supplementary Fig. S2G and H).

Antiparasitic effects of DMS in vitro.  To investigate the mechanisms by which DMS caused the reduction 
on parasite load in vivo, we evaluated the antiparasitic activity of DMS in vitro. To determine whether DMS acts 
directly on the parasite, we analyzed the effects of DMS on T. cruzi trypomastigote cultures (Table 2). Addition 
of DMS at various concentrations in axenic cultures of T. cruzi trypomastigotes allowed the determination of 
the EC50 value at 1.98 µM, while benznidazole presented an EC50 of 12.53. Regarding the cytotoxicity of DMS, 
we determined the CC50 in mouse macrophage cultures at 9.02 µM. Next, we investigated the mechanisms of 
cell death in trypomastigotes forms of T. cruzi induced by DMS, by flow cytometry analysis. Incubation with 
DMS induced apoptosis of trypomastigotes in a concentration-dependent manner, as shown by the increase in 
annexin positive cells (see Supplementary Fig. S3). Furthermore, we evaluated the morphology and ultrastructure 
of trypomastigotes incubated with DMS. Compared with untreated trypomastigotes, parasites exposed to DMS 
for 24 h exhibited the formation of numerous and atypical vacuoles within the cytoplasm, a large loss of density 
degeneration of mitochondria and intense vacuolization (Fig. 5A–E). Interestingly, we also observed the presence 
of myelin-like figures within the cytoplasm (Fig. 5F), which is suggestive of parasite starvation or autophagy 
induced by DMS. The antiparasitic effects of DMS on the intracellular form of the parasite were also investigated. 
Macrophages infected in vitro by T. cruzi had a concentration-dependent reduction in the number of amastigotes 
and in percentage of infection (Fig. 6A,B). DMS at 5 µM presented a similar effect when compared to benzni-
dazole, a standard anti-T. cruzi chemotherapy agent (Fig. 6A,B). T. cruzi-infected macrophage cultures had an 
increased production of nitric oxide (Fig. 6C). Addition of DMS caused a concentration-dependent increase of 
nitric oxide by infected macrophages (Fig. 6C). The transcription of inducible nitric oxide synthase (iNOS) gene, 
however, was not altered by DMS treatment (Fig. 6D). We also evaluated the production of reactive oxygen spe-
cies (ROS) in T. cruzi-infected macrophage cultures. DMS induced a concentration-dependent increase of ROS 

Figure 2.  Modulation of systemic cytokine production in chronic chagasic mice treated with DMS. 
Concentrations of IFNγ (A), TNFα (B), Gal-3 (C) and TGFβ (D) in the sera from naive and chagasic mice 
treated with saline or DMS. Values represent means ± SEM of 10 mice/group. ***P < 0.001; **P < 0.01; 
*P < 0.05 compared to saline group.
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(Fig. 6E), as well as the transcription factor NFE2l2, which regulates the expression of key protective enzymes 
against ROS (Fig. 6F). Additionally, the gene expression of catalase and superoxide dismutase 1, two enzymes 
involved in ROS degradation, was increased by DMS treatment (Fig. 6G,H).

Activation of inflammasome pathways in T. cruzi-infected macrophages.  T. cruzi-infected mac-
rophages incubated with DMS increased IL-1β production, in a concentration-dependent manner (Fig. 6I), 
suggesting involvement of an inflammasome pathway activation. To confirm that DMS induced inflammasome 
activation in T. cruzi-infected macrophages, we performed a caspase 1 activity assay. Addition of DMS (5 µM) to 
T. cruzi-infected macrophages significantly increased the activation of caspase 1, whereas infection by T. cruzi 
alone induced a slight increase of caspase 1 activity (Fig. 6J). The effects of DMS on caspase 1 activation were 
abrogated by the addition of the caspase 1 inhibitor YVAD (Fig. 6J). To evaluate the regulation of inflammas-
ome pathways by DMS, we performed a qRT-PCR array for inflammasome, including genes involved in innate 
immunity and NOD-like receptor (NLR) signaling. Macrophages infected with T. cruzi for 24 h were incubated 
with DMS (5 µM) during 1 and 24 h and total RNA was extracted for gene expression analysis, compared to unin-
fected macrophage cultures (see Supplementary Tables 1–7). T. cruzi infection alone activated the transcription 
of genes related to inflammasome pathways, including Nlrp3, as well as several genes coding for chemokines and 
cytokines. Additionally, several genes related to signaling transduction pathways, including Mapk and NF-κB 
pathway were upregulated (Fig. 7A). Analysis using the reactome pathway database highlighted the main path-
ways activated by T. cruzi infection, which include immune system related genes, NF-κB and TLR pathways 
(Fig. 8A). The transcription of 17 genes were regulated by T. cruzi infection at the two time points evaluated. 
When changes in T. cruzi-infected macrophages at the two time points were compared, we found the expression 
of 15 genes altered only at 1 h time point (25 h of infection), whereas 2 genes were found altered only at 24 h time 
point (48 h of infection) (Fig. 7A). DMS treatment alone (24 h) did not induce any gene transcription change 
(see Supplementary Table S1). When T. cruzi-infected macrophages treated or not with DMS were compared, 
however, we found that DMS treatment suppressed the T. cruzi upregulated expression of Mapk13 (Fig. 7C), Il6, 
Il33, Nfkbib and Nlrp1a (Fig. 7D). Additionally, DMS treatment increased the activation of Nlrc5 and Nlrx1 genes, 

Figure 3.  Gene expression in the hearts of infected mice after DMS treatment. Analysis of gene expression was 
performed by real-time qRT-PCR using cDNA samples prepared from mRNA extracted from hearts of naive 
and chronic Chagasic mice treated with saline or DMS. (A) Gal-3, (B) TNFα, (C) IFNγ, (D) IL-10, (E) TGFβ, 
(F) IL-1β, (G) NOS2, (H) ARG1 and (I) CHI3 gene expression. Bars represent means ± SEM of 10 mice/group. 
***P < 0.001; **P < 0.01; *P < 0.05 compared to saline group; #P < 0.05 compared to naive group.
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and had an increasing trend of expression of Nlrp4, Nlrp5, Nlrp6, Nlrp9 genes when compared to T. cruzi-infected 
cells (Fig. 7B). Analysis using the reactome pathway database showed that, in addition to the pathways induced by 
T. cruzi infection, DMS treatment favoured the activation of RIG and NOD signaling pathways (Fig. 8B).

Discussion
Persistent inflammation is one of the hallmarks of chronic Chagas disease cardiomyopathy, and leads to a pro-
gressive destruction of the myocardium and heart dysfunction5, 6. Therefore, the development of therapeutic strat-
egies aiming at modulation of inflammation without affecting parasite control is of great interest. Here we show, 
using a mouse model of chronic Chagas cardiomyopathy which reproduces the pathological findings observed 
in human hearts, a potent effect of DMS, causing reduction of heart inflammation and fibrosis, modulation of 

Figure 4.  Effects of DMS treatment in cardiac function and parasite load. After an adaptation period in the 
treadmill chamber, naive and saline-treated or DMS-treated chronic Chagasic mice exercised at 5 different 
velocities (7.2, 14.4, 21.6, 28.8 and 36.0 m/min), with increasing velocity after 5 min of exercise at a given 
speed. (A) Distance run and (B) Time of exercise on a motorized treadmill. (C) Spleen fragments obtained 
from normal and T. cruzi-infected mice treated with saline or DMS were used for DNA extraction and qRT-
PCR analysis for quantification of parasite load (primer 1 5′-GTTCACACACTGGACACCAA-3′ and primer 2 
5′-TCGAAAACGATCAGCCGAST-3′). The standard curve of DNA ranged from 4.7 × 10−1 to 4.7 × 106). Bars 
represent means ± SEM of 8–10 mice/group. ***P < 0.001; **P < 0.01; *P < 0.05 compared to saline group; 
#P < 0.05 compared to naive group.
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pro-inflammatory mediators and improvement of exercise capacity. Importantly, the residual parasite load found 
in mice chronically infected with T. cruzi was reduced by DMS treatment.

In our study, a marked reduction of inflammation was seen after DMS treatment, as shown by two different 
analyses, morphometry and qRT-PCR for quantification of CD45 expression. Moreover, the production of IFNγ 
and TNFα, two cytokines known to promote the chronic Chagas myocarditis, were significantly reduced in the 
heart, as well as in the serum, showing a local and a systemic effect of DMS. The fact that DMS modulates the 
activation of lymphocytes and macrophages in vitro reinforces that, in addition to a reduction of cell migration, 
a direct effect of the drug on immune cells may cause the potent immunomodulatory effect of DMS observed 
in vivo in our model. In line with this idea, it was recently shown that FTY720, a recently approved drug that 
inhibits the S1P pathway, also modulates the activation of human T lymphocytes and leads to a reduction of IFNγ 
production16.

All of the three major S1P receptor (1–3) subtypes are also expressed in cardiac fibroblasts and participate in 
cardiac remodeling by the activation of signaling pathways through S1P. Moreover, both FTY720 and DMS have 
been shown to reduce fibrosis17–19. The expression of SphK1 is an important factor regulating the proliferation of 
cardiac fibroblasts20. SphK1-transgenic mice which overproduces endogenous S1P showed 100% occurrence of 
cardiac fibrosis, involved with activation of the S1P3-Rho family small G protein signaling pathway and increased 
ROS production21. Additionally, DMS-treated mice had a reduced expression of TGFβ and galectin-3, two 
pro-fibrogenic factors that stimulate the proliferation and production of extracellular matrix proteins by cardiac 
fibroblasts22, 23. Here we observed a reduction on fibrotic area in the heart of DMS-treated mice, corroborating the 
importance of S1P signaling for heart fibrosis.

An important finding was the antiparasitic effect of DMS, leading to a reduction of parasite load in vivo, 
despite causing a reduction on the production of pro-inflammatory factors, such as IFNγ and TNFα, known 
to play important roles in resistance to T. cruzi infection24, 25. We showed here that DMS has not only a direct 
effect on the parasite, causing several cellular alterations and death of trypomastigote forms, but also an indirect 
effect, by inducing the increase of NO and ROS production in infected macrophages in vitro. These results are 
in accordance with a previous report showing S1P down regulating iNOS expression in macrophages through 
the inhibition of NF-κB, AP-1 and/or STAT-1 activation26. This suggests that the inhibition of S1P production 
by DMS treatment may lead to an increased NO production, also contributing to the in vivo antiparasitic mech-
anisms of DMS.

Chagas disease cardiomyopathy may result from multiple pathological mechanisms, including immune 
responses against the parasite, as well as self-reactive responses against cardiac antigens27. The reduction of para-
sitism by benznidazole, a drug used to treat Chagas disease, reduces cardiac alterations during the chronic phase 
of infection28. Additionally, the reinforcement of immunological tolerance to myocardial antigens also caused 
reduction of inflammation in a mouse model of T. cruzi infection29. Thus, the fact that DMS affects both inflam-
matory cells as well as the parasite suggests that these effects may contribute to the modulation of inflammation 
seen after DMS treatment.

SphK is a highly conserved enzyme in eukaryotes, and while there are two isoforms in mammals, only one is 
found in trypanosomatids. Depletion of Trypanosoma brucei SphK causes attenuation of cell division, microtu-
bule elongation at the posterior tip, and altered organelle positioning. SphK inhibitors, such as DMS and safingol, 

NSR 1st AVB IACD JR IVCD VB TAVB

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post

CTRL (n = 05) 05 05 — — — — — — — — — — — —

INF + Saline 
(n = 11) — — 07 02 — 01 01 — 03 — 01 — 03 06

INF + DMS 
(n = 11) 03 — 02 01 — 01 02 02 03 — 03 02 02 04

Table 1.  Number of animals per arrhythmias before treatment (Pre) and at the end of treatment (Post) in 
naive (CTRL), chronic infected and vehicle-treated (INF + Saline) and chronic infected, DMS-treated (INF + 
DMS) groups. In infected groups, some animals developed more than one type of arrhythmias. NSR = Normal 
sinus rhythm, 1st AVB = 1st degree atrio-ventricular block, IACD = Intra-atrial conduction disturbance, 
JR = Junctional rhythm, IVCD = Intra-ventricular conduction disturbance, VB = Ventricular bigeminism, 
TAVB = Total atrio-ventricular dissociation.

Compound CC50 MØ (µM)a EC50 Try. (µM)b SI

DMS 9.02 (±0.12) 1.98 (±0.47) 4.5

BDZ >50 12.53 (±0.55) >4

GV 0.48 (±0.05) — —

Table 2.  Host cell cytotoxicity and trypanocidal activity of DMS on trypomastigotes forms of T. cruzi 
(Colombian strain). aCell viability of mouse macrophages determined 72 h after treatment. bTrypanocidal 
activity determined 24 h after incubation with compounds. bValues represent the mean ± SEM of triplicate. 
Three independent experiments were performed. EC50 = effective concentration at 50%. CC50 = cytotoxic 
concentration at 50%. BDZ = benznidazole. GV = Gentian violet.
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are toxic to T. brucei, both of them having a 10-fold therapeutic index versus human cells, suggesting their poten-
tial use against T. brucei infection30. Here we demonstrated that DMS also induces morphological alterations and 
death in T. cruzi, suggesting that TcSphK may be a candidate target for drug development against T. cruzi. The 
reduced parasite load on infected macrophages may be also an important mechanism to reduce the dissemination 
of parasites, since it is likely that T. cruzi-infected macrophages circulate in vivo31.

A previous study has shown that Sph and its analogues DMS and FTY720 act as a danger-associated molec-
ular patterns (DAMPs), inducing mature IL-1β secretion and promoting inflammasome activation32. Both Sph 
analogues are capable of inducing IL-1β production, and our data reinforces the ability of DMS to activate the 
inflammasome pathway. T. cruzi infection has also been shown to induce inflammasome activation in mice, 
being a resistance factor to infection by regulating the production of nitric oxide and ROS33–35. Here we found 
that DMS induced inflammasome activation in T. cruzi-infected macrophages, as shown by increased caspase-1 
activation and IL-1β production. Moreover, DMS increased the production of ROS and NO, which may be 

Figure 5.  Transmission electron micrographs of trypomastigotes treated or not with DMS for 24 h. (A) 
Untreated trypomastigotes presenting a typical morphology of the nucleus (N), kinetoplast (K), mitochondria 
(M) and Golgi complex (GC). (B,C) Trypomastigotes treated with DMS (1 µM) causes the formation 
of numerous and atypical vacuoles within the cytoplasm accompanied by a large loss of density. (D,E) 
Trypomastigotes treated with DMS (2 µM) shows degeneration of mitochondria and intense vacuolization. (F) 
Trypomastigotes treated with DMS (4 µM) shows myelin-figures. Black arrows indicate alterations cited. Scale 
bars: A = 1 µm; B–E = 0.5 µM; F = 0.2 µm.
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Figure 6.  DMS inhibits amastigote proliferation in T. cruzi-infected macrophages, increases NO and ROS 
and activates caspase 1. The percentage of infected macrophages (A) and the relative number of amastigotes 
per 100 macrophages (B) were determined by counting hematoxylin and eosin-stained cultures after 72 hours 
of treatment. (C) Nitric oxide was determined by Griess method after 72 hours of treatment. (D) Relative 
expression of NOS2 gene in infected macrophages treated or not with DMS. (E) Reactive oxygen species was 
quantified by stained with 2′,7′-dichlorofluorescin diacetate after 30 minutes of treatment. (F–H) Relative 
expression of NFE2I2, CAT and SOD1 genes in infected macrophages treated or not with DMS. (I) IL-1β 
production quantified by ELISA. (J) Caspase-1 activity measured using caspase-Glo 1 inflammasome assay 
in cultures incubated with complete medium alone, with DMS (5 μM) or with DMS and YVAD (a caspase-1 
inhibitor) in triplicate for 2 h. Values represent means ± SEM of 4 determinations. ***P < 0.001; **P < 0.01; 
*P < 0.05 compared to infected and untreated group; #P < 0.05 compared to uninfected and untreated group.
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Figure 7.  Venn diagrams representing differentially expressed genes (DEG) through T. cruzi infection with or 
without DMS treatment. (A) Comparison between DEG after 25 h (Tc 1 h condition) or 48 h (Tc 24 h condition) 
after T. cruzi infection with respect to uninfected macrophages (CTR condition). (B) Analysis of common 
DEG by DMS treatment for 1 h (DMS 1 h) and 24 h (DMS 24 h) when compared to infected macrophages. (C) 
Comparison between DEG by T. cruzi infection with or without 1 h DMS treatment with respect to uninfected 
macrophages. (D) Comparison between DEG during 48 h infection with or without 24 h DMS treatment with 
respect to uninfected macrophages. (*) indicates genes with |FC| ≥ 2 but p-values > 0.05.

Figure 8.  Reactome pathway analysis of DEG by T cruzi infection or DMS treatment. (A) Graph representing 
the 10 most significant pathways in which common DEG by T. cruzi at 25 h (Tc 1 h condition) and 48 h (Tc 24 h 
condition) after infection are involved. (B) Graph representing the 10 most significant pathways in which genes 
induced by DMS treatment are involved.
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contributing to parasite clearance by infected macrophages. Interestingly, the increase on production of nitric 
oxide was not accompanied by an upregulation of iNOS gene transcription, suggesting that post-transcriptional 
and post-translational mechanisms are responsible for DMS-induced NO production36. The transcription of 
genes activated in response to ROS production, however, were increased in DMS-treated macrophages, such as 
NFEl2l, SOD-1 and catalase 1.

In addition to its effects on Sphk, DMS was shown to inhibit the activity of protein kinase C and 
mitogen-activated protein kinase (MAPK)37, 38. Although we did not see interference of PKC and MAPK inhib-
itors on the effects of DMS in macrophage cultures, further studies are required to demonstrate whether the 
beneficial effects of DMS in vivo are solely dependent on Sphk inhibition. The fact that DMS may have off-target 
effects, however, may not be detrimental, since FTY720 and other approved drugs are known to have off-target 
effects39.

Despite the increased production of IL-1β by DMS-treated macrophages, a reduction of TNFα and IL-6, 
two proinflammatory cytokines, was found. This may be due to a modulation of NF-κB activation by DMS, as 
observed in our study and in previous reports40, 41. The analysis by PCR array performed in our study indicates 
that DMS induces the expression of inflammasome genes known to repress NF-κB activation, such as Nlrc5 and 
Nlrx142, 43, which suggests that inhibition of T. cruzi-induced NF-kB may be linked to the activation of these 
inflammasome mediators. Both Sph and its analogue FTY720 have already been described as regulators of the 
NLRP3-inflammasome and IL-1β release from macrophages32. Although NLRP3-inflammasome activation plays 
a significant role in the activation of IL-1β/ROS and NF-kB signaling of cytokine gene expression for T. cruzi 
control in human and mouse macrophages, it was observed that NLRP3-mediated IL-1β/NF-kB activation is dis-
pensable since it is compensated by ROS-mediated control of T. cruzi replication and survival in macrophages35. 
Therefore, our results suggest that, in addition to the NLRP3 inflammasome previously described32, DMS acti-
vates other inflammasome pathways.

In conclusion, our results demonstrate a potent effect of DMS in vitro and in vivo by its antiparasitic and 
immunomodulatory effects and suggest that inflammasome activation is a promising strategy for the develop-
ment of anti-Chagas disease treatment. Further studies are required to demonstrate the usefulness of inhibitors 
of S1P pathway, which are being already used in the clinical setting, as potential candidates for the treatment of 
Chagas disease cardiomyopathy.

Methods
Animals.  Four weeks-old male C57BL/6 mice were used in all experiments. They were raised, maintained in 
the animal facility of the Center for Biotechnology and Cell Therapy, Hospital São Rafael (Salvador, Bahia, Brazil), 
and provided with rodent diet and water ad libitum. All experiments were carried out in accordance with the 
recommendations of Ethical Issues Guidelines, and were approved by the local ethics committee for animal use 
under number 001/15 (FIOCRUZ, Bahia, Brazil).

Trypanosoma cruzi infection and DMS treatment.  Trypomastigotes of the myotropic Colombian T. 
cruzi strain were obtained from culture supernatants of infected LLC-MK2 cells. Infection was performed by 
intraperitoneal (i.p.) injection of 1000 T. cruzi trypomastigotes in saline and parasitemia was monitored during 
infection. Groups of chronically infected mice were treated i.p. with N,N-dimethylsphingosine (DMS; 200 µg/
kg; Cayman Chemical, Ann Arbor, MI) based on a previous report by Lai and col. (2008)44, 3×/week during two 
months (Fig. 1A). Control infected mice received vehicle (saline solution) in the same regimen. Groups of mice 
were euthanized one week after therapy, under anesthesia with 5% ketamine (Vetanarcol®; Konig, Avellaneda, 
Argentina) and 2% xylazine (Sedomin®; Konig).

Exercise capacity and electrocardiography analysis.  A motor-driven treadmill chamber for one ani-
mal (LE 8700; Panlab, Barcelona, Spain) was used to exercise the animals. The speed of the treadmill and the 
intensity of the shock (mA) were controlled by a potentiometer (LE 8700 treadmill control; Panlab). Total run-
ning distance and time of exercise were recorded.

Electrocardiography was performed using the Bio Amp PowerLab System (PowerLab 2/20; ADInstruments, 
Castle Hill, NSW, Australia), recording the bipolar lead I. All data were acquired for computer analysis using 
Chart 5 for Windows (PowerLab). The EKG analysis included heart rate, PR interval, P wave duration, QT inter-
val, QTc, and arrhythmias. The QTc was calculated as the ratio of QT interval by square roots of RR interval 
(Bazett’s formula)45.

Morphometric analysis.  The hearts of all mice were removed and half of each heart was fixed in buffered 
10% formalin. Sections of paraffin-embedded tissue were stained by the standard hematoxylin-eosin and Sirius 
red staining methods for evaluation of inflammation and fibrosis, respectively, by optical microscopy. Images 
were digitized using a color digital video camera (CoolSnap, Montreal, 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), as described before46.

Confocal immunofluorescence analyses.  Sections of formalin-fixed paraffin embedded hearts were 
used for detection of galectin-3 expression by immunofluorescence as described before46. Sections were incu-
bated overnight with anti-galectin-3, diluted 1:50 (Santa Cruz Biotechnology, Santa Cruz, CA) followed by 
incubation, for 1 h, with Alexa fluor 633 (1:200) (Molecular Probes, Carlsbad, CA) Nuclei were stained with 
4,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA). The presence of fluorescent cells was 
determined by observation on a FluoView 1000 confocal microscope (Olympus).
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Quantification of parasite load.  For DNA extraction, spleen fragments were submitted to DNA extrac-
tion using the NucleoSpin Tissue Kit (Machenerey-Nagel, Düren, Germany), as recommended by the manufac-
turer. Primers were designed based on the literature47, and the quantification of parasite load was performed as 
described previously46. 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 T. cruzi strain in duplicate. Data were 
analyzed using 7500 software 2.0.1 (Applied Biosystems).

Macrophage infection in vitro.  Peritoneal exudate macrophages obtained from C57BL/6 mice, four days 
after thioglicollate injection, were seeded at a cell density of 2 × 105 cells/mL in a 24 well-plate with rounded 
coverslips on the bottom in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MD) supplemented with 10% fetal 
bovine serum (FBS; Gibco Laboratories, Gaithersburg, MD) and 50 µg/mL of gentamycin (Novafarma, Anápolis, 
GO, Brazil) and incubated for 24 h. Cells were then infected with trypomastigotes (1:10) for 2 h. Free trypomas-
tigotes were removed by successive washes using saline solution. Cultures were incubated for 24 h to allow full 
internalization and differentiation of trypomastigotes into amastigotes. Cultures were then incubated in complete 
medium alone or with test inhibitors for 72 h. Cells were fixed, then stained with hematoxylin and eosin, and 
submitted to manual counting using an optical microscope (Olympus).

Real time reverse transcription polymerase chain reaction (qRT-PCR).  RNA was extracted of the 
heart samples and macrophage cultures using TRIzol (Invitrogen, Molecular Probes, Eugene, OR). cDNA was 
synthetized using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The qPCR was prepared 
with TaqMan® Universal PCR Master Mix (Applied Biosystems). qRT-PCR assays were performed to detect the 
expression levels of Ptprc, Lgals3, Tnf, Ifnγ, Il10, Tgfβ, Nos2, Chi3l3, Il1β, Arg1, Nfe2l2, Cat and Sod1. All reac-
tions were run in triplicate on an ABI 7500 Real Time PCR System (Applied Biosystems) under standard thermal 
cycling conditions. A non-template control (NTC) and non-reverse transcription controls (No-RT) were also 
included. The samples were normalized with 18S and Hprt. The threshold cycle (2-ΔΔCt) method of comparative 
PCR was used to analyse the results48.

PCR array.  Peritoneal exudate macrophages (2 × 106 cells/mL) were incubated in 24 well-plates with supple-
mented RPMI for 24 h. After washing with saline solution to discard non-adherent cells, infection was performed 
with trypomastigotes (1:10), for 24 h. Free trypomastigotes were removed by successive washes. Cultures were 
then incubated with complete medium alone or with DMS (5 µM) in triplicate for 24 h. RNA was extracted using 
the Rneasy Plus Mini Kit (Qiagen, Valencia, CA). Quantification of RNA and degree of purity were performed 
in a spectrophotometer (NanoDrop ™ 1000, Thermo Fisher Scientific, Wilmington, DE). Sample integrity was 
observed using a 1% agarose gel. cDNA synthesis was performed using the RT2 First Strand kit (Qiagen). For tar-
get gene expression analysis, we used RT2 Profiler PCR Arrays Mouse Inflammasome (Qiagen), the SYBR®Green 
system and 96-well plates. The 7500 Real Time PCR was used (Applied Biosystems). All experiments were per-
formed in DNase/RNase free conditions. The analysis was performed by Threshold Cycle Method48, obtained 
by calculating 2-ΔΔCt. The QIAGEN’s qPCR analysis web portal date, available on http://pcrdataanalysis.sabi-
osciences.com/pcr/arrayanalysis.php was used to assist in the analysis, and analysis of differentially expressed 
genes and pathways prediction were done through free online bioinformatic sites BioVenn (www.cmbi.ru.nl/cdd/
biovenn) and Enrichr (amp.pharm.mssm.edu/Enrichr).

Lymphoproliferation assay.  Spleen cell suspensions from naive C57BL/6 mice were prepared in DMEM 
medium (Life Technologies, GIBCO-BRL, Gaithersburg, MD) supplemented with 10% FBS and 50 μg/mL of gen-
tamycin. Splenocytes were cultured in 96-well plates at 1 × 106 cells per well, in a final volume of 200 μL, in trip-
licate, in the presence of 2 μg/mL concanavalin A (Con A; Sigma-Aldrich) only or with anti-CD3 and anti-CD28 
(Themo Fisher Scientific), in the absence or presence of DMS at different concentrations (2.5, 1.25 or 0.62 µM). 
After 48 h, plates were pulsed with 1 μCi of methyl-3H-thymidine (Perkin Elmer, Waltham, MA) for 18 h. The 
plates were harvested and the 3H-thymidine uptake was determined using a β-plate counter (Multilabel Reader, 
Finland). Dexamethasone (Sigma-Aldrich) was used as positive control.

ELISA assays and determination of nitric oxide production.  Serum samples from the in vivo study 
were used for galectin-3, TNFα and IFNγ and TGFβ determination. Quantification of cytokines was performed 
by ELISA, using specific antibody kits (R&D Systems, Minneapolis, MN), according to manufacturer’s instruc-
tions. To estimate the amount of nitric oxide (NO) produced, macrophage culture supernatants were used for 
nitrite determination by the Griess reaction, as previously described49.

Reactive oxygen species (ROS) production assay.  Thioglicollate-elicited peritoneal exudate mac-
rophages (1 × 106) were obtained and infected with T. cruzi. Cultures were then incubated with complete medium 
alone or with DMS for 30 min. After incubation, macrophages were removed from each well using 0.01% trypsin 
and labeled with 10 μM of 2′,7′-dichlorofluorescin diacetate (Sigma-Aldrich) for 30 minutes at 37 °C. Cells were 
then washed and analyzed using a cell analyzer (LSRFortessa; BD Biosciences, San Jose, CA) with FlowJo software 
(Tree Star, Ashland, OR).

Caspase 1 activity assay.  Thioglicollate-elicited peritoneal exudate macrophages (1 × 106) were obtained and 
infected with T. cruzi as described above. Cultures were then incubated with reagents for 2 h and after that, caspase-1 
activity was measured using caspase-Glo® 1 inflammasome assay (Promega, Madison, WI), according to the manu-
facturer’s instructions. The luminescence of each sample was measured in a Glomax 20/20 luminometer (Promega).

http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
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Transmission electron microscopy analysis.  T. cruzi trypomastigotes (5x107) were treated with DMS 
(1, 2 or 4 µM) and incubated for 24 h at 37 °C. After incubation, parasites were fixed for 1 h at room temperature 
with 2% formaldehyde and 2.5% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) in sodium caco-
dylate buffer (0.1 M, pH 7.2) for 1 h at room temperature. After fixation, parasites were processed for transmission 
electron microscopy as previously described50. Images were obtained in a JEOL TEM-1230 transmission electron 
microscope.

Statistical analyses.  All continuous variables are presented as means ± SEM. Data were analyzed using 
1-way ANOVA, followed by Newman-Keuls multiple-comparison test with Prism 5.0 (GraphPad Software, San 
Diego, CA). All differences were considered significant at values of P < 0.05.
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5. DISCUSSÃO  

 

Uma questão central relacionada à CCC é a persistência de uma resposta 

inflamatória característica, que é responsável pelas lesões no miocárdio. Este dano é, em 

última instância, responsável pelo desenvolvimento da insuficiência cardíaca e 

eventualmente morte súbita, por arritmia cardíaca (MARIN-NETO et al., 2010). A 

terapia convencional é baseada no uso de antiparasitários, eficientes em reduzir a carga 

parasitária, contudo não conseguem parar ou reverter o dano ao miocárdio (JÚNIOR et 

al., 2017). Assim, é necessário desenvolver novas estratégias terapêuticas que permitam 

modificar os mecanismos imunológicos do hospedeiro e reverter o curso da doença. 

Nesse contexto, o nosso grupo de pesquisa vem buscando identificar compostos com 

atividade imunomoduladora e anti-T. cruzi, visando encontrar alternativas terapêuticas 

capazes de controlar a inflamação e a carga parasitária na CCC (Anexo IV-X). O 

presente estudo reforça os efeitos benéficos de duas moléculas com efeito dual 

antiparasitário e imunomodulador sobre a modulação da fibrose e inflamação no 

coração em modelo de cardiomiopatia chagásica crônica, já descrito anteriormente para 

o G-CSF (VASCONCELOS et al., 2013). 

Inicialmente investigamos os efeitos imunomoduladores do BA5 e identificamos 

um efeito potente sobre a ativação de macrófagos e linfócitos. O BA5, em uma potência 

superior ao BA, diminuiu a produção de mediadores inflamatórios, tais como NO e 

TNFα, em cultura de macrófagos. Consistente como estes dados, o BA5 também 

suprimiu a ativação do NF-ĸB, um fator de transcrição essencial na regulação gênica de 

inúmeros mediadores inflamatórios, como o TNFα (LAWRENCE; WILLOUGHBY; 

GILROY, 2002). Além disso, em um modelo experimental de ligação e perfuração 

cecal, demonstrou-se que o tratamento com BA reduz a taxa de mortalidade e melhora a 

função pulmonar e renal através da regulação negativa de NFκB (LINGARAU, 2015a, 

b). Em concordância com esses dados, observamos um efeito protetor do BA5 em um 

modelo de choque endotóxico induzido por LPS. 

Embora existam vários relatos sobre a atividade antiinflamatória do ácido 

betulínico e seus derivados, pouco se sabe sobre os efeitos dessas moléculas na função 

dos linfócitos. Nós demonstramos que o BA5 possui uma atividade antiproliferativa em 

culturas de linfócitos e sobre citocinas chaves, tais como IL-2 e IFNγ, para a ativação e 

proliferação de linfócitos (BOYMAN; SPRENT, 2012; SILVA et al., 2015), sendo este 
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efeito aproximadamente 20 vezes maior do que o ácido betulínico e relacionado ao 

direcionamento do linfócito para uma morte celular por apoptose.  

O efeito antiproliferativo desta molécula está relacionado à inibição da atividade 

da calcineurina, uma enzima que desempenha um papel crítico na ativação de linfócitos 

T por meio da ativação do fator nuclear das células T ativadas, o NFAT (RUSNAK; 

MERTZ, 2000). Com base nos resultados in vitro, avaliamos o efeito do BA5 em um 

modelo de hipersensibilidade do tipo tardia induzida por albumina, que é mediado por 

linfócitos T. Animais pré-tratados com o BA5 tiveram uma inibição do edema quando 

comparados aos animais tratados com a solução veículo.  

Considerando a semelhança na resposta inflamatória entre a hipersensibilidade 

do tipo tardia e a CCC, o efeito anti-inflamatório do BA5 observado no modelo de 

hipersensibilidade do tipo tardia subsidiou a avaliação da resposta farmacológica do 

BA5 em nosso modelo de CCC (SOARES; PONTES-DE-CARVALHO; RIBEIRO-

DOS-SANTOS, 2001). 

Um quadro característico da CCC reproduzido no modelo de infecção crônica 

pela cepa Colombiana de T. cruzi é a inflamação e a fibrose no coração (SOARES et al., 

2004; ROCHA et al., 2006). Em nosso estudo, um exame de seções cardíacas de 

camundongos tratados com BA5 mostrou uma redução na inflamação multifocal. 

Associado à redução de células inflamatórias, o tratamento com o BA5 reduziu a 

expressão de CD45, um importante marcador pantrópico de leucócitos. De fato, os 

linfócitos e macrófagos possuem um papel central na CCC, tanto experimental como 

humana, participando da agressão que leva à destruição e à hipertrofia dos 

cardiomiócitos, o que desencadeia o remodelamento cardíaco através de um reparo 

tecidual com fibrogênese (ANDRADE, 1983. HIGUCHI et al., 2003).  

Concomitantemente com a redução da inflamação, observamos um decréscimo 

nos níveis sistêmicos e cardíacos de TNFα e IFNγ, citocinas relacionados ao 

desenvolvimento da miocardite na doença de Chagas (GOMES et al., 2003). Este 

decréscimo está associado ao efeito imunomodulador do BA5 no infiltrado celular, pois 

observamos que in vitro o BA5 regula mediadores inflamatórios, tais como o TNFα, 

NO e NF-ĸB em culturas de macrófagos. Além disso, o BA5 possui um efeito 

antiproliferativo em cultura de linfócitos, que é acompanhado da redução da produção 

de IL-2 e IFNγ, moléculas chaves na proliferação e ativação de linfócitos (BOYMAN; 

SPRENT, 2012; SILVA et al., 2015).  
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O tratamento com o BA5 também resultou em uma redução da fibrose cardíaca, 

achado este corroborado com a redução da expressão gênica de TGFβ e galectina-3, 

dois fatores pró-fibrogênicos que aumentam a produção e deposição de proteínas da 

matriz extracelular por meio de fibroblastos (ARÁUJO-JORGE et al., 2012; Anexo III).  

Tendo em vista que mediadores inflamatórios como o TNFα e o IFNγ 

desempenham papéis importantes no controle da infecção por T. cruzi (MACHADO et 

al., 2000; BOSCARDIN et al., 2010), um agente imunomodulador poderia aumentar a 

carga parasitária na CCC experimental. Entretanto, através da quantificação do DNA de 

T. cruzi no coração, demonstramos que o tratamento com o BA5 não induziu um 

descontrole da infecção.  

Em contrapartida à redução de mediadores pró-inflamatórios, o tratamento com 

BA5 aumentou a concentração de IL-10 no soro e no coração dos animais chagásicos. 

Este efeito não foi observado nos animais chagásicos tratados com o DMS ou 

benzonidazol. De fato, a IL-10 é reconhecida como uma citocina central na regulação da 

resposta imune em indivíduos assintomáticos com infecção por T. cruzi (MENDES-DA-

SILVA et al., 2017). Devido ao papel da IL-10 como imunossupressor, um aumento na 

produção de IL-10 induzida pelo tratamento com BA5 durante a fase crônica está 

possivelmente associado a um efeito protetor do hospedeiro contra a resposta 

inflamatória do tipo 1 (GOMES et al., 2003). Em concordância com os nossos 

resultados, estudos anteriores demonstraram um aumento da produção de IL-10 

induzida pelo tratamento com o ácido betulínico em modelos de sepse induzida por LPS 

e artrite reumatoide induzida por colágeno do tipo II (Anexo I; MATHEW; 

RAJAGOPAL, 2017). É possível, que no modelo de CCC, a IL-10 esteja sendo 

produzida por células T regulatórias, como já observado pelo tratamento com o 

derivado do ácido betulínico SH479 em um modelo de artrite reumatoide (CHEN et al., 

2017). 

Tendo em vista o papel dos macrófagos no desenvolvimento da miocardite 

característica da doença de Chagas, aliado aos níveis elevados de IL-10 induzido pelo 

tratamento com BA5, uma hipótese é que o tratamento com BA5 altera as 

subpopulações de macrófagos. Macrófagos com fenótipo M1 são importantes no 

controle de infecções e são caracterizados pela produção de citocinas pró-inflamatórias, 

tais como IL-1β, IL-6, IL-12, IL-23 e TNFα (MOGHADDAM et al., 2018). Contudo, a 

ativação excessiva ou não resolvida de macrófagos M1 pode causar inflamação crônica 

e danos teciduais (VALLEDOR et al., 2010). Uma mudança do perfil de macrófagos 
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M1 para M2 ocorre naturalmente durante a resolução da inflamação e estes são 

caracterizados por terem um perfil anti-inflamatório ou reparador e pela produção de IL-

10 e TGFβ (JABLONSKI et al., 2015; MOGHADDAM et al., 2018). Em nosso 

trabalho, a polarização ao fenótipo anti-inflamatório/macrófago M2 foi evidenciada por 

uma diminuição na expressão da NOS2 e demais citocinas pró-inflamatórias e o 

aumento da expressão de marcadores M2 como Arg1 e CHI3 em camundongos tratados 

com BA5. 

Embora o tratamento com BA5 tenha promovido uma diminuição na inflamação 

e na fibrose, o ganho funcional não foi observado nas doses testadas. No entanto, é 

possível que um tratamento mais precoce ou uma terapia combinada com benzonidazol, 

previamente consolidado como sinérgica, traga ganhos adicionais (Anexo III). 

Dessa forma, apresentamos mecanismos múltiplos de ação do BA5, sumarizados 

na figura 6, que promovem a redução da inflamação e fibrose no nosso modelo de 

cardiomiopatia chagásica crônica. Os dados apresentados demonstram um potente efeito 

anti-inflamatório do BA5 relacionado à produção de IL-10 e uma transição de uma 

subpopulação de macrófagos M1 com perfil inflamatório, para uma subpopulação M2 

com um perfil anti-inflamatório. 
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Figura 6. Representação esquemática da ação do BA5 no modelo de CCC experimental. 

Os mediadores em verde foram modulados positivamente pelo BA5, enquanto os mediadores 

em vermelho apresentaram uma modulação negativa pelo BA5. 

 

 



97 
 

Testamos, a seguir, o DMS, uma molécula com propriedades farmacológicas 

duais, atuando como antiparasitário e imunomodulador, no modelo de cardiomiopatia 

chagásica crônica. De modo semelhante ao observado com o BA5, o DMS reduziu a 

fibrose e o infiltrado inflamatório no coração dos animais chagásicos crônicos. Esses 

efeitos foram correlacionados à redução na produção de mediadores inflamatórios, tais 

como IFNγ e TNFα, importantes para o desenvolvimento da miocardite chagásica 

(GOMES et al., 2003). Em consonância com este achado, foi recentemente 

demonstrado que o FTY720, uma droga que também inibe a via S1P, modula a ativação 

de linfócitos T humanos e reduz os níveis de IFNγ (MAZZOLA et al., 2015). 

 A expressão gênica de TGFβ e galectina-3, dois fatores pró-fibrogênicos 

(ARÁUJO-JORGE et al., 2012), também foi modulada pelo DMS. Sabe-se que, no 

miocárdio, a S1P induz o remodelamento cardíaco através da ativação de proteínas da 

família GTPase Rho, que por meio dos receptores S1P2 e/ou S1P3, levam à 

transativação da via do TGFβ. Está citocina desencadeia a sinalização da esfingosina 

cinase 1 com consequente aumento na expressão do receptor S1P, o que agrava ainda 

mais os danos cardíacos (TAKUWA et al., 2010). Camundongos transgênicos 

superexpressando a esfingosina cinase 1 apresentam fibrose no coração (TAKUWA et 

al., 2010). Em concordância com os nossos dados obtidos na CCC, a atenuação da 

fibrose pelo DMS e FTY720 já foi descrita em um modelo de obstrução uretral 

unilateral, o que sugere uma correlação entre os níveis de S1P e de fibrose (SHUNJI et 

al., 2013). 

A redução dos mediadores inflamatórios TNFα e o IFNγ poderia aumentar a 

carga parasitária na CCC experimental (MACHADO et al., 2000; BOSCARDIN et al., 

2010). Entretanto, através da quantificação do DNA de T. cruzi no coração, 

demonstramos que o tratamento com o DMS causou a redução da carga parasitária de 

forma substancial, sugerindo uma atividade antiparasitária dessa molécula. Utilizando 

formas tripomastigotas, observamos que o DMS induz a morte celular do parasita por 

apoptose. Foi possível identificar também diversas alterações na ultraestrutura induzidas 

pelo tratamento com o DMS, em especial alterações na mitocôndria, uma intensa 

vacuolização e o aparecimento de figuras mielínicas, estruturas sugestivas de morte 

celular por autofagia (VANNIER-SANTOS; DE CASTRO, 2009). Em comparação com 

o benzonidazol, o DMS é cerca de cinco vezes mais potente, confirmando que este 

composto é não apenas um modulador de inflamação, mas também um agente 

antiparasitário eficaz. Trabalhos anteriores demonstram que a depleção de esfingosinas 
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cinases, induzida pelo DMS, reduziu seletivamente a viabilidade celular das formas 

infectantes do T. brucei (PASTERNACK et al., 2015).  

Embora ainda não esteja completamente elucidado o mecanismo de ação 

antiparasitária, uma possibilidade é que o bloqueio de esfingosinas cinases do parasita 

com o DMS altere a composição de fosfolipídios na membrana plasmática. Estudos 

anteriores demonstram a atividade antiparasitária de outros inibidores de esfingosina 

cinases. O CAY10621, o PF543 e o SKI 2 são inibidores seletivos da esfingosina cinase 

1 e possuem atividade tripanocida in vitro contra o T. brucei, com valores de CI50 

variando de 0,002 a 0,5 μM. Contudo, não existe uma correlação entre o papel das 

esfingosina cinases e a atividade tripanocida (JONES; KAISES; AVERY, 2015). O 

esfingolipídio FTY720, um reconhecido inibidor da SIP, também possui uma atividade 

tripanocida potente frente a diferentes cepas do T. brucei, com valores de CI50 variando 

entre 0,072 a 1,98 μM. Entretanto, quando testado em um modelo murino de infecção 

aguda por T. brucei rhodesiense, a depleção da SIP induzida por este fármaco não foi 

suficiente para reduzir os parasitos circulantes (JONES; KAISES; AVERY, 2015). 

Além de um efeito direito em células parasitárias, o DMS também demonstrou 

um efeito antiparasitário indireto, através da indução da produção de NO e espécies 

reativas de oxigênio (EROs) em macrófagos infectados in vitro. De fato, sabe-se que a 

esfingosina e seus análogos DMS e FTY720 atuam como padrões moleculares 

associados ao dano (DAMPs), induzindo secreção de IL-1β e promovendo a ativação de 

inflamassoma (LUHESHI et al., 2013). Tanto o DMS quanto o FTY720 são capazes de 

induzir a produção de IL-1β, e nossos dados reforçam a capacidade do DMS para ativar 

a via do inflamassoma (GONÇALVES et al., 2013; DEY et al., 2014). A infecção por 

T. cruzi também induziu a ativação do inflamassoma em camundongos, sendo um fator 

importante de controle da infecção pela regulação da produção de óxido nítrico e EROs 

(SILVA et al., 2013). 

No presente estudo demonstramos que o DMS induz a ativação da via do 

inflamassoma em macrófagos infectados, fato evidenciado pelo aumento da ativação de 

caspase 1 e produção de IL-1β. A ativação do inflamassoma tem se mostrando essencial 

para a defesa do hospedeiro contra uma grande gama de agentes infecciosos, dentre 

eles: Staphylococcus aureus, Legionella pneumophila, Bacillus anthraxis, Salmonella entérica e 

Candida albicans (FRANCHI; MUNOZ-PLANILLO; NUNEZ, 2012). Recentemente, o 

inflamassoma Nlrp3 dependente de IL-1β mostrou promover resistência a L. 

amazonensis em camundongos B/6 induzindo a produção de NO mediada por NOS2 
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(LIMA-JUNIOR et al., 2013). Estes estudos também descobriram que o inflamassoma 

foi importante para o controle da infecção in vivo por L. braziliensis e L. infantum. No 

presente trabalho, observamos que a ativação do inflamassoma induzida pelo DMS 

contribui para o controle da infecção pelo T. cruzi através da indução da produção de 

NO e ROS em macrófagos infectados. 

 Em contrapartida ao aumento da citocina pro-inflamatória IL-1β, o tratamento 

de macrófagos com o DMS reduziu a produção de TNFα e a IL-6, moléculas pro-

inflamatórias in vitro e in vivo. Isto pode está relacionado a modulação do NF-ĸB 

observada em nosso estudo e em trabalhos anteriores CUI et al., 2010; ZHANG et al., 

2015). A análise por microarranjo de PCR indicou que o DMS induz a expressão de 

genes do inflamassoma conhecidos por suprimirem a ativação do NF-ĸB, tais como 

Nlrc5 e Nlrx1, evideciando a correlação da ativação do inflamassoma com o efeito anti-

inflamatório do DMS (CUI et al., 2010; ZHANG et al., 2015).  

Dessa forma, apresentamos mecanismos múltiplos de ação do DMS, 

sumarizados na figura 7, que promovem a redução da inflamação, fibrose e parasitismo 

no modelo de cardiomiopatia chagásica crônica. Os dados apresentados demonstram um 

potente efeito do DMS sobre diferentes formas do T. cruzi e sobre a ativação de 

linfócitos e macrófagos, células com um papel central no estabelecimento da 

cardiomiopatia chagásica. As propriedades antiparasitárias e imunomoduladoras do 

DMS refletiram em um potente efeito na modulação da fibrose, inflamação e 

parasitismo em um modelo de cardiomiopatia chagásica crônica.  

Diversos estudos vêm demonstrando os efeitos benéficos do uso de 

imunomoduladores, visando ao reposicionamento da resposta inflamatória na CCC 

(BRAZÃO et al., 2015; VILAR-PEREIRA et al., 2016; GONZÁLEZ-HERRERA et al., 

2017). A combinação de benzonidazol com pentoxifilina, uma metilxantina inibidora de 

fosfodiesterase, reduz os níveis de NO e TNFα no coração. Este efeito, atrelado à 

atividade antiparasitária do benzonidazol, diminui a inflamação, a fibrose e a carga 

parasitária no coração, o que resulta em uma melhora funcional da atividade elétrica do 

coração (VILAR-PEREIRA et al., 2016). O uso associado do benzonidazol com 

sinvastatina, estatina utilizado no tratamento de dislipidemias, também induz a redução 

de inflamação e fibrose no coração de animais chagásicos crônicos (GONZÁLEZ-

HERRERA et al., 2017). Estes achados, juntamente com os dados apresentados no 

presente trabalho, reforçam a ideia de que esquemas terapêuticas visando à diminuição 



100 
 

da carga parasitária e a modulação da inflamação consiste em uma estratégia promissora 

para o tratamento da CCC. 

 

 

 

 

 

Figura 7. Representação esquemática da ação do DMS no modelo de CCC experimental. 

Os mediadores em verde foram modulados positivamente pelo DMS, enquanto os mediadores 

em vermelho apresentaram uma modulação negativa pelo DMS. 
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6. CONCLUSÃO 
 

O presente estudo reforça a ideia de que moléculas com propriedades 

farmacológicas duais, antiparasitárias e imunomoduladoras, podem ser benéficas no 

tratamento da cardiomiopatia chagásica crônica. A utilização do BA5 e do DMS reduziu 

a inflamação e fibrose no coração de animais chagásicos. A modulação da resposta 

imune patogênica foi alcançada sem afetar o controle da infecção, característica 

altamente desejada no cenário da clínica. Sendo assim, o nosso estudo valida a 

utilização de moléculas com mecanismos múltiplos de ação para o tratamento da CCC. 
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Betulinic acid (BA) is a lupane-type triterpene with a number of biological activities already reported. While
potent anti-HIV and antitumoral activities were attributed to BA, it is considered to have a moderate anti-
inflammatory activity. Here we evaluated the effects of BA in a mouse model of endotoxic shock. Endotoxemia
was induced through intraperitoneally LPS administration, nitric oxide (NO) and cytokines were assessed by
Griess method and ELISA, respectively. Treatment of BALB/c mice with BA at 67 mg/kg caused a 100% survival
against a lethal dose of lipopolysaccharide (LPS). BA treatment caused a reduction in TNF-α production induced
by LPS but did not alter IL-6 production.Moreover, BA treatment increased significantly the serum levels of IL-10
compared to vehicle-treated, LPS-challenged mice. To investigate the role of IL-10 in BA-induced protection,
wild-type and IL-10−/− mice were studied. In contrast to the observations in IL-10+/+ mice, BA did not protect
IL-10−/− mice against a lethal LPS challenge. Addition of BA inhibited the production of pro-inflammatory
mediators by macrophages stimulated with LPS, while promoting a significant increase in IL-10 production.
BA-treated peritoneal exudate macrophages produced lower concentrations of TNF-α and NO and higher con-
centrations of IL-10 upon LPS stimulation. Similarly, macrophages obtained from BA-treated mice produced
less pro-inflammatory mediators and increased IL-10 when compared to non-stimulated macrophages obtained
from vehicle-treatedmice. In conclusion, we have shown that BA has a potent anti-inflammatory activity in vivo,
protecting mice against LPS by modulating TNF-α production by macrophages in vivo through a mechanism
dependent on IL-10.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Betulinic acid (3β-hydroxy-lup-20(29)-en-28-oic acid; BA), a C-30
carboxylic acid derivative of the ubiquitous triterpene betulin, is a
member of the class of lupane-type triterpenes. The molecule is
abundant in the plant kingdom and has been isolated from several
plant species, including Zizyphus joazeiro [1], Syzigium clariflorum [2],
andDoliocarpus schottianus [3]. A number of reports have showndiverse
biological activities of BA, such as anticancer [4], anti-HIV, anti-HSV-1 [5],
anti-HBV [6], antihelmintic [6], antinociceptive [7], and antiplasmodial
[1,8]. Of particular interest, in view of the large prevalence of chronic
inflammatory-degenerative diseases, is the BA anti-inflammatory

activity [9,10]. However, in a number of in vitro and in vivo models of
inflammation, the intensity of the BA anti-inflammatory activity has
been considered only moderate (reviewed by [5]).

Sepsis is one of the most frequent complications in surgical patients
and one of the leading causes of mortality in intensive care units. Severe
sepsis is an important cause ofmortality worldwide, and is estimated as
directly responsible for 9% of all deaths in the United States [11]. It is de-
fined as an infection-induced syndrome characterized by a generalized
inflammatory state and can be caused by infection with Gram-
negative or Gram-positive bacteria, fungi, or viruses. Sepsis can also
occur in the absence of detectable bacterial invasion and, in these
cases, microbial toxins (lipopolysaccharide; LPS) and endogenous
cytokines have been implicated as initiators and mediators of the
condition [12].

Macrophage activation by LPS results in the release of several
inflammatory mediators, including proinflammatory cytokines such as
tumor necrosis factor (TNF)-α, interleukin (IL)-1, IL-6, IL-8, and IL-12,
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as well as nitric oxide. The exacerbated production of these mediators
by activated macrophages are the main cause of the deleterious conse-
quences of septicemia or endotoxemia, and may lead to hypotension,
disseminated intravascular coagulation, neutrophil extravasation to tis-
sues, tissue hypoxia, and death. Conversely, IL-4, IL-10 and IL-13 may
function as anti-inflammatory cytokines, modulating macrophage and
monocyte responses and inhibiting the production of TNF-α, IL-1, and
IL-8 [11–13]. The discovery of new agents capable of down-modulating
the production of the inflammatory mediators that play key roles in
the installation of sepsis is therefore of great interest for the development
of effective treatments. Since BA has been shown to inhibit the TNF-α-
induced activation of NF-κB [14], in this workwe investigated the effects
of BA in a mouse model of endotoxic shock and on the production of
cytokines by activated macrophages.

2. Materials and methods

2.1. General experimental procedures

Meltingpointswere determinedusing aGeahakamodel PF1500 ver-
sion 1.0 apparatus and were not corrected. The NMR spectra were ac-
quired on a Varian System 500 spectrometer, equipped with a
XW4100 HP workstation. High-resolution mass spectra were recorded
on a microTOF spectrometer (LC-ITTOF model 225–07 100–34, Bruker)
with positive ionization modes of the ESI source. Silica gel 60 (Merck)
was used for column chromatography, and Si gel 60 PF254 (Merck)

was used for purification of compounds by preparative TLC. All solvents
used were analytical grade (Merck).

2.2. Plant material

Tabebuia aurea (Manso) S.Moorewas collected inMarch 2002 in the
surroundings of São João do Cariri, State of Paraíba, Brazil, and identified
by botanist Dr. Maria de Fátima Agra of the Universidade Federal da
Paraíba. A Voucher specimen (Agra 2337) is deposited at the Herbarium
Prof. Lauro Pires Xavier (JPB), Universidade Federal da Paraíba.

2.3. Extraction and isolation of betulinic acid

Five kg of air-dried ground bark of Tabebuia aurea (Manso) S. Moore
were exhaustively extracted with 95% ethanol. The solvent was
evaporated to yield a dark syrup residue (167 g, 3.3%), which was
partitioned with water and successively treated with hexane, chloro-
form, ethyl acetate and n-butanol, yielding 8.5 g (0.2%), 4.1 g (0.08%),
6.2 g (0.13%) and 74 g (1.5%), respectively. The chloroform residue was
also subjected to column chromatography over silica gel, and eluted
with a chloroform-hexane gradient. Seventy five 100-mL fractions
were collected, after analysis by TLC silica gel-60 F254 developed with
either I2 reagent. Combined fractions 41–50 were rechromatographed
on CC column silica gel (with a chloroform-methanol gradient) to afford
pure betulinic acid (BA) (0.015 g, 0.0003%; Fig. 1). Identification of the
betulinic acid was performed by analyzing 1H e 13C NMR spectral data
and high-resolution mass spectra compared with those published in
the literature [1,15].

2.4. Animals

Male 4- to 6-week old BALB/c, wild-type C57BL/6, and IL-10−/−

C57BL/6micewere used. Allmicewere raised andmaintained at the an-
imal facilities of the GonçaloMoniz Research Center, Fundação Oswaldo
Cruz, Salvador, Brazil, in roomswith controlled temperature (22±2 °C)
and humidity (55 ± 10%) and continuous air renovation. Animals were
housed in a 12 h light/12 h dark cycle (6 am–6 pm) and provided with
rodent diet and water ad libitum. All mice, when necessary, were sub-
jected to euthanasia and treated according to theOswaldo Cruz Founda-
tion guidelines for laboratory animals. The work had prior approval by
the institutional Ethics Committee in Laboratory Animal Use.

2.5. Endotoxic shock model

Groups of 11 BALB/c or C57BL/6 mice were used for the lethality as-
says and groups of 6 BALB/c mice were used for in vivo cytokine studies.

Fig. 1. Molecular structure of betulinic acid.

Fig. 2. Survival curve of mice treated with betulinic acid and submitted to endotoxic shock. Male BALB/c mice (n = 11) were treated with betulinic acid (33 and 67 mg/kg) or
vehicle (5% DMSO in saline) and challenged with LPS 90 min later, intraperitoneally administered. Survival was monitored during 96 hours after LPS challenge. Results are from one
experiment of two replicates performed. *P b 0.05 compared to vehicle group. Statistical analysis was carried out using Logrank (Mantel Cox).
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Micewere treated with BA at different doses (see figure legends), dexa-
methasone (0.5 mg/kg, Sigma-Aldrich, St. Louis, MO) or vehicle (5% of
DMSO in saline), by the intraperitoneal (i.p.) route. Ninety minutes
later, animals were challenged with 600 μg of LPS (LPS from serotype
0111:B4 Escherichia coli, Sigma-Aldrich; previously determined
LD90–100 = 42.8 mg/kg) in saline by the i.p route. Mice weremonitored
daily for 4 days. To evaluate the serum cytokine levels, mice were anes-
thetized with a combination of ketamine (100 mg/kg) and xilazine
(10 mg/kg), 60 min after injection of 600 μg of LPS, for blood collection
via the brachial plexus. Serum samples were immediately used or
stored at−80 ° C until use.

2.6. Macrophage cell cultures

Peritoneal exudate cells were obtained by washing, with cold
Dulbecco's modified Eagle's medium (DMEM; Life Technologies,
GIBCO-BRL, Gaithersburg, MD), the peritoneal cavity of mice 4–5 days
after injection of 3% thioglycolate in saline (1.5 mL per mouse). Cells
were washed twice with DMEM, resuspended in DMEM supplemented
with 10% fetal bovine serum (Cultilab, Campinas, Brazil) and 50 μg/mL
of gentamycin (Novafarma, Anápolis, Brazil), and plated in 96-well tis-
sue culture plates at 2 × 105 cells per 0.2 mL per well. After 2 hours of
incubation at 37 ° C, non-adherent cells were removed by two washes
with DMEM. Macrophages were then treated with LPS (500 ng/mL) in
the absence or presence of BA (10 or 20 μM) or dexamethasone
(20 μM), and incubated at 37 ° C. Cell-free supernatants were collected
4 or 24 h after incubation and kept at −80 ° C for cytokine and nitric
oxide determinations.

To assess cytokine production by resident macrophages, groups of
male BALB/c mice were injected with BA (67 mg/kg), dexamethasone
(0.5 mg/kg) or 5% of DMSO in saline, by the i.p. route. After 90 min,
the mice were subjected to euthanasia for macrophage collection by
means of peritoneal wash using cold DMEM. Cells were washed twice
with DMEM, resuspended in DMEM supplemented with 10% fetal
bovine serum and 50 μg/ml of gentamycin, and plated in 96-well tissue
culture plates at 2 × 105 cells per 0.2 mL per well. After 2-hour incuba-
tion at 37 ° C, non-adherent cells were removed by twomedium chang-
es. Macrophages were then stimulated or not with LPS (500 ng/mL), as
indicated in the text and figure legends and further incubated at 37 ° C
and 5% CO2. Cell-free supernatants were collected 4 and 24 h after incu-
bation for cytokines and nitric oxide measurement.

2.7. Measurement of cytokines and nitric oxide concentrations

TNF-α, IL-6, and IL-10 concentrations in serumsamples or in superna-
tants frommacrophage cultures, were determined by enzyme-linked im-
munosorbent assay (ELISA), using the DuoSet kit from R&D Systems
(Minneapolis, MN), according to the manufacturer's instructions. After
incubation with a streptoavidin-peroxidase conjugate (Sigma-Aldrich),
the reactionwas developed usingH2O2 and 3,3,5,5-tetramethylbenzidine
(Sigma-Aldrich) and the absorbance to 450 nm-wave length light read in
a spectrophotometer. Quantification of nitric oxide was done indirectly
through determination of nitrite concentrations 24 h after incubation,
using the Griess method [16].

Fig. 3. Assessment of cytokine production after bacterial lipopolysaccharide (LPS) chal-
lenge. BALB/c mice (6 animals per group) were injected intraperitoneally with betulinic
acid (BA, 67 mg/kg), dexamethasone (Dexa, 0.5 mg/kg) or vehicle (5% DMSO in saline),
90 min prior to intraperitoneal LPS administration. The mice were sacrificed 90 min
later, to collect sera for assessment of TNF-α (A), IL-10 (B), and IL-6 (C), by ELISA. Values
represent the means ± SEM of six determinations obtained in one of two experiments
performed. *P b 0.05, ***P b 0.001 compared to untreated group stimulated with LPS.
ANOVA followed by Newman-Keuls multiple comparison test.

Fig. 4. Survival curve of IL-10+/+ and IL-10−/− mice treated with betulinic acid and
submitted to endotoxic shock. Groups of male IL-10+/+ and IL-10−/− C57BL/6 mice
(n = 11) were treated with betulinic acid (67 mg/kg) or vehicle (5% DMSO in saline)
and challenged with intraperitoneal LPS administration 90 min later. Survival was
monitored during 96 hours after LPS challenge. Results are from one of two experiments
performed. *P b 0.05 compared to IL-10+/+ vehicle group. Statistical analysis was carried
out using Logrank (Mantel Cox).
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2.8. Statistical analyses

The statistical analysis of the differences in survival curveswasmade
using the Logrank test. Comparisons among the experimental groups
were performed by one-way analysis of variance and Newman-Keuls
multiple comparison tests using Graph Pad Prism version 5.01 (Graph
Pad Software, San Diego, CA). Differences were considered significant
when the values of P were b 0.05.

3. Results

To investigate the effects of BA on endotoxic shock, groups of BALB/c
mice were treated with the compound or vehicle (5% of DMSO in saline)
and challengedwith a lethal dose of LPS. Treatmentwith 67mg of BA per
kg induced protection to 100% of the animals (Fig. 2). BA at a lower dose
(33 mg/kg) did not protect mice against the lethal LPS challenge and at
the end of the observed period (four days), only 18% of animals were
alive, similar to the vehicle-treated group. Dexamethasone, a control
antiinflammatory drug, protected 83% at 0.5 mg/kg. Animals from all
groups displayed signs of shock, such as piloerection, shivering, and
lethargy.

To further investigate the effects of BA administration on endotoxemia,
we measured the serum levels of cytokines in BA-treated animals after
LPS challenge. Treatment with 67 mg of BA per kg decreased the TNF-α
concentration significantly, when compared to treatment with vehicle,
in LPS challenged mice, although less than dexamethasone, the refer-
ence drug (Fig. 3A). In contrast, the IL-10 concentrationwas significant-
ly higher in animals treated with BA and challenged with LPS (Fig. 3B)
than in vehicle-treated, LPS-challenged mice. The dexamethasone

treatment did not increase the production of IL-10 when compared to
vehicle-treated mice (Fig. 3B). The concentration of IL-6 following LPS
challenge was significantly reduced only by treatment with dexameth-
asone (Fig. 3C).

To evaluate the role of IL-10 in the BA-induced protection against
LPS challenge, we carried out a lethality experiment using IL-10-
deficient and wild-type C57BL/6 mice. IL-10−/− mice treated with BA
had an elevated mortality rate after LPS challenge, similar to vehicle-
treated IL-10−/− mice. In contrast, the IL-10+/+ control mice were
significantly protected against the LPS challenge by the BA treatment
(Fig. 4).

To assess the effects of BA on macrophages, we first measured nitric
oxide levels in cultures of peritoneal exudate macrophages. Incubation
of macrophages with BA (10 or 20 μM), or with dexamethasone
(20 μM), significantly inhibited nitric oxide production induced by LPS
stimulation, compared to LPS-stimulated untreated cultures (Fig. 5A).
We next evaluated the effects of BA on TNF-α, IL-6 and IL-10 produc-
tion. BA significantly decreased the production of TNF-α and modestly
of IL-6, whereas dexamethasone significantly inhibited both cytokines
(Fig. 5B and C). In contrast, a significant increase in IL-10 concentration
was observed in BA-treated cultures (20 μM) compared to LPS-
stimulated untreated cultures (Fig. 5D)whichwas not observed inmac-
rophage cultures treated with dexamethasone.

Finally, the effects of in vivo treatment with BA on macrophages
were evaluated. For this purpose, nitric oxide and TNF-α, IL-6 and IL-10
were measured on resident macrophages from animals previously
treated with BA. As revealed in Fig. 6, treatment with 67 mg/Kg of BA
significantly reduced nitric oxide (Fig. 6A) and TNF-α (Fig. 6B) relative
to the LPS-stimulated vehicle-treated cultures. A reduction of IL-6 levels

Fig. 5. Assessment of nitric oxide and cytokine production by peritoneal macrophages treated in vitrowith betulinic acid. Concentrations of nitrite (A), TNF-α (B), IL-6 (C) and IL-10 (D)
were determined in peritoneal macrophages treated or not with BA (10 or 20 μM) or dexamethasone (20 μM) in the presence of LPS (500 ng/mL) during 4 or 24 h. Cell-free supernatants
were then collected for nitrite quantification by the Griessmethod and cytokinemeasurement by ELISA. Values represent themeans± SEM of four determinations obtained in one of two
experiments performed. **P b 0.01, ***P b 0.001 compared to untreated cultures stimulated with LPS. # P b 0.01 compared to BA 20 μM; ANOVA followed by Newman-Keuls multiple
comparison test.
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was observed in macrophages derived from dexamethasone-treated,
but not from BA-treated mice (Fig. 6C). In contrast, IL-10 production
was significantly increased inmacrophages obtained frommice treated
with BA or dexamethasone.

4. Discussion

Sepsis, a life-threatening clinical condition, is associated with an
overproduction of cytokines, including tumor necrosis factor and
interleukins, as well as increased expression of adhesion molecules, as
a result of stimulation by pathogenic agents or endotoxins [17]. Interac-
tion between these various cytokines results in the activation of a cas-
cade reaction that triggers an excessive inflammation, being a major
cause of organ failure [18]. Recent studies have made considerable
progress on antibiotic therapies and critical care techniques for sepsis
treatment [19]. However, little progress was done about the anti-
inflammatory treatment of sepsis.

Here we demonstrated the protective effects of BA, a triterpenoid
found inmany plant species, in amousemodel of endotoxemia. Admin-
istration of BA (67 mg/kg) prevented themortality against a lethal dose
of LPS. This protection followed the suppression of TNF-α production,
one of the main soluble mediators involved in several aspects of the
pathophysiology of endotoxemia. Altogether, our data demonstrate a
potent in vivo anti-inflammatory activity of BA.

IL-10, a cytokine with potent anti-inflammatory properties, inhibits
LPS-induced TNF-α release in vitro [20] and in vivo, and protects mice
against lethal endotoxemia [21]. An increase in the levels of serum IL-10
was observed in mice treated with BA, suggesting an important role of

this cytokine in BA-induced protection. To confirm this hypothesis, we
carried out an experiment using wild-type and IL-10−/− C57BL/6
subjected to LPS-induced endotoxemia. Differing from wild-type mice,
IL-10−/− mice treated with BA had an elevated mortality rate after
LPS challenge, suggesting a role for IL-10 in the protection against lethal
endotoxemia conferred by BA. However, the fact that BA modulates
IkBα phosphorylation [22] suggests that its action on TNF-α inhibition
may also be related to alterations in signaling pathways, such as
NF-kB activation.

A previous report has shown that BA inhibits the expression of cyclo-
oxygenase 2 (COX-2) expression in cultures of human peripheral blood
mononuclear cells, leading to a decrease in PGE2 production [22]. The
increase in IL-10 induced by BA described in our study may be related
to the inhibition of PGE2 production, another inflammatory mediator
in LPS-challengedmice, since IL-10 is known to inhibit COX2 expression
by LPS-stimulated monocytes [23]. Thus, we are establishing the role of
another molecule involved in the anti-inflammatory activity produced
by BA.

Since lethal endotoxemia results from an undesirable overproduc-
tion of cytokines by activated mononuclear phagocytes, we carried out
in vitro experiments aiming to observe the effects of BA treatment in
LPS-activated macrophages. Thus, addition of BA to macrophage cul-
tures inhibited the production of inflammatory mediators, such as NO
and TNF-α, and increased IL-10 production, in agreement with to our
in vivo findings. These data were also confirmed using macrophages
harvested from mice previously treated with BA. Altogether, our data
indicate that BA-induced IL-10 production by macrophages suggests a
role of this anti-inflammatory cytokine in the protection against lethal

Fig. 6. In vivo treatmentwith betulinic acid (BA) decreases nitric oxide and TNF-α production and increases IL-10 production by LPS-stimulatedmacrophages. BALB/c mice (6 animals per
group) were treated with BA (67 mg/kg), dexamethasone (Dexa; 0.5 mg/kg) or vehicle (5% DMSO in saline) and, after 90 min, were euthanized to harvest resident peritoneal
macrophages. Cells were cultured in 96-well plates in the presence or absence of LPS (500 ng/mL) and, after 4 or 24 h, cell-free supernatants were collected. Concentrations of nitrite
(A), TNF-α (B), IL-6 (C) and IL-10 (D) were obtained throw Griess method and cytokines measurement by ELISA respectively. Values represent the means ± SEM of six determinations ob-
tained in 1 of 2 experiments performed. *** Pb 0.001 compared tomacrophages stimulatedwith LPS fromvehicle-treated group; ANOVA followed byNewman-Keulsmultiple comparison test.
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LPS challenge. The mechanisms leading to the increase in IL-10 produc-
tion induced by BA remain still to be determined.

In contrast to the inhibition of TNF-α, BA did not significantly affect
IL-6 production induced by LPS. IL-6 is a pleiotropic cytokine with both
pro and anti-inflammatory actions. Although a number of agents, in-
cluding dexamethasone, cause the down-modulation of both TNF-α
and IL-6, selective inhibition of TNF-αmay occur. In fact, a previous re-
port has shown that a vasoactive sandfly peptide (maxadilan) exerts its
anti-inflammatory action by a mechanism dependent on IL-6 [24].

A number of natural compounds have immunomodulatory activity
in experimental models of LPS-induced endotoxemia, where TNF-α
plays an important effector role [25,26]. Plant-derived polyphenols,
alkaloids, terpenes, sterols, and fatty acids are reported in literature as
inhibitors of TNF-α signaling [26], and may exert protective effects in
endotoxemia. Physalins B, F and G, which are seco-steroids isolated
from Physalis angulata, are examples of natural compounds with TNF-
α suppressing activity which are able to prevent LPS-induced lethality
[13]. BA, however, is a well-studied molecule that has originated a
new class of antiretroviral drugs, named inhibitors of maturation and
which has been evaluated in phase II clinical studies [27]. In addition,
BA is a very well tolerated drug and its use is safe in doses higher than
500 mg/kg, according to studies on antineoplastic activity [5,28,29].
Indeed, the anti-inflammatory activity of BA should be taken into
consideration in the context of the antineoplastic therapy.

4.1. Conclusion

The present findings reinforce the potential of BA, a natural com-
pound as an anti-inflammatory drug candidate consider the role of
IL-10 as another important mediator involved in the immune regula-
tion produced by the drug and indicate the carrying out of future clinical
evaluations involving BA effect on severe sepsis.
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� Terpenoids are potent and selective
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� BA5 destroys parasite cells by
necrotic death.

� Betulinic acid derivatives inhibit the
growth of intracellular amastigotes of
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zole showed synergistic effects.
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a b s t r a c t

Betulinic acid is a pentacyclic triterpenoid with several biological properties already described, including
antiparasitic activity. Here, the anti-Trypanosoma cruzi activity of betulinic acid and its semi-synthetic
amide derivatives (BA1-BA8) was investigated. The anti-Trypanosoma cruzi activity and selectivity
were enhanced in semi-synthetic derivatives, specially on derivatives BA5, BA6 and BA8. To understand
the mechanism of action underlying betulinic acid anti-T. cruzi activity, we investigated ultrastructural
changes by electron microscopy. Ultrastructural studies showed that trypomastigotes incubated with
BA5 had membrane blebling, flagella retraction, atypical cytoplasmic vacuoles and Golgi cisternae
dilatation. Flow cytometry analysis showed that parasite death is mainly caused by necrosis. Treatment
with derivatives BA5, BA6 or BA8 reduced the invasion process, as well as intracellular parasite devel-
opment in host cells, with a potency and selectivity similar to that observed in benznidazole-treated
cells. More importantly, the combination of BA5 and benznidazole revealed synergistic effects on try-
pomastigote and amastigote forms of T. cruzi. In conclusion, we demonstrated that BA5 compound is an
effective and selective anti-T. cruzi agent.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Chagas disease is a neglected disease caused by the protozoan
parasite Trypanosoma cruzi and constitutes a serious public health
problem worldwide (Pinto-Dias, 2006). It affects about 8e10
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million people, mainly in Latin American countries, where this
disease is endemic (Rassi et al., 2010). Pharmacotherapy is based on
nifurtimox and benznidazole, which are recommended to treat all
infected people (Urbina and Docampo, 2003). Treatment with
benznidazole is associated with side effects, prolonged treatment
time and low and variable efficacy in chronic phase of infection,
which is the most prevalent form of the disease (Urbina and
Docampo, 2003; Viotti et al., 2009; Morillo et al., 2015). This sce-
nario emphasizes a need to develop safer and more effective drugs.

Natural products play an important role in drug discovery and
development (Newman and Cragg, 2012). Naturally occurring ter-
penoids represent an important class of bioactive compounds that
exhibit several medicinal properties (Yin, 2015). This is exemplified
by betulinic acid, a lupane-type pentacyclic triterpenoid abundant
in the plant kingdom, which can be isolated from several plant
species or obtained from its metabolic precursor, betulin
(Yogeeswari and Sriram, 2005). Betulinic acid and its derivatives
possess anti-HIV activity, anti-bacterial, antihelmitic, anti-
inflammatory and a potent cytotoxic activity against a large panel
of tumor cell lines (Baglin et al., 2003; Chandramu et al., 2003;
Yogeeswari and Sriram, 2005; Drag et al., 2009; Costa et al., 2014;
Chakraborty et al., 2015).

Betulinic acid and other triterpenoids, both naturally-occurring
and semi-synthetic, have also been investigated as antiparasitic
agents (Hoet et al., 2007; Innocente et al., 2012). More specifically,
the activity of betulinic acid and its derivatives against the eryth-
rocitic stage of a chloroquine-resistant Plasmodium falciparum
strain, as well as antileishmanial activity on different Leishmania
species, were reported (Alakurtti et al., 2010; Chen et al., 2010;
Innocente et al., 2012; Sousa et al., 2014). Regarding the anti-Try-
panosoma cruzi activity, it was previously shown that betulinic acid
and ester derivatives inhibit epimastigote proliferation
(Domínguez-Carmona et al., 2010). In view of these findings,
betulinic acid is considered to be a prototype for the design and
synthesis of antiprotozoal agents. 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; Domínguez-Carmona
et al., 2010; Da Silva et al., 2011; Sousa et al., 2014; Spivak et al.,
2014). Based on these facts, the purpose of our work was to eval-
uate the trypanocidal potential of new semi-synthetic amide de-
rivatives of betulinic acid.

2. Material and methods

2.1. Chemistry

Betulinic acid (BA) was extracted from the bark of Ziziphus joa-
zeiro Mart. (Rhamnaceae) by using a previously described method
(Barbosa-Filho et al., 1985). Semi-synthetic compounds (BA1 to
BA8) were prepared from betulinic acid (Fig. 1). Betulinic acid was
initially converted to mixed anhydride by using isobutyl chlor-
oformate (Sigma-Aldrich), followed by addition of the respective
secondary amines. This methodology allowed the synthesis of
compounds BA1 to BA8 (Fig. 1), with yields varying from 30 to 41%
after HPLC purification.

2.2. General procedure for the synthesis

Two mmol (0.1 g) of betulinic acid were added to a 100 mL
round bottom flask under magnetic stirring and dissolved in
dichloromethane (10 mL). The mixture was cooled to �10 �C and
then 4-dimethylaminopiridine isobutyl chloroformate (3.0 mmol,
0.4 g) in dichloromethane (1 mL) was slowly added during 30 min.
The mixture was maintained under stirring for 3 h. The reaction

was transferred to a separating funnel, to which 50 mL of ethyl
ether were added and the organic phase was quickly washed with a
saturated solution of sodium bisulfite (1 � 50 mL), washed with
water and with saturated NaCl solution (2 � 50 mL). The organic
phase was separated, dried over MgSO4, and evaporated under
reduced pressure to give a white thick oily residue, which was
crystallized in cyclohexane. Purity was analyzed by HPLC and
structures examined by HRESIMS. Mass spectrometry was per-
formed in a Q-TOF spectrometer (nanoUPLC-Xevo G2 Tof, Waters).
ESI was carried out in the positive ion mode. HPLC analysis was
carried out in Beckmann Coulter using UV detector in a C18 column
(100 Å, 2.14� 25 cm) with a linear gradient of 5e95% MeCN/H2O in
0.1% TFA. Compound BA1. 95% (HPLC). HRESIMS Anal. Calc. (Found)/
Error for C34H55NO2: 509.4232 (510.4713, [MþHþ])/6.5 ppm.
Compound BA2. 94% (HPLC). HRESIMS Anal. Calc. (Found)/Error for
C35H58N2O2: 538.4498 (539.4491, [MþHþ])/5.7 ppm. Compound
BA3. 98% (HPLC). HRESIMS Anal. Calc. (Found)/Error for C35H57NO2:
523.4389 (524.5031, [MþHþ])/5.0 ppm. Compound BA4. 98%
(HPLC). HRESIMS Anal. Calc. (Found)/Error for C34H56N2O2:
524.4341 (524.4249, [MþHþ])/4.0 ppm. Compound BA5. 95%
(HPLC). HRESIMS Anal. Calc. (Found)/Error for C33H53NO3: 511.4025
(512.3177, [MþHþ])/10 ppm. Compound BA6. 94% (HPLC). HRESIMS
Anal. Calc. (Found)/Error for C33H53NSO2: 527.3797 (529.1641,
[MþHþ])/20 ppm. Compound BA7. 95% (HPLC). HRESIMS Anal. Calc.
(Found)/Error for C40H58NFO2: 603.4451 (604.4085, [MþHþ])/
4.0 ppm. Compound BA8. 98% (HPLC). HRESIMS Anal. Calc. (Found)/
Error for C40H59NO2: 585.4545 (589.7109, [MþHþ])/10 ppm.

2.3. Cytotoxicity to mammalian cells

Peritoneal exudate macrophages were obtained by washing,
with cold RPMI medium, the peritoneal cavity of BALB/c mice 4e5
days after injection of 3% thioglycolate in saline (1.5 mL per mice).
Then, cells were placed into 96-well plates at a density
1 � 105 cells/well in RPMI-1640 medium without phenol red
(Sigma-Aldrich, St. Louis, MO) supplemented with 10% of fetal
bovine serum (FBS; Cultilab, Campinas, Brazil), and 50 mg/mL of
gentamycin (Novafarma, An�apolis, Brazil) and incubated for 24 h at
37 �C and 5% CO2. After that time, each compound was added in
triplicate at eight concentrations ranging from 0.04 to 100 mM and
incubated for 6 or 72 h. Twenty mL/well of AlamarBlue (Invitrogen,
Carlsbad, CA) was added to the plates during 10 h. Colorimetric
readings were performed at 570 and 600 nm. CC50 values were
calculated using data-points gathered from three independent
experiments. Gentian violet (Synth, S~ao Paulo, Brazil) was used as a
cytotoxicity control, at concentrations ranging from 0.04 to 10 mM.

2.4. Cytotoxicity for trypomastigotes

Bloodstream trypomastigotes forms of T. cruzi (Y strain) were
obtained from supernatants of LLC-MK2 cells previously infected
and maintained in RPMI-1640 medium supplemented with 10%
FBS, and 50 mg/mL gentamycin at 37 �C and 5% CO2. Parasites
(4 � 105 cells/well) were dispensed into 96-well plates and the test
inhibitors were added at eight concentrations ranging from 0.04 to
100 mM in triplicate, and the plate was incubated for 24 h at 37 �C
and 5% of CO2. 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 in the anti-Trypanosoma cruzi
studies. Three independent experiments were performed.

2.5. In vitro T. cruzi infection assay

Peritoneal exudate macrophages were plated at a cell density of

C.S. Meira et al. / Experimental Parasitology 166 (2016) 108e115 109



2 � 105 cells/well in 24-well plates with sterile coverslips on the
bottom in RPMI supplemented with 10% FBS and incubated for
24 h at 37 �C and 5% CO2. Cells were then infected with trypo-
mastigotes 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 compounds under investigation in different concentra-
tions for 6 h. The mediumwas replaced with fresh medium and the
plate was incubated for 3 days (Soares et al., 2012). 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. Experiments were performed three times.

2.6. Trypanosoma cruzi invasion assay

Peritoneal exudate macrophages (105 cells) were plated onto
sterile coverslips in 24-well plates and kept for 24 h. Plates were
washed with saline solution and trypomastigotes were then added
at a cell density of 1 � 107 parasites/well along with the addition of
BA5, or BA6 or BA8 (50 mM). The platewas incubated for 2 h at 37 �C
and 5% CO2, 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 stain-
ing. Amphotericin B (Gibco Laboratories, Gaithersburg, MD) was
used as a positive control in this assay. Three independent experi-
ments were performed.

2.7. Ultrastructural studies

Trypomastigotes at a cell density of 1 � 107 cells/mL in 24 well-
plates were treated with test inhibitor BA5 (2 or 4 mM) or not for

24 h. Parasites were then fixed with 2% formaldehyde and 2.5%
glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) in so-
dium cacodylate buffer (0.1 M, pH 7.2) for 1 h at room temperature.
After fixation, parasites were washed 3 times with sodium caco-
dylate 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 concen-
trations of acetone (30, 50, 70, 90 and 100%) for 10 min at each step
and embedded in polybed resin (PolyScience family, Warrington,
PA). Ultrathin sections on copper grids were contrasted with uranyl
acetate and lead citrate and observed under a ZEISS 109 trans-
mission electron microscope. For scanning electron microscopy,
trypomastigotes treated with or without BA 505 (2 or 4 mM) 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. Two independent experiments
were performed.

2.8. Propidium iodide and annexin V staining

Trypomastigotes 1� 107/mL in 24well-plates were treated with
5 or 10 mMof BA5 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 per-
formed using a FACS Calibur flow cytometer (Becton Dickinson, San
Diego, CA), with FlowJo software (Tree Star, Ashland, OR). A total of
10,000 events were acquired in the region previously established as
that corresponding to trypomastigotes forms of T. cruzi. Two in-
dependent experiments were performed.

Fig. 1. Structure of betulinic acid and its derivatives.
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2.9. Drug combination

For in vitro drug combinations, doubling dilutions of each drug
(BA5 and benznidazole), used alone or in fixed combinations were
incubated with trypomastigotes or intracellular parasites followed
the protocols described above. The analysis of the combined effects
was performed by determining the combination index (CI), used as

cutoff to determine synergism, by using Chou-Talalay CI method
(Chou and Talalay, 2005) and through the construction of isobolo-
gram using the fixed ratio method, as described previously
(Fivelman et al., 2004).

2.10. Statistical analyses

To determine the cytotoxicity concentration 50% of BALB/c mice
macrophages (CC50) and the inhibitory concentration 50% (IC50) of
the trypomastigotes and amastigotes forms of T. cruzi, we used
nonlinear regression. The selectivity index (SI) was defined as the
ratio of CC50 by IC50 (trypomastigotes or amastigotes). The one-way
ANOVA followed by Bonferroni's multiple comparison test was
used to determine the statistical significance of the group com-
parisons 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).

3. Results

3.1. Trypanocidal and cytotoxicity activity

First the compounds had their anti-T. cruzi activity determined
against trypomastigote forms (Table 1). The structural design of the

Table 1
Cytotoxicity against macrophages and anti-Trypanosoma cruzi activity against try-
pomastigotes forms of betulinic acid and its derivatives.

Compound CC50 (mM)a IC50 Try. (mM) SI

BA 18.8 (±0.1) 19.5 (±0.9) 0
BA1 >100 >100 e

BA2 >100 >100 e

BA3 >100 13.7 (±2.3) 7.3
BA4 39.7 (±0.5) 10.2 (±1.0) 3.9
BA5 31.1 (±1.2) 1.8 (±0.1) 17.3
BA6 28.7 (±1.1) 5.4 (±1.3) 5.3
BA7 >100 55 (±0.6) 1.8
BA8 53.5 (±0.4) 5 (±0.5) 10.7
Gentian violet 0.5 (±0.1) e e

Benznidazole >100 11.4 (±1.4) 8.8

CC50 ¼ cytotoxicity concentration 50%. IC50 ¼ inhibitory concentration. SI ¼ Selec-
tive index. 50%. Values are means ± SD of three independent experiments per-
formed in triplicate.

a Cell viability of BALB/c mouse macrophages determined 72 h after treatment.

Fig. 2. Electron microscopy of trypomastigotes of T. cruzi treated with BA5 for 24 h. Using SEM, we observed alterations in cell shape and flagella retraction (2 mM; D) and loss of
plasma membrane integrity and body deformation (4 mM; G), untreated cells (A). White arrows indicate the alterations reported. Scale bars ¼ 2 mm. Using TEM, we observed
appearance of membrane blebling (2 mM; C), the formation of numerous and atypical vacuoles within the cytoplasm (2 mM; E), dilatation of some Golgi cisternae (2 mM; F) and
(4 mM; H and I) appearance of profiles of endoplasmatic reticulum involving organelles accompanied by the formation of autophagosomes, (B) untreated cells. Black arrows indicate
changes in the organelles.
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Fig. 3. 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 and 10 mM of BA5, respectively by 24 h. (D) Untreated trypomastigotes after 72 h of incubation. (E and F) Trypomastigotes
treated with 5 or 10 mM of BA5, respectively, for 72 h.

Fig. 4. 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 mM) or benznidazole (50 mM) for 6 h. Infected cells were stained with hematoxylin and eosin and analyzed by optical microscopy.
Bdz ¼ benznidazole. Values represent the mean ± SEM of triplicate. ***, P < 0.001 compared with untreated cultures.

Table 2
Antiparasitic activity in intracellular parasite, host cells cytotoxicity and selectivity index of derivatives.

Comp. Amastigotes IC50 ± S.D.(mM)a Macrophages CC50 ± S.D.(mM)b Selectivity indexc

BA4 18.9 (±1.2) >100 >5.3
BA5 10.6 (±0.8) >100 >9.4
BA6 12.4 (±1.7) >100 >8
BA8 13.2 (±1.6) >100 >7.6
Bdz 13.5 (±1.3) >100 >7.4

IC50 and CC50 values were calculated using concentrations in triplicate, in three independent experiments. IC50 ¼ inhibitory concentration at 50%. CC50 ¼ cytotoxic con-
centration at 50%. S.D. ¼ standard deviation. Bdz ¼ benznidazole.

a Cells were exposed to derivatives for 6 h and activity was determined 3 days after incubation with derivatives.
b Cell viability of BALB/c mouse macrophages determined 6 h after treatment.
c SI is selectivity index, calculated by the ratio of CC50 (macrophages) and IC50 (amastigotes).
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betulinic acid derivatives was performed to investigate the piper-
idinyl moiety attached to the C28 position of carboxylic acid func-
tion, varying thus the hydrogen-bond sites. In fact, most of semi-
synthetic derivatives had IC50 values lower than betulinic acid
and, in some cases (BA4, BA5, BA6 and BA8), the values of IC50 was
also lower than benznidazole, the reference drug. More specifically,
the attachment of morpholyl, thiomorpholyl or a 4-methyl-
phenylpiperidine group produced the most potent compounds.

Next, the cytotoxicity of the compounds to mouse macrophages
was analyzed. As shown in Table 1, all semi-synthetic derivatives
presented values of CC50 higher than betulinic acid. The derivatives
BA5 and BA8 showed the best profiles of selectivity with values of SI
of 17.3 and 8.8 respectively.

3.2. Investigating the mechanism of action

We used scanning electron microscopy (SEM) to study the
morphology of trypomastigotes treated or notwith themost potent
derivative (BA5). Untreated trypomastigotes had the typical elon-
gated shape of the parasitewithout visible alterations in the plasma
membrane or in cell volume (Fig. 2A). On the other hand, trypo-
mastigotes treated for 24 h with BA5 (2 or 4 mM) had flagella
retraction (Fig. 2D), loss of plasma membrane integrity and body
deformation (Fig. 2G).

Transmission electron microscopy (TEM) was also used to
examine ultrastructural alterations. Thin sections of untreated
trypomastigotes observed by TEM revealed normal appearance of
organelles, intact plasma membrane and cytoplasm without alter-
ations (Fig. 2B). However, treatment with BA5 (2 or 4 mM) caused
plasma membrane alterations (Fig. 2C), the formation of numerous
atypical vacuoles within the cytoplasm (Fig. 2E), dilatation of Golgi
cisternae (Fig. 2F) and profiles of endoplasmatic reticulum
involving organelles as nucleus accompanied by the formation of
autophagosomes (Fig. 2H and I).

To understand the mechanism by which compound BA5 causes
parasite death, a double staining with annexin V and propidium
iodide (PI) was performed for flow cytometry analysis. In untreated
cultures, most cells were negative for annexin V and PI staining,
demonstrating cell viability. In contrast, a significant increase in the
number of PI-positive parasites was observed in cultures treated
with BA5 at 5 and 10 mM. Treatment with 5 mM of BA5 for 72 h
resulted in 15.8% and 39.4% of cells positively stained for PI and PIþ

annexin Vþ, respectively (Fig. 3). These results suggest that the BA5
derivative induces a necrotic process in Trypanosoma cruzi
trypomastigotes.

3.3. In vitro infection studies

We next investigated the ability of BA4, BA5, BA6 and BA8
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Fig. 5. The betulinic acid derivatives impair T. cruzi trypomastigote invasion in
macrophages. Mouse macrophages were simultaneously infected with 107 Y strain
trypomastigotes and treated with betulinic acid derivatives (50 mM) or benznidazole
(50 mM) for 2 h. Bdz ¼ benznidazole; AmpB ¼ amphotericin B. ***, P < 0.001 compared
with untreated cultures.

Table 3
Concentration reductions and combination indexes for anti-T. cruzi activity by BA5 and benznidazole on trypomastigotes and amastigotes forms of T. cruzi.

Compounds IC50 ± S.D (mM)a

Trypomastigotes
IC50 ± S.D (mM)a

Amastigotes
CIb

Drug alone Combination Drug alone Combination Trypo Ama.

BA5 2.6 ± 0.2 0.9 ± 0.1 11.2 ± 0.9 3.7 ± 0.8 0.45 ± 0.1 0.84 ± 0.1
Bdz 10.6 ± 0.9 1.3 ± 0.4 13.6 ± 0.1 5.8 ± 0.6

a IC50 values were calculated using concentrations in triplicates and two independent experiments were performed.
b Combination index (CI). Cutoff: CI value of 0.3e0.7, synergism; 0.7e0.85, moderate synergism; 0.85e0.9, slight synergism; 0.9e1.1, additively; > 1.1, antagonism.

S.D ¼ standard deviation.

Fig. 6. Isobologram describing the synergistic effects of BA5 and benznidazole on T. cruzi trypomastigotes (A) and amastigotes (B). Dotted lines correspond to the predicted positions
of the experimental points for additive effects.
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derivatives to inhibit the development of parasites in host cells.
Macrophages infected with Trypanosoma cruzi trypomastigotes
treated with 50 mM of the compounds were stained with hema-
toxylin and eosin for analysis by optical microscopy. As shown in
Fig. 4, 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 IC50
value of the derivatives against intracellular parasites. As shown in
Table 2, the derivatives had an equipotent activity when compared
to benznidazole. Cytotoxicity measured at 6 h of drug exposure
demonstrated that benznidazole, as well as all derivatives testes are
not cytotoxic at the tested concentrations (CC50 > 100 mM). These
data demonstrate that the derivatives are selective compounds.

We also evaluated the effect of the most potent derivatives on
the invasion process. In this assay, peritoneal macrophages were
exposed to trypomastigotes and at the same time treated with the
semi-synthetic BA5, BA6 and BA8 derivatives (50 mM) 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 control for this
experiment. As shown in Fig. 5, the derivatives significantly
inhibited the parasite invasion in comparison to untreated cells
(P < 0.001), but not as efficiently as the positive control ampho-
tericin B, although they were more effective than benznidazole,
that show no significant activity on this assay.

Finally, the antiparasitic effect of BA5 and benznidazole in
combination was investigated against trypomastigote and amasti-
gote the forms of Trypanosoma cruzi. In comparison to the drugs
alone, the combination of BA5 and benznidazole reduced IC50
values in both forms of the parasite. In fact, the IC50 of benznidazole
decreased in average by 88% and 43% when combined with EEPA
BA5 against trypomastigotes and amastigotes forms of T. cruzi
respectively (Table 3).

An isobologram analysis and CI calculation, which can distin-
guish between the synergistic, additive and antagonistic effects of
two compounds, confirmed that the combination of BA5 and
benznidazole resulted in a remarkable synergistic effect on trypo-
mastigotes and a moderate synergistic effect on amastigotes
(Table 3; Fig. 6).

4. Discussion

Terpenoids, such as betulinic acid, are some of the most inves-
tigated source of antiparasitic compounds in terms of potency and
selectivity (Newman and Cragg, 2012). In the present study, we
investigated the anti-Trypanosoma cruzi activity of amide semi-
synthetic betulinic acid derivatives containing substituents
attached in the lupane backbone. We observed that an incorpora-
tion 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. Several re-
ports describe 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; Domínguez-Carmona et al., 2010). This is the
first report, however, regarding the contribution of the incorpora-
tion of amides on C-28 as drug design strategy to enhance the anti-
T. cruzi activity.

An examination of parasite morphology revealed that com-
pound BA5 is parasiticidal, by altering parasite ultrastructure. It
induced flagella retraction, loss of plasma membrane integrity and
notable cell body deformation. Interestingly, the treatment with

BA5 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, 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 and
Shimizu, 2005; Fernandes et al., 2012).

Most importantly, the semi-synthetic derivatives were able to
prevent the parasite development and invasion into host cells,
crucial events for T. cruzi infection establishment, with potency
similar to benznidazole. As a limitation, these compounds didn't
eliminate intracellular amastigotes even in the highest concen-
tration tested. However, the derivative BA5 exhibited synergistic
activity when used in combination to benznidazole. These results
encourage further investigations, since the combination of drugs
is becoming increasingly attractive to combat parasitic diseases
(Alirol et al., 2013; Diniz et al., 2013; Sousa et al., 2014).

Altogether, these findings reinforce that terpenoids are potent
and selective trypanocidal agents. Therefore, the screening for
structurally-related BA5 derivative for Chagas disease treatment is
an attractive line of drug development.

5. Conclusion

Here, we have reported the synthesis and anti-T. cruzi eval-
uation of betulinic acid and its new amide semi-synthetic de-
rivatives. By varying substituents attached to the amide group,
we could find substituents that retain, enhance or greatly in-
crease the trypanocidal activity, in comparison to betulinic acid.
Specifically, we identified the betulinic acid derivative BA5 as a
selective anti-T. cruzi agent, which destroys parasite cells by
necrotic death and acts synergistically in combination to
benznidazole.
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Chronic Chagas disease cardiomyopathy, caused by Trypanosoma cruzi infection, is a major cause of
heart failure in Latin America. Galectin-3 (Gal-3) has been linked to cardiac remodeling and poor
prognosis in heart failure of different etiologies. Herein, we investigated the involvement of Gal-3 in
the disease pathogenesis and its role as a target for disease intervention. Gal-3 expression in mouse
hearts was evaluated during T. cruzi infection by confocal microscopy and flow cytometry analysis,
showing a high expression in macrophages, T cells, and fibroblasts. In vitro studies using Gal-3
knockdown in cardiac fibroblasts demonstrated that Gal-3 regulates cell survival, proliferation, and
type I collagen synthesis. In vivo blockade of Gal-3 with N-acetyl-D-lactosamine in T. cruzieinfected
mice led to a significant reduction of cardiac fibrosis and inflammation in the heart. Moreover, a
modulation in the expression of proinflammatory genes in the heart was observed. Finally, histological
analysis in human heart samples obtained from subjects with Chagas disease who underwent heart
transplantation showed the expression of Gal-3 in areas of inflammation, similar to the mouse model.
Our results indicate that Gal-3 plays a role in the pathogenesis of experimental chronic Chagas disease,
favoring inflammation and fibrogenesis. Moreover, by demonstrating Gal-3 expression in human hearts,
our finding reinforces that this protein could be a novel target for drug development for Chagas car-
diomyopathy. (Am J Pathol 2017, 187: 1134e1146; http://dx.doi.org/10.1016/j.ajpath.2017.01.016)

Chronic Chagas disease cardiomyopathy (CCC), caused by
Trypanosoma cruzi infection, is an important cause of
morbidity and mortality in endemic countries. It is estimated
that approximately 7 million people are infected worldwide,
with high prevalence in Latin America and growing inci-
dence in developed countries because of globalization.1,2 It
is estimated that the cardiac form of the disease occurs in
approximately 20% to 30% of infected subjects.2 Antipar-
asitic drugs are effective during acute infection, but fail to
improve established CCC.3,4 Besides standard heart failure
treatment, patients with advanced CCC rely on heart trans-
plantation, which is limited because of organ availability
and complications relative to parasite reactivation after
immunosuppression therapy.5

During CCC, cardiomyocytes are lost as a result of
damage caused by immune responses directed to the para-
sites that persist in the heart, as well as to autoreactive cells
directed to heart antigens.6,7 Although the mechanisms of
pathogenesis are not completely understood, several studies
indicate the involvement of type 1 helper T-cell lympho-
cytes associated with high production of interferon-g
(IFN-g), resembling a delayed hypersensitivity reaction.6

An association between progression to severe chronic
forms and a high production of IFN-g was observed in
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patients with Chagas disease.8 Macrophages, a major cell
population found in the inflammatory sites, can be activated
by IFN-g and tumor necrosis factor-a, two inflammatory
cytokines overexpressed in the hearts of mice chronically
infected with T. cruzi. Furthermore, several genes related to
the inflammatory response are up-regulated in heart tissue
during the chronic phase of T. cruzi infection.9

Previous studies suggested that activated macrophages
secrete galectin-3 (Gal-3), a molecule involved in the
pathogenesis of cardiac dysfunction.10 Gal-3 is a soluble
b-galactoside binding lectin involved in a variety of cellular
processes, including proliferation, migration, and
apoptosis.11 The importance of this protein in the regulation
of cardiac fibrosis and remodeling has been highlighted by
the demonstration of its contribution to the development and
progression of heart failure in different experimental
settings.12e14 Serum Gal-3 concentrations are also increased
in patients with acute decompensated heart failure. On the
basis of these findings, the value of Gal-3 as a prognostic
biomarker in patients with chronic heart failure has been
investigated.15

Previously, we performed transcriptomic analysis in the
cardiac tissue of mice chronically infected with T. cruzi, and
found that Lgals3, the gene encoding for Gal-3, is among
the most overexpressed genes.16 By immunofluorescence
analysis, we showed that Gal-3 is mainly expressed in
inflammatory cells in the hearts of T. cruzieinfected mice.
We hypothesized that Gal-3 plays a role in the pathogenesis
of CCC, contributing to the progression of inflammation and
fibrosis. In the present study, we evaluated the expression of
Gal-3 during T. cruzi infection in mice. Gal-3 expression
was also investigated in human heart samples, to validate
the expression of this protein in the human disease setting.
Finally, we conducted in vitro and in vivo studies involving
genetic and pharmacological blockades of Gal-3 to inves-
tigate its potential role in disease pathogenesis and its
usefulness as a target for therapeutic development.

Materials and Methods

Animal Procedures

Six- to eight-week-old female C57BL/6 mice were used for
T. cruzi infection and as normal controls. Galectin-3
C57BL/6 mice were used in cell adhesion experiments.
All animals were raised and maintained at the animal facility
of the Center for Biotechnology and Cell Therapy, Hospital
São Rafael, in rooms with controlled temperature
(22�C � 2�C) and humidity (55% � 10%), and continuous
air flow. Animals were housed in a 12-hour light/12-hour
dark cycle (6AM to 6PM) and provided with standard
rodent diet and water ad libitum. Animals were handled
according to the NIH guidelines for animal experimenta-
tion.17 All procedures described had prior approval from the
local institutional animal ethics committee at Hospital São
Rafael (01/13).

Trypanosoma cruzi Infection

Trypomastigotes of the myotropic Colombian T. cruzi strain
were obtained from culture supernatants of infected LLC-
MK2 cells, as previously described.9 Infection of C57BL/6
mice was performed by i.p. injection of 1000 T. cruzi trypo-
mastigotes in saline, andwas confirmed through evaluation of
parasitemia at different time points after infection.

Pharmacological Blockade of Gal-3 with N-Lac

C57Bl/6 female mice (n Z 11) chronically infected with
T. cruzi [6 months postinfection (m.p.i.)] were treated with
N-acetyl-D-lactosamine (N-Lac) (Sigma-Aldrich, St. Louis,
MO), 5 mg/kg per day, i.p. injections 3� per week, for 60
days. Chronically infected mice injected with saline (nZ 10)
and same age naïve mice (n Z 8) served as controls. Func-
tional analyses were performed, as described below. Mice
were euthanized, by cervical dislocation under anesthesia
with 5% ketamine (König, São Paulo, Brazil) and 2% xyla-
zine (König Lab), the week after the final N-Lac injection.
Heart samples were collected for real-time quantitative PCR
and histological analysis. In another experiment, sucrose
(Sigma-Aldrich) was administered in the same regimen as
N-Lac to C57BL/6 mice, after 6 months of infection with
T. cruzi. Heart sampleswere collected for histological analysis.

Functional Analysis

Electrocardiography was performed using the Bio Amp
PowerLab System (PowerLab 2/20; ADInstruments,
Sydney, Australia), recording the bipolar lead I. All animals
were anesthetized by i.p. injection of 10 mg/kg xylazine and
100 mg/kg ketamine to obtain the records. All data
were acquired for computer analysis using Chart 5 for
Windows (ADInstruments). The electrocardiographic anal-
ysis included heart rate, PR interval, P wave duration, QT
interval, QTc, and arrhythmias. The QTc was calculated as
the ratio of QT interval by square roots of RR interval.

A motor-driven treadmill chamber for one animal (LE
8700; Panlab, Barcelona, Spain) was used to exercise the
animals. The speed of the treadmill and the intensity of the
shock (mA) were controlled by a potentiometer (LE 8700
treadmill control; Panlab). After an adaptation period in the
treadmill chamber, the mice exercised at five different veloc-
ities (7.2, 14.4, 21.6, 28.8, and 36.0 m/minute), with
increasing velocity after 5minutes of exercise at a given speed.
Velocity was increased until the animal could no longer sus-
tain a given speed and remained >5 seconds on an electrified
stainless-steel grid. Total running distance was recorded.

Morphometric Analysis

Two months after the therapy, mice were euthanized as
mentioned before and hearts were collected and fixed in
10% buffered formalin. Heart sections were analyzed by
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light microscopy after paraffin 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
the slide scanner ScanScope (Leica, Wetzlar, Germany).
Morphometric analyses were performed using Image Pro Plus
software version 7.0 (Media Cybernetics, Rockville, MD).
The inflammatory cells were counted in 10 fields (�400
magnification) per heart sample. The percentage of fibrosis
was determined using Sirius redestained heart sections and
the Image Pro Plus version 7.0. Two blinded investigators
performed the analyses (J.F.V. and C.M.A.).

Immunofluorescence Analysis

Frozen (10 mm thick) or formalin-fixed, paraffin-embedded
(3 mm thick) heart sections were obtained. Paraffin-embedded
tissues were deparaffinized and submitted to a heat-induced
antigen retrieval step by incubation in citrate buffer
(pH Z 6.0). Then, sections were incubated overnight at 4�C
with the following primary antibodies: antieGal-3, diluted
1:400 (Santa Cruz Biotechnology, Dallas, TX) and anti-
CD11b, diluted 1:400 (BDBiosciences, San Jose, CA). Next,
the sections were incubated for 1 hour with secondary anti-
bodies anti-goat IgG Alexa Fluor 488-conjugated and anti-rat
IgG Alexa Fluor 594-conjugated (1:400; ThermoFisher Sci-
entific, Waltham, MA). Immunostaining for in vitro experi-
ments was performed in cardiac fibroblasts or bone
marrowederived macrophages plated on coverslips. The
cells were fixed with paraformaldehyde 4% and incubated
with the primary antibodies: goat antieGal-3, diluted 1:400
(Santa Cruz Biotechnology), or rabbit anti-collagen type I,
diluted 1:50 (Novotec, Lyon, France). On the following day,
sections were incubated for 1 hour with phalloidin conjugated
with Alexa Fluor 633 or 488 conjugated, diluted 1:50, mixed
with the secondary antibodies anti-goat IgG Alexa Fluor 488-
conjugated (1:400) or anti-rabbit IgG Alexa Fluor 568-
conjugated (1:200; all from ThermoFisher Scientific),
respectively. Nuclei were stained with DAPI (VectaShield
mounting medium with DAPI H-1200; Vector Laboratories,
Burlingame, CA). The presence of fluorescent cells was
determined by observation on a FluoView 1000 confocal
microscope (Olympus, Tokyo, Japan) and A1þ confocal
microscope (Nikon, Tokyo, Japan). Quantifications of
Gal-3þ cells were performed in 10 random fields captured
under�400magnification, using the Image Pro Plus software
version 7.0.

Flow Cytometry Analysis

Control and T. cruzieinfected mice were euthanized, hearts
were collected, perfused with phosphate-buffered saline (PBS)
to remove blood cells, and processed by enzymatic digestion
using 0.1% collagenase IV (Sigma-Aldrich) and 10 mg/mL
DNase (Roche, Basel, Switzerland), for 40 minutes, at 37�C.
To evaluate the subpopulations of digested cardiac tissue

samples, cell suspensions were allowed to pass through a
70-mm cell strainer (BD Biosciences) and counted. Aliquots of
106 cells were used for each test tube and 1 mL of Fc blocking
reagent (BD Biosciences) was added. The fluorochrome-
conjugated antibody panels used for each subpopulation
were: i) T lymphocytes: CD45-APC-Cy7, CD3-APC, CD4-
PE-Cy5, CD8-PE (BD Biosciences); ii) macrophages:
CD45-APC-Cy7, CD11b-APC (eBiociences, San Diego,
CA); iii) fibroblast/fibrocyte: CD45-APC-Cy7, vimentin-APC
(Cell Signaling, Danvers, MA). Each antibody was diluted as
suggested on the product data sheet. Samples were incubated
for 20 minutes at room temperature in the dark. For intracel-
lular staining of Gal-3, samples were washed once in PBS and
CytoFix/CytoPerm kit (BDBiosciences) were used as directed
on data sheet protocol. AntieGal-3ePE (R&D Systems,
Minneapolis, MN) antibody was added to macrophages and
fibroblast/fibrocyte sample tubes, whereas nonconjugated
antieGal-3 (Santa Cruz Biotechnology) was added on
T lymphocyte sample tube and its detection was performed by
addition of anti-mouse IgG-Alexa Fluor 488 (ThermoFisher
Scientific). Each incubation step was performed during 30
minutes at room temperature in the dark. Samples were
washed twice and resuspended in PBS and added with
Hoecsht 33258 to exclude cell debris from analysis. Apoptosis
was evaluated by annexin V-PI assay. Cells were harvested
from culture flasks by adding TrypLE solution (ThermoFisher
Scientific) and incubating for 5 minutes at 37�C. Cell sus-
pensions were collected and washed with PBS by centrifu-
gation at 300 � g. After discarding supernatant, pellets were
resuspended in binding buffer (ThermoFisher Scientific) and
cells were counted. Apoptosis assays were performed using
annexin-V-APC and PI (BD Biosciences) according to the
manufacturer’s recommendations. Sample acquisition was
performed using a BD LSRFortessa SORP cytometer (BD
Biosciences) using BD FacsDiva software version 6.2 (BD
Biosciences). Ten thousand events were acquired per sample,
and the data were analyzed using FlowJo software version 7.5
(FlowJo Enterprise, Ashland, OR).

Real-Time RT-PCR

Total RNA was isolated from heart samples with TRIzol
reagent (ThermoFisher Scientific) and the concentration was
determined by spectrophotometry. High Capacity cDNA
Reverse Transcription Kit (ThermoFisher Scientific) was
used to synthesize cDNA of 1 mg RNA following manu-
facturer’s recommendations. Real-time RT-PCR assays
were performed to detect the expression levels of Tbet
(Mm_00450960_m1), Gata3 (Mm_00484683_m1), Tnf
(Mm_00443258_m1), Ifng (Mm_00801778_m1), Il10
(Mm_00439616_m1), Foxp3 (Mm_00475162_m1), Lgals3
(Mm_00802901_m1), and MMP9 (Mm_00444299_m1).
Other primer sequences used in real-time PCR ana-
lyses: Col1a1: 50-GTCCCTCGACTCCTACATCTTCTGA-
30 (forward) and 50-AAACCCGAGGTATGCTTGATCT-
GTA0 (reverse); Ccnd1: 50-TCCGCAAGCATGCACAGA-30
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(forward) and 50-GGTGGGTTGGAAATGAACTTCA-30

(reverse); Cav1: 50-GGCACTCATCTGGGGCATTTA-30

(forward) and 50-CTCTTGATGCACGGTACAACC-30

(reverse). The real-time RT-PCR amplification mixtures
contained a 20 hg template cDNA, TaqMan Master Mix (10
mL) and probes, constituting a final volume of 20 mL (all from
ThermoFisher Scientific). All reactions were run in duplicate
on an ABI7500 Sequence Detection System (ThermoFisher
Scientific) under standard thermal cycling conditions. The
mean Ct values from duplicate measurements were used to
calculate expression of the target gene, while normalized to an
internal control (Gapdh) using the 2eDCt formula. Experi-
ments with CVs >5% were excluded. A nontemplate control
and nonreverse transcription controls were also included.

Design of shRNAs and Production of Lentiviral Vectors

To stably knock down Lgals3 expression, we designed
shRNA against different regions of the Lgals3 coding
sequence, and a scramble shRNA as control. Target se-
quences were designed using the online tool siRNA Wizard
software version 3.1 (Invivogen, San Diego, CA). All sug-
gested sequences were blasted against the mouse RNA
reference sequence database, and the three with the lowest
degree of homology to other sequences were selected:
Lgals3_shRNA1 50-GATTTCAGGAGAGGGAATGAT-30;
Lgals3_shRNA2 50-GGTCAACGATGCTCACCTACT-30;
Lgals3_shRNA3 50-CATGCTGATCACAATCATGG-30;
and one Lgals3_scrbl_shRNA 50-AGGTATGAGTCGA-
GATTGAGA-30. Sense and antisense single strands, con-
taining the target sequence, a loop sequence (TCAAGAG),
and restriction enzyme sites for Mlu at the sense sequence and
ClaI at the antisense sequence, were synthesized separately.
The annealing of both strands to form double-stranded
shRNAs was performed by incubating 2.5 mmol/L from the
sense and antisense strand of each shRNA in 10 mmol/L Tris-
HCl (pH 7.5), 0.1 mol/L NaCl, and 1 mmol/L EDTA at 95�C
for 5 minutes and then allowing the reaction to cool down to
room temperature for at least 2 hours. The double-stranded
shRNAs were then phosphorylated using T4 PNK (New En-
gland Biolabs, Ipswich,MA) followingmanufacturer protocol.
The shRNAs were cloned into the pLVTHM lentiviral vector
(Addgene plasmid 12247), specifically designed for gene
knockdown with shRNAs,18 after the vector was linearized by
digestion with MluI and ClaI (New England Biolabs) accord-
ing to the manufacturer instructions. Each of the produced
shRNA constructs were confirmed by sequencing using ABI
3500 platform (ThermoFisher Scientific).

For lentiviral vector production, HEK293 FT cells were
cotransfected with each of the shRNA constructs, plus
psPAX2 (Addgene plasmid 12260) and pMD2.G (Addgene
plasmid 12247) for production of the lentivirus particles, in
a proportion of 3:2:1. Viral supernatants were harvested 48
and 72 hours later, pooled, centrifuged to remove cell
debris, filtered through 0.45-mm filters (Millipore, Billerica,
MA), and concentrated by ultracentrifugation. Cardiac

fibroblasts were transduced with the lentivirus by overnight
incubation in medium containing lentiviral particles and
6 mg/mL polybrene. Knockdown efficiency for each shRNA
was evaluated by real-time quantitative PCR using
TaqMan probes for Lgals3 (mm00802901_m1), Gapdh
(mm99999915_g1), Actb (mm00607939_s1), and Hprt
(mm00496968_m1) and TaqMan Universal PCR master
mix (ThermoFisher Scientific), according to the manufac-
turer’s instructions. Assay was performed in triplicate, and
the empty vector was used as control. Ct for Lgals3 was
normalized taking into account the geometric mean of the Ct
for Gapdh, Actb, and Hprt (DCt). The relative expression
was then calculated by the normalized Ct between each
Lgals3 shRNA construct and the empty vector (DDCt).

In Vitro Studies with Cardiac Fibroblasts and Bone
MarroweDerived Macrophages

Cardiac fibroblasts were isolated from hearts of adult
C57BL/6 mice, euthanized as described above. Hearts were
minced into pieces of 1 mm and incubated with 0.1%
collagenase type A (Sigma-Aldrich) at 37�C for 30 minutes,
under constant stirring. The cell suspension was passed
through a 70-mm cell strainer (BD Biosciences), and plastic-
adherent cells were selected by 1 hour incubation in gelatin-
coated flasks (Sigma-Aldrich). Nonadherent cells from
supernatant were removed and adherent cells were cultured
with Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum and 1% penicillin and strep-
tomycin (all from ThermoFisher Scientific), in a humidified
incubator at 37�C with 5% CO2. Culture medium was
changed every 3 days, and cells were trypsinized (trypsin-
EDTA 0.05%; ThermoFisher Scientific) when 80% conflu-
ence was reached. Cell cycle studies were performed with
CFSE Cell Proliferation Kit (ThermoFisher Scientific),
according to the manufacturer’s instructions. Proliferation of
cardiac fibroblasts was assessed by the measurement of
3H-thymidine uptake. Cells were plated in 96-well plates, at
a density of 104 cells/well, in a final volume of 200 mL, in
triplicate, and cultured in the absence or presence of 30 mg/mL
rmGal-3 (R&D Systems), with or without 1% modified
citrus pectin (ecoNugenics, Santa Rosa, CA). After 24 hours,
plates were pulsed with 1 mCi of methyl-3H thymidine
(PerkinElmer, Waltham, MA) for 18 hours, and proliferation
was assessed by measurement of 3H-thymidine uptake by
using a Chameleon b-plate counter (Hydex, Turku, Finland).
Proliferation capacity of Gal-3 knockdown and control cell
lines was compared by 3H-thymidine incorporation, using the
same procedures.

To obtain macrophages, bone marrow cells were harvested
from femurs of C57BL/6 mice by flushing with cold RPMI
1640 medium. Bone marrow cells were induced to differen-
tiate into macrophages by culture in RPMI 1640 supple-
mented with 10% fetal bovine serum (ThermoFisher
Scientific), 50 U/mL of penicillin, 50 mg/mL of streptomycin,
2.0 g/L of sodium bicarbonate, 25mmol/LHEPES, 2mmol/L
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glutamine, and 30% supernatant obtained from X63-GM-
CSF19 cell line culture, at 37�C and 5% CO2. Cells were
cultured for 7 days, with half medium changes every 3 days.
Differentiated macrophages were plated onto 24-well plates
and incubated in medium alone or with 1 mg/mL lipopoly-
saccharide (Sigma-Aldrich) with or without 50 ng/mL IFN-g
(R&D Systems). After 24 hours, macrophages were detached
using a cell scraper and analyzed for Gal-3 expression by flow
cytometry, as described above.

Human Samples

The procedures involving human samples received prior
approval by the local Ethics committee at Hospital São
Rafael (approval number 51025115.3.0000.0048). Samples
were obtained at Messejana Hospital in Fortaleza, Ceará, a
medical center specialized for heart transplantation in
Brazil. Fragments of explanted hearts from three patients
with Chagas disease, confirmed by serological assay, were
obtained from left ventricle and septum. Samples were
processed in paraffin and stained with hematoxylin and
eosin and Sirius Red, or used for immunostaining for
detection of Gal-3, as described above.

Lymphoproliferation Assay

Splenocyte suspensions, obtained from C57Bl/6 mice, were
prepared in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 50 mg/mL of

gentamicin. Splenocytes were cultured in 96-well plates at
1 � 106 cells/well, in triplicate, and lymphocyte prolifera-
tion was stimulated or not with concanavalin A (2 mg/mL;
Sigma-Aldrich) or Dynabeads mouse T-activator CD3/
CD28 (ThermoFisher Scientific), according to the manu-
facturer’s instructions. Cell proliferation was induced in the
absence or presence of various concentrations of N-Lac
(10, 1, and 0.1 mmol/L). After 48 hours of incubation, 1 mCi
of 3H-thymidine was added to each well, and the plate was
incubated for 18 hours. Plates were frozen at �70�C, then
thawed and transferred to UniFilter-96 GF/B PEI coated
plates (PerkinElmer) with the assistance of a cell harvester.
After drying, 50 mL of scintillation cocktail was added in
each well, sealed and plate read at liquid scintillation
microplate counter. Dexamethasone (Sigma-Aldrich;
10 mmol/L) was used as positive control. Three independent
experiments were performed.

En Face Leukocyte Adhesion Assay

The aorta from the thoracic region and spleens were
removed from wild-type and galectin-3 knockout C57BL/6
mice. Fragments of approximately 1 mm2 were placed with
the intimal side up in 96-well plates previously coated with
Matrigel (Corning Inc., Corning, NY) for 30 minutes at
37�C. Endothelium was activated by incubation with
500 ng/mL lipopolysaccharide (Sigma), whereas the sple-
nocyte suspension with 2 mg/mL concanavalin A (Sigma)

Figure 1 Gal-3 is overexpressed in mouse
hearts after Trypanosoma cruzi infection. Confocal
microscopy analysis demonstrated the presence of
Gal-3þ cells (green), mainly in areas of inflam-
matory infiltrates, in naïve (A), at 1 (B) and 6 (C)
months postinfection (m.p.i.). Cardiac muscle was
stained for actin-F (red), and nuclei were stained
with DAPI (blue). D: The cardiac expression of
Gal-3 peaked at 1 m.p.i., but remained elevated
during the chronic phase of infection, when
compared to naïve mice. E: A similar pattern is
observed for the number of inflammatory cells
infiltrating the heart. F: However, the percentage
of fibrosis increased with time. G: Most cells
expressing Gal-3 (green) coexpressed the mono-
cyte/macrophage marker CD11b (red). H: Cardiac
fibroblasts isolated by enzymatic digestion of
heart tissue also express Gal-3 (green). Actin-F is
seen in red, and nucleus in blue. I: Bone marrowe
derived macrophages stimulated in vitro with
proinflammatory (M1) inductors interferon-g
(IFN-g) and lipopolysaccharide (LPS) increase the
expression of Gal-3. Data are expressed as means
� SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
Scale bars Z 50 mm. dpi, days postinfection.
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and 500 ng/mL lipopolysaccharide, during a period of
6 hours.

Activated splenocytes were incubated with 1 mmol/L
Celltracker Fluorescent Probes (Life Technologies) in
serum-free RPMI 1640 medium (Gibco) for 30 minutes and
washed three times, before adhesion to the endothelium.
Splenocytes (5 � 105/well) were plated and incubated with
the aortic endothelium fragments for 30 minutes at 37�C in
the presence or absence of 10 mmol/L N-Lac (Sigma-
Aldrich). Plates were then carefully washed three times
with warm Hanks’ balanced salt solution to remove the
nonadherent cells. Three replicates were used for each
treatment. Different random areas per well were acquired
using a digital camera from an inverted fluorescence mi-
croscope. Fluorescent cells were quantified using
ImagePro.

Inhibition of Cell Migration Assay

C57BL/6 mice, 8 to 12 weeks old, were submitted to
euthanasia by cervical dislocation under anesthesia. Spleens

were collected, minced, cells were resuspended in PBS and
passed through a 70-mm cell strainer. The cells were
resuspended and maintained in RPMI 1640 medium
(ThermoFisher Scientific), without serum, supplemented
with 2 mmol/L L-glutamine (ThermoFisher Scientific), 0.1%
RMPI 1640 vitamin solution (Sigma Aldrich), 1 mmol/L
sodium pyruvate, 10 mmol/L HEPES, 50 mmol/L
2-mercaptoetanol, and penicillin/streptomycin solution (all
from ThermoFisher Scientific). Splenocytes were incubated
in starvation during 24 hours at 37�C and 5% CO2, in the
presence or absence of 10 mmol/L N-Lac. Migration assay
was performed using the QCM Chemotaxis Cell Migration
Assay, 24-well 3-mm pore (Millipore), according to the
manufacturer’s instructions. Briefly, splenocytes were
counted and 107 cells in 250 mL were placed in the upper
chamber, in serum-free medium, in the presence or absence
of N-Lac. RPMI 1640 medium supplemented with 10%
fetal bovine serum (ThermoFisher Scientific) with or
without 10 mmol/L N-Lac was placed in the bottom cham-
ber. Cells present in the bottom chamber were counted after
overnight incubation.

Figure 2 Gal-3 is increased in different cell
types involved in inflammation and tissue repair.
Histograms showing flow cytometry analysis from
digested heart tissue, obtained from naïve and
infected mice, at 3 and 15 months postinfection
(m.p.i.). Gal-3þ T CD4þ and CD8þ lymphocytes
expressing Gal-3 are increased at 3 and 15 m.p.i.
when compared to naïve controls. Most macro-
phages (CD45þ/CD11bþ), fibroblasts (CD45�/
vimentinþ), and bone marrowederived fibrocytes
(CD45þvimentinþ) express Gal-3 (>90%) in all
groups, but the mean fluorescence intensity in-
creases with time of infection.
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Statistical Analysis

All continuous variables are presented as means � SEM.
Continuous variables were tested for normal distribution using
Kolmogorov-Smirnov test. Parametric data were analyzed
usingunpaired t tests, for comparisonsbetween twogroups, and
one-way analysis of variance, followed by Bonferroni post hoc
test for multiple-comparison test, using Prism 6.0 (GraphPad,
La Jolla, CA).P< 0.05was considered statistically significant.

Results

Gal-3 Expression Is Increased during Experimental
T. cruzi Infection

We first analyzed the expression of Gal-3 in mouse heart
sections obtained at different time points of infection.
Trypanosoma cruzi infection led to increased expression of
Gal-3þ cells in themyocardium compared to naïve controls, as
shown by confocal microscopy (Figure 1, AeC). Quantifica-
tion of Gal-3 expression showed a significant increase in all
time points analyzed, in comparison with uninfected controls
(Figure 1D). The number ofGal-3þ cells was higher at the peak
of parasitemia (1 m.p.i.), when an intense acute inflammatory
response is found in the heart (Figure 1E). The numbers of
Gal-3þ cells during the chronic phase were sustained, whereas
the percentage of fibrosis increased with time (Figure 1F). The
population of Gal-3þ cells in the heart included macrophages
(CD11bþ cells) (Figure 1G) and cardiac fibroblasts
(Figure 1H). To investigate the role of proinflammatory signals
in the expression of Gal-3 by macrophages, we performed
in vitro studies to analyze the expression of Gal-3 in activated
macrophages. Bone marrowederived macrophages activated
with IFN-g and Toll-like receptor 4 ligand lipopolysaccharide
had an increased expression of Gal-3, as demonstrated by flow
cytometry analysis (Figure 1I).

To better characterize the cell populations expressingGal-3,
we performed flow cytometry analysis of cells isolated from
hearts of T. cruzieinfected mice (Figure 2). Both CD4þ and
CD8þTcells had increasedGal-3 expression at 3 and15m.p.i.
when compared to uninfected controls. In addition, macro-
phages, characterized as CD45þ/CD11bþ, composed the cell
populations expressing the higher mean fluorescence intensity
of Gal-3 (Figure 2). Gal-3 was expressed at low levels in
fibroblasts (vimentinþ/CD45�) in control hearts, and was
increased by 52.5% at 3 m.p.i. Gal-3 expression intensity in
fibroblasts at 15m.p.i. returned to levels similar to those found
in controls. However, a significant increase in Gal-3 expres-
sion was detected in a population of vimentinþ/CD45þ cells,
characterized as bone marrowederived fibrocytes, at 3 and
15 m.p.i., when compared to controls (Figure 2).

Expression of Gal-3 in the Hearts of Subjects with CCC

To evaluate if the presence of Gal-3þ cells in the myocar-
dium of infected mice could be translatable to the human

disease, we performed analysis in human heart samples ob-
tained from explants of subjects with chronic Chagas disease
cardiomyopathy who underwent heart transplantation. Heart
sections were prepared and stained with hematoxylin and
eosin for histological analysis, demonstrating the presence of
foci of myocarditis, with an inflammatory infiltrate composed
mainly of mononuclear cells, leading to the destruction of
myofibers (Figure 3, A and B). In addition, an extensive area
of diffuse fibrotic scar was found in Sirius redestained sec-
tions (Figure 3, C and D). The expression of Gal-3 in human
heart samples was evaluated by analysis using confocal mi-
croscopy. We observed the presence of cells, within the in-
flammatory foci and surrounding the myofibers, expressing
variable levels of Gal-3 (Figure 3, E and F).

Gal-3 Is a Major Regulator of Fibroblast Function

On the basis of the findings of increased Gal-3 expression in
fibroblasts during the development of CCC, we performed
in vitro studies aiming at investigating the role of Gal-3 on
different aspects of the biology of these cells. Cardiac

Figure 3 Gal-3 expression in heart samples from subjects with end-stage
Chagas cardiomyopathy. Representative images obtained from explanted
heart sections of two subjects with end-stage Chagas cardiomyopathy who
underwent heart transplantation. Heart sections were stained with hema-
toxylin and eosin, showing inflammatory infiltrates composed of mono-
nuclear cells surrounding myofibers (A) and in areas of myocytolysis (B).
Heart sections stained with Sirius red showing areas of mild (C) and
extensive (D) cardiac fibrosis. E and F: Confocal microscopy analysis from two
different subjects, showing Gal-3þ cells (red) in areas of inflammatory in-
filtrates. Nuclei are stained with DAPI (blue). Scale bars Z 50 mm (AeC, E,
and F); 25 mm (D).
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fibroblasts isolated from mouse hearts were incubated with
mouse recombinant Gal-3 to evaluate their proliferative rate.
We found that exogenous recombinant Gal-3, at a micro-
molar concentration, increased the proliferation of cardiac
fibroblasts, whereas addition of modified citrus pectin, a
binding partner of Gal-3, blocked the effect of Gal-3
(Figure 4A).

Considering that this effect was observed at high con-
centrations of exogenous Gal-3, and given the high
expression of intracellular Gal-3 in cardiac fibroblasts in
experimental CCC, we evaluated the role of endogenous
Gal-3 in cardiac fibroblasts. We generated lentiviral vectors
encoding shRNA targeting the Lgals3, together with green
fluorescence protein expression as a reporter gene. Then,
cardiac fibroblasts were transduced by lentiviral infection,
resulting in the knockdown of Gal-3. The efficiencies of
lentiviral infection and knockdown were confirmed by green
fluorescence protein reporter gene expression and by
quantification of Gal-3 gene and protein expressions by real-
time quantitative PCR and immunofluorescence analysis,
respectively (>90%) (Supplemental Figure S1, AeE). More
important, Gal-3 knockdown in cardiac fibroblasts led to a
down-regulation of type I collagen expression
(Supplemental Figure S1, FeH).

Gal-3 knockdown was associated with a significant
reduction in the proliferative rate of cardiac fibroblasts
(Figure 4B). This finding was accompanied by a reduction
of cyclin D1 gene expression (Figure 4C). Analysis of
caveolin-1 gene expression did not show alterations when

control or Gal-3 knockdown cells were compared (data not
shown). Flow cytometry analysis showed cell cycle arrest in
Gal-3 knockdown when compared to control cells
(increased percentage of G0/G1 and decreased S and G2/M
phases) (Figure 4, DeF).

To determine whether Gal-3 knockdown also affects cell
survival, we evaluated the frequency of apoptosis in the
culture of cardiac fibroblasts, by annexin V/PI staining and
flow cytometry analysis. A higher percentage of apoptotic
cells was detected in cultures of cardiac fibroblasts with
Gal-3 knockdown when compared to controls (Figure 4G).

Treatment with the Gal-3 Blocking Agent N-Lac
Reduces Inflammation and Fibrosis in Experimental
CCC

To study the role of Gal-3 on the pathogenesis of CCC, we
performed a pharmacological blockade of Gal-3 using
N-Lac (Figure 5A), during the chronic phase of the infec-
tion, when cardiac fibrosis is significantly increased (6 and 8
m.p.i.). We performed functional evaluations (electrocar-
diographic analysis and treadmill test) before treatment
(6 m.p.i.) and after the treatment with N-Lac (8 m.p.i.).
Trypanosoma cruzi infection caused the development of
arrhythmias and cardiac conduction disturbances, such as
atrioventricular block, ventricular tachycardia, and ventric-
ular bigeminy. Treatment with N-Lac did not alter the
frequencies or the severity of arrhythmias when compared to
those found in saline-treated controls (Table 1). Regarding

Figure 4 Gal-3 is crucial for cardiac fibroblast
proliferation and survival. Recombinant Gal-3 was
added to the cardiac fibroblast culture medium and
cell proliferation was measured by 3H-thymidine
incorporation assay. A: Extracellular Gal-3 induced
cardiac fibroblast proliferation, which is abolished
by addition of modified citrus pectin, a Gal-3
binding partner. B: Gal-3 knockdown in cardiac
fibroblasts markedly reduces cell proliferation, as
evaluated by 3H-thymidine incorporation assay.
C: A reduction in gene expression of cyclin D1 is
found by real-time quantitative PCR analysis. Cell
cycle analysis was performed by flow cytometry
with carboxyfluorescein succinimidyl ester assay,
demonstrating that Gal-3 knockdown in cardiac
fibroblasts is associated with cell cycle arrest in G0/
G1 phases (D) and reduced number of cells in the S
(E) and G2/M (F) phases. G: Gal-3 knockdown is
associated with increased frequency of apoptosis,
as evaluated by annexin V assay. Data are
expressed as means � SEM. *P < 0.05,
**P < 0.01, and ***P < 0.001. CPM, counts per
minute; PI, propidium iodide.
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the exercise capacity, T. cruzieinfected mice had an
impaired performance when compared to uninfected con-
trols 6 months after infection (data not shown). N-Lac
treatment did not cause any improvement in exercise
capacity, because mice treated with this Gal-3 blocker had
similar performance in treadmill test to saline-treated mice
and a reduced capacity when compared to uninfected con-
trols (Figure 5B).

Histological analysis demonstrated the presence of
inflammatory infiltrate in the hearts of mice infected with
T. cruzi, mainly composed of mononuclear cells. The
number of inflammatory cells infiltrating the heart, however,
was significantly reduced in N-Lacetreated mice, compared
to saline-treated controls (Figure 5, C and D). In addition,
the percentage of heart fibrosis was significantly reduced
after N-Lac treatment when compared to saline-treated mice
(Figure 5, C and E). In addition, a control experiment was
performed in which T. cruzieinfected mice were treated in

the same regimen with sucrose. Morphometric analysis in
the hearts of sucrose-treated mice did not show reduction of
inflammatory cells and the fibrotic area in sucrose-treated
mice when compared to those treated with saline
(Supplemental Figure S2).
To investigate whether N-Lac caused modulation of

inflammatory mediators, we performed gene expression
analysis in the heart tissue (Figure 6). N-Lacetreated mice
had reduced gene expression of the inflammatory cytokines
tumor necrosis factor-a and IFN-g when compared to
saline-treated mice. The regulatory cytokine IL-10 was
increased in T. cruzieinfected mice when compared to
uninfected controls, both in saline as well as in N-Lace
treated mice. Moreover, the gene expression of transcription
factors T-bet, GATA-3, and FoxP3, associated with T-cell
subtypes type 1 helper T cell, type 2 helper T cell, and T
regulatory cell, respectively, was increased by T. cruzi
infection and reduced in mice treated with N-Lac. The gene

Figure 5 In vivo pharmacological blockade of
Gal-3 during the chronic phase of experimental
Trypanosoma cruzi infection reduces inflammation
and fibrosis. A: Experimental design. B: A lack of
functional recovery was observed by analysis of
performance in treadmill test 2 months after the
beginning of treatment with N-Lac. C: A significant
reduction in the intensity of cardiac inflammation
and fibrosis is observed in heart sections of mice
treated with N-Lac stained with hematoxylin and
eosin (top row) and Sirius red (bottom row).
Quantifications of the number of inflammatory cells
infiltrating the heart (D), cardiac fibrosis area (E),
showing histological improvement in N-Lac treated
mice. Data are expressed as means � SEM.
*P < 0.05, **P < 0.01, and ***P < 0.001. Orig-
inal magnification, �200 (C). m.p.i., months
postinfection.
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expression of chemokine ligand 8 (modified citrus pectin 2)
and the chemokine receptor CCR5, which are increased by
T. cruzi infection, was also reduced after N-Lac treatment.
More important, treatment with N-Lac reduced the gene
expression of Gal-3 in the hearts of T. cruzieinfected mice
(Figure 6).

To better investigate the mechanisms by which N-Lac
caused reduction of inflammation, we performed lympho-
proliferation and migration assays. Mouse splenocytes were
stimulated in vitro with concanavalin A or anti-CD3/CD28.

Addition of N-Lac at the highest concentration tested
(10 mmol/L) caused a small reduction of lymphoprolifera-
tion stimulated by both polyclonal activators (Figure 7, A
and B). In contrast, the positive control dexamethasone
inhibited the proliferation induced by both stimuli. Last, we
tested the effects of N-Lac in adhesion of leukocytes to the
endothelium and in cell migration. The adhesion of leuko-
cytes to aorta endothelium in an en face assay was signifi-
cantly blocked by N-Lac using cells and endothelium from
wild-type mice, but not from galectin-3 knockout mice
(Figure 7C). In fact, cell adhesion of galectin-3 knockout
mice was similar to that of pharmacological blockade with
N-Lac in wild-type cells (Figure 7C), In addition, the
presence of N-Lac significantly inhibited leukocyte migra-
tion in a transwell system (Figure 7D).

Discussion

Gal-3 is a multifunctional lectin that can be found in various
cells and tissues, and is detected in the nucleus, cytoplasm,
as well as in the extracellular compartment.11 Notably,
Gal-3 may have different, concordant, or opposite actions
depending on the cell type and whether it is present in the
extracellular or intracellular compartments.11 Previous
studies from our group and others have shown a correlation
between inflammation and fibrosis in the heart and Gal-3
expression.16,32,34 Moreover, host expression of Gal-3 is
required for T. cruzi adhesion and invasion in human cells.20

In the present study, we demonstrated the expression of Gal-
3 in different cell populations and its role in the promotion

Table 1 ECG Analysis in Uninfected and Trypanosoma cruzie
Infected Mice

ECG findings
Uninfected
(n Z 7)

Pretreatment
(n Z 19)

Saline
(n Z 9)

N-Lac
(n Z 10)

No alterations 7/7 1/19
Atrial overload 1/19 1/9
IACD 2/9
JR 1/19 1/9
AVB first degree 6/19 3/9 2/10
AVB third degree 5/19 2/9 3/10
SVT 2/19 1/9 1/10
Ventricular
bigeminy

3/10

Isorhythmic AVD 2/19 1/9 1/10
AVD 1/9
IVCD 1/19 1/9

AVB, atrioventricular block; AVD, atrioventricular dissociation; ECG,
electrocardiography; IACD, intra-atrial conduction delay; IVCD, intraven-
tricular conduction delay; JR, junctional rhythm; N-Lac, N-acetyl-D-
lactosamine; SVT, supraventricular tachycardia.

Figure 6 Modulation of gene expression in
chagasic heart after N-Lac treatment. real-time
RT-PCR analysis of gene expression in the heart
tissue demonstrates that N-Lac treatment is
associated with a reduction of inflammatory
cytokines tumor necrosis factor (TNF)-a (A) and
interferon (IFN)-g (B), and does not alter the
expression of IL-10 (C), when compared to saline-
treated mice. T-lymphocyte subtypeespecific
transcription factors associated with type 1 helper
T cell (T-bet; D), type 2 helper T cell (GATA-3; E),
and T regulatory cell (FOXP3; F) are reduced in
N-Lacetreated mice. The expression of genes
associated with leukocyte migration and chemo-
taxis CCR5 (G), chemokine ligand 8 (H), and
Gal-3 (I) is also reduced after N-Lac treatment.
Data are expressed as means � SEM. *P < 0.05,
**P < 0.01, and ***P < 0.001.

Role of Galectin-3 in Chagas Disease

The American Journal of Pathology - ajp.amjpathol.org 1143

http://ajp.amjpathol.org


of heart inflammation and fibrosis in T. cruzieinfected mice.
This was achieved by the following: i) immunostaining in
chronic Chagas disease human and mouse heart samples
showing the presence of Gal-3þ cells, including macro-
phages, T cells, fibroblasts, and fibrocytes; ii) blockade of
Gal-3 expression in cardiac fibroblasts, showing its role on
proliferation and collagen production; and iii) pharmaco-
logical blockade in vivo in the experimental model, showing
significant reduction of inflammation, fibrosis, and produc-
tion of key inflammatory mediators in the heart.

Previous studies have highlighted a role for Gal-3 in the
cardiac remodeling process in different experimental
settings, including experimental models of hypertrophic
cardiomyopathy and myocardial infarction.12e14 These
reports have focused on Gal-3 effects in cardiac fibroblasts,
contributing to cell survival, proliferation, and extracellular
matrix synthesis. In CCC, however, a massive infiltration of
immune cells is observed in the heart, which leads to
persistent immune-mediated myocyte damage, ultimately
triggering a progressive fibrogenic response.6e9

In the present study, we demonstrated the dynamic
expression of Gal-3 in different periods during T. cruzi
experimental infection and correlated with the findings of
human heart analysis, in sections obtained from hearts of
subjects with end-stage heart failure due to CCC. Gal-3
expression was observed in a similar pattern in human and
mouse heart samples, mainly in areas of inflammatory
infiltrates. Gal-3 has been previously described in immune
cells and to participate in different aspects of innate and
adaptive immune responses.21e26 In the experimental
model, we showed expression of Gal-3 in macrophages and

T cells, two main cell types present in the inflammatory foci
in Chagas disease hearts. Moreover, we demonstrated that
inflammatory stimuli increase the expression of Gal-3 in
macrophages in vitro. Because IFN-g and tumor necrosis
factor-a are produced in mouse hearts chronically infected
with T. cruzi, their action may account for the increased
Gal-3 expression in macrophages. The described roles for
Gal-3 in T-cell biology include the promotion of cell
survival, proliferation, T-cell receptor signaling, and
migration.27 In our study, we observed reduction of cell
adhesion to endothelium and migration, but not of
lymphocyte proliferation, by the Gal-3 inhibitor N-Lac,
suggesting that the reduction of inflammation in the hearts
of infected mice after N-Lac treatment is mainly because of
reduction of cell migration.
In our study, we found that T. cruzi infection also

increased the expression of Gal-3 in cardiac fibroblasts and,
even more intensely, in a population of bone marrowe
derived fibrocytes. Although cardiac fibroblasts have been
classically described as the most important cell type
involved in cardiac fibrosis, different studies have shown
that bone marrowederived fibrocytes play relevant roles in
fibrogenesis and remodeling.28e30 Our data provided from
in vitro assays in cardiac fibroblasts demonstrated the role of
exogenous and endogenous Gal-3 in cell survival, prolifer-
ation, and type I collagen synthesis, which is supported by
the current literature.12e14 The fact that extracellular Gal-3
increased cell proliferation only in high concentration and
the marked reduction of proliferation in Gal-3 knockdown
cells indicate that intracellular Gal-3 has a critical role in
cell proliferation regulation. Interestingly, Gal-3 has been

Figure 7 Effects of N-Lac on splenocyte pro-
liferation and migration in vitro. Mouse spleno-
cytes obtained from naïve C57Bl/6 mice were
stimulated with concanavalin A (Con A; A) or anti-
CD3/CD28 (B) in the absence or presence of N-Lac
or dexamethasone (Dexa; 10 mmol/L). Lympho-
proliferation was assessed by 3H-thymidine
uptake. C: En face adhesion assay was performed
using aorta fragments and splenocytes from wild-
type or Gal-3 knockout mice, in the absence or
presence of N-Lac. Data show the frequency of
adherent cells 30 minutes after incubation.
D: Mouse splenocytes were submitted to starva-
tion and placed in the upper compartment of a
transwell system in the presence or absence of 10
mmol/L N-Lac. Medium with or without fetal
bovine serum (FBS) was placed in the lower
chamber as a chemoattractant. Cell concentration
in the lower chamber after overnight incubation.
Data are expressed as means � SEM (AeD).
*P < 0.05, **P < 0.01, and ***P < 0.001. CPM,
counts per minute.
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previously shown to enhance cyclin D1 promoter activity,31

correlating with the cell cycle arrest and decreased expres-
sion of cyclin D1 gene in Gal-3 knockdown fibroblasts
found in our study. The fact that caveolin-1 gene expression
was not increased in Gal-3 knockdown cells reinforces a
direct action of Gal-3 in the regulation of cyclin D1 gene
transcription.

We have previously shown that Lgals3 gene expression is
up-regulated in the hearts of mice during chronic T. cruzi
infection.9,16 The correlation between intensity of myocar-
ditis and presence of collagen type I, Gal-3, and a-smooth
muscle actinepositive cells was also seen in a mouse model
of T. cruzi infection.32 Gal-3 was implicated in the process
of T. cruzi invasion.33 Altogether, these data suggest that
Gal-3 is involved in different aspects of the pathogenesis of
CCC, from T. cruzi infection to immune response, inflam-
mation, and tissue repair. Interestingly, a reduction of Gal-3
expression in the heart was observed accompanying
decreased fibrosis and myocarditis after granulocyte colony-
stimulating factor treatment or cell therapy in chronically
infected mice.16,34 In the present study, we showed that the
Gal-3 pharmacological blockade with N-Lac significantly
modulated the immune response in the hearts from CCC
mice, reducing migration of immune cells to the myocar-
dium and decreasing the expression of inflammatory type 1
helper T-cell cytokines and markers of type 2 helper T-cell
and T regulatory cell lymphocyte subtypes, to the level of
naïve control mice. Notably, the anti-inflammatory cytokine
IL-10 was increased when compared to naïve mice. This
finding, together with the observed reduced levels of IFNG
and TNFA gene expression, demonstrates a potent anti-
inflammatory effect of N-Lac. Moreover, N-Lac treatment
was associated with a significant reduction of myocardial
fibrosis, which is in accordance with a previous report in a
different experimental model.14 Despite the reduction of
inflammation and fibrosis, our results did not correlate with
any improvement in functional parameters after N-Lac
treatment. This finding does not exclude the possibility of
long-term beneficial effects of Gal-3 blockade, nor that
N-Lac treatment, at an earlier stage of the infection, which
may prevent the deterioration of cardiac function.

The strong binding affinity between galectin-3 and
N-acetyl-D-lactosamine has been previously reported.35

Moreover, in previous studies, similar dose and adminis-
tration regimen of N-acetyl-D-lactosamine were used to
block galectin-3 in mouse models of viral myocarditis36 and
hypertensive cardiac remodeling.14 The reduction of
inflammation and fibrosis observed after N-Lac treatment
were not observed in mice treated with sucrose in the same
dose and regimen. Moreover, pharmacological (by N-Lac)
and genetic (gene knockout) blockade of Gal-3 had similar
effects in cell adhesion to endothelium, and indicate that
N-Lac does not interfere with selectin binding.

In a translational perspective, Gal-3 could be used in the
clinical setting as either a novel biomarker or a therapeutic
target. Although the identification of novel noninvasive

biomarkers that adequately predict cardiac fibrosis would be
highly desired, in a recent report we showed that plasma
Gal-3 levels do not correlate with the intensity of fibrosis, as
measured by magnetic resonance imaging, in a recently
published transversal study in subjects with CCC.37 None-
theless, these data do not exclude the possibility of Gal-3
being useful as a biomarker for prognosis determination,
which is currently under investigation in chronic heart
failure caused by other etiologies.38 Thus, the conduction of
a longitudinal study in Chagas disease subjects would be
required to validate the use of plasma Gal-3 as prognosis
biomarker.

In conclusion, herein, we demonstrated that Gal-3 plays
an important role in the pathogenesis of experimental
chronic Chagas disease, acting in different cell compart-
ments and promoting cardiac inflammation and fibrosis. The
finding of Gal-3 expression in human heart samples, in a
similar pattern as observed in the mouse model, reinforces
its potential as a novel target for drug and therapy devel-
opment for CCC.
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Nitro/Nitrosyl-Ruthenium Complexes Are Potent and Selective Anti-
Trypanosoma cruzi Agents Causing Autophagy and Necrotic Parasite
Death
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cis-[RuCl(NO2)(dppb)(5,5=-mebipy)] (complex 1), cis-[Ru(NO2)2(dppb)(5,5=-mebipy)] (complex 2), ct-[RuCl(NO)(dppb)(5,5=-
mebipy)](PF6)2 (complex 3), and cc-[RuCl(NO)(dppb)(5,5=-mebipy)](PF6)2 (complex 4), where 5,5=-mebipy is 5,5=-dimethyl-
2,2=-bipyridine and dppb is 1,4-bis(diphenylphosphino)butane, were synthesized and characterized. The structure of complex 2
was determined by X-ray crystallography. These complexes exhibited a higher anti-Trypanosoma cruzi activity than benznida-
zole, the current antiparasitic drug. Complex 3 was the most potent, displaying a 50% effective concentration (EC50) of 2.1 � 0.6
�M against trypomastigotes and a 50% inhibitory concentration (IC50) of 1.3 � 0.2 �M against amastigotes, while it displayed a
50% cytotoxic concentration (CC50) of 51.4 � 0.2 �M in macrophages. It was observed that the nitrosyl complex 3, but not its
analog lacking the nitrosyl group, releases nitric oxide into parasite cells. This release has a diminished effect on the trypano-
somal protease cruzain but induces substantial parasite autophagy, which is followed by a series of irreversible morphological
impairments to the parasites and finally results in cell death by necrosis. In infected mice, orally administered complex 3 (five
times at a dose of 75 �mol/kg of body weight) reduced blood parasitemia and increased the survival rate of the mice. Combina-
tion index analysis of complex 3 indicated that its in vitro activity against trypomastigotes is synergic with benznidazole. In ad-
dition, drug combination enhanced efficacy in infected mice, suggesting that ruthenium-nitrosyl complexes are potential con-
stituents for drug combinations.

Chagas disease, caused by the protozoan parasite Trypanosoma
cruzi, affects approximately 10 million people worldwide,

with a high prevalence in Latin America (1). The main drugs used
against this disease are benznidazole and nifurtimox (2), both of
which are effective in curing the disease when administered dur-
ing the acute phase but are less effective in patients that have
progressed to the chronic phase (3). Furthermore, these drugs are
not considered ideal, due to severe side effects, and drug resistance
to T. cruzi strains has been reported (4). Thus, research aimed at
identifying molecules with anti-T. cruzi activity is urgently need
for the treatment of Chagas disease.

In recent years, a variety of anti-T. cruzi drug targets have been
identified, including the enzymes lanosterol 14�-demethylase,
trans-sialidase, trypanothione reductase, and cysteine protease
(5). T. cruzi contains a cysteine protease homologous to cathepsin
L in mammalian cells, called cruzipain or cruzain, which is re-
sponsible primarily for the proteolytic activity involved in all
stages of the parasite’s life cycle (6, 7). Cruzain is important for
parasite survival, cell growth, and differentiation (8, 9). Further-
more, this enzyme plays an important role in the process of para-
site internalization in mammalian cells and in the intracellular
replication of T. cruzi (7, 9).

Nitric oxide (NO) is a well-known endogenous trypanocidal
molecule which contributes to host control of acute infection (10,
11). NO inactivates cruzain by S-nitrosylation of the binding site
(12), but T. cruzi uses trypanothione reductase to convert NO into
a harmless species (13). Therefore, it has been hypothesized that
NO donor drugs may be useful against T. cruzi infection by pro-
ducing exogenous NO (14). Organic NO donor molecules have

been investigated as anti-T. cruzi agents, but compounds with in
vivo efficacy have not been identified (15). In recent years, ruthe-
nium-nitrosyl complexes have been evaluated as anti-T. cruzi
agents, demonstrating potent and selective antiparasitic activity,
including in T. cruzi-infected mice (16–19). In addition, this class
of complexes exhibited inhibitory activity against the T. cruzi glyc-
eraldehyde 3-phosphate dehydrogenase, suggesting that rutheni-
um-nitrosyl complexes may have pleiotropic effects (19). From
the point of view of medicinal chemistry, ruthenium complexes
have been explored as an alternative to platinum complexes in the
context of anticancer and anti-infective chemotherapy (20–22).
More specifically, ruthenium complexes are described as out-
standing bioactive agents because of the phosphine ligands, which
provide great stability for these compounds (23–26). Neverthe-
less, only a few ruthenium complexes containing these ligands
have been fully examined against T. cruzi (19).

Therefore, in this study we evaluated the in vitro and in vivo anti-T.
cruzi activity of four new ruthenium complexes: cis-[RuCl
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(NO2)(dppb)(5,5=-mebipy)] (complex 1), cis-[Ru(NO2)2(dppb)
(5,5=-mebipy)] (complex 2), ct-[RuCl(NO)(dppb)(5,5=-mebipy)]
(PF6)2 (complex 3), and cc-[RuCl(NO)(dppb)(5,5=-mebipy)]
(PF6)2 (complex 4). All the synthesized compounds are mononuclear
complexes and contain 5,5=-dimethyl-2,2=-bipyridine (5,5=-me-
bipy) and 1,4-bis(diphenylphosphino)butane (dppb) ligands. To
ascertain the importance of the nitrosyl group in antiparasitic ac-
tivity, the synthesized complexes contained a nitrosyl group in
two different positions (cis and trans), and two complexes con-
tained a nitro group in the place of nitrosyl. Also, a complex lack-
ing the nitro/nitrosyl groups, cis-[RuCl2(dppb)(bipy)] (complex
5), was prepared and tested. By testing complexes 1 to 5 in vitro, a
potent anti-T. cruzi activity was observed in the nitro/nitrosyl
complexes (1 to 4), which was higher than that observed for ben-
znidazole. In contrast, complex 5 did not show antiparasitic activ-
ity. Complex 3, the most potent compound, exhibited strong
trypanocidal activity, through the release of NO, which subse-
quently induced the formation of vacuoles typical of the au-
tophagy process. Moreover, complex 3 decreased blood para-
sitemia in T. cruzi-infected mice, strengthening the hypothesis
that ruthenium complexes are promising drugs for Chagas disease
therapy.

MATERIALS AND METHODS
Synthesis and drug dilution. Synthesis, structural characterization, and
X-ray analysis of complexes 1 to 5 are described in the supplemental
material. All complexes as well as the reference drugs were dissolved in
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA) and
then diluted in cell culture medium. The final concentration of DMSO
was less than 1% in all in vitro experiments.

Animals. Female BALB/c mice (18 to 20 g) were maintained in steril-
ized cages under a controlled environment, receiving a rodent balanced
diet and water ad libitum at Centro de Pesquisas Gonçalo Moniz (Funda-
ção Oswaldo Cruz, Bahia, Brazil). All experiments were carried out in
accordance with the recommendations of Ethical Issues Guidelines and
were approved by the local Animal Ethics Committee (protocol number
002/2011).

Parasites. All experiments were performed with the Y strain of T.
cruzi. The epimastigote form was maintained in axenic medium at 28°C,
with weekly transfers into liver infusion tryptose (LIT) medium supple-
mented with 10% fetal bovine serum (FBS; Cultilab, Campinas, Brazil),
1% hemin (Sigma-Aldrich), 1% R9 medium (Sigma-Aldrich), and 50
�g/ml of gentamicin (Novafarma, Anápolis, Brazil). For in vitro assays,
the metacyclic trypomastigote form of T. cruzi was obtained from the
supernatant of infected LLC-MK2 cells and maintained in RPMI 1640
medium (Sigma-Aldrich) supplemented with 10% FBS (Cultilab, Campi-
nas, Brazil) and 50 �g/ml of gentamicin (Novafarma, Anápolis, Brazil) at
37°C with 5% CO2. For in vivo assays, bloodstream trypomastigotes were
obtained from infected BALB/c mice at the peak of parasitemia.

Activity against epimastigotes. The effect of the treatment on epimas-
tigotes proliferation was observed 5 days after incubation with the com-
plexes at six concentrations. Epimastigote forms were resuspended at 5 �
106 cells/ml in supplemented LIT medium. The number of viable parasites
was counted in a hemocytometer, and complex activity was expressed as
50% inhibitory concentration (IC50), in comparison to untreated para-
sites. Each drug concentration was carried out in triplicate, and three
independent experiments were performed. The reference drug, benznida-
zole (Lafepe, Pernambuco, Brazil), was used as the positive control.

Activity against trypomastigotes. Trypomastigotes were cultured in
96-well plates (2 � 106 cells/ml) in enriched RPMI 1640 medium, in the
presence or absence of the complexes at different concentrations for 24 h.
Viable parasites were counted in a hemocytometer, and complex activity
was expressed as 50% effective concentration (EC50), in comparison to

untreated parasites. Each drug concentration was carried out in triplicate,
and three independent experiments were performed. The reference drug,
benznidazole, was used as the positive control. For in vitro drug combi-
nations, doubling dilutions of each drug (ruthenium complex 3 and ben-
znidazole) used alone or in fixed combinations were incubated with 2 �
106 cells/ml trypomastigotes for 24 h. The analysis of the combined effects
was performed by calculating the median effect principle using Com-
puSyn software.

Host cell toxicity. Five days after 3% sodium thioglycolate injection
(Sigma-Aldrich), macrophages were obtained by washing with saline so-
lution in the peritoneal cavity of BALB/c mice. Macrophages in RPMI
1640 medium supplemented with 10% FBS were seeded on 96-well plates
at 5 � 105 cells/ml and treated with the complexes for 6 h or 24 h of
incubation time. Following this, cells were washed with phosphate-buff-
ered saline (PBS) twice, and cell viability was determined by alamarBlue
assay (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Colorimetric readings were performed after 10 h at 570 and
600 nm. Fifty-percent cytotoxic concentration (CC50) values were calcu-
lated using data points gathered from three independent experiments.

In vitro T. cruzi infection assay. Peritoneal macrophages stimulated
with 3% sodium thioglycolate (Sigma-Aldrich) were transferred to 24-
well plates at 2 � 105 cells/well in supplemented RPMI 1640 medium and
maintained overnight at 37°C with 5% CO2. The cultures were washed
with saline solution and infected with trypomastigotes (10 parasites:1 host
cell). Following 2 h of incubation, the noninternalized parasites were re-
moved by washing with saline solution, and fresh medium, with or with-
out drugs (25, 10, 5, and 1.0 �M), was added to the cultures and incubated
for 6 h. Afterward, the culture was washed with saline, and drug-free
medium was added and incubated for 4 days. Cells were fixed in absolute
ethanol, stained with hematoxylin and eosin, and analyzed in an optical
microscope (Olympus, Tokyo, Japan). The percentage of infected macro-
phages and the percentage of intracellular parasites per 100 macrophages
were determined and compared to the negative control. The IC50 of pro-
liferation inhibition of amastigotes was calculated using the number of
parasites/100 cells. The reference drug, benznidazole, was used as the pos-
itive control. Each drug concentration was carried out in triplicate, and
three independent experiments were performed.

Cruzain inhibition. Recombinant cruzain was activated in acetate
buffer (0.1 M; pH 5.5) containing 5.5 mM dithiothreitol (DTT) (Invitro-
gen), and the protein concentration was adjusted to a final concentration
of 0.1 �M. Protein was incubated in phosphate buffer containing 0.01%
Triton 100 and transferred to a 96-well plate. Following complex addition,
the plate was incubated for 10 min at 35°C. A solution containing the
Z-FR-AMC (Sigma-Aldrich) protease substrate was then added, incu-
bated for 10 min, and read using the EnVision multilabel reader
(PerkinElmer, Connecticut, USA). The percentage of cruzain inhibition
was calculated by using the following equation: 100 � (A1/A � 100),
where A1 represents the cruzain relative fluorescence units (RFU) in the
presence of the test inhibitor and A refers to the control RFU (cruzain and
substrate only). IC50s of cruzain activity inhibition were also calculated.
(2S,3S)-trans-Epoxysuccinyl-L-leucylamido-3-methylbutane (E-64c) (Sig-
ma-Aldrich) was used as the reference cruzain inhibitor. Each drug concen-
tration was carried out in triplicate, and two independent experiments were
performed.

Nitric oxide production. Peritoneal macrophages stimulated with 3%
sodium thioglycolate (106 cells/well) were incubated in a 24-well plate and
infected with trypomastigotes (106 parasites/well) for 2 h. This experi-
ment was also performed using J774 macrophages at 106 cells/well, which
were incubated in a 24-well plate and infected with trypomastigotes (2 �
105 parasites/well) for 3 h. Cells were washed with saline solution and
treated with complex 3 or 5 at a concentration of 10 �M for 24 h. For the
positive control, cells were stimulated with 5.0 ng/ml of gamma interferon
(IFN-�; R&D Systems, Minneapolis, MN, USA) and 500 ng/ml of lipo-
polysaccharide (LPS; Sigma-Aldrich). Nitrite levels were determined 24 h
after incubation using the Griess method (27).
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Transmission and scanning electron microscopy analysis. Trypo-
mastigotes (107 cells/ml) were treated with 2.1 �M complex 3 and incu-
bated for 24 h at 37°C with 5% CO2. Infected macrophages were treated
with 2.1 �M complex 3 and incubated for 6 h. After incubation, parasites
were fixed for 1 h at room temperature with 2% formaldehyde and 2.5%
glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in so-
dium cacodylate buffer (0.1 M, pH 7.2). Fixed parasites were then washed
4 times with sodium cacodylate buffer (0.1 M, pH 7.2) and postfixed with
a 1% solution of osmium tetroxide (Sigma-Aldrich). The cells were dehy-
drated in an ascending acetone series (30, 50, 70, 90, and 100%) and
embedded in PolyBed resin (PolyScience Family, Warrington, PA, USA).
Ultrathin sections were prepared on a Leica UC7 ultramicrotome and
collected on 300-mesh copper grids, contrasted with uranyl acetate and
lead citrate. Images were captured in a JEOL TEM-1230 transmission
electron microscope. Alternatively, trypomastigotes were dried by using
the critical-point method with CO2, mounted on aluminum stubs, coated
with a 20-nm-thick gold layer, and examined under a JEOL JSM-6390LV
scanning electron microscope.

Monodansylcadaverine labeling. Trypomastigotes (107 cells/ml)
were treated with complex 3 at a concentration of 2.1 �M. After incuba-
tion for 24 h, 0.05 mM monodansylcadaverine (MDC; Sigma-Aldrich)
was added and incubated for 15 min in the absence of light. For the
positive control, cells were treated with 0.1 mg/ml of rapamycin (Sigma-
Aldrich). The autophagy inhibitor wortmannin (Sigma-Aldrich) was used
at 0.5 �M and added simultaneously with complex 3 to the cell culture.
The parasites were washed twice with PBS and analyzed in an FV1000
confocal microscope (Olympus).

LC3B immunolocalization. Infected macrophages (as described
above) were treated with complex 3 at a concentration of 2.1 �M. Follow-
ing 6 h of incubation, cells were washed in PBS and fixed with 4% para-
formaldehyde (Electron Microscopy Sciences) for 20 min, permeabilized
with 0.2% Triton X-100 (Sigma-Aldrich) in PBS for 15 min at room tem-
perature, and blocked with background blocker (Diagnostic BioSystem,
Pleasanton, CA, USA). Cells were incubated overnight with rabbit poly-
clonal antibody against LC3B (Invitrogen) (1/100 dilution) diluted in 1%
PBS-bovine serum albumin (BSA), rinsed, and incubated for 1 h at room
temperature with Alexa Fluor 568-conjugated goat anti-rabbit IgG (Mo-
lecular Probes, Carlsbad, CA, USA) diluted to 1:400. Subsequently, cells
were washed in PBS and mounting medium with 4=,6-diamidino-2-phe-

nylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA). Cells
were analyzed by confocal microscopy (FV1000; Olympus).

Flow cytometry analysis. Trypomastigotes (107 cells/ml) were resus-
pended in supplemented RPMI 1640 medium and treated with complex 3
(2.1 or 5 �M) for 36 h at 37°C with 5% CO2. Parasites were labeled with
propidium iodide (PI) and annexin V using the annexin V-fluorescein
isothiocyanate (FITC) apoptosis detection kit (Sigma-Aldrich) according
to the manufacturer’s instructions. The experiment was performed using
a BD FACSCalibur flow cytometer (San Jose, CA, USA) by acquiring
10,000 events, and data were analyzed by BD CellQuest software (San Jose,
CA, USA).

In vivo anti-T. cruzi activity. Female BALB/c mice (18 to 20 g) were
infected by intraperitoneal injection of 104 bloodstream trypomastigotes
of the T. cruzi Y strain in a 100-�l solution per mouse. Only mice with
positive blood parasitemia were included in the experiment. Each drug
was solubilized in DMSO-saline (10:90 [vol/vol]) prior to administration.
Mice were randomly divided into groups (n � 6 mice per group). Treat-
ment was initiated within 5 days postinfection and given once per day
orally by gavage for five consecutive days. Complex 3 doses were admin-
istered at 25 (26.6 mg/kg of body weight) or 75 �mol/kg (80 mg/kg), and
benznidazole was given at 384 �mol/kg (100 mg/kg). According to rec-
ommendations (28, 29), the following parameters were evaluated: (i) mi-
croscopic parasitemia analysis at 5, 8, 10, and 12 days postinfection and
(ii) animal survival 30 days postinfection. The percentage of parasitemia
reduction was calculated as follows: [(average vehicle group � average
treated group)/average vehicle group] � 100%. Two independent exper-
iments were carried.

In vivo drug combinations. The same in vivo protocol described
above was performed. The four groups included were (i) vehicle DMSO-
saline (10:90 [vol/vol]), (ii) complex 3 alone at 75 �mol/kg (80 mg/kg),
(iii) benznidazole alone at 38 �mol/kg (10 mg/kg), and (iv) simultaneous
treatment with complex 3 at 75 �mol/kg and benznidazole at 38 �mol/kg.
Two independent experiments were performed.

Statistical analyses. Nonlinear regression analysis was used to calcu-
late CC50, EC50, and IC50 values. The selectivity index (SI) was defined as
the ratio of CC50 (macrophages) to IC50 (amastigote form). One-way
analysis of variance (ANOVA) and Bonferroni multiple comparison tests
were used to determine the statistical significance of group comparisons
in the in vitro infection assay, and two-way ANOVA with Bonferroni

FIG 1 Ruthenium complexes 1 to 4. (A) Representation of the complexes: cis-[RuCl(NO2)(dppb)(5,5-mebipy)] (1), cis-[Ru(NO2)2(dppb)(5,5-mebipy)]
(2), ct-[RuCl(NO)(dppb)(5,5-mebipy)](PF6)2 (3), cc-[RuCl(NO)(dppb)(5,5-mebipy)](PF6)2 (4). N-N is 5,5=-dimethyl-2,2=-bipyridine (5,5=-mebipy),
and P-P is 1,4-bis(diphenylphosphino)butane (dppb). (B) ORTEP-3 view of complex 2 and the atom numbering scheme. Ellipsoids are drawn at the 30%
probability level.
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multiple comparison tests was used in the in vivo assay (parasitemia).
Results were considered statistically significant when P values were �0.05.
Analyses were performed using GraphPad Prism version 5.01 (Graph Pad
Software, San Diego, CA, USA) and OriginPro version 8.5 (OriginLab,
Northampton, MA, USA) (cruzain IC50s only). Animal survival rates were
analyzed with GraphPad Prism 1.5 (GraphPad Software). Combined drug
analysis was calculated by using CompuSyn (ComboSyn, Inc., Paramus,
NJ, USA).

RESULTS
Compound characterization. Figure 1A shows the structures of
ruthenium complexes investigated here. Complex 1 is the proto-
type compound, since it was used as the basis for synthesis of all
other compounds. The differences among the complexes are
based on the presence or absence of the nitro/nitrosyl group or
chlorine. Complex 1 has a nitro group and a chlorine ligand; com-
plex 2 was formed by replacing the chlorine by a nitro group.
Complexes 3 and 4 are nitrosyl species. The difference between
complexes 3 and 4 is the NO position; in complex 3, the NO is cis
to chlorine and trans to phosphorus atoms, whereas in complex 4,
NO is cis to chlorine and cis to phosphorus atoms.

All complexes were subjected to chemical and spectroscopic anal-
ysis. The elemental composition (C, H, and N) of the complexes
corresponded closely to the calculated values. The 31P{1H} nuclear
magnetic resonance (NMR) spectra of complexes 1 to 4 exhibited a
pair of doublets that indicated the magnetic inequivalence of the
phosphorus atoms present in the dppb (30). The observed doublets
showed chemical shifts different from those of the starting material
cis-[RuCl2(dppb)(5,5=-mebipy)], suggesting that the presence of the
nitro or nitrosyl groups coordinated to the metal shifted the electron
density of the phosphorus atoms from the dppb.

In the infrared (IR) spectrum of cis-[RuCl(NO2)(dppb)(5,5=-
mebipy)] (complex 1), there were strong bands at 1,349 cm�1 and
1,298 cm�1, which can be assigned to 	asNO2 and 	sNO2, respec-
tively. For cis-[Ru(NO2)2(dppb)(5,5=-mebipy)] (complex 2), these
bands were at 1,360 cm�1 and 1,310 cm�1 for 	asNO2 and at 1,294
cm�1 and 1,269 cm�1 for 	sNO2. The presence of four bands for
this complex indicates that nitro groups are nonequivalent, one
being trans to the nitrogen of 5,5=-mebipy, while the other is trans
to the phosphorus of dppb. The nitrosyl complexes ct-[RuCl
(NO)(dppb)(5,5-mebipy)](PF6)2 (complex 3) and cc-[RuCl-
(NO)(dppb)(5,5-mebipy)](PF6)2 (complex 4) exhibited strong
bands at 1,891 cm�1 and at 1,895 cm�1, respectively, which were
assigned to the NO
 stretching (31). Nitro group can be bound to
metal through either nitrogen or oxygen, which may produce geo-
metric isomers (32). Complex 1 exhibits its �wNO2 band at 572
cm�1, while complex 2 has two bands, at 566 and 610 cm�1, sug-
gesting that in both complexes the nitro group is bound to the
ruthenium through the nitrogen atom (32, 33). In addition to IR,
the electronic absorption spectra for all complexes were charac-
terized by an intense high-energy band centered at about 300 nm,
which can be assigned to an intraligand �–�* transition. Also,
these complexes exhibited low-energy bands in the range of 316 to
488 nm, which can be assigned to a metal-to-ligand charge trans-
fer (MLCT) transition, Ru (d�) to ligand (�*).

The crystal structure of complex 2 was solved by X-ray crystal-
lography (Table 1), and its ORTEP view was prepared with
ORTEP-3 for Windows (Fig. 1B). Selected bond lengths (Å) and
angles (°) in the complex are listed in Table S1 in the supplemental
material. Complex 2 exhibits a distorted octahedral geometry, and
it crystallized in a triclinic system, space group P-1, with the metal

center coordinated to two bidentate ligands and two NO2 groups.
The nitro groups are cis-positioned relative to each other and co-
ordinated through the nitrogen atoms, as suggested by the IR data.
From the data in Table S1, it can be seen that the Ru-N(NO2) [Ru-
N(NO2) trans P] bond length is about 0.5 Å longer than the bond
Rui-N(2) [Ru-N(NO2) trans N(bipy)], which is consistent with the
stronger trans effect of the phosphorus atoms, relative to the
trans effect of the nitrogen atoms. Also, this difference explains
the two bands for 	NO2 observed in the infrared spectrum of
complex 2.

Anti-T. cruzi activity and host cell cytotoxicity. Anti-T. cruzi
activity was determined in epimastigotes and trypomastigotes of
the Y strain, and results were expressed as IC50 and EC50, respec-
tively. Cell toxicity in BALB/c mice macrophages was performed
under identical drug incubation times for antiparasitic assay in
trypomastigotes (i.e., 24-h drug exposure) and expressed as CC50.
Benznidazole was used as the reference drug in these assays, and
results are reported in Table 2. Benznidazole exhibited an IC50 of
10.7 
 1.6 �M in epimastigote proliferation. Similarly, it was
observed that ruthenium complexes 2, 3, and 4 greatly inhibited

TABLE 1 Crystal data and structure refinement of complex 2

Characteristic Value

Empirical formula [RuC42H46N4O5P2]·CH3CH2OH
Formula wt 849.84
Temp (K) 293(2)
Wavelength (Å) 0.71073
Crystal system Triclinic
Space group P-1

Unit cell dimensions
a (Å) 10.2261(7)
b (Å) 12.2153(5)
c (Å) 17.4217(10)
� (°) 74.904(2)
� (°) 74.660(3)
� (°) 76.827(3)

Vol (Å3) 1996.5(2)
Z 2
Density (calculated) (mg/m3) 1.414
Absorption coefficient (mm�1) 0.522
F(000) 880
Crystal size (mm3) 0.30 by 0.26 by 0.10
Theta range for data collection (°) 3.13 to 26.41
Index ranges �11 � h � 12, �15 � k � 15,

�21 � l � 21
No. of reflections collected 15,073
No. of independent reflections 8,129 [R(int) � 0.0217]
% completeness to theta � 25.00° 99.0
Absorption correction Gaussian
Max and min transmission 0.950 and 0.847
Refinement method Full-matrix least-squares on F2

Computing COLLECT, HKL Denzo and Scalepack,
SHELXL-97, SHELXS-97a

Data/restraints/parameters 8,129/2/491
Goodness of fit on F2 1.056
Final R index [I � 2�(I)] R1 � 0.0378, wR2 � 0.1010
R index (all data) R1 � 0.0442, wR2 � 0.1045
Largest diff peak and hole (e Å�3) 0.611 and �0.640
a Data collection, data processing, structure solution, and structure refinement,
respectively.
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epimastigotes. In contrast, complex 1 did not inhibit epimastigote
proliferation. Complexes 1 to 4 decreased trypomastigote viabil-
ity, with EC50s lower than that of benznidazole. Complex 5, which
lacks a nitro/nitrosyl group, did not exhibit antitrypomastigote
activity, while complex 3 was the most active compound among
them, with an EC50 of 2.1 
 0.6 �M. Complexes 1 and 5 did not
demonstrate cytotoxicity in macrophages following the drug ex-
posure, and complex 2 displayed relatively low cytotoxicity. Com-
plexes 3 and 4 had CC50 values of 28.5 
 2.0 and 25.4 
 0.1 �M,
respectively.

Evaluation of cruzain inhibition. Due to the previous findings
that ruthenium complexes inhibit cruzain, inhibitory activity was
measured here for all five complexes in an assay based on competition
with Z-Phe-Arg 7-amido-4-methylcoumarin hydrochloride (Z-FR-
AMC). (2S,3S)-trans-Epoxysuccinyl-L-leucylamido-3-methylbutane
(E-64c), which is a high-affinity cruzain inhibitor, was used as the
reference inhibitor and displayed an IC50 of 1.0 
 0.8 nM. As dem-
onstrated in Table 2, complex 2 did not inhibit cruzain, while com-
plexes 1 and 5 presented weak potency, with IC50s as high as 30 �M.
Complexes 3 and 4 showed stronger potency against cruzain, with
IC50s of 14.4
6.6 and 0.4
0.1�M, respectively. Although complex
4 was the most potent ruthenium complex, it had lower potency than
E-64c.

In vitro infection. After observing that ruthenium complexes
inhibit the extracellular parasite, we investigated their activity
against the intracellular parasite. It was observed that all the nitro/
nitrosyl complexes at 10 �M caused a statistically significant re-
duction in the percentage of T. cruzi-infected macrophages com-
pared to untreated infected cells (Fig. 2A). Complex 3 was the
most potent of the four compounds tested in reducing the in vitro
infection. Additionally, all the complexes decreased the mean
number of intracellular parasites (Fig. 2B) as well as the parasite
burden (Fig. 2C). Amastigote IC50 was calculated by analyzing the
percentage of infected cells (Table 3). Ruthenium complex 3
greatly inhibited this percentage, displaying an IC50 of 1.3 
 0.2
�M, while benznidazole displayed an IC50 of 14.0 
 0.3 �M. Cy-
totoxicity of ruthenium complexes incubated for 6 h in macro-
phages demonstrated that neither benznidazole nor complex 1 are
cytotoxic at the tested concentrations (CC50s of �100 �M). Com-
plex 2 exhibited a low cytotoxicity (CC50 � 93.1 
 7.7 �M), and
complexes 3 and 4 were approximately 2-fold more cytotoxic than

TABLE 2 Antiparasitic activity, host cell cytotoxicity, and cruzain
inhibition of ruthenium complexes 1 to 5e

Compound

T. cruzi Y strain

Macrophage
CC50 
 SEM
(�M)c

Cruzain
IC50 
 SD
(�M)d

Epimastigote
IC50 
 SEM
(�M)a

Trypomastigote
EC50 
 SEM
(�M)b

Complex 1 �100 8.4 
 1.1 �100 30.2 
 7.3
Complex 2 16.6 
 0.6 2.9 
 0.2 50.5 
 0.1 �100
Complex 3 5.7 
 0.6 2.1 
 0.6 28.5 
 2.0 14.4 
 6.6
Complex 4 26.7 
 2.0 5.9 
 1.0 25.4 
 0.1 0.4 
 0.1
Complex 5 ND �100 �100 59.8 
 4.6
Bdz 10.7 
 1.6 11.4 
 1.0 �100
E-64c 1.0 
 0.8 nM
a Determined 5 days after incubation with complexes.
b Determined 24 h after incubation with complexes.
c Cell viability of BALB/c mouse macrophages determined 24 h after treatment.
d Cruzain activity was determined 10 min after incubation.
e Values were calculated using concentrations in triplicate, and two independent
experiments were performed. IC50, inhibitory concentration at 50%; EC50, effective
concentration at 50%; CC50, cytotoxic concentration at 50%; ND, not determined
owing to lack of activity; Bdz, benznidazole; E-64c, standard cruzain inhibitor.

FIG 2 Ruthenium complexes reduce the in vitro infection. (A) Percentage of infection in comparison to untreated infected cells; (B) percentage of amastigotes/
100 macrophages in comparison to untreated controls; (C) parasite burden, calculated as the percentage of infected cells � the mean number of amastigotes.
Infected macrophages were treated for 6 h and then incubated for 4 days. Three independent experiments were performed. Error bars represent the standard
errors of the means. ***, P � 0.0001 compared to untreated controls.
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nitro complex 2. The selectivity index (SI) of the ruthenium com-
plexes was calculated, and it was observed that, among the com-
plexes tested, complex 3 showed the highest SI.

NO level in infected cells. Complex 3 was the most potent and
selective antiparasitic ruthenium complex. To investigate whether
complex 3 is an NO donor drug, NO levels in infected macro-
phages were inferred by determining nitrite content. In this assay,
infected cells were incubated for 24 h with drugs, and the nitrite
content was estimated by the Griess method. As shown in Fig. 3A,
untreated infected BALB/c macrophages produced low levels of
NO, whereas stimulus with IFN-� and LPS induced a significant
production of NO. In comparison to untreated infected cells,
treatment with 10 �M complex 3 presented a significantly eleva-
tion in NO (P � 0.001). In contrast, treatment with complex 5 did
not result in significant production of NO. No measurable NO
concentration was observed in a cell-free experiment containing
only complex 3 plus culture medium (data not shown). The same
conditions were used in infected J774 cell lines, and similar results
were observed (Fig. 3B).

Electron microscopy analysis. Trypomastigotes were treated
with complex 3 and analyzed by scanning electron microscopy
(SEM). In comparison with untreated parasites (Fig. 4A), treat-
ment resulted in parasite shrinkage and caused cell membrane

discontinuity and fragmentation (Fig. 4B). Morphological
changes following complex 3 treatment were observed in 76% of
the parasite cells. Among these cells, 74% showed cell shrinkage,
21% displayed membrane discontinuity, and 21% had membrane
fragmentation (data not shown). Next, transmission electron mi-
croscopy (TEM) experiments were performed in trypomastigotes
and intracellular amastigotes. In comparison with untreated try-
pomastigotes (Fig. 4C), parasites in the presence of complex 3
exhibited swollen mitochondria (Fig. 4D) and loss of the nuclear
membrane (Fig. 4E). In most of the treated trypomastigotes, the
presence of atypical cytoplasmic vacuoles and the formation of
myelin-like structures (Fig. 4F) were observed. The presence of
these atypical cytoplasmic vacuoles was also observed in intracel-
lular amastigotes following treatment with the ruthenium com-
plex (Fig. 4H).

Autophagy markers. The observations by transmission micro-
graphs that ruthenium complex induces the formation of atypical
cytoplasmic vacuoles led us to investigate whether the mechanism
of action involves autophagy. Trypomastigotes were treated with
the complex 3 and then incubated with monodansylcadaverine
(MDC) to label the autophagic cytosolic vacuoles. In this experi-
ment, untreated parasites were not stained with MDC (Fig. 5A),
while parasites treated with rapamycin, a standard autophagy in-
ducer, were stained (Fig. 5B). Parasites treated with complex 3
were positively stained with MDC (Fig. 5C). In order to distin-
guish between autophagic and lysosomal vacuoles, an additional
experiment was carried out using the autophagy inhibitor wort-
mannin. MDC staining during complex 3 treatment was blocked
in the presence of 0.5 �M wortmannin (data not shown). The pres-
ence of microtubule-associated protein 1b light chain 3 (LC3B) was
detected in untreated and treated T. cruzi-infected macrophages by
incubating with anti-LC3B polyclonal antibody. In this controlled
experiment, nuclei were stained with 4=,6-diamidino-2-phenylin-
dole (DAPI), and cells were analyzed by immunofluorescence un-
der a confocal microscope. Untreated infected macrophages did
not demonstrate LC3B labeling (Fig. 5A). In contrast, infected
macrophages treated with 0.1 mg/ml rapamycin displayed intra-
cellular parasites labeled for LC3B (Fig. 5B). Similarly, infected
macrophages treated with ruthenium complex 3 at 2.1 �M dis-
played intracellular parasites labeled for LC3B (Fig. 5C).

Parasite cell death. After observing that ruthenium complexes
induce autophagy, we wanted to know the consequence of au-

TABLE 3 Antiparasitic activity in intracellular parasite, host cell
cytotoxicity, and selectivity index of ruthenium complexes 1 to 5d

Compound
Amastigote IC50 

SEM (�M)a

Macrophage CC50 

SEM (�M)b SIc

Complex 1 4.2 
 1.6 �100 �24
Complex 2 2.6 
 0.7 93.1 
 7.7 36
Complex 3 1.3 
 0.2 51.4 
 0.2 40
Complex 4 2.7 
 0.6 38.3 
 2.3 14
Complex 5 ND �100 ND
Bdz 14.0 
 0.3 �100 �7
a Cells were exposed to complexes for 6 h, and activity was determined 4 days after
incubation with complexes.
b Cell viability of BALB/c mouse macrophages determined 6 h after treatment.
c SI is selectivity index, calculated by the ratio of CC50 (macrophages) to IC50

(amastigotes).
d IC50 and CC50 values were calculated using concentrations in triplicate, and two
independent experiments were performed. IC50, inhibitory concentration at 50%;
CC50, cytotoxic concentration at 50%; ND, not determined owing to lack of activity;
Bdz, benznidazole.

FIG 3 Ruthenium complex 3 increases NO in infected macrophages. Nitrite levels in infected macrophages determined 24 h after treatment. BALB/c peritoneal
(A) and J774 (B) macrophages were infected with trypomastigotes and treated with 10 �M of complexes 3 and 5. A positive-control culture (
ctr) was stimulated
with IFN-� and LPS. The negative-control culture (�ctr) received no treatment or stimulus. Nitrite contents in the supernatant were estimated by the Griess
nitrite test 24 h later. Values represent the means 
 SEM from three independent experiments. ***, P � 0.0001 compared to negative control; **, P � 0.001
compared to �ctr.
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tophagy to the parasite cells. To this end, trypomastigotes were
incubated with two different concentrations (2.5 and 5.0 �M) of
complex 3 for 36 h at 37°C and then double labeled with annexin
V-fluorescein isothiocyanate (FITC) and propidium iodide (PI).
Individual cell data were acquired and analyzed by flow cytom-
etry. In comparison to untreated parasites (Fig. 6A), a concentra-
tion-related increase in the percentage of stained parasites was
observed after complex 3 treatment (Fig. 6B and C). Parasites
treated with complex 3 at 5.0 �M showed 34.6% positively stained

cells, of which 26.1% were necrotic (PI stain alone), 5.6% were late
apoptotic (PI-annexin V), and 2.9% were early apoptotic (an-
nexin staining alone). As shown in Fig. 6D, this ruthenium com-
plex significantly increased the proportion of necrotic T. cruzi cells
in a concentration-dependent manner.

In vivo efficacy study. Complex 3 was tested in T. cruzi-in-
fected mice during the acute phase. Control groups, receiving ei-
ther benznidazole or vehicle, were included in this experiment. In
this assay, 104 Y strain trypomastigotes in a 100-�l solution were

FIG 4 Ruthenium complex 3 causes irreversible morphological impairments to the parasite. Scanning electron micrograph in panel A shows untreated
trypomastigote, and panel B shows treated parasite. Transmission electron micrographs in panels C to F are trypomastigotes and in panels G and H are infected
macrophages. Panel C shows untreated trypomastigotes, panels D to F are treated parasites. Arrow in panel D indicates cytoplasmic vacuoles; arrow in panel E
indicates mitochondrial swelling; arrow and asterisk in panel F indicate nuclear membrane disruption and myelin-like figures, respectively. Panel G shows
untreated infected cells, while panel H shows treated infected cells. Arrow in panel H indicates cytoplasmic vacuoles. Complex 3 was added at 2.1 �M and
incubated for 24 h in trypomastigotes and 6 h in infected macrophages. GA, Golgi apparatus; K, kinetoplast; N, nucleus; M, mitochondria.
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intraperitoneally inoculated in female BALB/c mice (n �
6/group). Treatments were given orally by gavage. Blood para-
sitemia and survival rates were analyzed. Complex 3 at 25 and 75
�mol/kg was able to decrease the blood parasitemia peak by 25%
(P � 0.001) and 46% (P � 0.001), respectively (Fig. 7A), in com-
parison to the blood parasitemia in the untreated group. On day
12 postinfection, no parasites were detected by microscopic exam-
ination in benznidazole group blood samples, indicating negative
parasitemia. But the same was not observed for infected mice re-
ceiving 75 �mol/kg of complex 3. Mice mortality rates were mon-
itored up to 30 days postinfection. Complex 3 at 75 �mol/kg sig-
nificantly decreased mortality compared to that of the untreated
group (log rank, P � 0.01). The group treated with benznidazole
had 100% survival, while the group treated with the highest dose
of complex 3 showed a survival rate of 50% (Fig. 7B).

Drug combination. Considering that complex 3 and ben-
znidazole exhibit different mechanism of antiparasitic actions, the
possibility of drug combination was studied. Complex 3 and ben-
znidazole alone or in fixed combinations were evaluated against
trypomastigote cell cultures, and results were analyzed by Com-
puSyn software and listed in Table 4. In comparison to individual
drug incubation, the combination of complex 3 and benznidazole
reduced both EC50 and EC90 values. Combination index (CI) cal-
culations were used as cutoffs and revealed that this combination
has synergistic effects against trypomastigotes. It was observed
that drug combinations at the EC50s reduced the percentage of
viable trypomastigotes (Fig. 7C) but did not reduce the percentage
of viable macrophages (Fig. 7D). Of note, macrophage cytotoxic-
ity was observed when drug combinations were evaluated in con-
centrations equal or higher than the EC90 values.

Based on the in vitro synergism, we evaluated the efficacy of
ruthenium complex 3 in combination with a suboptimal dose of
benznidazole. Complex 3 at 75 �mol/kg (80 mg/kg) and ben-
znidazole at 38 �mol/kg (10 mg/kg) were administered individu-
ally or in combination using the in vivo protocol described above.

Benznidazole at this suboptimal dose reduced blood parasitemia
compared to that of the untreated group but did not eliminate
circulating parasites. The group receiving the drug combination
presented lower parasitemia than the untreated group and groups
receiving each individual drug (Fig. 7E). When monitored for up
to 30 days postinfection, the group treated with drug combination
had 100% survival, while the groups treated with each drug alone
showed a survival rate of 60% (Fig. 7F).

DISCUSSION

Identification of new pharmaceuticals is vital for Chagas disease
treatment. In order to reach this objective, investigations cannot
be limited to small organic molecules but should also include me-
tallic compounds. In fact, coordination complexes and organo-
metallics are recognized as notable anti-T. cruzi agents. For in-
stance, the coordination of trypanocidal molecules with metals
increases anti-T. cruzi activity in comparison with the metal-free
molecules. This enhanced activity can be explained by the gain in
lipophilicity. This strategy has been performed to enhance the
potency of ketoconazole, clotrimazole, benznidazole, risedronate,
and quinolones (34–39). Alternatively, metal complexes which are
composed of ligands with unique chemical properties (redox and
electrochemical behavior based on ligand reductions) exhibit an-
ti-T. cruzi properties, possibly due to parasite membrane accumu-
lation, in addition to effects on DNA and enzymes (40–43).

Here, the in vitro screening of anti-T. cruzi activity demon-
strated that both nitro and nitrosyl ruthenium complexes are toxic
for trypomastigotes and inhibited epimastigote proliferation at
noncytotoxic concentrations in host cells. In contrast, the ruthe-
nium complex lacking nitro and nitrosyl groups did not display
anti-T. cruzi activity. Regarding structure-activity relationships,
the complex containing two nitro groups was more potent than
the complex containing only one. However, the nitrosyl com-
plexes showed greater activity than nitro complexes. This suggests
that a nitrosyl group contributes more to antiparasitic activity

FIG 5 Ruthenium complex 3 induces parasite autophagy. Panel A shows untreated parasites, panel B shows treatment with 0.1 mg/ml rapamycin, and panel C
is treatment with 2.1 �M ruthenium complex 3. Axenic trypomastigotes were incubated for 24 h and stained with MDC, and infected macrophages were
incubated for 6 h and then stained with anti-LC3B antibody and DAPI. Images were captured using a confocal microscope with a 60� oil-immersion objective
at �3 zoom. DIC, differential interference contrast.
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than a nitro group. For cruzain, nitro complexes exhibited weak or
no inhibitory activity, while nitrosyl complexes exhibited greater
inhibitory activity. The nitrosyl complex 4 was only twice less
potent as an antiparasitic than its isomer, complex 3, but it pre-
sented much higher potency against cruzain than complex 3.
These observations indicate that the environment surrounding
the metal is important for biological activity.

After determining that these ruthenium complexes inhibit ex-
tracellular T. cruzi, we examined their activity in infected macro-
phages. The complexes were able to reduce the number of infected
cells more efficiently than benznidazole, and they clearly arrested
parasite growth and differentiation inside the host cells. Given the
potency of complex 3 against amastigotes, we investigated its
mechanism of action in parasites. We observed that nitrosyl com-
plex 3 increased the NO levels in infected macrophages, while the
complex lacking the nitrosyl group did not. The antiparasitic ac-
tivity of ruthenium complex 3 is likely due to its NO-releasing
ability or alternatively by indirectly inducing NO production. Ac-
cording to the literature, NO release leads to the inactivation of the
protease cruzain in parasite cells. However, complex 3 did not
present potency as strong as the powerful cruzain inhibitor E-64c.
Therefore, we believe that while complex 3 is an NO donor drug,
this property is not related to its ability to inhibit cruzain. Further
evidence regarding the mechanism of action of complex 3 was

found by analyzing the parasite ultrastructure and morphology.
Two main effects were observed in the treated parasites: first, cell
membrane discontinuity and fragmentation and, to a lesser ex-
tent, nuclear membrane alterations; second, the appearance of
atypical cytoplasmic vacuoles, as well as the formation of myelin-
like figures.

Lack of cell membrane integrity is very often associated with
necrotic parasite death (44). In fact, parasites treated with com-
plex 3 exhibited a cell death pattern via necrosis rather than apop-
tosis. Our results are consistent with previous findings demon-
strating that ruthenium bipyridyl complexes are prone to
accumulate in the cell membrane (22). The presence of cytoplas-
mic vacuoles and myelin-like figures suggested that ruthenium
complexes induce parasite autophagy. By assaying MDC staining
and LC3B immunolocalization (45, 46), it was observed that try-
pomastigotes were stained with MDC after ruthenium complex
treatment, and this process was blocked by the presence of the
autophagy inhibitor wortmannin. Similar to the literature (47,
48), here, ruthenium complex treatment resulted in the accumu-
lation of LC3B in intracellular amastigotes. The findings observed
here support the overall idea that nitrosyl-ruthenium complexes
release NO, which triggers cellular events, including parasite au-
tophagy. As a result, a number of irreversible morphological im-

FIG 6 Ruthenium-based treatment causes parasite death by inducing necrosis. Trypomastigotes were treated with complex 3 for 36 h. Parasites were examined
by flow cytometry with annexin V and PI staining. Cells plotted in each quadrant represent the following: lower left, double negative; upper left, PI single positive;
lower right, annexin V single positive; upper right, PI and annexin V double positive. (A) Untreated; (B) complex 3 at 2.5 �M; (C) complex 3 at 5.0 �M; (D)
percentage of PI-positive cells. Values are means 
 SD from triplicate tests. �ctr, negative control. **, P � 0.05 compared to negative control (ANOVA);
***, P � 0.0001 compared to negative control (ANOVA).
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pairments occur to the parasite cells, finally leading to cell death by
necrosis.

Due to the strong antiparasitic activity of complex 3, it was
evaluated in mice during the acute phase of Chagas disease. Com-
plex 3 had a dose-dependent effect and presented an optimal effi-
cacy when given orally at 75 �mol/kg. This reduced the blood
parasitemia and increased mice survival; however, it did not elim-

inate parasites present in the bloodstream, while the benznidazole
regime did. Given the substantial dedication to identifying opti-
mal drug combinations for the treatment of Chagas disease (49,
50), a combination of ruthenium complex 3 and benznidazole
would offer a potential therapy to reduce the benznidazole dosage
required to cure infection. This is supported by the fact that com-
bination would target T. cruzi at two different modes of action:

FIG 7 Ruthenium complex 3 reduces acute infection, and this is enhanced under drug combination with benznidazole. Parasitemia (A) and survival (B) of T.
cruzi-infected mice (n � 6/group) orally treated once per day for 5 consecutive days with 25 �mol/kg (26.6 mg/kg) or 75 �mol/kg (80 mg/kg) of complex 3.
Benznidazole (Bdz) was given at 384 �mol/kg (100 mg/kg). (A) Sets a, b, c, vehicle versus Bdz (P � 0.001), vehicle versus complex 3 at 25 �mol/kg (P � 0.001),
vehicle versus complex 3 at 75 �mol/kg (P � 0.001), respectively. (B) Log rank analysis, vehicle versus complex 3 at 75 �mol/kg (P � 0.01), vehicle versus Bdz
(P � 0.001). Percentage of viable trypomastigotes (C) and macrophages (D). Drug concentration is indicated on the x axis in �M, and cell viability was recorded
24 h after incubation. (E) Parasitemia and survival of infected mice (n � 6/group) orally treated once per day with a drug combination of complex 3 and
benznidazole. (a) Vehicle versus complex 3 (P � 0.001), vehicle versus Bdz (P � 0.01), vehicle versus drug combination (P � 0.001); (b) vehicle versus complex
3 (P � 0.05), vehicle versus drug combination (P � 0.001); (c) vehicle versus complex 3 (P � 0.05), vehicle versus Bdz (P � 0.001), vehicle versus drug
combination (P � 0.001). (F) Log rank analyses revealed curves are not significantly different.
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NO release and autophagy induction mediated by complex 3 and
nitroreductase inhibition and oxidative stress induction mediated
by benznidazole (51, 52). In vitro, combinations of complex 3 and
benznidazole were synergic in killing trypomastigotes. In infected
mice, combination of ruthenium complex with a suboptimal dose
of benznidazole exhibited enhanced efficacy in terms of reducing
infection and increasing survival compared to each drug used
alone. Overall, these findings indicate that ruthenium complexes
are a class of suitable constituents for drug combination.

Conclusions. We investigated the NO donor drug strategy by
synthesizing new ruthenium complexes that feature nitro or ni-
trosyl groups. These complexes exhibited a broad spectrum of
activities (vector-borne stage, bloodstream form, intracellular
stage) against T. cruzi. This activity is abolished once nitro and
nitrosyl groups are removed from the complex, indicating these
groups are structural determinants for activity. By examining the
underlying mechanism of action of these complexes, it was ob-
served that they release NO, causing autophagy, which is followed
by a series of irreversible morphological impairments to the par-
asites, culminating in necrotic cell death. More striking, rutheni-
um-nitrosyl complex 3 was efficient in reducing blood para-
sitemia in acutely infected mice and presented synergic effects
when in combination with benznidazole.
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a b s t r a c t

Background: The current treatment of Chagas disease, endemic in Latin America and emerging in several

countries, is limited by the frequent side effects and variable efficacy of benznidazole. Natural products are

an important source for the search for new drugs.

Aim/hypothesis: Considering the great potential of natural products as antiparasitic agents, we investigated

the anti-Trypanosoma cruzi activity of a concentrated ethanolic extract of Physalis angulata (EEPA).

Methods: Cytotoxicity to mammalian cells was determined using mouse peritoneal macrophages. The an-

tiparasitic activity was evaluated against axenic epimastigote and bloodstream trypomastigote forms of

T. cruzi, and against amastigote forms using T. cruzi-infected macrophages. Cell death mechanism was de-

termined in trypomastigotes by flow cytometry analysis after annexin V and propidium iodide staining. The

efficacy of EEPA was examined in vivo in an acute model of infection by monitoring blood parasitaemia and

survival rate 30 days after treatment. The effect against trypomastigotes of EEPA and benznidazole acting in

combination was evaluated.

Results: EEPA effectively inhibits the epimastigote growth (IC50 2.9 ± 0.1 μM) and reduces bloodstream try-

pomastigote viability (EC50 1.7 ± 0.5 μM). It causes parasite cell death by necrosis. EEPA impairs parasite

infectivity as well as amastigote development in concentrations noncytotoxic to mammalian cells. In mice

acutely-infected with T. cruzi, EEPA reduced the blood parasitaemia in 72.7%. When combined with benznida-

zole, EEPA showed a synergistic anti-T. cruzi activity, displaying CI values of 0.8 ± 0.07 at EC50 and 0.83 ± 0.1

at EC90.

Conclusion: EEPA has antiparasitic activity against T. cruzi, causing cell death by necrosis and showing syner-

gistic activity with benznidazole. These findings were reinforced by the observed efficacy of EEPA in reducing

parasite load in T. cruzi-mice. Therefore, this represents an important source of antiparasitic natural products.

© 2015 Elsevier GmbH. All rights reserved.

Abbreviations: EEPA, ethanolic extract from P. angulata; DMSO, dimethyl sulfoxide;

DTU, discrete typing unit; LIT, liver infusion tryptose; FBS, fetal bovine serum; RPMI,

Roswell park memorial institute; PI, propidium iodide; CC50, cytotoxicity concentra-

tion of 50%; IC50, inhibitory concentration of 50%; EC50, effective concentration at 50%;

ANOVA, analysis of variance; EC90, effective concentration of 90%; CI, combination in-

dex; GV, gentian violet; BDZ, benznidazole; SEM, standard error of the mean; SD, stan-

dard deviation; DPI, days post-infection.
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Introduction

Chagas disease, a zoonosis caused by the hemoflagellate proto-

zoan Trypanosoma cruzi, remains a serious health problem in many

Latin American countries, where it is an endemic disease that affects

approximately 10 million people (Rassi et al. 2010). It is estimated

that over 400.000 individuals are infected in non-endemic areas,

mainly in the USA and in European countries (Coura and Viñas 2010).

Once the individual has been infected by T. cruzi, there is no effective

treatment and the development of a vaccine is still in experimental

stage (Gupta et al. 2013; Maya et al. 2007). The current treatment is

based on the 2-nitroimidazole benznidazole (LAFEPE, Brazil), which

http://dx.doi.org/10.1016/j.phymed.2015.07.004
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is recommended for all acute, early chronic and reactivated cases (Da

Silva et al. 2011). Its inefficacy against the chronic phase of the dis-

ease, allied to many side effects which frequently lead to treatment

interruption (Bahia et al. 2012; Urbina 2009) encourages the search

for alternative compounds for a better treatment for Chagas disease.

In the continuous search for new drugs, natural products are

an important source of compounds to a large number of illnesses

(Newman and Cragg 2012). A considerable number of plant-derived

compounds are nowadays recognized for their antiparasitic proper-

ties (Negi et al. 2014; Rocha et al. 2005; Singh et al. 2014; Wink 2012).

An example of plant species with active compounds is the Solanaceae

Physalis angulata L., an annual herb widespread in many tropical

countries and widely used in folk medicine (Soares et al. 2003;

Tomassini et al. 2000). Previously, our research group demonstrated

the antiparasitic properties of seco-steroids physalins isolated from

P. angulata against Plasmodium falciparum and different Leishmania

species (Guimarães et al. 2009,2010; Sá et al. 2011). More recently,

it was also reported that physalins, specifically B and F, are endowed

with a strong anti-T. cruzi activity against different evolutive forms

of T. cruzi (Meira et al. 2013). Isolating physalins is quite costly, time

consuming and affords low yields, aspects which hamper the use of

isolated physalins for a neglected disease. To overcome this, a feasible

alternative is the use of a Physalis angulata extract. In fact, the con-

centrated ethanolic extract from P. angulata (EEPA) is nonmutagenic,

presents low toxicity in mice and is effective against different Leish-

mania species (Nogueira et al. 2013). Therefore, in the present work

the anti-T. cruzi activity in vitro and in vivo of EEPA was evaluated.

Material and methods

Plant material

P. angulata specimens were collected and identified during the

drier season (from June until November) in Belém, Pará State, Brazil.

A voucher specimen was deposited in the Herbarium of the Depart-

ment of Physiology from the University Federal of Pará (Voucher

number 15).

Extraction and phytochemical analysis of P. angulata

Stems of P. angulata (1 kg) were dried and crushed. Then, extrac-

tion was carried out with ethanol at 50–60 °C during 6 h. The ex-

tract was concentrated under reduced pressure, yielding 100 g (10%)

of crude ethanolic extract. It was maintained in a desiccator under

vacuum until weight stabilized. HPLC–UV analysis was determined

in an Agilent HP 1100 series system consisting of an auto-sampler,

high-pressure mixing pump and UV detector (Agilent Technologies,

Santa Clara, CA). Samples were run in a reverse phase C-18 column

5 μm (250 mm × 4 mm, Hibar® LiChrosorb®, Merk, Germany) and

UV absorbance was measured at 225 nm by injecting 10 μl of EEPA

dissolved in 10 mg/ml in MeOH at flow rate 1 ml/min. Physalins in the

EEPA were confirmed by comparing with standard isolated physalin

previously characterized. These procedures were performed as de-

scribed by Nogueira et al. (2013) and executed in accordance with

European Medicines Agency guidelines for herbal products.

Drugs

Benznidazole (LAFEPE, Recife, Brazil) was used as reference drug

in the anti-T. cruzi assays. Gentian violet (Synth, São Paulo, Brazil)

was used as positive control in the cytotoxicity assays. All compounds

were dissolved in DMSO (Sigma–Aldrich, St. Louis, MO) and diluted in

cell culture medium for use in the assays. The final concentration of

DMSO was less than 1% in all in vitro experiments.

Parasites

The T. cruzi strains Y (DTU II; Silva and Nussenzweig 1953) and

Colombian (DTU I; Federici et al. 1964) were used in this study. T. cruzi

epimastigotes were grown in liver infusion tryptose (LIT) medium

supplemented with 10% fetal bovine serum (FBS; Cultilab, Campinas,

Brazil), 1% hemin (Sigma–Aldrich), 1% R9 medium (Sigma–Aldrich)

and 50 μg/ml of gentamycin (Novafarma, Anápolis, Brazil) at 26 °C.

Tissue culture trypomastigotes were obtained from the supernatants

of 5- to 6-day-old infected LLC-MK2 cells maintained in RPMI-1640

medium supplemented with 10% FBS and 50 μg/ml gentamycin at

37 °C in a 5% humidified CO2 atmosphere.

Animals

Female BALB/c mice (18–22 g) were provided by the animal breed-

ing facility and maintained in sterilized cages under a controlled en-

vironment, water ad libitum and receiving a balanced diet for rodent

at Centro de Pesquisa Gonçalo Moniz (Fundação Oswaldo Cruz, Bahia,

Brazil). All experiments were carried out in accordance with the rec-

ommendations of Ethical Issues Guidelines, and were approved by

the local Animal Ethics Committee.

Assessment of cytotoxicity to macrophages

Peritoneal exudate macrophages were obtained by washing, with

cold RPMI medium, the peritoneal cavity of BALB/c mice 4–5 days af-

ter injection of 3% thioglycolate in saline (1.5 ml per mice). Then, cells

were seeded into 96-well plates at a cell number 1 × 105 cells/well

in RPMI-1640 medium supplemented with 10% of FBS and 50 μg/ml

of gentamycin and incubated for 24 h at 37 °C and 5% CO2. After that

time each sample was added at eight concentrations (0.02–50 μg/ml)

in triplicate and incubated for 72 h. Twenty microliters/well of Ala-

marBlue (Invitrogen, Carlsbad, CA) were added to the plates during

10 h. Colorimetric readings were performed at 570 and 600 nm. CC50

values were calculated using data-points gathered from three inde-

pendent experiments. Gentian violet was used as positive control.

Antiparasitic activity

Epimastigotes (1 × 106 cells/well) were seeded in fresh medium

in LIT medium in the absence or presence of the EEPA at eight

concentrations (0.02–50 μg/ml) in triplicate. Cell growth was deter-

mined after culture for 5 days by counting viable forms in a Neubauer

chamber. Bloodstream trypomastigotes forms of T. cruzi from the

supernatants of previously infected LLC-MK2 cells were dispensed

into 96-well plates (4 × 105 cell/well) in RPMI medium supple-

mented with 10% FBS and 50 μg/ml of gentamycin in the absence

or presence of different concentrations (0.02–50 μg/ml) of the plant

extract, in triplicate. Viable parasites were counted in a Neubauer

chamber 24 h after incubation. The percentage of inhibition was

calculated in relation to untreated cultures. To determine the in-

hibitory concentration of 50% (IC50) and the effective concentration

at 50% (EC50) for epimastigote and trypomastigote forms of T. cruzi,

respectively, a nonlinear regression on Prism 5.02 GraphPad software

was employed. Experiments were performed in both Y and Colom-

bian strains and benznidazole was used as anti-T. cruzi reference

drug. For in vitro drug combinations, doubling dilutions of each drug

(EEPA and benznidazole), used alone or in fixed combinations were

incubated with 4 × 105 cells/well trypomastigotes (Y strain) for 24 h.

The analysis of the combined effects was performed by determining

the combination index (CI) by using Chou-Talalay CI method and the

CompuSyn software version 1.0 (ComboSyn Inc., Paramus, NJ), as

described previously (Chou and Talalay 2005). CI values were used as

cutoff to determine synergism.
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T. cruzi-infected macrophages

Peritoneal exudate macrophages (2 × 105 cells/well) obtained

from BALB/c mice were seeded in a 24 well-plate with rounded cov-

erslips on the bottom in RPMI supplemented with 10% FBS and incu-

bated for 24 h. Cells were then infected with trypomastigotes (10:1)

for 2 h. Free trypomastigotes were removed by successive washes us-

ing saline solution and the cells were incubated for 24 h to allow

full internalization and differentiation of trypomastigotes to amastig-

otes. Next, cultures were incubated in complete medium alone or

with the EEPA or benznidazole (0.1–2.5 μg/ml) for 72 h. Cells were

fixed in absolute alcohol and the percentage of infected macrophages

and the number of amastigotes/100 macrophages was determined by

manual counting after hematoxylin and eosin staining using an op-

tical microscope (Olympus, Tokyo, Japan). The percentage of infected

macrophages and the number of amastigotes per 100 macrophages

was determined by counting 100 cells per slide. The one-way ANOVA

and Bonferroni for multiple comparisons were used to determine

the statistical significance of the group comparisons. Experiment was

done with both strains (Y and Colombian) and benznidazole was used

as positive control.

Propidium iodide and annexin V staining

T. cruzi trypomastigotes from Y strain (1 × 107) were incubated

for 24 and 72 h at 37 °C in the absence or presence of EEPA (1.7,

3.4 or 5 μg/ml). After incubation, the parasites were labeled for

propidium iodide (PI) and annexin V using the annexin V-FITC

apoptosis detection kit (Sigma–Aldrich), according to the manufac-

turer’s instructions. Acquisition and analyses was performed using

a FACS Calibur flow cytometer (Becton Dickinson, San Diego, CA),

with FlowJo software (Tree Star, Ashland, OR). A total of 30.000

events were acquired in the region previously established as that

corresponding to trypomastigotes forms of T. cruzi.

Infection in mice

Female BALB/c mice (18–22 g) were infected with bloodstream

trypomastigotes by intraperitoneal inoculation of 104 parasites in

100 μl of saline solution and then mice were randomly divided in

groups (six animals per group). After the day 5 of infection, treatment

with 50 or 100 mg/kg weight of EEPA was given orally for 5 consec-

utive days. For the control group, benznidazole was given orally at

dose of 100 mg/kg weight. Saline containing 20% DMSO was used as

a vehicle and administrated on untreated and infected group. Ani-

mal infection was monitored daily by counting the number of motile

parasites in 5 μl of fresh blood sample drawn from the lateral tail

veins, as recommended by standard protocol (Brener 1962). Survival

was monitored for 30 days after treatment. The one-way ANOVA and

Bonferroni for multiple comparisons were used to determine the sta-

tistical significance of the group comparisons.

Results

Extraction and phytochemical analysis of EEPA revealed that this

extract is rich in seco-steroids, mainly physalins B, D, F and G. By

HPLC–UV, it was estimated that each 100 mg of EEPA contains 0.84%

of physalin B, 0.90% of physalin D, 0.37% of physalin F and 0.36% of

physalin G. This is in agreement with the literature showing that this

plant contains a number of steroids (Nogueira et al. 2013; Tomassini

et al. 2000).

The trypanocidal activity of EEPA was initially evaluated against

epimastigotes and trypomastigotes (Y and Colombian strains)

through the determination of IC50 and EC50, respectively. The plant

extract showed a potent anti-T. cruzi activity, being able to inhibit

epimastigote proliferation and lyse trypomastigotes. The IC50 of EEPA

Table 1

Antiparasitic activity of EEPA on extracellular forms of T. cruzi and host cell cytotoxicity.

Sample Epimastigotes IC50 ± S.D

(μg/ml)a

Trypomastigotes EC50 ± S.D

(μg/ml)b

MØ CC50 ± S.D.

(μg/ml)c

Y strain Colombian

strain

Y strain Colombian

strain

EEPA 2.9 ± 0.1 7.4 ± 0.2 1.7 ± 0.5 2.3 ± 0.2 6.1 ± 0.8

BDZ 2.8 ± 0.7 4.1 ± 1.1 2.8 ± 0.7 3.3 ± 0.1 >50

GV – – – – 0.21 ± 0.02

Values were calculated using concentrations in triplicate and three independent ex-

periments were performed. IC50 = inhibitory concentration at 50%. EC50 = effective

concentration at 50%. CC50 = cytotoxic concentration at 50%. S.D = standard deviation.

BDZ = benznidazole. GV = gentian violet. MØ = macrophage.
a Determined 120 h after incubation with compounds.
b Determined 24 h after incubation with compounds.
c Cell viability of BALB/c mouse macrophages determined 72 h after treatment.

treatment was 2.9 and 7.4 μg/ml for epimastigotes of Y and Colom-

bian strains, respectively, while benznidazole exhibited an IC50 of

2.8 and 4.1 μg/ml, respectively. For trypomastigotes, the EC50 calcu-

lated of EEPA was 1.7 and 2.8 μg/ml for Y and Colombian strains,

respectively. Under the same assay conditions, the standard drug

benznidazole presented an EC50 of 2.8 and 3.3 μg/ml for Y and

Colombian strains, respectively. Next, the cytotoxicity of EEPA was

determined in mammalian cells. The plant extract exhibited a CC50

value of 6.1 μg/ml, being several times less cytotoxicity than the ref-

erence drug, gentian violet (CC50 = 0.21 μg/ml) (Table 1).

The activity of EPPA against intracellular amastigotes (Y strain)

was also investigated. The plant extract induced a concentration-

dependent reduction in the analyzed parameters: percentage of in-

fected macrophages (Fig. 1A) and the mean number of intracellular

amastigotes per infected macrophage (Fig. 1B). Under the same con-

ditions, a similar reduction was observed on treated-benznidazole

macrophages. No signs of cytotoxicity were observed on macrophage

cultures (data not shown).

After confirming that EEPA was able to decrease parasite viability,

the mechanism of EEPA-induced cell death was investigated. In un-

treated cultures, most cells were negative for annexin V and PI stain-

ing, demonstrating cell viability (Fig. 2A). Cultures treated with EEPA

showed a concentration and time-dependent increase in the number

of PI-positive parasites when compared with untreated parasites

(Fig. 2B–D). Treatment with 3.4 μg/ml of EEPA for 72 h resulted in

11.5 and 41.3% of cells positive for PI and PI + annexin V, respectively,

whereas 1.1% cells were stained only for annexin V. These results

indicate that EEPA treatment increases the number of PI staining,

which is characteristic of a parasite cell death caused by a necrotic

process.

Next, in vivo studies to evaluate the effects of EEPA against T.

cruzi infection in mice (acute phase) were performed. As shown in

Fig. 3, EEPA treatment significantly (P < 0.001) reduced blood para-

sitaemia when compared with mice treated with vehicle (Fig. 3). At

doses of 50 and 100 mg/kg, EEPA administration caused a reduction

in blood parasitaemia of 42.6 and 72.7%, respectively (Table 2). In the

group treated with benznidazole, it was observed >99% of inhibition

of blood parasitaemia, indicating that eradication of infection was

achieved. Treatment with EPPA, similar to the treatment with ben-

znidazole, had a protective effect on mortality. Mice from benznida-

zole or EEPA treated groups did not show any behavioral alteration or

signs of toxicity (data not shown).

Finally, the antiparasitic effect of EEPA and benznidazole in com-

bination was investigated against trypomastigotes. In comparison to

drug alone, the combination of EEPA and benznidazole reduced both

EC50 and EC90 values. In fact, the EC50 and EC90 of benznidazole de-

creased in average by 59% when combined with EEPA (Table 3), The

combination index values revealed that EEPA and benznidazole have

synergistic effects.
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Fig. 1. EEPA inhibited amastigote proliferation in T. cruzi-infected macrophages.

Mouse peritoneal exudate macrophages were infected with Y strain trypomastigotes

for 2 h and treated with different concentrations of EEPA (2.5, 1, 0.5 or 0.25 μg/ml) or

benznidazole (2.5 μg/ml), a standard drug. Cells were stained with hematoxylin and

eosin and analyzed by optical microscopy. The percentage of infected macrophages (A)

and the relative number of amastigotes per 100 macrophages (B) were determined by

counting hematoxylin and eosin-stained cultures. BDZ is benznidazole. Values repre-

sent the mean ± SEM of triplicates. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001 compared to the

control group.

Fig. 2. Flow cytometry analysis of trypomastigotes treated with EPPA for 24 or 72 h

and stained with propidium iodide (PI) and annexin V. (A) Representative untreated

trypomastigotes (24 h); (B) trypomastigotes treated with EEPA (5 μg/ml) for 24 h; (C)

trypomastigotes treated with EEPA (1.7 μg/ml) for 72 h; (D) trypomastigotes treated

with EEPA (3.4 μg/ml) for 72 h.

Discussion

In this study, the potent anti-T. cruzi activity of concentrated

ethanolic extract from P. angulata (EEPA) rich in physalins was

demonstrated in vitro on different strains of T. cruzi and in vivo on an

acute model of infection. EEPA was chosen mainly because the isola-

tion of the active molecule is costly, time consuming and gives a small

fraction of material. On the other hand, the extract is easily obtained,

has low cytotoxicity and high stability (Nogueira et al. 2013).

EEPA effectively inhibits the growth of epimastigotes and was

toxic against bloodstream trypomastigotes of T. cruzi. More im-

portantly, has potent activity against amastigotes inside infected

Fig. 3. Parasitemia of BALB/c mice infected with T. cruzi and treated with EEPA. Female BALB/c mice were infected with 104 Y strain trypomastigotes. Five days after infection,

mice were treated orally with EEPA (50 or 100 mg/kg) or benznidazole (100 mg/kg) once a day during 5 consecutive days. Parasitemia was monitored by counting the number

of trypomastigotes in fresh blood samples. Values represent the mean ± SEM of 6 mice per group. Results are from one experiment of two replicates performed. ∗P < 0.05; ∗∗∗P

< 0.001 compared to untreated-infected group (vehicle).
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Table 2

Parasitemia and mortality evaluation in mice infected with Y strain T. cruzi and treated daily with

EEPA or benznidazole for 5 days.

Sample Dose (mg/kg) % Blood parasitemia reduction in

micea

Mortalityb

8 dpi 10 dpi

EEPA 50 42.6 49.7 0/6

EEPA 100 72.7 71.7 0/6

BDZ 100 >99 >99 0/6

Vehicle – – – 4/6

Dpi = days post-infection. BDZ = benznidazole. Vehicle = untreated and infected group.
a Calculated as ([(average vehicle group − average treated group)/average vehicle group] ×

100%).
b Mortality was monitored until 30 days after treatment.

Table 3

Antiparasitic activity of EEPA or benznidazole in Y strain trypomastigotes alone or in combination.

Sample EC50 ± S.D. (μg/ml)a EC90 ± S.D. (μg/ml)a CI atb

Drug alone Combination Drug alone Combination EC50 EC90

EEPA 1.7 ± 0.5 0.58 ± 0.05 3.1 ± 0.2 1.3 ± 0.1 0.8 ± 0.07 0.83 ± 0.1

BDZ 2.8 ± 0.7 1.17 ± 0.1 6.7 ± 0.2 2.7 ± 0.2

S.D. = standard deviation. BDZ = benznidazole.
a EC50 and EC90 values were calculated using concentrations in triplicates and two independent

experiments were performed.
b Combination index (CI). Cutoff: CI value of 0.3–0.7, synergism; 0.7–0.85, moderate synergism;

0.85–0.9, slight synergism; 0.9–1.1, additivity; >1.1, antagonism.

macrophages (the clinically relevant form), without affecting mam-

malian cells. These observations confirm and extend the antiparasitic

activity of EEPA recently reported by Nogueira et al. (2013). The au-

thors demonstrated that even in a low dose of EEPA is enough to re-

duce the percentage of infected cells, as well as the parasite burden

in L. amazonensis-infected macrophages. Moreover, a high selectivity

index was observed, pointing out the great efficacy against L. amazo-

nensis (Nogueira et al. 2013).

To identify the mechanism of cell death induced by EEPA treat-

ment, analyses of the classical necrosis/apoptosis processes were

performed. From the literature, it is well known that activation of

cell death pathway depends on type, time, and intensity of the

stimulus (Kessler et al. 2013). Necrosis is usually defined as a pro-

cess of cell collapse that involves oncosis (increase in cell vol-

ume), rupture of plasma membrane and the unorganized disman-

tling of swollen organelles. Apart from the presence of plasma mem-

brane permeabilization, necrosis lacks specific biochemical markers

(Kroemer et al. 2009). In this study, EEPA treatment caused an in-

crease time-dependent in the number of PI-positive parasites, sug-

gestive of cell death by necrosis. PI-positive parasites also were ob-

served after 24 h of treatment with physalin B (Meira et al. 2013).

In addition, ultrastructural analyses showed remarkable alterations

in the morphology of the Golgi complex, kinetoplast, endoplasmic

reticulum and plasma membrane of trypomastigotes, confirming a

pattern consistent with necrotic cell death.

Combination therapies can be a valuable tool to improve treat-

ment efficacy and reduce dose levels and toxicity, as well as to pre-

vent the potential development of resistance, which may be advan-

tages for the treatment of parasitic diseases (Vivas et al. 2008; Diniz

et al. 2013). In this study, EEPA demonstrates synergistic effects with

benznidazole against the bloodstream parasites in vitro, showing a

promising profile for drug combination.

In spite of the great potential of natural products for infectious dis-

ease treatment, the literature is relatively scarce of anti-T. cruzi nat-

ural products (Altei et al. 2014; Da Rocha et al. 2014; Sanchez et al.

2013; Santos et al. 2012; Valli et al. 2013). Therefore the investigation

of both crude and fractionated plant extracts is important. The find-

ings reported here not only demonstrate that EEPA is a rich source

of antiparasitic natural products, but also points out the necessity of

more efforts toward exploring biodiversity for identifying anti-T. cruzi

compounds.

Conclusion

EEPA demonstrated a strong, selective, and broad-spectrum an-

tiparasitic activity against T. cruzi. Consistent with this strong in vitro

activity, EEPA reduced parasite burden by rapidly interrupting the

cell cycle in the obligated host. Mechanistically, this natural prod-

uct achieved antiparasitic activity through induction cell death via

necrosis. EEPA was able to reduce the course of an aggressive acute

infection murine model and provided to a suitable partner for drug

combination. The results presented herein reinforce the investigation

of other members of this family for antiparasitic compounds.
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a b s t r a c t

Chagas disease is an infection caused by protozoan Trypanosoma cruzi, which affects approximately 8–
10 million people worldwide. Benznidazole is the only drug approved for treatment during the acute
and asymptomatic chronic phases of Chagas disease; however, it has poor efficacy during the symp-
tomatic chronic phase. Therefore, the development of new pharmaceuticals is needed. Here, we
employed the bioisosterism to modify a potent antiparasitic and cruzain-inhibitor aryl thiosemicar-
bazone (4) into 4-thiazolidinones (7–21). Compounds (7–21) were prepared by using a straightforward
synthesis and enabled good to excellent yields. As a chemical elucidation tool, X-ray diffraction of com-
pound (10) revealed the geometry and conformation of this class compounds. The screening against cru-
zain showed that 4-thiazolidinones were less active than thiosemicarbazone (4). However, the
antiparasitic activity in Y strain trypomastigotes and host cell cytotoxicity in J774 macrophages revealed
that compounds (10 and 18–21) are stronger and more selective antiparasitic agents than thiosemicar-
bazone (4). Specifically, compounds (18–20), which carry a phenyl at position N3 of heterocyclic ring,
were the most active ones, suggesting that this is a structural determinant for activity. In infected macro-
phages, compounds (18–20) reduced intracellular amastigotes, whereas Benznidazole did not. In T. cruzi-
infected mice treated orally with 100 mg/kg of compound (20), a decreased of parasitemia was observed.
In conclusion, we demonstrated that the conversation of thiosemicarbazones into 4-thiazolidinones
retains pharmacological property while enhances selectivity.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

It is estimated that 5–10% of the Latin American population has
Chagas disease, which is caused by the protozoan Trypanosoma
cruzi.1 This situation is alarming, because there are no vaccines
available and the current treatment using Benznidazole is of low
efficacy and followed by several side effects.2,3 Benznidazole has
antiparasitic effects against bloodstream parasites, but its activity
is limited against parasites in tissues.4,5 Additionally, many

patients experience drug intolerance and adverse effects.6 Thus,
new drugs to treat Chagas disease are necessary.

To address this need, a number of molecular targets for anti-T.
cruzi drugs have been investigated, increasing the quality of drug
identification for Chagas disease treatment. Examples of such tar-
gets are the lanosterol 14 a-demethylase,7 trypanothione reduc-
tase,8 cruzain,9 trans-sialidase,10 phosphatidylinositol 3-kinase11

and cytochrome b.12 By using structure-based drug design, two
small-molecules were developed and are considered strong drug
candidates: K11777, a vinyl sulfone peptide that inhibits cruzain,13

and VNI, an oxadiazole derivative inhibitor of 14-a-demethylase
activity.14,15

More recently, compound VFV reveals a broader antiprotozoal
spectrum of action. It has stronger antiparasitic activity in cellular
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experiments, and cures the experimental Chagas disease with 100%
of efficacy, and suppresses visceral leishmaniasis by 89% (vs 60%
for VNI).16 These compounds are likely to enter into clinical trials;
however, the chances of any drug being approved in the clinical
stage are very low. Given the outcomes observed for K11777,
VNI and VFV as anti-T. cruzi agents, the design of compounds to
inhibit cruzain and the 14-a-demethylase activity have received
special attention.17,18

Additionally, with the goal of avoiding the development of
resistant T. cruzi strains, an enhanced of the number of potential
drug candidates by combined drug therapy is necessary.19,20

Thiosemicarbazones have been largely investigated as anti-T.
cruzi agents.21–27 Among this class, the 3,4-dichlorophenyl
thiosemicarbazone (4) was identified as one of the most potent
cruzain inhibitor. The structure–activity relationships studies iden-
tified that the 3,4-dichlorophenyl is an important structural deter-
minant for trypanocidal activity.28

Due to the poor drugability of thiosemicarbazones, many
attempts have been made to identify thiosemicarbazone-like com-
pounds with improved antiparasitic effects.29–34 Following this line
of research, our research group demonstrated an existing bioisos-
teric relationship between thiosemicarbazones and thiazolidi-
nones, which led to the identification of strong antiparasitic
thiazolidinones.35–38

Based on these findings, here new thiazolidinones (7–21) were
planned by employing the thiosemicarbazone (4) as a structural
prototype (Fig. 1). We synthesized compounds (7–21) and evalu-
ated their activity against cruzain and T. cruzi. The choice of sub-
stituents attached in compounds (7–21) was oriented by
observing previously described structure–activity relationships.38

2. Results

2.1. Synthesis and chemical characterization

The general route to preparing thiazolidinones is shown in
Scheme 1. Firstly, thiosemicarbazones (4–6) were prepared by
reacting commercially available 30,40-dichloroacetophenone (3)
with the appropriate thiosemicarbazide in an ultrasound bath in

the presence of catalytic H2SO4 or HCl (thiosemicarbazone 6). Thi-
azolidinones (7–21) were prepared by reacting the respective aryl
thiosemicarbazone with commercially available ethyl 2-bromoac-
etate or by preparing the desired 2-substituted-2-bromoacetates.
These reactions were carried out in the presence of an excess of
anhydrous NaOAc under reflux. This afforded compounds (7–21)
in variable yields (38–84%) and acceptable purity (>95%).

Structures of compounds were determined by nuclear magnetic
resonance (NMR, 1H and 13C), infrared (IR) and mass (HR-MS) spec-
tral, while purity was determined by elemental analysis (E.A.). To
define the relative configuration of the iminic bond, we executed
X-ray diffraction of single crystals of compound (10). As observed
in Figure 2, this compound adopts an E-geometry. In addition, it
was observed that iminic bond in C1 is located in an exocyclic posi-
tion in regard to the heterocyclic ring.

2.2. Pharmacological evaluation

We assessed the host cell cytotoxicity in J774 macrophages,
while the in vitro anti-T. cruzi activity was determined against
bloodstream trypomastigotes of Y strain (Table 1). Compounds that
showed IC50 values comparable to Benznidazole were considered
active.

The inhibitory activity for thiazolidinones (5–19) against cru-
zain was also investigated. We measured cruzain mediated enzy-
matic activity inhibition by using an assay based on competition
with the substrate Z-Phe-Arg-aminomethylcoumarin (Z-FR-AMC).
Compounds were screened at 100 lM, the maximum concentra-
tion at which they were soluble in the assay buffer. However, cru-
zain inhibition by these compounds was not observed (Table S1).39

The structure–activity relationship study began with two mod-
ifications on 4-thiazolidinone ring: (a) substituents at C5 position
and (b) attachment of a methyl or phenyl group at nitrogen N3.
These modifications yielded compounds (7–21). Among the tested
compounds, compound (20) was the most potent antiparasitic,
with an IC50 value of 1.7 ± 0.17 lM for bloodstream trypomastig-
otes. This compound presented better antiparasitic properties than
Benznidazole. Importantly, this did not affect host cells viability in
concentrations up to 100 lM.
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Thiazolidinones (7-21)

Proposed Thiazolidinones

Thiazolidinones described over the years(A)
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Comparing thiosemicarbazones (4–6), it is observed that with
the increase of lipophilicity in substituents at N3, with methyl
(5) or phenyl (6), the trypanocidal activity decrease with an
improvement in toxicity for macrophages. This trend is not
observed for cyclic derivatives (7–21), otherwise an improvement
in toxicity profile is observed with the cyclization of the thioamide
into thiazolidinone moiety.

The good trypanocidal activity observed in unsubstituted
thiosemicarbazone (4) was not kept in their cyclic derivatives (7,
12 and 17), however, their present lower cytotoxicity for macro-
phages, in opposition to (4). Among cyclic derivatives, only com-
pounds (18), (19) and (20) present better trypanocidal activity
than thiosemicarbazone (4).

In general, substitutions at N3 improved the antiparasitic activ-
ity, with N-phenyl compounds (17–21) exhibiting the strongest
activity among all tested compounds. For instance, the methyl
(18), ethyl (19), and isopropyl (20) compounds were, respectively,
12-, 16- and 25-times more potent antiparasitic agents than
unsubstituted compound (17).

Given the selectivity of these compounds against bloodstream
trypomastigotes of T. cruzi, we next examined their activity against
intracellular parasites. To this end, we assessed an in vitro model of
parasite infection using mouse macrophages infected with Y strain
trypomastigotes. Three days after infection, 35–40% of the
untreated macrophages were infected, and a high number of
amastigotes per 100 macrophages were observed. Treatment with
50 lM Benznidazole reduced the number of infected cells and the
number of intracellular amastigotes (P <0.001). We then tested the
three most potent compounds, thiazolidinones (18), (19), and (20)
at concentration of 50 lM. As shown in Figure 3, these compounds
inhibited T. cruzi infection with potency higher than Benznidazole
(P <0.001). When tested at different concentrations, it was possible
to calculate the IC50 values for compounds (18), (19) and (20)

against intracellular amastigotes. IC50 values of 5.9 ± 0.52,
3.2 ± 0.3, and 3.1 ± 0.64 lM for compounds (18), (19) and (20)
were found, respectively. These values were lower than Benznida-
zole (IC50 = 13.9 ± 0.39 lM).

Finally, we evaluated the in vivo efficacy of compound (20).
Starting on day 5 post-infection (dpi), compound (20) was admin-
istered at 100 mg/kg orally once per day for five consecutive days
in BALB/c mice infected with 104 Y strain trypomastigotes. Controls
included untreated and Benznidazole-treated mice. The course of
infection was monitored by counting blood parasites and animal
survival was followed for 1 month. As seen in Figure 4, compound
(20) reduced blood parasitemia (P <0.001) compared to untreated
control. At dose of 100 mg/kg, administration of (20) caused a
reduction in blood parasitaemia of 86.7 (10 days post-infection
(dpi)) and 97.1% (12 dpi) (Table 2). In the group treated with Ben-
znidazole, it was observed >99% of inhibition of blood para-
sitaemia, indicating that eradication of infection was achieved.
Treatment with (20), similar to the treatment with Benznidazole,
had a protective effect on mortality. No signs of toxicity or body
weight loss were observed in animals in the treatment group (data
not shown).

3. Discussion

Here, we examined the chemistry and pharmacology of thiazo-
lidinones derived from a thiosemicarbazone which is a highly
potent cruzain inhibitor but a poor selective antiparasitic agent.
The employed route to preparing thiazolidinones was efficient to
produce compounds in acceptable yield and purity. X-ray diffrac-
tion revealed the conformation and geometry of iminic bound as
well as the tautomerism of heterocyclic ring. By varying sub-
stituents attached at heterocyclic ring, it was possible to screen
active compounds and to identify the main structural determi-
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nants of thiazolidinones for antiparasitic activity. We observed that
the nonsubstituted or those containing a methyl at N3 presented
poor antiparasitic activity. In contrast, thiazolidinones containing
a phenyl group at N3 exhibited trypanocidal properties and were
active against intracellular parasites, corroborating with a previ-
ously work of our group.38 In addition, it is worth mentioning that
these compounds presented low cytotoxicity in host cell viability,
therefore showing good selectivity indexes.

Compounds (1) (Fig. 1) and (2) were previously synthesized by
our group, with good trypanocidal activities (10 lM and 6.1 lM,
respectively). The compounds with similar structure are com-
pounds (8) and (20), with the same substituents at N3 and C5,
respectively. The main structural difference between these

compounds (1–2 and 8, 20) are the substituents linked at N1
(phenylthiopropyl for (1), phenoxypropan-2-yl for (2) and 3,4-
dichlorophenyl for (8) and (20). Comparing compound 1with com-
pound (8), it was not observed an improvement in trypanocidal
activity. However, an improvement in trypanocidal activity was
observed for compound (20), being 3-times more potent than com-
pound (2), the lead compound identified by Moreira et al.38

(6.1 lM vs 1.7 lM). This result highlight the importance of the
3,4-dichloro moiety for the trypanocidal activity (Fig. 5).

Regarding the mechanism of action, the thiazolidinones did not
inhibit cruzain activity, while the thiosemicarbazone prototype
did. These findings show that the mechanism of action of these
antiparasitic thiazolidinones is different from thiosemicar-
bazones-inhibiting cruzain. In addition to displaying activity
against axenic parasite, the thiazolidinones exhibited strong activ-
ity against intracellular amastigotes. In comparison to untreated
infected macrophages, the compounds not only reduced the
in vitro infection but also the parasite burden. Importantly, this
activity was superior to Benznidazole-treated cells. Compound
(20), the most potent in vitro thiazolidinone, was efficient in reduc-
ing the blood parasitemia in acutely-infected mice.

In overall, the substitution at N3 with phenyl and C5 with alkyl
groups were benefic for the trypanocidal activity, generating com-
pounds (18), (19) and (20), the most potent compounds presented
in this study. It is worth to mention that compounds (18)
(4.2 ± 0.28 lM), (19) (2.9 ± 0.91 lM) and (20) (1.7 ± 0.17 lM) were,
respectively, 2-, 3- and 6-times more potent than the reference
drug, Benznidazole (10.6 ± 0.87 lM) for trypomastigote form of
the parasite. About intracellular amastigotes, compounds (18),
(19) and (20) also present good trypanocidal activity, being 2-, 4-
and 4-times more potent than Benznidazole, the unique drug avail-
able for treatment.

4. Conclusions

The search for antiparasitic compounds against T. cruzi based on
heterocyclic chemistry led us to develop a new series of thiazolidi-
nones. This study enabled molecular modifications at positions N3
and C5 on the thiazolidinic ring. The X-ray diffraction of compound
(10) revealed that an E-geometry for iminic bond is observed. The
in vitro screening showed that the presence of a phenyl group at
position N3 improves the antiparasitic activity. This led to the
identification of the potent N-phenyl substituted compounds
(18–20), which were more potent trypanocidal agents than Ben-
znidazole and previously described thiazolidinones (1–2). Com-
pound (20) reduced parasitemia in both in vitro and in an
acutely-infected mice model, thereby corroborating to the general
notion that this class of heterocyclic compounds are strong
antiparasitic agents.

5. Experimental section

5.1. Reagents and spectra analysis

All reagents were used as purchased from commercial sources
(Sigma–Aldrich, Vetec, or Fluka). Progress of the reactions was
followed by thin-layer chromatography (silica gel 60 F254 in alu-
minum foil). Purity of the target compounds was confirmed by
combustion analysis (for C, H, N and S) performed by a Carlo-
Erba instrument (model EA 1110). IR was determined in KBr pel-
lets. For NMR, we used a Varian UnityPlus 400 MHz (400 MHz
for 1H and 100 MHz for 13C) and Bruker AMX-300 MHz
(300 MHz for 1H and 75.5 MHz for 13C) instruments. DMSO-d6,
acetone-d6, or D2O were purchased from CIL. Chemical shifts
are reported in ppm, and multiplicities are given as s (singlet),

Table 1
Anti-T. cruzi activity of thiazolidinones (7–21)

Compd R1 Trypomastigotes, Y
strain T. cruzi IC50 ± SDa

(lM)

Macrophages
CC50 ± SDb

(lM)

Selectivity
indexc

4 H 7.1 ± 0.76 13.4 ± 0.82 1.7
5 Methyl 11.2 ± 1.62 >100 8.8
6 Phenyl >50 >100 —

7 H >50 76.5 ± 3.18 —
8 Methyl 49.5 ± 0.51 >100 2.0
9 Ethyl >50 76.7 ± 0.46 —
10 Isopropyl 16.9 >100 5.9
11 Phenyl >50 96.9 ± 1.37 —

12 H >50 >100 —
13 Methyl >50 >100 —
14 Ethyl 48.5 >100 2.0
15 Isopropyl >50 >100 —
16 Phenyl 41.5 97.6 —

17 H >50 >100 —
18 Methyl 4.2 ± 0.28 26.1 ± 0.90 6
19 Ethyl 2.9 ± 0.91 23.3 ± 0.96 8
20 Isopropyl 1.7 ± 0.17 >100 >58
21 Phenyl 17.7 ± 0.09 27.1 ± 0.51 1.5
Bdz — 10.6 ± 0.87 >100 >9.4
GV — — 0.45 ± 0.04 —

ND = not determined. Bdz = Benznidazole, GV = violet gentian. SD = standard
deviation.

a Determined after 24 h of incubation in the presence of compounds.
b Determined in J774 cells for 72 h after incubation.
c (CC50 macrophages)/(IC50 trypomastigotes).
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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
D2O. Structural assignments were corroborated by DEPT analysis.
Mass spectrometry experiments were performed on a Q-TOF
spectrometer LC-IT-TOF (Shimadzu). When otherwise specified,
ESI was carried out in the positive ion mode. Reactions in an
ultrasound bath were carried out under frequency of 40 kHz
(180 W) and without external heating.

5.1.1. General procedure for the synthesis of thiosemicar-
bazones (4–6). Example for compound (4): Synthesis of
1-(3,4-dichlorophenyl)-ethylidenethiosemicarbazone (4)

Under magnetic stirring: in a 100 mL round-bottom flask,
1.06 mmol (0.097 g) of thiosemicarbazide, 1.06 mmol (0.2 g) of
30,40-dichloroacetophenone (3), 4 drops of H2SO4 and 20 mL of
ethanol were added and maintained under magnetic stirring and
reflux for 20 h. After cooling back to rt, the precipitate was filtered
in a Büchner funnel with a sintered disc filter, washed with cold
ethanol, and then dried over SiO2. Product was purified by recrys-
tallization in hot toluol. Colorless crystals, mp: 187–189 �C; yield:
0.10 g (38%).

Under ultrasound irradiation: in a 10 mL round-bottom flask,
1.06 mmol (0.097 g) of thiosemicarbazide, 1.06 mmol (0.2 g) of
30,40-dichloroacetophenone (3), 4 drops of H2SO4 and 20 mL of
ethanol were added and maintained in a ultrasound bath for
30 min. After cooling back to rt, the precipitate was filtered in a
Büchner funnel with a sintered disc filter, washed with cold etha-
nol, and then dried over SiO2. Product was purified by recrystalliza-
tion in hot toluol. Colorless crystals, mp: 187–189 �C; yield: 0.22 g
(80%); Rf = 0.56 (toluol/ethyl acetate 6:4). IR (KBr): 3427 (NH2),
3399 (NH), 3138 (CAH), 1591 (C@N) cm�1. 1H NMR (300 MHz,
DMSO-d6): d 2.27 (s, 3H, CH3), 7.58 (d, 1H, J 9.37 Hz, Ar), 7.86
(dd, 1H, J 9.37 and 3.75 Hz, Ar), 8.18 (s, 1H, NH2), 8.26 (d, 1H, J
3.75 Hz, Ar), 8.36 (s, 1H, NH2), 10.29 (s, 1H, NH). Signals at d

Figure 3. Thiazolidinones (18), (19), and (20) affect intracellular parasite development. The percentage of infected macrophages (A) and the relative number of amastigotes
per 100 macrophages (B) are higher in untreated controls than in cultures treated with test compounds (18), (19), and (20), or Bdz. Macrophages were infected with Y strain
trypomastigotes for 2 h, and test inhibitors were then added at 50 lM. Cell cultures were incubated for 3 days. ***P <0.001 compared to untreated controls. All compounds
were tested in triplicate, and two independent experiments were performed. Bars indicate standard deviation. Bdz was used as a positive control.
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Figure 4. (A) Compound (20) substantially reduced parasitemia in mice. Female BALB/c mice were infected with 104 Y strain trypomastigotes. Five days after infection, mice
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Table 2
Parasitemia and mortality evaluation in mice infected with Y strain T. cruzi and
treated daily with (20) or Benznidazole for 5 days

Compounds Dose (mg/kg) % Blood parasitemia
reduction in micea

Mortalityb

10 dpi 12 dpi

20 100 86.7 97.1 0/6
Bdz 100 >99 >99 0/6
Vehicle — — — 6/6

dpi = days post-infection. Bdz = Benznidazole. Vehicle = untreated and infected
group.

a Calculated as ([average vehicle group � average treated group)/average vehicle
group] � 100%).

b Mortality was monitored until 30 days after treatment.
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8.18, 8.36 and 10.29 ppm disappear after adding D2O. 13C NMR
(75.5 MHz, DMSO-d6): d 13.8 (CH3), 126.7 (CH, Ar), 128.2 (CH,
Ar), 130.2 (CH, Ar), 131.3 (C, Ar), 131.6 (3ClC, Ar), 138.2 (4ClC,
Ar), 145.312 (C@N), 179.0 (C@S). HRMS (ESI): 259.9565 [M�H]+.
Anal. calcd for C9H9Cl2N3S: C, 41.23; H, 3.46; N, 16.03; S, 12.23.
Found: C, 41.21; H, 3.61; N, 16.36; S, 12.78.

5.1.1.1. 1-(3,4-Dichlorophenyl)ethylideno-4-methylthiosemi-
carbazone (5). Recrystallization in hot toluol afforded color-
less crystal, mp: 195–197 �C; yield: 0.24 g (84%); Rf = 0.7 (toluol/
ethyl acetate 6:4). IR (KBr): 3343 and 3219 (NH), 1547 (C@N)
cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.28 (s, 3H, CH3), 3.04 (d,
3H, J 6 Hz, NACH3, coupling with NAH), 7.63 (d, 1H, J 8.57 Hz,
Ar), 7.88 (dd, 1H, J 8.57 and 2.14 Hz, Ar), 8.23 (d, 1H, J 2.14 Hz,
Ar), 8.61 (broad d, 1H, J 6 Hz, CH3ANH), 10.33 (s, 1H, NH). 13C
NMR (75.5 MHz, DMSO-d6): d 13.8 (CH3), 31.1 (NACH3), 126.7
(CH, Ar), 128.1 (CH, Ar), 130.2 (CH, Ar), 131.3 (C, Ar), 131.5 (3ClC,
Ar), 138.3 (4ClC, Ar), 145.0 (C@N), 178.6 (C@S). HRMS (ESI):
275.9475 [M+H]+. Anal. calcd for C10H11Cl2N3S: C, 43.49; H, 4.01;
N, 15.21; S, 11.61. Found: C, 43.34; H, 3.98; N, 15.55; S, 11.74.

5.1.1.2. 1-(3,4-Dichlorophenyl)ethylidene)-4-phenylthiosemi-
carbazone (6). Recrystallization in hot toluol afforded color-
less crystal, mp: 200–202 �C; yield: 0.32 g (89%); Rf = 0.73 (toluol/
ethyl acetate 6:4). IR (KBr): 3309 and 3239 (NH), 3046 (CAH),
1523 (C@N) cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.36 (s, 3H,
CH3), 7.23 (t, 1H, J 7.21 Hz, Ar), 7.38 (t, 2H, J 7.21 Hz, Ar), 7.51 (d,
2H, J 7.21 Hz, Ar), 7.64 (d, 1H, J 9.09 Hz, Ar), 7.97 (dd, 1H, J 9.09
and 2.72 Hz, Ar), 8.34 (d, 1H, J 2.72 Hz, Ar), 10.18 (s, 1H, NH),
10.66 (s, 1H, ArNH). 13C NMR (75.5 MHz, DMSO-d6): d 14.2 (CH3),
125.6 (CH, Ar), 126.5 (CH, Ar), 127.0 (CH, Ar), 128.1 (CH, Ar),
128.4 (CH, Ar), 130.2 (CH, Ar), 131.3 (C, Ar), 131.8 (3ClC, Ar),
138.1 (4ClC, Ar), 139.2 (CAN, Ar), 146.3 (C@N), 177.3 (C@S). HRMS
(ESI): 337.9678 [M+H]+. Anal. calcd for C15H13Cl2N3S: C, 53.26; H,
3.87; N, 12.42; S, 9.48. Found: C, 53.23; H, 3.84; N, 12.31; S, 9.32.

5.1.2. General procedure for the synthesis of thiazolidinones
7–21. Example for compound (7)

Synthesis of 2-[1-(3,4-dichlorophenyl)ethylidenohydrazone]thiazo-
lidin-4-one (7). in a 100 mL round-bottom flask, 3.81 mmol (1.0 g)
of thiosemicarbazone (4) was dissolved in 30 mL of ethanol, fol-
lowed by adding 15.24 mmol (1.25 g) anhydrous sodium acetate
under magnetic stirring and warming. After 15 min, 5.73 mmol
(0.8 g) of ethyl 2-bromoacetate was added in portions and the mix-
ture was maintained under reflux for 20 h. After cooling back to rt,
the precipitate was filtered in a Büchner funnel with a sintered disc

filter, washed with cold ethanol, and then dried over SiO2. Product
was purified by recrystallization in hot cyclohexane. Colorless crys-
tals were obtained. Mp: 234–236 �C; yield: 0.75 g (65%); Rf: 0.53
(toluol/ethyl acetate 6:4). IR (KBr): 3143 (NH), 2985 (CAH), 1715
(C@O), 1628 (C@N) cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.36
(s, 3H, CH3), 3.89 (s, 2H, SACH2), 7.69 (d, 1H, J 10 Hz, Ar), 7.80 (d,
1H, J 10 Hz, Ar), 8.00 (s, 1H, Ar), 12.06 (s, 1H, NH). 13C NMR and
DEPT (75.5 MHz, DMSO-d6): d 14.8 (CH3), 33.3 (CH2, heterocycle),
126.8 (CH, Ar), 128.4 (CH, Ar), 131.0 (CH, Ar), 131.8 (C, Ar), 132.7
(3ClC, Ar), 138.7 (4ClC, Ar), 158.6 (C@N), 166.0 (SAC@N), 174.3
(C@O). HRMS (ESI): 301.9364 [M+H]+. Anal. calcd for C11H9Cl2N3-
OS: C, 43.72; H, 3.00; N, 13.91; S, 10.61. Found: C, 44.00; H, 3.20;
N, 13.47; S, 10.11.

5.1.2.1. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-5-
methylthiazolidin-4-one (8). Recrystallization in toluol/cy-
clohexane 2:1 afforded colorless. Mp: 208–210 �C; yield: 0.68 g
(56%); Rf: 0.52 (toluol/ethyl acetate 6:4). IR (KBr): 3422 (NH),
3139 (CAH), 1704 (C@O), 1627 (C@N) cm�1. 1H NMR (300 MHz,
DMSO-d6): d 1.48 (d, 3H, J 7.5 Hz, CH3 heterocycle), 2.27 and 2.35
(s, 3H, CH3), 4.15 (q, 1H, J 7.5 Hz, CH heterocycle), 7.60 and 7.68
(d, 1H, J 8.75 Hz, Ar), 7.78 and 7.87 (d, 1H, J 8.75 Hz, Ar), 7.99
and 8.26 (s, 1H, Ar), 8.36 and 10.30 (s, 1H, NH). 13C NMR
(75.5 MHz, DMSO-d6): d 13.8 and 14.3 (CH3 heterocycle), 18.8
(CH3), 41.0 (CH, heterocycle), 126.4 and 126.8 (CH, Ar), 127.8 and
128.2 (CH, Ar), 130.2 (CH, Ar), 131.3 and 131.6 (C, Ar), 132.2
(3ClC, Ar), 138.2 and 138.3 (4ClC, Ar), 145.3 (C@N), 157.9 (SAC@N),
177.3 (C@O). HRMS (ESI): 315.9491 [M+H]+. Anal. calcd for C12H11-
Cl2N3OS: C, 45.58; H, 3.51; N, 13.29; S, 10.14. Found: C, 45.86; H,
3.68; N, 12.90; S, 10.00.

5.1.2.2. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-5-
ethylthiazolidin-4-one (9). Recrystallization in hot toluol
afforded colorless. Mp: 175–177 �C; yield: 0.94 g (75%); Rf: 0.63
(toluol/ethyl acetate 6:4). IR (KBr): 2975 (CAH), 1704 (C@O),
1623 (C@N) cm�1. 1H NMR (300 MHz, DMSO-d6): d 0.95 (broad s,
3H, CH3), 1.88 (m, 2H, CH2), 2.36 (s, 3H, CH3), 4.20 (broad s, 1H,
CH heterocycle), 7.69 (d, 1H, J 8 Hz, Ar), 7.80 (d, 1H, J 8 Hz, Ar),
7.99 (s, 1H, Ar), 12.05 (s, 1H, NH). 13C NMR (75.5 MHz, DMSO-
d6): d 10.3 (CH3), 14.3 (CH3), 25.4 (CH2), 49.0 (CH, heterocycle),
126.4 (CH, Ar), 127.9 (CH, Ar), 130.6 (CH, Ar), 131.3 (C, Ar), 132.2
(3ClC, Ar), 138.3 (4ClC, Ar), 158.2 (C@N), 164.1 (SAC@N), 176.0
(C@O). HRMS (ESI): 329.9624 [M+H]+. Anal. calcd for C13H13Cl2N3-
OS: C, 47.28; H, 3.97; N, 12.72; S, 9.71. Found: C, 47.20; H, 3.60; N,
12.34; S, 9.55.
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5.1.2.3. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-5-iso-
propylthiazolidin-4-one (10). Recrystallization in toluol/cy-
clohexane 2:1 afforded colorless. Mp: 193–195 �C; yield: 0.73 g
(56%); Rf: 0.6 (toluol/ethyl acetate 6:4). IR (KBr): 2953 (CAH),
1707 (C@O), 1616 (C@N) cm�1. 1H NMR (300 MHz, DMSO-d6): d
0.87 (d, 3H, J 6 Hz, CH3), 0.98 (d, 3H, J 6 Hz, CH3), 2.36 (s, 3H,
CH3), 2.50 (m, 1H, CH), 4.30 (d, 1H, J 3 Hz, CH heterocycle), 7.69
(d, 1H, J 10 Hz, Ar), 7.81 (d, 1H, J 10 Hz, Ar), 7.99 (s, 1H, Ar),
12.06 (s, 1H, NH). 13C NMR (75.5 MHz, DMSO-d6): d 14.4 (CH3),
16.4 (CH3), 20.3 (CH3), 29.9 (CH), 54.7 (CH, heterocycle), 126.4
(CH, Ar), 128.0 (CH, Ar), 130.6 (CH, Ar), 131.3 (C, Ar), 132.3 (3ClC,
Ar), 138.3 (4ClC, Ar), 158.6 (C@N), 163.7 (SAC@N), 175.4 (C@O).
HRMS (ESI): 343.9749 [M�H]+. Anal. calcd for C14H15Cl2N3OS: C,
48.84; H, 4.39; N, 12.21; S, 9.31. Found: C, 49.19; H, 4.56; N,
12.16; S, 9.49.

5.1.2.4. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-5-
phenylthiazolidin-4-one (11). Recrystallization in hot toluol
afforded colorless. Mp: 245–247 �C; yield: 0.95 g (65%); Rf: 0.57
(toluol/ethyl acetate 6:4). IR (KBr): 1711 (C@O), 1618 (C@N)
cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.41 (s, 3H, CH3), 5.49 (s,
1H, CH heterocycle), 7.39 (m, 5H, Ar), 7.68 (d, 1H, J 9 Hz, Ar),
7.81 (dd, 1H, J 9 and 2.25 Hz, Ar), 8.01 (d, 1H, J 2.25 Hz, Ar),
12.35 (s, 1H, NH). 13C NMR (75.5 MHz, DMSO-d6): d 14.9 (CH3),
51.4 (CH, heterocycle), 126.9 (CH, Ar), 128.4 (CH, Ar), 128.7 (CH,
Ar), 128.9 (CH, Ar), 129.3 (CH, Ar), 131.1 (CH, Ar), 131.8 (C, Ar),
132.8 (C, Ar), 137.2 (3ClC, Ar), 138.6 (4ClC, Ar), 159.2 (C@N),
162.0 (SAC@N), 175.0 (C@O). HRMS (ESI): 378.0310 [M+H]+. Anal.
calcd for C17H13Cl2N3OS: C, 53.98; H, 3.46; N, 11.11; S, 8.48. Found:
C, 53.75; H, 3.53; N, 11.12; S, 8.78.

5.1.2.5. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-3-
methylthiazolidin-4-one (12). Recrystallization in hot toluol
afforded colorless. Mp: 195–197 �C; yield: 0.70 g (61%); Rf: 0.73
(toluol/ethyl acetate 6:4). IR (KBr): 2942 (CAH), 1717 (C@O),
1613 and 1570 (C@N) cm�1. 1H NMR (400 MHz, DMSO-d6): d
2.43 (s, 3H, CH3), 3.20 (s, 3H, NACH3), 3.95 (s, CH2 heterocycle),
7.72 (d, 1H, J 11.42 Hz, Ar), 7.83 (dd, 1H, J 11.42 and 1.43 Hz, Ar),
8.03 (d, 1H, J 1.43 Hz, Ar). 13C NMR (100 MHz, DMSO-d6): d 14.2
(CH3), 29.2 (NACH3), 32.0 (CH2 heterocycle), 126.3 (CH, Ar),
127.9 (CH, Ar), 130.5 (CH, Ar), 131.2 (C, Ar), 132.3 (3ClC, Ar),
138.1 (4ClC, Ar), 159.4 (C@N), 164.5 (SAC@N), 172.0 (C@O). HRMS
(ESI): 315.9498 [M+H]+. Anal. calcd for C12H11Cl2N3OS: C, 45.58; H,
3.51; N, 13.29; S, 10.14. Found: C, 45.48; H, 3.33; N, 13.18; S, 9.90.

5.1.2.6. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-3,5-
dimethylthiazolidin-4-one (13). Recrystallization in cyclo-
hexane/toluol 3:1 afforded colorless. Mp: 178–180 �C; yield:
0.90 g (75%); Rf: 0.8 (toluol/ethyl acetate 6:4). IR (KBr): 1704
(C@O), 1606 and 1570 (C@N) cm�1. 1H NMR (400 MHz, DMSO-
d6): d 1.53 (d, 3H, J 7.14 Hz, CH3), 2.42 (s, 3H, CH3), 3.22 (s, 3H,
NACH3), 4.24 (q, J 7.14 Hz, CH heterocycle), 7.70 (d, 1H, J 8.51 Hz,
Ar), 7.82 (dd, 1H, J 8.51 and 2.12 Hz, Ar), 8.02 (d, 1H, J 2.12 Hz,
Ar). 13C NMR (100 MHz, DMSO-d6): d 14.1 (CH3, position 5 of the
heterocycle), 18.5 (CH3), 29.3 (NACH3), 41.1 (CH heterocycle),
126.3 (CH, Ar), 127.8 (CH, Ar), 130.4 (CH, Ar), 131.2 (C, Ar), 132.2
(3ClC, Ar), 138.1 (4ClC, Ar), 159.3 (C@N), 163.0 (SAC@N), 175.0
(C@O). HRMS (ESI): 329.9630 [M+H]+. Anal. calcd for C13H13Cl2N3-
OS: C, 47.28; H, 3.97; N, 12.72; S, 9.71. Found: C, 47.33; H, 3.81; N,
12.63; S, 9.69.

5.1.2.7. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-5-
ethyl-3-methylthiazolidin-4-one (14). Recrystallization in
hot cyclohexane afforded colorless. Mp: 167–168 �C; yield: 0.80 g
(64%); Rf: 0.81 (toluol/ethyl acetate 6:4). IR (KBr): 2970 (CAH),
1716 (C@O), 1610 and 1567 (C@N) cm�1. 1H NMR (400 MHz,

DMSO-d6): d 0.95 (t, 3H, CH3), 1.83 (m, 1H, CH2), 2.02 (m, 1H,
CH2), 2.42 (s, 3H, CH3), 3.19 (s, 3H, NACH3), 4.27 (m, 1H, CH hete-
rocycle), 7.70 (d, 1H, J 8 Hz, Ar), 7.83 (dd, 1H, J 8 and 2 Hz, Ar), 8.02
(d, 1H, J 2 Hz, Ar). 13C NMR (100 MHz, DMSO-d6): d 10.1 (CH3), 14.2
(CH3), 25.3 (CH2), 29.2 (NACH3), 48.1 (CH heterocycle), 126.3 (CH,
Ar), 127.9 (CH, Ar), 130.4 (CH, Ar), 131.2 (C, Ar), 132.3 (3ClC, Ar),
138.1 (4ClC, Ar), 159.5 (C@N), 162.9 (SAC@N), 174.0 (C@O). Anal.
calcd for C14H15Cl2N3OS: C, 48.84; H, 4.39; N, 12.21; S, 9.31. Found:
C, 48.83; H, 4.09; N, 12.15; S, 9.58.

5.1.2.8. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-5-iso-
propyl-3-methylthiazolidin-4-one (15). Recrystallization in
cyclohexane/toluol 3:1 afforded colorless. Mp: 137–140 �C; yield:
0.70 g (53%); Rf: 0.84 (toluol/ethyl acetate 6:4). IR (KBr): 2947
(CAH), 1713 (C@O), 1610 and 1563 (C@N) cm�1. 1H NMR
(300 MHz, DMSO-d6): d 0.84 (d, 3H, J 6.42 Hz, CH3), 1.00 (d, 3H, J
6.42 Hz, CH3), 2.43 (s, 3H, CH3), 2.45 (m, 1H, CH), 3.21 (s, 3H,
NACH3), 4.38 (d, 1H, J 2.5 Hz, CH heterocycle), 7.72 (d, 1H, J
7.5 Hz, Ar), 7.85 (dd, 1H, J 7.5 and 1.25 Hz, Ar), 8.03 (d, 1H, J
1.25 Hz, Ar). 13C NMR (75.5 MHz, DMSO-d6): d 14.4 (CH3), 16.4
(CH3), 20.2 (CH3), 29.3 (CH), 30.1 (NACH3), 53.9 (CH heterocycle),
126.5 (CH, Ar), 128.1 (CH, Ar), 130.7 (CH, Ar), 131.3 (C, Ar), 132.4
(3ClC, Ar), 138.1 (4ClC, Ar), 159.9 (C@N), 163.2 (SAC@N), 173.8
(C@O). HRMS (ESI): 357.9853 [M+H]+. Anal. calcd for C15H17Cl2N3-
OS: C, 50.28; H, 4.78; N, 11.73; S, 8.95. Found: C, 50.29; H, 4.64; N,
11.71; S, 9.19.

5.1.2.9. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-3-
methyl-5-phenylthiazolidin-4-one (16). Recrystallization in
hot toluol afforded colorless. Mp: 194–196 �C; yield: 0.91 g
(87%); Rf: 0.82 (toluol/ethyl acetate 6:4). IR (KBr): 1709 (C@O),
1603 and 1565 (C@N) cm�1. 1H NMR (300 MHz, DMSO-d6): d
2.47 (s, 3H, CH3), 2.50 (s, 3H, NACH3), 5.55 (s, 1H, CH heterocycle),
7.39 (m, 5H, Ar), 7.71 (d, 1H, J 8.57 Hz, Ar), 7.84 (dd, 1H, J 8.57 and
2.14 Hz, Ar), 8.03 (d, 1H, J 2.14 Hz, Ar). 13C NMR (75.5 MHz, DMSO-
d6): d 14.4 (CH3), 29.9 (NACH3), 50.1 (CH heterocycle), 126.5 (CH,
Ar), 128.0 (CH, Ar), 128.3 (CH, Ar), 128.5 (CH, Ar), 128.8 (CH, Ar),
130.6 (CH, Ar), 131.3 (C, Ar), 136.5 (3ClC, Ar), 138.0 (4ClC, Ar),
160.0 (C@N), 163.0 (SAC@N), 173.0 (C@O). HRMS (ESI): 392.0450
[M+H]+. Anal. calcd for C18H15Cl2N3OS: C, 55.11; H, 3.85; N,
10.71; S, 8.17. Found: C, 55.37; H, 3.92; N, 10.58; S, 8.44.

5.1.2.10. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-3-
phenylthiazolidin-4-one (17). Recrystallization in hot toluol
afforded colorless. Mp: 232–233 �C; yield: 0.8 g (71%); Rf: 0.79
(toluol/ethyl acetate 6:4). IR (KBr): 2970 (CAH), 1728 (C@O),
1606 and 1562 (C@N) cm�1. 1H NMR (400 MHz, DMSO-d6): d
2.16 (s, 3H, CH3), 4.10 (s, 2H, CH2 heterocycle), 7.41 (d, 2H, J
7.54 Hz, Ar), 7.45 (t, 1H, J 7.54 Hz, Ar), 7.53 (t, 2H, J 7.54 Hz, Ar),
7.70 (d, 1H, J 9.05 Hz, Ar), 7.79 (d, 1H, J 9.05 Hz, Ar), 7.99 (s, 1H,
Ar). 13C NMR (100 MHz, DMSO-d6): d 14.3 (CH3), 32.2 (CH2),
126.3 (CH, Ar), 127.8 (CH, Ar), 128.4 (CH, Ar), 128.7 (CH, Ar),
130.5 (CH, Ar), 134.9 (C, Ar), 136.8 (C, Ar), 163.0 (C@N), 171.6
(SAC@N), 198.6 (C@O). HRMS (ESI): 377.9950 [M+H]+. Anal. calcd
for C17H13Cl2N3OS: C, 53.98; H, 3.46; N, 11.11; S, 8.48. Found: C,
53.68; H, 3.42; N, 10.89; S, 7.94.

5.1.2.11. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-3-
phenyl-5-methylthiazolidin-4-one (18). Recrystallization in
cyclohexane/toluol 3:1 afforded colorless. Mp: 208–209 �C; yield:
0.78 g (67%); Rf: 0.83 (toluol/ethyl acetate 6:4). IR (KBr): 1712
(C@O), 1609 and 1571 (C@N) cm�1. 1H NMR (300 MHz, DMSO-
d6): d 1.63 (d, 3H, J 6.9 Hz, CH3), 2.16 (s, 3H, CH3), 4.41 (q, 1H, J
6.9 Hz, CH heterocycle), 7.41–7.55 (m, 5H, Ar), 7.70 (d, 1H, J
8.4 Hz, Ar), 7.79 (dd, 1H, J 8.4 and 1.8 Hz, Ar), 7.99 (d, 1H, J
1.8 Hz, Ar). 13C NMR (75.5 MHz, DMSO-d6): d 14.3 (CH3), 18.7
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(CH3), 41.0 (CH heterocycle), 126.4 (CH, Ar), 127.9 (CH, Ar), 128.5
(CH, Ar), 128.8 (CH, Ar), 130.6 (CH, Ar), 131.3 (C, Ar), 132.4 (3ClC,
Ar), 135.0 (C, Ar), 138.0 (4ClC, Ar), 159.7 (C@N), 163.2 (SAC@N),
174.8 (C@O). Anal. calcd for C18H15Cl2N3OS: C, 55.11; H, 3.85; N,
10.71; S, 8.17. Found: C, 55.36; H, 4.01; N, 10.44; S, 7.64.

5.1.2.12. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-3-
phenyl-5-ethylthiazolidin-4-one (19). Recrystallization in
hot cyclohexane afforded colorless. Mp: 154 �C; yield: 0.42 g
(35%); Rf: 0.86 (toluol/ethyl acetate 6:4). IR (KBr): 1708 (C@O),
1607 and 1568 (C@N) cm�1. 1H NMR (300 MHz, DMSO-d6): d
1.03 (t, 3H, CH3), 1.98 (m, 1H, CH2), 2.08 (m, 1H, CH2), 2.16 (s,
3H, CH3), 4.45 (m, 1H, CH heterocycle), 7.39–7.55 (m, 5H, Ar),
7.71 (d, 1H, J 8.7 Hz, Ar), 7.80 (dd, 1H, J 8.7 and 1.8 Hz, Ar), 7.99
(d, 1H, J 1.8 Hz, Ar). 13C NMR (75.5 MHz, DMSO-d6): d 10.1 (CH3),
14.4 (CH3), 25.5 (CH2), 48.2 (CH heterocycle), 126.4 (CH, Ar),
127.9 (CH, Ar), 128.5 (CH, Ar), 128.9 (CH, Ar), 130.6 (CH, Ar),
131.3 (C, Ar), 132.4 (3ClC, Ar), 134.9 (C, Ar), 138.0 (4ClC, Ar),
160.0 (C@N), 163.0 (SAC@N), 173.9 (C@O). HRMS (ESI): 405.9517
[M+H]+. Anal. calcd for C19H17Cl2N3OS: C, 56.16; H, 4.22; N,
10.34; S, 7.89. Found: C, 55.80; H, 4.23; N, 9.96; S, 7.97.

5.1.2.13. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-3-
phenyl-5-isopropylthiazolidin-4-one (20). Recrystallization
in hot cyclohexane afforded colorless. Mp: 158–160 �C; yield:
0.76 g (61%); Rf: 0.9 (toluol/ethyl acetate 6:4). IR (KBr): 2964
(CAH), 1720 (C@O), 1603 and 1564 (C@N) cm�1. 1H NMR
(300 MHz, DMSO-d6): d 0.98 (d, 3H, CH3), 1.06 (d, 3H, CH3), 2.16
(s, 3H, CH3), 2.36 (m, 1H, CH), 4.53 (d, 1H, CH heterocycle), 7.36–
7.56 (m, 5H, Ar), 7.71 (d, 1H, J 8.4 Hz, Ar), 7.81 (dd, 1H, J 8.4 and
1.8 Hz, Ar), 7.99 (d, 1H, J 1.8 Hz, Ar). 13C NMR (75.5 MHz, DMSO-
d6): d 14.5 (CH3), 16.5 (CH3), 20.1 (CH3), 30.5 (CH), 53.8 (CH hete-
rocycle), 126.5 (CH, Ar), 127.9 (CH, Ar), 128.4 (CH, Ar), 128.7 (CH,
Ar), 130.2 (CH, Ar), 131.3 (C, Ar), 132.5 (3ClC, Ar), 134.8 (C, Ar),
138.0 (4ClC, Ar), 160.3 (C@N), 163.1 (SAC@N), 173.5 (C@O). HRMS
(ESI): 419.9888 [M+H]+. Anal. calcd for C20H19Cl2N3OS: C, 57.15; H,
4.56; N, 10.00; S, 7.63. Found: C, 57.16; H, 4.49; N, 9.90; S, 7.68.

5.1.2.14. 2-[1-(3,4-Dichlorophenyl)ethylidenohydrazone]-3,5-
diphenylthiazolidin-4-one (21). Recrystallization in hot
toluol afforded colorless. Mp: 210–212 �C; yield: 0.77 g (58%); Rf:
0.88 (toluol/ethyl acetate 6:4). IR (KBr): 3053 (CAH), 1715 (C@O),
1605 and 1566 (C@N) cm�1. 1H NMR (300 MHz, DMSO-d6): d
2.20 (s, 3H, CH3), 5.70 (s, 1H, CH heterocycle), 7.36–7.58 (m, 10H,
Ar), 7.69 (d, 1H, J 8.4 Hz, Ar), 7.80 (dd, 1H, J 8.4 and 2.1 Hz, Ar),
7.99 (d, 1H, J 2.1 Hz, Ar). 13C NMR (75.5 MHz, DMSO-d6): d 14.0
(CH3), 50.1 (CH heterocycle), 126.3 (CH, Ar), 127.8 (CH, Ar), 128.0
(CH, Ar), 128.1 (CH, Ar), 128.4 (CH, Ar), 128.7 (CH, Ar), 129.2 (CH,
Ar), 129.6 (CH, Ar), 130.5 (CH, Ar), 133.5 (C, Ar), 133.7 (C, Ar),
134.8 (C, Ar), 134.9 (C, Ar), 136.8 (C, Ar), 163.0 (C@N), 171.2
(SAC@N), 198.0 (C@O). HRMS (ESI): 452.0380 [M�H]+. Anal. calcd
for C23H17Cl2N3OS: C, 60.80; H, 3.77; N, 9.25; S, 7.06. Found: C,
60.68; H, 3.74; N, 9.26; S, 7.08.

5.3. Cruzain inhibition

Cruzain activity was measured by monitoring the cleavage of
the fluorogenic substrate Z-FR-AMC. Assays were performed in
0.1 M sodium acetate buffer pH 5.5, in the presence of 1 mM
beta-mercaptoethanol and 0.01% Triton X-100. The final concen-
trations of cruzain was 0.5 nM, and the Z-FR-AMC substrate con-
centration was 2.5 lM (Km = 1 lM) to a final volume of 200 lL
and at 25 �C. In all assays, the enzyme was pre-incubated with
the compounds for 10 min. before adding a solution containing
the Z-FR-AMC substrate. Enzyme kinetic was followed by continu-
ous reading for 5 min at 12 s intervals and readings were deter-

mined in a Synergy 2 (Biotek), from the Center of Flow
Cytometry and Fluorimetry at the Biochemistry and Immunology
Department (UFMG). The filters employed were 340 nM for excita-
tion and 440 nM for emission. Activity was calculated based on ini-
tial velocity rates, compared to a DMSO control, since all
compound stocks were prepared in DMSO. All compounds were
evaluated at 10 lM and inhibition was measured in at least two
independent experiments, each case in triplicate.

4.3. Animals

Female BALB/c mice (6–8 weeks old) were supplied by the ani-
mal breeding facility at Centro de Pesquisas Gonçalo Moniz (Fun-
dação 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.

4.4. Parasites

Bloodstream trypomastigotes forms of T. cruzi were obtained
from supernatants of LLC-MK2 cells previously infected and main-
tained in RPMI-1640 medium (Sigma–Aldrich, St. Louis, MO) sup-
plemented with 10% fetal bovine serum (FBS; Cultilab, Campinas,
Brazil), and 50 lg/mL gentamycin (Novafarma, Anápolis, Brazil)
at 37 �C and 5% CO2.

4.5. Host cell toxicity

J774 macrophages were dispensed on 96-well plates at a cell
number of 5 � 104 cells/mL in 200 lL of RPMI medium supple-
mented with 10% of FBS and 50 lg/mL of gentamycin and incu-
bated for 24 h at 37 �C and 5% CO2. After that time each
compound, dissolved in DMSO was added at six concentrations
(0.41–100 lM) in triplicate and incubated for 72 h. Cell viability
was determined by AlamarBlue assay (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer instructions. Colorimetric
readings were performed after 6 h at 570 and 600 nm. Cytotoxic
concentration to 50% (CC50) was calculated using data-points gath-
ered from three independent experiments. Gentian violet (Synth,
São Paulo, Brazil) was used as positive control. The final concentra-
tion of DMSO was less than 1% in all in vitro experiments.

4.6. Toxicity for Y strain trypomastigotes

Trypomastigotes collected from the supernatant of LLC-MK2
cells were dispensed into 96-well plates at a cell density of
4 � 105 cells/well. Test inhibitors, 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 CO2. Aliquots of each well
were collected and the number of viable parasites, based on para-
site motility, was assessed in a Neubauer chamber. The percentage
of inhibition was calculated in relation to untreated cultures. IC50

calculation was also carried out using non-linear regression with
Prism 4.0 GraphPad software. Benznidazole was used as the refer-
ence drug.

4.7. Intracellular parasite development

Peritoneal exudate macrophages were obtained by washing,
with cold RPMI medium, the peritoneal cavity of BALB/c mice 4–
5 days after injection of 3% thioglycolate (Sigma) in saline
(1.5 mL per mice). Then, cells were seeded at a cell density of
2 � 105 cells/well in a 24 well-plate with rounded coverslips on
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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. Next,
cultures were incubated in complete medium alone or with the
test inhibitors at 50 lM for 6 h. The medium was replaced by a
fresh medium and the plate was incubated for 3 days. Cells were
fixed in methanol and the percentage of infected macrophages
and the relative number of amastigotes per 100 macrophages were
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 100 macrophages
was determined by counting 100 cells per slide. To estimate IC50

values, compounds were tested at five concentrations (1–50 lM).

4.8. Infection in mice

Female BALB/c mice (6–8 weeks old) were infected with blood-
stream trypomastigotes by intraperitoneal injection of 104 para-
sites in 100 lL of saline solution. Mice were then randomly
divided in groups (six mice per group). After five days post-infec-
tion, treatment with 100 mg/kg weight of compound (20) was
given orally once a day for five consecutive days. For the control
group, Benznidazole was also given orally at dose of 100 mg/kg
weight. Infection was monitored by counting the number of motile
parasites in 5 lL of fresh blood sample drawn from the lateral tail
veins as recommended by standard protocols.40 Survival was mon-
itored for 30 days after treatment. The one-way ANOVA and Bon-
ferroni for multiple comparisons were used to determine the
statistical significance of the group comparisons.
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Three newmixed andmononuclear Ru(II) complexes containing 1,3-thiazolidine-2-thione (tzdtH)were synthe-
sized and characterized by spectroscopic analysis, molar conductivity, cyclic voltammetry, high-resolution
electrospray ionization mass spectra and X-ray diffraction. The complexes presented unique stereochemistry
and the proposed formulae are: [Ru(tzdt)(bipy)(dppb)]PF6 (1), cis-[Ru(tzdt)2(PPh3)2] (2) and trans-
[Ru(tzdt)(PPh3)2(bipy)]PF6 (3), where dppb = 1,4-bis(diphenylphosphino)butane and bipy = 2,2′-bipyridine.
These complexes demonstrated strong cytotoxicity against cancer cell lines when compared to cisplatin. Specif-
ically, complex 2was the most potent cytotoxic agent against MCF-7 breast cells, while complexes 1 and 3were
more active in DU-145 prostate cells. Binding of complexes to ctDNA was determined by UV–vis titration and
viscosity measurements and revealed binding constant (Kb) values in range of 1.0–4.9 × 103 M−1, which are
characteristic of compounds possessing weak affinity to ctDNA. In addition, these complexes presented antipar-
asitic activity against Trypanosoma cruzi. Specifically, complex 3 demonstrated strong potency, moderate
selectivity index and acted in synergism with the approved antiparasitic drug, benznidazole. Additionally, com-
plex 3 caused parasite cell death through a necrotic process. In conclusion, we demonstrated that Ru(II) com-
plexes have powerful pharmacological activity, while the metal-free tzdtH does not provoke the same outcome.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Cancer is considered a group of complex andmultifaceteddiseases [1].
Carcinogenesis is thought to be initiated by changes to the DNA within
cells and also by inhibition of growth suppressors, which, in turn, gives
rise to the uncontrolled cell proliferation, invasion of surrounding and
distant tissues, and ultimately leads to a risk of aggressive metastasis
[2]. Prostate and breast cancers are of high incidence and mortality
around the world and the development of new drugs is of interest [3].
Drugs containing transitionmetals hold a promising possibility for cancer

treatment. Although cisplatin has been largely employed alone or in drug
combinations against prostate and breast cancers, limitations regarding
resistance has been observed [4,5]. To overcome cisplatin limitation,
Satraplatin, the first orally available Pt drug, is currently undergoing clin-
ical investigation [6]. Ruthenium compounds are promising pharmaceuti-
cals because ofmany biological features, such as reduced toxicity, suitable
biodistribution, and mechanisms of action different than platinum-based
compounds [7,8]. In the last years, Ru(III) complexes have entered clinical
trials: NAMI-A [ImH][trans-RuCl4(DMSO)(Im)], KP1019 (indazolium
trans-[tetrachloridobis(1H-indazole)ruthenate(III)]) and NKP-1339
[sodium trans-[tetrachloridobis(1H-indazole)ruthenate(III)] [9,10]. The
half-sandwich η6-arene-Ru(II) complexes are a promising class of
antitumor compounds with particular emphasis on the [RuCl2(η6-p-
cymene)(PTA)], PTA = 1,3,5-triaza-7-phosphaadamantane, named as
RAPTA-C [11]. This compound is highly active in vivo against metastatic
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cells by inhibiting cathepsin B, a protease related to tumor invasion and
metastasis [12,13].

Regarding parasitic infections, American trypanosomiasis (Chagas
disease) is an important health problem in Latin America, affecting 8–
14 million people (14,000 deaths per year) with different forms of the
pathology [14,15]. It is of great concern due to the development of
chronic cardiomyopathy and other related health problems [16].
Chemotherapy is only based on nifurtimox and benznidazole (Bdz),
drugs that are more than 50 years old and suffer from low efficacy and
high levels of toxicity [17]. Since the discovery of an efficient Ru(II)
complex containing clotrimazole against Trypanosoma cruzi, a large
number of metal complexes have been evaluated for this purpose [18].
Strategies for the development of new anti-trypanosomal metallodrugs
generally involve: coordination of antiparasitic ligands to themetal, and
coordination of DNA intercalators to themetal andmetal compounds as
direct inhibitors of parasite enzymes [19,20].

In view of this, our research group has been studying a number of
pharmacological properties for Ru(II) complexes containing phosphines
and diimines ligands as anticancer and anti-infectious agents [21–27].
Remarkable activities were observed for complexes with general for-
mulae [Ru(pic)(dppb)(N–N)]PF6, where pic = 2-pyridinecarboxylate;
N–N = 2,2-bipyridine or 1,10′-phenanthroline. These complexes
displayed strong in vitro activity against Mycobacterium tuberculosis
andmore importantly, presented activity againstmulti-resistant strains.
In view of these results with bidentate N,O-ligand (pic), we sought to
investigate Ru complexes containing bidentate N,S-ligands. In fact,
heterocyclic N,S-ligands have been extensively used in the preparation
of metal complexes for therapeutic application [27–29]. Among them,
an interesting ligand is 1,3-thiazolidine-2-thiol (tzdtH), which has a
classical thiol/thione tautomerism as shown in Fig. 1. Crystallographic
studies for tzdtH structure indicate that the thione tautomer (form II;
Fig. 1) is present in the solid state [30]. However, two tautomeric
forms can be found in aqueous and in organic solutions (i.e., 1,4-diox-
ane, CCl4, benzene, CHCl3, CH2Cl2, C2H4Cl2s, EtOH, MeOH, CH3CN, DMF
and DMSO) [31,32]. Given this promising outlook and considering the
different coordination sites of the tzdtH [33–35], this work aimed to
study the reactivity of this ligand with Ru(II) phosphine precursors. To
the best of our knowledge, only three ruthenium organometallic
compounds with anionic tzdt− are described in the literature, however
no detailed structural as well as pharmacological evaluation were
carried out [36,37]. Thus, here three new Ru(II) complexes with the
formulae [Ru(tzdt)(bipy)(dppb)]PF6 (1), cis-[Ru(tzdt)2(PPh3)2] (2)
and trans-[Ru(tzdt)(PPh3)2(bipy)]PF6 (3), were obtained and evaluated
as cytotoxic and antiparasitic agents.

2. Experimental

2.1. General

Reactions and chemicals were handled under Argon atmosphere.
Solvents were purified by standard methods. Chemicals used were of
reagent grade or comparable purity. RuCl3·3H2O, dppb, bipy and

tzdtH were purchased from Sigma-Aldrich (St. Louis, MO) and used as
supplied. The reactants cis-[RuCl2(dppb)(bipy)] [38], [RuCl2(PPh3)3]
[39] and cis-[RuCl2(PPh3)2(bipy)] [40] precursors were prepared
according to literature. The IR spectra were recorded on a FT-IR
Bomem-Michelson 102 spectrometer in the 4000–250 cm−1 region,
using CsI pellets. Conductivity values were obtained at room tempera-
ture using 10−3 M solutions of the complexes in CH2Cl2 by using a
Meter Lab CDM2300 instrument. 1H, 31P{1H} and 13C{1H} NMRwere re-
corded on a Bruker DRX 400 MHz using tetramethylsilane as reference
and solvent CDCl3 to the complexes 1 and 2 and acetone-d6 to complex
3. The 31P{1H} chemical shifts are reported in relation toH3PO4, 85%. The
UV–vis spectra of the complexes, (concentration c.a. 10−4 M), were
recorded in CH2Cl2 on a Hewlett Packard diode array—8452 A. Cyclic
voltammetry experiments were performed in an electrochemical
analyzer BAS, model 100B and carried out at room temperature. Typical
conditions were: CH2Cl2 containing 0.10 M Bu4NClO4 (TBAP) as
supporting electrolyte, andusing a one-compartment cell, bothworking
and auxiliary electrodes were stationary Pt foils, and the reference
electrode was Ag/AgCl, 0.10 M TBAP in CH2Cl2. Ferrocene (Fc) was
employed for calibrating the electrochemical system and the redox
potential. Under these conditions, (Fc+/Fc) couple presented 430 mV.
High resolution mass spectra of complexes were obtained by direct
infusion in a MicroTof-Q II Bruker Daltonics Mass Spectrometer (Le) in
the positive ion mode, employing methanol as solvent (LC/MS grade
from Honeywell/B&J Brand). Elemental analyses were carried out in
the Microanalytical Laboratory of Federal University of São Carlos,
with an EA 1108 FISONS Instruments CHNS microanalyzer.

2.2. Synthesis and characterization

2.2.1. [Ru(tzdt)(bipy)(dppb)]PF6 (1)
In a Schlenk flask, 16 mg (0.14 mmol) of tzdtH was dissolved in

10 mL of a CH2Cl2 solution containing 20 μL of triethylamine. After,
100 mg (0.12 mmol) of cis-[RuCl2(dppb)(bipy)] reactant was added
and maintained under stirring at room temperature for 3 h. Then,
30 mg (0.18 mmol) of NH4PF6 was added and the volume concentrated
under reduced pressure to ca. 2 mL. Orange crystals were separated by
filtration, washed with dry diethyl ether and dried under vacuum to
yield 94 mg (83%). Anal. Calc. for [RuC41H40N3P2S2]PF6: exp. (calc)
51.90 (52.01); H, 4.21 (4.26); N, 4.28 (4.44); S, 6.55 (6.77) %. Molar
conductance (S cm2 mol−1, CH2Cl2) 46.5. IR (cm−1): (υC–H) 3076,
3053, 2949, 2924; (υCH2) 2854, 2679; (υCN) 1535, 1433;
(νCC(ring) + νCC(dppb)) 1483, 1309; (υC–S) 1159; (υC–P) 1094; (νring)
1043, 997; (υP–F) 843; (γCS) 764; (γring) 698; (υRu–P) 517, 507;
(υRu–S) 492; (υRu–N) 426. 31P{1H} NMR (162 MHz, CDCl3, 298 K): δ
(ppm) (d, 43.2 and 44.6, 2J = 35.1 Hz); 1H NMR (400 MHz, CDCl3,
298 K): δ (ppm): 8.96 (1H, d, bipy); 8.74 (1H, br. s, bipy); 8.09 (1H, m,
bipy); 8.03 (1H, m, bipy); 7.85 (1H, m, bipy); 7.73 (1H, m, bipy); 7.45
(2H, t, Hp of dppb); 7.41–6.93 (16H, m, Ho and Hm of dppb); 6.89 (2H,
t, bipy); 6.38 (2H, t, Hp of dppb); 3.40–2.30 (4H, m, CH2 of tzdt);
2.30–1.03 (8H, m, CH2 of dppb). 13C{1H} NMR (125.74 MHz, CDCl3,
298 K): δ (ppm) 183.75 (CS); 158.09–151.45 (C-Bipy), 139.93–121.92
(C-dppb and C-Bipy); 55.26 (1C, CH2–N of tzdt) and 32.03 (1C, CH2–S
of tzdt); 31.75–21.29 (C–CH2 of dppb). UV–vis (CH2Cl2,
1.6 × 10−4 M): λ/nm (ε/M−1 cm−1) 296 (15,970), 420 (2850).

2.2.2. cis-[Ru(tzdt)2(PPh3)2] (2)
In the Schlenk flask, 20 mg (0.17 mmol) of tzdtH was dissolved in

60mL of ethanol. To this, 60mL of CH2Cl2 containing 30 μL of Et3N follow-
ed by 70 mg of [RuCl2(PPh3)3] reactant were added. After stirring for
30min, under room temperature, colormixture changed fromabrownish
to a yellowish suspension. Solvent was removed under reduced pressure
and the yellowish solidwas filtered andwashedwith ethanol and diethyl
ether and then dried under vacuum to yield 50 mg (79%). Anal. Calc. for
[RuC42H38N2S4P2].½H2O: exp. (calc) 57.76 (57.91); H, 4.22 (4.51); N,
3.33 (3.22); S, 15.17 (14.73) %. Molar conductance (S cm2 mol−1,Fig. 1. The tautomeric (I and II) and anionic (III) structures of the tzdtH ligand.
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CH2Cl2) 1.8. IR (cm−1) (υC–H) 3072, 3049, 2947, 2928; (υCH2) 2849;
(υCN) 1527; 1508; (νCC(ring) + νCC(dppb)) 1479, 1385; (υC–S) 1188;
(υC–P) 1088; (νring) 1045, 993; (γCS) 750; (γring) 696; (υRu–P) 520;
(υRu–S) 497; (υRu–N) 435. 31P{1H} NMR (162 MHz, CDCl3, 298 K): δ
(ppm) 54.2 (s); 1H NMR (400 MHz, CDCl3, 298 K): δ (ppm): 7.32 (12H,
m, Ho of PPh3); 7.23 (6H, t, Hp of PPh3); 7.10 (12H, t, Hm of PPh3); 3.27
(2H, ddd, CH2 of tzdt); 3.20 (2H, dd, CH2 of tzdt); 2.94 (2H, ddd, CH2 of
tzdt); 2.65 (2H, dd, CH2 of tzdt). 13C{1H} NMR (125.74 MHz, CDCl3,
298 K): δ (ppm) 181.88 (CS); 137.33–127.09 (36C, C-PPh3); 56.49 (2C,
CH2-N of tzdt) and 31.72 (2C, CH2-S of tzdt). UV–vis (CH2Cl2,
4 × 10−5 M): λ/nm (ε/M−1 cm−1) 310 (1993).

2.2.3. trans-[Ru(Tzdt)(Pph3)2(Bipy)]PF6 (3)
In the Schlenk flask, 33mg (0.137mmol) of tzdtHwas dissolved in a

mixture of CH2Cl2:MeOH (80:20) containing 20 μL Et3N. Then, 100 mg
(0.114 mmol) of cis-[RuCl2(PPh3)2(bipy)] reactant was added and the
mixture was stirred under reflux temperature for 24 h. After this, the
resulting orange solution was concentrated under reduced pressure to
2 mL and 10 mL of water was added. The resulting orange solid was
filtered, washed with warmed water, diethyl ether and then dried
under vacuum to yield 113 mg (92%). Anal. Calc. for
[RuC49H42N3S2P2]PF6·2H2O: exp. (calc) 54.69 (54.44); H, 4.12 (4.29);
N, 3.97 (3.89); S, 6.23 (5.93) %. Molar conductance (S cm2 mol−1,
CH2Cl2) 50.2. IR (cm−1): (υC–H) 3076; 3055; 2951; 2924; (υCH2)
2852; (υCN) 1528, 1433; (νCC(ring) + νCC(dppb)) 1384; 1307; (υC–S)
1159; (υC–P) 1090; (νring) 1051, 999; (υP–F) 840; (γCS) 762; (γring)
698; (υRu–P) 519; (υRu–S) 492; (υRu–N) 438. 31P{1H} NMR
(162 MHz, CDCl3, 298 K): δ (ppm) 33.3 (s); 1H NMR (400 MHz, CDCl3,
298 K): δ (ppm): 9.75 (1H, d, bipy); 9.02 (1H, d, bipy); 7.71 (2H, m,
bipy); 7.65 (2H, m, bipy); 7.57 (1H, m, bipy); 7.35 (6H, m, Hp of
PPh3); 7.28 (12H, m, Ho of PPh3); 7.20 (12H, m, Hm of PPh3); 7.11 (1H,
m, bipy); 3.37 (2H, t, CH2 of tzdt); 2.57 (2H, t, CH2 of tzdt). 13C{1H}
NMR (125.74 MHz, CDCl3, 298 K): δ (ppm) 182.52 (CS);
158.68–153.62 (C-Bipy), 136.58–123.77 (C-PPh3 and C-Bipy); 57.41
(1C, CH2-N, tzdt), 31.77 (1C, CH2-S, tzdt). UV–vis (CH2Cl2,
8 × 10−5 M): λ/nm (ε/M−1 cm−1) 280 (26266), 302 (17927), 348
(5488), 444 (3434).

2.3. X-ray diffraction

Single crystals of the complexes were grown from diethyl ether dif-
fusion into a dichloromethane solution of complex at room temperature
(293 K). X-ray diffraction experiments were carried out at room tem-
perature using a suitable crystal mounted on glass fiber, and positioned
on the goniometer head. Intensity data were measured on an Enraf–
Nonius Kappa-CCD diffractometer with graphite monochromated
MoKα radiation (λ=0.71073 Å). The cell refinements were performed
using the software Collect [41] and Scalepack [42], and the final cell
parameters were obtained on all reflections. The structures were solved
by direct method using SHELXS-97 and refined using the software
SHELXL-97. In all complexes' structures, the Gaussian method was
used for the absorption corrections [43]. Non-hydrogen atoms of the
complexes were unambiguously located, and a full-matrix, least-
squares refinement of these atomswith anisotropic thermal parameters
was carried out. In all ligands of the complexes, aromatic C–H hydrogen
atoms were positioned stereochemically and were refined with fixed
individual displacement parameters [Uiso(H) = 1.2 Ueq(Csp2)] using a
riding model with aromatic, C–H bond lengths which were fixed at
0.93 Å. Methylene groups of tzdt ligand were also set as isotropic with
a thermal parameter 20% greater than the equivalent isotropic displace-
ment parameter of the atom to which each one was bonded and C–H
bond lengths were fixed at 0.97 Å. Tables were generated by WinGX
and the structure representations by MERCURY. The CrystalExplorer
2.1 programwas used to generate the Hirshfeld surfaces and the finger-
print plot. The Hirshfeld surfaces were employed to define the intermo-
lecular environment of molecules within the crystal of each complex

[44–46]. The fingerprint plot or 2D-fingerprint graphics is constructed
by the plot of de versus di (de = external distance is defined as the
distance between the calculated Hirshfeld surface and the nearest
atom of an adjacent molecule; di = internal distance is distance be-
tween the nearest nucleus internal and the calculated Hirshfeld
surface). Relationships between crystal packing pattern and molecular
geometry were determined by analyzing parameters present in
Hirshfeld fingerprint plots. The 2D-fingerprint also provides the
percentage of each intermolecular contact occurring in the complex
structure. Crystallography data were registered in the Cambridge
Crystallographic Data Centre (CCDC), with the respective deposit
numbers: 1037025 (1), 1037026 (2) and 1037027 (3).

2.4. DNA binding

2.4.1. Spectroscopic titration
A solution of calf thymus DNA (ctDNA, Sigma-Aldrich)was prepared

in Tris–HCl buffer (5 mM Tris–HCl, pH 7.2). A solution of ctDNA in the
buffer gave a ratio of UV absorbance at 260 and 280 nm of about 1.8:1,
indicating that the solution is protein-free. The concentration of ctDNA
was measured from its absorption intensity at 260 nm using the molar
absorption coefficient value of 6600 M−1 cm−1 [47]. Solutions of
Ru(II) complexes used in the experiments were prepared in Tris–HCl
buffer containing 5% DMSO. To the ctDNA titration experiments,
different concentrations of the ctDNA were used (ranging 3.8 × 10−5

to 7.6 × 10−4 M), while the concentration of ruthenium complexes
were maintained at 1.6 × 10−4, 4.4 × 10−5 and 8.6 × 10−5 M for 1, 2
and 3, respectively. Sample correction was done for the absorbance of
DNA and the spectra were recorded after solution equilibration for
2 min. It is worth mentioning that complex 2 and 3 structures change
after incubating in the buffered medium, such as observed in the 31P
NMR spectrum of complexes 2 and 3 (see the Supplementary material).
These chances can be attributed to exchange of the monodentate PPh3

ligand. As a result, the signal of PPh3 free is observed at around
−6.3 ppm. The intrinsic equilibrium binding constant (Kb) of the com-
plexes to ctDNA was obtained using the McGhee–von Hippel (MvH)
method [48] by using the expression of Wolfe and co-workers [49]:

ctDNA½ �= εa–ε fð Þ ¼ ctDNA½ �= εb–ε fð Þ þ 1=Kb εb–ε fð Þ

in which [ctDNA] is the concentration of ctDNA in base pairs, εa is the
ratio of the absorbance/[Ru(II) complex], εf is the extinction coefficient
of the free Ru(II) complex, and εb is the extinction coefficient of the
complex in the fully bound form. The ratio of the slope to the intercept
in the plot of [ctDNA]/(εa–εf) vs. [ctDNA] gives the value of Kb, which
was calculated from themetal to ligand charge transfer (MLCT) absorp-
tion band (λmax). Changes in the absorption intensity increasing
concentration of ctDNA was monitored and analyzed by regression
analysis. The nonlinear least-squares analysis was calculated by using
OriginLab.

2.4.2. Viscosity measurements
Viscometric titrations of 1–3 were performed using an Ostwald

viscometer in a constant temperature (37 °C). The concentration of
ctDNA was 4.2 × 10−3 μM, and the flow times were measured with an
automated timer. Each sample was measured 5 times and an average
flow time was calculated. Data were presented as (η/ηo)1/3 versus
[complex]/[ctDNA], where η is the viscosity of ctDNA in the presence
of the complex and ηo is that of ctDNA alone. Relative viscosity for
ctDNA in either the presence or absence of complex was calculated
from the relation: η = (t − to) / (to), where t is the observed flow
time of the ctDNA containing solution and to is the flow time of buffer
alone.
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2.5. Cytotoxicity against cancer cells

Human tumor breast cell lineMCF-7 (ATCC No. HTB-22) and human
prostate tumor cell lineDU-145 (ATCC:HTB-81)were cultured in RPMI-
1640 medium (Sigma-Aldrich) supplemented with 20% fetal bovine
serum (FBS; Cultilab, Campinas, Brazil) at 37 °C in 5% CO2. Aliquots of
200 μL containing 1 × 104 cells were seeded in 96-well microplates
and incubated for 12 h. Drugs were dissolved in sterile DMSO (stock so-
lution with maximum concentration of 20 mM) and diluted in RPMI-
1640 medium from 0.05 to 200 μM (final concentration of 1% DMSO
perwell). Negative control (without drug) and positive control (cisplat-
in) were included in the plate and then incubated for 48 h at 37 °C in 5%
CO2. After incubation, cells were washed twice with phosphate buffer
saline, 50 μL of MTT (MTT, Life, Carlsbad, USA) at 0.5 mg mL−1 was
added and incubated for 4 h, followed by adding 100 μL of isopropanol.
Colorimetric reading was performed in a microplate reader at 595 nm.
Cell viability was measured in comparison to the negative control
(cells receiving only DMSO). Inhibitory concentration to 50% (IC50)
was determined by using non-linear regression. Three independent
experiments were performed.

2.6. Host cell toxicity

J774macrophages were seeded on 96-well plates at a cell number
of 5 × 104 cells mL−1 in 200 μL of RPMI medium (Sigma-Aldrich)
supplemented with 10% of FBS (Life, Carlsbad, USA) and
50 μg mL−1 of gentamycin (Life) and incubated for 24 h at 37 °C
and 5% CO2. After that time each compound was added at six concen-
trations (0.04 to 10 μM) in triplicate and incubated for 72 h. Cell
viability was determined by AlamarBlue assay (Life) according to
the manufacturer's instructions. Colorimetric readings were
performed after 6 h at 570 and 600 nm. Cytotoxic concentration to
50% (CC50) was calculated using data-points gathered from three in-
dependent experiments. Gentian violet (Synth, São Paulo, Brazil)
was used as positive control.

2.7. Antiparasitic activity

2.7.1. Cytotoxicity for trypomastigotes
Trypomastigotes collected from the supernatants of previously

infected LLC-MK2 cells were dispensed into 96-well plates at a cell
number of 2 × 106 cells mL−1 in 200 μL of RPMI medium. Compounds
were tested at concentration range of 0.02 to 10 μM, in triplicate. The
plate was incubated for 24 h at 37 °C and 5% CO2. Aliquots from each
well were collected and the number of viable parasites was assessed
in a Neubauer chamber and compared to untreated parasite culture.
This experiment was performed three times. Benznidazole (LAFEPE,
Recife, Brazil) was used as the positive control. Cytotoxic concentration
to 50% (CC50) was calculated using data-points gathered from three
independent experiments.

2.7.2. Inhibition of parasite infection
Peritoneal macrophages (2 × 105 cells mL−1) obtained from BALB/c

mice were seeded 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 (10:1) for 2 h. Free
trypomastigotes were removed by successive washes using saline
solution and the cells were incubated for 24 h for internalization and
differentiation of trypomastigotes into amastigotes. Following this,
cultureswere incubated in completemediumalone orwith compounds
for 72 h. Cells were fixed in absolute alcohol and the percentage of
infected macrophages and the number of amastigotes/100 macro-
phages was determined by manual counting after hematoxylin and
eosin staining using an optical microscope (Olympus, Tokyo, Japan).
The percentage of infectedmacrophages and the number of amastigotes
per 100 macrophages was determined by counting 100 cells per slide.

The one-way ANOVA and Bonferroni for multiple comparisons were
used to determine the statistical significance of the group comparisons.
Benznidazole was used as the positive control.

2.8. Propidium iodide and annexin V staining

Trypomastigotes (1 × 107) were incubated for 24 h at 37 °C in the
absence or presence of Ru(II) complex 3 (0.01, 0.015 or 0.02 μM).
After incubation, the parasites were labeled for propidium iodide (PI)
and annexin V using the annexin V-FITC apoptosis detection kit
(Sigma-Aldrich), according to the manufacturer's instructions. Acquisi-
tion and analyses was performed using a FACS Calibur flow cytometer
(Becton Dickinson, CA, USA), with FlowJo software (Tree Star, CA,
USA). A total of 30,000 events were acquired in the region previously
established as trypomastigote forms of T. cruzi. Two independent
experiments were performed.

3. Results

3.1. Synthesis, infrared spectroscopy and mass spectrometry

The chemical reactivity of tzdtH in triethylamine was studied under
the presence of metal complexes cis-[RuCl2(dppb)(bipy)],
[RuCl2(PPh3)3] and cis-[RuCl2(PPh3)2(bipy)]. This led to the formation
of complexes with formulae [Ru(tzdt)(bipy)(dppb)]PF6 (1), cis-
[Ru(tzdt)2(PPh3)2] (2) and trans-[Ru(tzdt)(PPh3)2(bipy)]PF6 (3) con-
taining the monoanionic tzdt− as chelated ligand as shown in Scheme
1. Each synthetic procedure was straightforward, provided good yields
and analytically pure complexes as determined by elemental analyses.

Infrared spectra of complexes 1–3 confirmed the presence of the
tzdt− ligand coordinated to the metal center. High energy region of
each spectrum exhibited bands at 2854–2849 cm−1, which were
assigned to the υCH2 stretching vibration of tdzt ligand. The υN–H
stretching vibration at 3138 cm−1 in the spectrum of metal-free tzdtH
was absent in the spectra of the ruthenium complexes, suggesting that
ligand is coordinated into its deprotonated form. Strong bands found
in the region of 1535–1300 cm−1 are characteristic of υCN and υCC
stretching vibrations of the tdzt−, dppb and bipy ligands. In the com-
plexes, the bands related to νC…S and δC…S absorptions of tdzt− occur
in the regions around 1188–1159 and 764–750 cm−1, respectively.

Regarding ESI-MS(+) spectra, complex 1 presented the most
intense molecular peak at 802.1179 Da, while its predicted monoisoto-
pic mass is 802.1186 Da. For complexes 2 and 3, M+ peaks occurred at
862.0428 and 900.1345 Da, respectively. In both complexes 2 and 3,
peaks corresponding to [M−PPh3]+ were observed.

3.2. Electrochemical study

The redox behavior of metal complexes was investigated by cyclic
voltammetry (Fig. 2). Complexes 1–3 revealed one-electron waves for
Ru(II)/Ru(III) redox process with quasi-reversible behavior at +1150,
+690 and +926 mV. These values highlight the different stereochem-
istry around the Ru(II) center. Complex 2 exhibited redox process in
lower potential than complexes 1 and 3. This can be explained because
of two molecules of tzdt− and the absence of bipy, which is a well-
known π–electron acceptor ligand. In fact, the bipy-containing
complexes 1 and 3 presented Ru(II)/Ru(III) oxidation peaks around
1000 mV, which are similar values to Ru(II) complexes described in
the literature [25,26]. Despite complexes 1 and 3 presenting the same
ligands, 3 has a redox potential much lower than 1. This may be
explained by the competition for electron density around the metal
between the phosphorus atoms in trans position observed in complex
3 [27].

The half-wave potential (E½) values for these complexesweremore
anodic than the starting reactants by approximately 0.60 V (Table 1).
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This indicates that ruthenium is more easily oxidized in metal precur-
sors than complexes (1–3), therefore complexes (1–3) are more stable
than their starting reactants. This stabilization is possible due to the re-
placement of two σ and π donor chlorides by a negative and
monocharged chelating tzdt−, which contains an acceptor group.

3.3. NMR spectroscopy

Resonance for complexes 1 and 2 was carried out in CDCl3, while
acetone-d6 was used in complex 3. In the 31P{1H} NMR spectrum of
complex 1, a typical AB spin system was observed with chemical shifts
at 43.2(d) and 44.5(d) ppm, indicating the magnetic nonequivalence

of the two phosphorus atoms of dppb. The precursor complex cis-
[RuCl2(dppb)(bipy)] shows a pair of doublets at 32.0 and 43.0 ppm
with the high field signal corresponding to the P trans N, as previously
described [40]. These assignments are based on an empirical linear cor-
relation established between crystallographic determined Ru–P dis-
tances in a series of Ru–dppb complexes and the corresponding 31P
chemical shift observed in solution, in which the chemical shift become
more high-field with increasing Ru–P bond length [50]. In view of this
information, we suggest that in complex 1 the high-field doublet be-
longs to the P trans to nitrogen from bipy, because the Ru–P2 distance
of 2.3299(9) Å (trans bipy) is longer than that observed for the Ru–P1
trans of nitrogen of the 2-MT ligand [2.3069(9) Å].

In contrast, only one singlet is observed in the 31P{1H} NMR spectra
of complexes 2 and 3, due to the presence of two equivalent PPh3 phos-
phorus atoms (Table 1). For complex 2 the singlet signal at 54.2 ppm is
typical of PPh3 trans to nitrogen of N-heterocyclic ligands as observed
for similar compounds such as the cis-[Ru(pymS)2(PPh3)2], pymS =
deprotonated 2-mercaptopyrimidine [51]. For complex 3 the singlet is
observed at 33.3 ppm, a chemical shift in low field is shifted when com-
pared to cis-[RuCl2(PPh3)2(bipy)], where a singlet is presented at
21.5 ppm [52]. These values are typical of PPh3 trans to PPh3 as observed
for a series of ruthenium compounds [53,54]. The 1H NMR spectrum of
metal-free tzdtH in CDCl3 displayed a broad singlet corresponding to
the proton of the N–H group around 7.30 ppm and a pair of triplets in
the range 3.50–4.00 ppm corresponding to the methylenic protons.

Scheme 1. Routes used to prepare Ru(II)/tzdt− complexes.

Fig. 2. Cyclic voltammograms of Ru(II) complexes 1, 2 and 3. Conditions: CH2Cl2, 0.10 M
Bu4NClO4 as supporting electrolyte, scan rate 100 mV s−1; working and auxiliary
electrodes stationary Pt foils, and Ag/AgCl as reference electrode.

Table 1
31P{1H} NMR and cyclic voltammetry data for complexes 1–3.

Complex δ (ppm) 2JP–P (Hz) E½ (mV) ΔEp (mV)

1 43.2(d); 44.6(d) 35.1 1082 135
2 54.2(s) – 602 176
3 33.3(s) – 860 132
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For complexes 1–3 the signal at 7.30 is absent confirming that tzdtH is
coordinated to Ru(II) in a deprotonated form and the methylenic pro-
tons appeared as multiplet signals in the range 2.30–3.40 ppm, consid-
erably high-field shifted when compared with free-ligand. In the
aromatic region protons of dppb (complex 1) and PPh3 (complexes 2
and 3) displayed the typical pattern of multiplet signals for ortho, meta
and para hydrogens of the aromatic rings in ranges of 6.38–7.45;
7.10–7.32 and 7.20–7.35 ppm, respectively. In addition, complexes 1
and 3 exhibited the expected deshielded doublets corresponding to
the ortho hydrogens of the bipy ligands at 8.96; 8.74 and 9.75;
9.02 ppm, respectively. The 13C NMR spectra of complexes 1–3
displayed signals around 183–181 ppm, depending on the complex,
typical of the CS coordinated group. This signal is shielded compared
with that observed for the free ligand which occurs at 201.7 ppm, indi-
cating that sulfur is coordinated to the metal. In addition, complexes
displayed signals in the range 57.4–55.3 and 32.0–31.7 ppm, typically
assigned to carbon atoms of the N-CH2 and S-CH2 groups of the
thiazolidine ring, respectively.

3.4. X-ray crystal structures

Suitable crystals for a single crystal X-ray structure determination
were obtained by slow evaporation of a chloroform solution. The
MERCURY plots in Fig. 3 show that these complexes possess a distorted
octahedral geometry. Crystal data collections and structure refinement
parameters are summarized in Table 1S. The crystallographic analysis
of metal-free tzdtH described in the literature shows that C1–S1 is a

double bond, while C1–N1 single-bond [54].When tzdtH is coordinated
to Ru, the length of these bonds significantly changes in which the C1–
S1 is longerwhereas C1–N1 is shorter in all the complexes. This suggests
that the ligand adopts the canonical form (III) depicted in Fig. 1. In the
crystal structure of complex 3, the Ru–P bond lengths are longer than
the other two complexes, possible due to the P to P trans influence. In
contrast, the Ru–N1 length in 3 is shorter than that the observed for
complexes 1 and 2, because of the P to N trans influence which slightly
affects the Ru–N bond length.

When we analyze the tzdt− conformation, a planar conformation in
complexes 1 and 3 is observed, while in complex 2 a twisted ring is ob-
served in the ligand structure. Due to the intermolecular interaction and
crystal packing, the free tzdtH in solid state adopts either a distorted or a
planar conformation. In the crystal structure of the neutral complex 2, a
sulfur⋯sulfur contact is observed, which explains the tzdtH distorted
conformation. The distance of S⋯S atoms in the structure of complex
2 is at 3.543 Å as shown in Fig. 4, being shorter than the sum of the
van der Waals radius (3.60 Å).

To examine the spatial arrangement of Ru complexes, the intermo-
lecular contacts of each crystal structure were determined by using
the Hirshfeld surfaces and their corresponding 2D-fingerprint plots
(Supplementary material). The relative contribution of the intermolec-
ular contacts present in these complexes shares interesting structural
features. In complex (1), the contribution is: H⋯H (55.1%), C⋯H
(17.2%), F⋯H (15.9%), S⋯H (7.9%), C⋯C (1.4%), C⋯F (0.5%), S⋯F
(0.4%), andN⋯H (0.4%). In comparison to complex 1, the intermolecular
contribution found in 2 is slightly different [H⋯H (63.6%), C⋯H (17.5%),

Fig. 3. Crystal structures of complexes 1, 2 and 3 with selected atoms labeled. Ellipsoids are represented at 30% of probability.
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S⋯H (17.5%), C⋯C (0.8%), S⋯C (0.2%)]. For complex 2, theHirshfeld sur-
face analysis highlights the intermolecular contacts between S⋯S with
contribution of 0.3%, which is absent in other complexes, this kind of
contact can be seen in Fig. 4. The contribution to Hirshfeld surface in
complex 3 [H⋯H (48.7%), C⋯H (19.0%), F⋯H (13.7%), S⋯H (6.3%),
C⋯C (0.6%)] is similar to that observed in complex 1. In all of them,
the H⋯H contacts compose about 50% of the Hirshfeld surface, evidenc-
ing the importance of van der Waals forces to crystal packing
stabilization.

3.5. Pharmacological evaluation

3.5.1. Cytotoxicity in cancer cells and ctDNA binding
In vitro cytotoxicity against DU-145 prostate and MCF-7 breast can-

cer cells was examined 48 h after incubation with drugs and the results
were expressed by determining the IC50 values. Cisplatin was the refer-
ence cytotoxic drug. For comparison reason only, metal-free ligands
tzdtH, dppb, bipy and PPh3 were tested as well. The results are summa-
rized in Table 2.

All the complexes displayed cytotoxicity against cancer cells,
while none metal-free ligands were cytotoxic in concentrations up
to 200 μM. These observations strongly suggests that Ru(II) associ-
ated with the ligands are responsible for the cytotoxicity in cancer

cells. Importantly, the Ru(II) complexes were more active than
cisplatin. A comparison between the complexes revealed that
compound 1 is potent against the two cancer cell lines, while 2 is
more cytotoxic against breast than prostate cells. Complex 1 was
particularly more potent against prostate cells, while compound 3
was against breast cells. Complex 2 was less active among the
complexes.

Based on the cytotoxicity of these Ru(II) complexes against can-
cer cells, it was hypothesized that these complexes may interact
with ctDNA. To verify this, the interaction with ctDNA was studied
via spectroscopic titration (Fig. 5a). Under the presence of the
Ru(II) complexes, a ctDNA hypochromism in the range of 29–35%
was observed, which indicates that metal complexes form a ternary
complex with ctDNA. In addition, the binding constant (Kb) were de-
termined and the respective values found were: 1.0, 1.7 and
4.9 × 103 M−1 for complexes 1, 2 and 3. These values indicate a
weak interaction with ctDNA when compared to a classical ctDNA
intercalator ethidium bromide (Kb 106 M−1) [55]. Interestingly,
complex 1 was the most active anticancer drug, but it presented
lower ctDNA than complex 3, which was less cytotoxic. Moreover,
viscosity analysis of ctDNA-binding revealed that viscosity is not
modified when the concentration of a Ru(II) complex increases.
This supports the idea that ruthenium complexes have a weak

Fig. 4. Representation of S⋯S contact occurring in complex 2.

Table 2
Cytotoxicity and antitrypanosomal activities of complexes 1–3, metal-free tzdtH and reference drugs.

Compounds IC50 ± S.E.M. (μM) J774 macrophages, CC50 ± S.E.M. (μM)c SId

DU-145a MCF-7a T. cruzi trypomastigotesb

tzdtH N200 N200 N10 N10 –
1 0.3 ± 0.2 1.1 ± 0.9 0.23 ± 0.09 1.0 ± 0.16 3.7
2 4.9 ± 0.2 0.98 ± 0.2 N10 N10 –
3 0.9 ± 0.9 3.3 ± 1.3 0.010 ± 0.001 0.34 ± 0.3 34
Cisplatin 2.0 ± 0.5 8.9 ± 2.6 - – –
Benznidazole – – 10.6 ± 0.8 – –
Gentian violet – – – 0.82 ± 0.1 –
Dppb N200 N200 – – –
PPh3 180.1 ± 1.6 N200 – – –
Bipy N200 N200 – – –

IC50 = inhibitory concentration to 50%; and CC50 = cytotoxic concentration to 50%. SI = selectivity index. IC50 and CC50 values were determined from at least two independent experi-
ments using concentration in triplicate.

a Determined in cancer cells after 48 h incubation with drugs.
b Determined in Y strain of T. cruzi trypomastigotes after 24 h incubation.
c Determined in J774 macrophage cell lines after 72 h incubation.
d SI determined as (CC50 macrophages)/(IC50 T. cruzi).
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interaction, possibly by an electrostatic mode [56]. A plausible
interpretation for this observation is that the binding of Ru(II) com-
plexes to ctDNA is not via intercalation, due to the absence of planar
ligands.

3.5.2. Antiparasitic activity
The antiparasitic evaluation against bloodstream trypomastigotes of

T. cruzi parasite revealed that metal-free tzdtH and complex 2 have no
activity in a concentration up to 10 μM. In contrast, complexes 1 and 3

Fig. 5. (a) Electronic absorption spectra of complex 1 at a concentration of 1.6 × 10−4 M, showing the changes when concentration of ctDNA is increased (ranging from 3.8 × 10−5 to
7.6 × 10−4 M). ctDNA has no absorption at λ N 325 nm. (b) Viscosity of ctDNA (η/ηo)1/3 in the presence of complexes 1–3 at increasing amounts. Experiments carried out at 298 K, in
a Tris–HCl buffer, pH 7.4.

Fig. 6. Complex 3 inhibited T. cruzi amastigote proliferation in macrophages. Mouse peritoneal macrophages were infected with Y strain trypomastigotes for 2 h and treated with the
complex (0.01, 0.05 or 0.1 μM) or benznidazole (Bdz) (5 or 10 μM). Cells were stained with hematoxylin and eosin and analyzed by optical microscopy. The percentage of infected
macrophages (A) and the relative number of amastigotes per 100 macrophages (B) are higher in untreated infected controls than in cultures treated with the complex. (C−) is
negative control. Values represent the mean ± S.E.M. of triplicates. **P b 0.01; and ***P b 0.001 compared to untreated cultures.
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exhibited strong activity (Table 2). Complex 3 displayed the highest an-
tiparasitic activity, being more potent than benznidazole, the reference
antiparasitic drug. Additionally, complex 3 had little effect on J774mac-
rophage viability, therefore showing that the antiparasitic activity for
this complex was achieved with great selectivity index. Regarding the
structure–activity relationships, active antiparasitic complexes contain-
ing a bipy ligandwere observed, while complex 2 lacking bipywas inac-
tive. Therefore, these observations suggest that the presence of bipy as
well as a positive charge present in the structures of complexes 1 and
3 contribute to antiparasitic activity.

3.5.3. Evaluation in T. cruzi-infected macrophages
After observing that complex 3 has potent and selective activity

against the extracellular parasite, its antiparasitic activity against the
intracellular form of T. cruzi was investigated (Fig. 6). In comparison to
untreated infected macrophages, complex 3 treatment reduced the
percentage of infected macrophages. Moreover, this treatment reduced
the mean number of amastigotes per 100 macrophages. Importantly,
complex 3 at 0.1 μM has comparable antiparasitic activity to
benznidazole, the positive control. Therefore, these results show that
this complex has antiparasitic activity against the intracellular and pro-
liferative amastigote form. Since amastigote proliferation is pivotal
within parasite cell cycle, it is plausible that these compounds impair
the parasite cell cycle development inside host cells.

Given this strong antiparasitic activity, it was investigated whether
the Ru(II) complexes have enhanced activity in drug combination
with benznidazole. As shown in Fig. 7, drug combination of
benznidazole at 5 μMplus complex 3 at 0.05 μMreduced the percentage
of infected macrophages as well as the number of amastigotes more
than each drug alone (Fig. 7, panels A, B). Importantly, the drug

combination displayed stronger activity than benznidazole alone at a
high concentration (10 μM). When the concentration of complex 3
was increased at 0.1 μM and added in combination to benznidazole at
5 μM, in practice no intracellular parasites were observed (Fig. 7, panels
C, D). These results indicate that drug combination of benznidazole and
complex 3 has enhanced antiparasitic activity.

3.5.4. Parasite cell death
After ascertaining the antiparasitic activity of complex 3, it was in-

vestigated how this complex causes parasite cell death. In comparison
to untreated trypomastigotes (Fig. 8, panel A), complex 3 treatment
lead to single PI staining and double PI+ annexin V staining, which
are characteristics of necrosis and late apoptosis, respectively. As
observed by comparing panels B–D, complex 3 causes cell death in a
concentration-dependent manner. Therefore, the Ru complex causes
parasite cell death mainly by inducing necrosis.

4. Conclusions

Herewe demonstrated the great chemical versatility of tzdtH, which
is able to react with phosphine-, diamine- and phosphine/diamine-Ru
precursors. The X-ray crystallography analyses revealed the exact
structures of the complexes [Ru(tzdt)(bipy)(dppb)]PF6 (1), cis-
[Ru(tzdt)2(PPh3)2] (2) and trans-[Ru(tzdt)(PPh3)2(bipy)]PF6 (3) and
highlighted that the tzdt heterocyclic ring can assume a planar or twist-
ed conformation under metal coordination. The electrochemical profile
of these Ru complexes pointed out that tzdt provided resistance toward
oxidation than the precursor complexes. These complexes exhibited
strong anticancer and antiparasitic activity, while the metal-free tzdtH
do not provoke the same outcome. Regarding the anticancer activity,

Fig. 7. Combination of complex 3 and benznidazole (Bdz) is more potent to inhibit T. cruzi amastigote proliferation in macrophages than each compound used alone. Mouse peritoneal
macrophages were infected with Y strain trypomastigotes for 2 h and treated with complex 3 (0.05 or 0.1 μM) alone or in combination with benznidazole at (5.0 μM). Cells were
stained with hematoxylin and eosin and analyzed by optical microscopy. (A and B) Combination of 0.05 μM of complex 3 plus 5 μM of benznidazole. (C and D) Combination of 0.1 μM
of complex 3 plus 5 μM of benznidazole. (C−) is negative control. Values represent the mean ± S.E.M. of triplicates. ***P b 0.001 compared to untreated cultures.
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the new complexes exhibited cytotoxicity against prostate and breast
cancer cells. They were more potent than cisplatin and more cytotoxic
for cancer than normal cells (macrophages), indicating a degree of
selectivity. Regarding the antiparasitic activity against T. cruzi, these
complexes exhibited a broad spectrum of action (extracellular, intracel-
lular forms). Flow cytometry analysis revealed that complex 3 destroys
parasite cells, indicating this is more likely a parasiticidal than a
cytostatic drug. These complexes arrested the parasite cell cycle and
strongly affected the intracellular development and ultimately caused
irreversible parasite death through a necrotic process. An important
aspect in the anticancer and antiparasitic therapy is the drug combina-
tion. Here it was observed that Ru(II) complexes exhibit enhanced anti-
parasitic activity when given in combinationwith the antiparasitic drug
benznidazole. This points out that these complexes are suitable
molecules for drug combination compositions.
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Abstract

Braylin belongs to the group of natural coumarins, a group of compounds with a wide range

of pharmacological properties. Here we characterized the pharmacological properties of

braylin in vitro, in silico and in vivo in models of inflammatory/immune responses. In in vitro

assays, braylin exhibited concentration-dependent suppressive activity on activated macro-

phages. Braylin (10–40 μM) reduced the production of nitrite, IL-1β, TNF-α and IL-6 by J774

cells or peritoneal exudate macrophages stimulated with LPS and IFN-γ. Molecular docking

calculations suggested that braylin present an interaction pose to act as a glucocorticoid

receptor ligand. Corroborating this idea, the inhibitory effect of braylin on macrophages was

prevented by RU486, a glucocorticoid receptor antagonist. Furthermore, treatment with

braylin strongly reduced the NF-κB-dependent transcriptional activity on RAW 264.7 cells.

Using the complete Freund’s adjuvant (CFA)-induced paw inflammation model in mice, the

pharmacological properties of braylin were demonstrated in vivo. Braylin (12.5–100 mg/kg)

produced dose-related antinociceptive and antiedematogenic effects on CFA model. Braylin

did not produce antinociception on the tail flick and hot plate tests in mice, suggesting that

braylin-induced antinociception is not a centrally-mediated action. Braylin exhibited immu-

nomodulatory properties on the CFA model, inhibiting the production of pro-inflammatory

cytokines IL-1β, TNF-α and IL-6, while increased the anti-inflammatory cytokine TGF-β. Our

results show, for the first time, anti-inflammatory, antinociceptive and immunomodulatory

effects of braylin, which possibly act through the glucocorticoid receptor activation and by

inhibition of the transcriptional activity of NF-κB. Because braylin is a phosphodiesterase-4

inhibitor, this coumarin could represent an ideal prototype of glucocorticoid receptor ligand,

able to induce synergic immunomodulatory effects.
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Introduction

Immune-mediated disorders, such as rheumatoid arthritis, Crohn’s disease, asthma and ulcer-

ative colitis, are a group of diseases associated with inflammatory pathogenetic mechanisms

that involve an inappropriate or excessive immune response [1]. They affect approximately

5–7 percent of the population in Western countries [2,3]. The immune dysregulation causes

inflammatory injury in various organs, resulting in morbidity, reduced quality of life and pre-

mature death [3]. The ideal drug to treat immune-mediated inflammatory disorders needs to

stablish early control of inflammation, preventing the tissue damage, parallel to a favorable

profile of adverse effects. Currently, the available anti-inflammatory drugs do not meet these

requirements, often displaying more adverse effects than is acceptable, less therapeutic effects

than desirable, or both.

Natural products have been considered a plentiful source in the search for new chemical

entities that modulate the immune system with reduced adverse effects. Plant secondary

metabolites are important for flavoring of food, resistance against pests and as drugs, including

substances with immunosuppressive activity [4]. Coumarins, a group of plant-derived poly-

phenolic compounds, have attracted intense interest in recent years due to their diverse and

potent pharmacological properties. The structural characteristic of coumarins depicts a frame-

work consisting of fused benzene and α-pyrone ring systems [5]. This type of special benzo-

pyrone structure enables its derivatives to exert noncovalent interactions with various active

sites in organisms, such as enzymes and receptors, and thus display a wide range of biological

activities [6]. In fact, these compounds have been considered to possess wide potential as

medicinal drugs and have served as valuable leads for further design and synthesis of more

active analogues.

Among the multiple pharmacological properties of coumarins, their potent anti-inflamma-

tory activity has been evidenced [7]. The anti-inflammatory properties of coumarin are associ-

ated with several mechanisms, including reduction of inflammatory molecules expression,

inhibition of cyclooxygenase and lipoxygenase enzymes and inhibition of nuclear transloca-

tion of the transcription factor κB, NF-κB [7–10]. Braylin (Fig 1) is a coumarin first described

in 1949, with limited data on their pharmacological properties already described [11]. Re-

cently, Lin et al. showed that braylin presents potent phosphodiesterase-4 (PDE4) inhibitory

activity [12]. Phosphodiesterases are enzymes that regulate the cellular levels of the second

messengers cAMP and cGMP, by controlling their rates of degradation [13]. PDE4 is the pre-

dominant cyclic AMP degrading enzyme in a variety of inflammatory cells, and its inhibition

elevates intracellular cAMP, which in turn down-regulates the inflammatory response [14,15].

Thus, this enzyme has been identified as a therapeutic target of high interest for immune-

mediated inflammatory diseases [15–18]. Therefore, the present study was designed to evalu-

ate whether braylin presents anti-inflammatory and immunomodulatory properties. Using in
vitro, in silico and in vivo assays, we show here the pharmacological properties of braylin,

including its possible mechanisms of action.

Materials and Methods

Extraction and isolation of braylin

Braylin was isolated from the roots of Zanthoxylum tingoassuiba A. St. Hil (Rutaceae) collected

in August 2009 in Feira de Santana, Brazil, 12˚12052.9@ S, 38˚52044.1@ W. A voucher specimen

(n˚. 88005) has been identified and deposited at the Herbarium Alexandre Leal Costa (ALCB)

of the Federal University of Bahia, Brazil. Braylin (837 mg) was isolated from the root bark

(76.423 g) of Zanthoxylum tingoassuiba as a yellow amorphous solid and was identified by
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spectroscopic data comparison according to literature procedures [19]. 1H (500 MHz) and 13C

(125 MHz) NMR spectra were acquired at room temperature on a VARIAN Inova-500 spec-

trometer, with CD3OD as solvent (S1 Table). The HPLC/ MS analysis was obtained with a

HPLC Shimadzu 20A with Bruker micrO-TOF II spectrometer, using (N2) 10 eV for MS

and 45 eV for MS/MS, in positive ionization mode with a Phenomenex Luna C18 column

(4.6 × 250 mm, 5 μm particle size, 0.6 mL�min−1 oven at 35˚C) (S1 Fig). Analytical HPLC

analysis was carried out on a Shimadzu Prominence LC-6A instrument with Kromasil1 C18

column (4.6 × 250 mm, 100A 5 μm particle size, 0.6 mL�min−1) and guard column (4.6 ×
20mm, 5 μm particle size). All methods analyses were performed with isocratic flow of solvent

A (MeOH) and solvent B (H2O) in proportion 50:50. HPLC eluates were monitored using UV

detection at wavelengths of 254 nm. All solvents used were of analytical grade (Merck, Kenil-

worth, NJ, USA). The percent purity of braylin used in the pharmacological experiments car-

ried out was greater than 98%, as determined by HPLC.

Chemicals and drugs

Dexamethasone, antagonist of glucocorticoid receptor R486, complete Freund’s adjuvant

(CFA), phosphate buffered saline (PBS), Tween 20, phenylmethylsulphonyl fluoride (PMSF),

benzamethonium chloride, EDTA, aprotinin A, Dulbecco’s Modified Eagle’s Medium

(DMEM), and 3,3´,5,5´- tetramethylbenzidine (TMB) were obtained from Sigma Chemical

Company (St. Louis, MO, USA). Diazepam and morphine were obtained from Cristália (Ita-

pira, SP, Brazil). Dexamethasone was dissolved in ethanol (10% in normal saline). Braylin was

dissolved in 50% propylene glycol plus saline, and remaining substances were dissolved

directly in saline. Drugs were administrated by intraperitoneal (ip) route 40 minutes before

testing, and the control group only received vehicle.

Peritoneal exudate macrophages cultures

Peritoneal exudate cells were obtained by washing, with cold saline, the peritoneal cavity of

mice 5 days after injection of 3% thioglycolate in saline (1.5 mL per mouse). Cells were washed

twice with DMEM, resuspended in DMEM supplemented with 10% fetal bovine serum (Culti-

lab, Campinas, Brazil) and 50 μg/mL of gentamycin (Novafarma, Anápolis, Brazil), and plated

Fig 1. Chemical structure of braylin.

https://doi.org/10.1371/journal.pone.0179174.g001
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in 96-well tissue culture plates at 2 × 105 cells per 0.2 mL per well. After 2 hours of incubation

at 37˚C, non-adherent cells were removed by two washes with DMEM. Macrophages were

then submitted to the protocol of cytotoxicity, cytokine and nitric oxide determinations, as

described below.

Cytotoxicity to mammalian cells

To determine the cytotoxicity of braylin, murine macrophage-like cell line J774, kindly pro-

vided by Dr. Patricia S. T. Veras (Gonçalo Moniz Institute, Fiocruz/BA), Raw 264.7 Luc cells

or peritoneal exudate macrophages were plated into 96-well plates at a cell density of 2 x

105cells/well in Dulbecco’s modified Eagle medium (DMEM; Life Technologies, GIBCO-BRL,

Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (FBS; GIBCO), and

50 μg/mL of gentamycin (Novafarma, Anápolis, GO, Brazil) and incubated for 2 hours at 37˚C

and 5% CO2. Braylin was added at four concentrations ranging from 10 to 80 μM in four repli-

cates, and plates were incubated for 72 hours. Twenty μL/well of Alamar Blue (Invitrogen,

Carlsbad, CA) was added to the plates during 12 hours. Colorimetric readings were performed

at 570 and 600 nm. Gentian violet (Synth, São Paulo, Brazil) at 10 μM was used as positive con-

trol. Three independent experiments were performed.

Measurement of cytokine and nitric oxide concentrations on

macrophages

For cytokine and nitric oxide (NO) determinations, J774 cells or peritoneal exudate macro-

phages were seeded in 96-well tissue culture plates at 2 × 105 cells/well in DMEM medium sup-

plemented with 10% of FBS and 50 μg/mL of gentamycin for 2 hours at 37˚C and 5% CO2.

Cells were then stimulated with LPS (500 ng/mL, Sigma) and IFN-γ (5 ng/mL; Sigma) in the

presence of braylin, vehicle or dexamethasone at different concentrations, and incubated at

37˚C. Cell-free supernatants were collected 4 hours (for TNF-α measurement) and 24 hours

(for IL-1β, IL-6 and nitrite quantification) and kept at -80˚C. Cytokine concentrations in

supernatants from macrophage cultures were determined by enzyme-linked immunosorbent

assay (ELISA), using the DuoSet kit from R&D Systems (Minneapolis, MN, USA), according

to the manufacturer’s instructions. For the antagonism assay, the glucocorticoid receptor

antagonist RU486 was added in some cultures at a final concentration of 10 μM. Quantifica-

tion of nitric oxide was done using the Griess method [20].

NF-κB luciferase assay

The murine mouse leukemic monocyte macrophage cell line Raw 264.7 Luc cells bearing the

pBIIX-luciferase (pBIIX-luc) targeting vector containing the firefly luciferase gene (luc) driven

by two NF-kB binding sites from the kappa light chain enhancer in front of a minimal fos pro-

moter [21] was kindly provided by Maria Célia Jamur (University of São Paulo, Ribeirão

Preto, Brazil). Cells were cultured in RPMI medium (Sigma) supplemented with 20% FBS and

50 μg/mL of gentamycin at 37˚C in a humidified environment containing 5% CO2. For lucifer-

ase reporter assays, 5 × 105 cells/ml were pretreated with different concentrations of braylin

(40, 20 or 10 μM) for 1 hour prior to stimulated with LPS (500 ng/mL) and IFN-γ (5 ng/mL)

for 3 hours. Then each well was washed with cold-PBS and cells were incubated with TNT lysis

buffer (200 mM Tris, pH 8.0, 200 mM NaCl, 1% Triton X-100) for 20 minutes at 4˚C. The

luciferase activity in the cell lysates was determined using the Luciferase Assay System (Pro-

mega, Madison, WI, USA). The samples were analyzed in a Globomax 20/20 luminometer

(Promega). Data were then expressed as relative light units.
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Molecular docking

Molecular docking and scoring protocols were used as implemented in GOLD version 5.2

(CCDC, Cambridge, UK) [22] to investigate the possible ligand binding conformations within

the glucocorticoid receptor (GR) binding pocket. X-ray crystallographic data for GR com-

plexed with R486 group 2.3 A (PDB ID 1NHZ) used in the docking simulations were retrieved

from the Protein Data Bank (PDB). The ligand and water molecules were removed from the

binding pocket and hydrogen atoms were added in standard geometry using the Biopolymer

module implemented in SYBYL 2.0 (Sybyl x 2.1. Tripos, 2010). The residues within the bind-

ing sites were manually checked for possible flipped orientation, protonation, and tautomeric

states with Pymol 1.3 (Delano Scientific, San Carlos, USA) side-chain wizard script. The bind-

ing sites were defined as all the amino acid residues encompassed within a 10.0 A radius sphere

centered on catalytic. Docking method was validated by redocking of the GR structure to crys-

tal structure (PDB: 1NHZ) with R486.

Animals

Experiments were performed on male Swiss Webster mice obtained from the Animal Facilities

at the Instituto Gonçalo Moniz (FIOCRUZ; Salvador, Brazil). Animals (22–28 g) were housed

in temperature-controlled rooms (22–25˚C), under a 12:12 hours light-dark cycle, with access

to water and food ad libitum until experimental initiation. All behavioral tests were performed

between 8:00 a.m. and 5:00 p.m., and animals were only used once. Animal care and handling

procedures were in strict accordance with the recommendations in the Guide for the Care and

Use of Laboratory Animals of the National Institutes of Health and Brazilian College of Ani-

mal Experimentation. The protocol was approved by the Institutional Animal Care and Use

Committee, Ethics Committee for Animal Experimentation of FIOCRUZ (CEUA/FIOCRUZ.

Permit Number: L-IGM-015/2013). Every effort was made to minimize the number of animals

used and any discomfort. Behavioral tests were performed without knowing to which experi-

mental group each mouse belonged. Results shown are from two independent experiments

performed.

Inflammatory model

Mice were lightly anesthetized with halothane and received 20 μL of complete Freund’s adju-

vant (CFA 1 mg/mL of heat killed Mycobacterium tuberculosis in 85% paraffin oil and 15%

mannidemonoleate; Sigma) in the plantar region of the right hind paw, according to a previ-

ously reported method [23]. Inflammatory hyperalgesia, edema, and local cytokines levels

were measured by von Frey filaments, plesthismometer and ELISA, respectively, as described

below. Mice were injected with braylin (12.5 to 100 mg/kg), vehicle (50% propylene glycol in

physiological saline; control group) or dexamethasone (2 mg/kg, reference drug) by ip route

40 minutes before CFA.

Inflammatory hyperalgesia evaluation

The threshold to mechanical stimulation was measured with von Frey filaments (Stoelting,

Chicago, IL, USA). In a quiet room, mice were placed in acrylic cages (12×10×17 cm) with

wire grid floors, 30 minutes before the beginning of the test. This consisted of evoking a hind

paw flexion reflex with one of a series of filaments with logarithmically incremental stiffness

(0.0045–28.84 g). A positive response was characterized by the removal of the paw followed by

clear flinching movements. A tilted mirror placed under the grid provided a clear view of the
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hind paws of the mice. An up-down method was used to record the threshold, which was rep-

resented as the filament weight (g) in which the animal responds in 50% of presentations [24].

Plesthismometer test

The volume of each mouse paw was measured (mm3) with a plesthismometer (Ugo Basile,

Comerio, Italy) before (Vo) and after (VT) the CFA injection, as described previously [23].

The amount of paw swelling was determined for each mouse and data were represented as

paw volume variation (Δ, mm3).

Cytokine measurement by ELISA

The paw levels of cytokines were determined as previously described [25]. Treatments were

performed 40 minutes before the CFA injection. Skin tissues were removed from the paws 2,

4, 8 or 24 hours after CFA, in mice terminally anesthetized with halothane from each experi-

mental group. Tissue proteins were extracted from 100 mg tissue/mL phosphate buffered

saline (PBS) to which 0.4 M NaCl, 0.05% Tween 20 and protease inhibitors (0.1 mM PMSF,

0.1 mM benzethonium chloride, 10 mM EDTA, and 20 KI aprotinin A/100 ml) were added

(Sigma). The samples were centrifuged for 10 minutes at 3000 g and the supernatant was fro-

zen at -70˚C for later quantification. Interleukin-1β (IL-1β), tumor necrosis factor α (TNF-α),

interleukin-6 (IL-6), interleukin-13 (IL-13), interleukin-10 (IL-10) and transforming growth

factor β (TGF-β) levels were estimated using commercially available immunoassay ELISA kits

for mice (R&D System, Minneapolis, MN, USA), according to the manufacturer’s instructions.

The results are expressed as picograms of cytokine per milligram of protein.

Tail flick and hot plate tests

The tail flick test in mice was conducted as described elsewhere [26]. Before the experiment,

each animal was habituated to the restraint cylinder for 20 minutes/day for 5 consecutive days.

On the day of the experiment, mice were placed in the restraint cylinder and the tail tip (2 cm)

was submersion in a water bath at 50 ± 0.5˚C. The latency of the tail withdrawal reflex was

measured in seconds. Each submersion was terminated after 16 seconds to minimize potential

skin damage. Tail flick latency was measured before (baseline) and after treatments. The hot

plate test in mice was conducted as described elsewhere, with minor modifications [27]. On

the experiment day, mice were placed on the equipment (TECA Corporation, Chicago, IL,

USA), which was maintained at 52 ± 0.5˚C, and latencies to hind-paw licking or jumping

(nociceptive thermal threshold) were recorded with a cut-off time of 16 s. The threshold was

measured before (baseline) and after treatments.

Motor function assay

To evaluate possible non-specific muscle-relaxant or sedative effects of braylin, mice were

submitted to the rota-rod test, as previously described [26]. The rota-rod apparatus (Insight,

Ribeirão Preto, SP, Brazil) consisted of a bar with a diameter of 3 cm, subdivided into five com-

partments. The bar rotated at a constant speed of 6 revolutions per minute. The animals were

selected 24 hours previously by eliminating those mice that did not remain on the bar for two

consecutive periods of 120 s. Animals were treated and 40 minutes afterwards were placed on

a rotating rod. The resistance to falling was measured for up to 120 s. The results are expressed

as the average time (s) the animals remained on the rota-rod in each group. Diazepam (10 mg/

kg) was the reference drug.
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Statistical analysis

Data are presented as means ± standard error of the means (SEM) of measurements made on

6–9 animals in each group. Comparisons between three or more treatments were made using

one-way ANOVA with Tukey’s post-hoc test, or for repeated measures, two-way ANOVA

with Bonferroni’s post-hoc test, as appropriate. All data were analyzed using Prism 5 Com-

puter Software (GraphPad, San Diego, CA, USA). Statistical differences were considered to be

significant at p< 0.05.

Results

Initially, the pharmacological effects of braylin were investigated on a set of in vitro assays. The

effects of braylin on cell viability was determined by a colorimetric Alamar Blue assay 24 hours

after treatment. As revealed in Fig 2, braylin at a concentration of 40 μM or lower did not

induce cytotoxic effect on J774 cells or peritoneal exudate macrophages, stimulated with LPS

Fig 2. Cytotoxic effect of braylin and its modulation of nitric oxide production on macrophages. Panels A

and C: J774 cells (A) or peritoneal exudate macrophages (C) were incubated with vehicle (50% propylene glycol in

saline, Ct, control group) or different concentrations of braylin (BRA; 10, 20, 40 or 80 μM) for 72 hours and cell

viability was determined by Alamar Blue assay. Gentian violet (GV) was used as positive control. Data are

expressed as means ± SEM; n = 9 determinations per group. *Significantly different from the vehicle treated

cultures (p < 0.05). ANOVA followed by Tukey´s multiple comparison test. Panels B and D: Concentrations of

nitrite were determined in J774 macrophages (B) or peritoneal exudate macrophages (D) treated with vehicle (50%

propylene glycol in saline, Ct+, control group), braylin (BRA; 10, 20 or 40 μM) or dexamethasone (Dexa; 40 μM) in

the presence of LPS (500 ng/mL) + IFN-γ (5 ng/mL). Cell-free supernatants were collected 24 hours after

treatments for nitrite quantification by the Griess method. Ct- shows concentrations of nitrite in unstimulated cells.

Data are expressed as means ± SEM; n = 9 determinations per group. *Significantly different from the vehicle

treated cultures stimulated with LPS + IFN-γ (p< 0.05). ANOVA followed by Tukey´s multiple comparison test.

https://doi.org/10.1371/journal.pone.0179174.g002
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and IFN-γ. Therefore, subsequent experiments were performed with braylin at 40 μM. The

modulatory effects of braylin on macrophages were investigated through the quantification of

the inflammatory mediators NO and cytokines, produced by activated macrophages. As

shown in Fig 2B and 2D, braylin treatment reduced, in a concentration-dependent manner,

the production of nitrite on macrophages stimulated with LPS and IFN-γ, suggesting a reduc-

tion of NO production. The inhibitory effect of braylin on J774 cells and peritoneal exudate

macrophages was statistically significant until 20 and 10 μM, respectively. Dexamethasone at

40 μM reduced nitrite production.

Fig 3 shows that braylin treatment was able to reduce, in a concentration-dependent man-

ner, the production of TNF-α, IL-1β and IL-6 by macrophages stimulated with LPS and IFN-γ.

Braylin reduced the production of TNF-α on J774 macrophages (Fig 3A) at concentrations of

20 and 40 μM. The inhibitory effect of braylin on the TNF-α production by peritoneal exudate

macrophages was statistically significant at 10, 20 and 40 μM (Fig 3B). The braylin-induced

reduction of IL-1β (Fig 3C) and IL-6 (Fig 3E) production on J774 macrophages was statistically

significant at 10, 20 and 40 μM. In addition, braylin reduced the production of IL-1β (Fig 3D)

and IL-6 (Fig 3F) on peritoneal exudate macrophages at 20 and 40 μM. Under the same condi-

tions, dexamethasone (40 μM) caused a similar reduction of TNF-α, IL-1β and IL-6 produc-

tion (Fig 3).

To assess the possible interactions of braylin in the binding pocket of glucocorticoid re-

ceptor (GR), docking studies were performed. The validation of the method showed a good

superimposition between the crystal pose and the docked pose of RU486, a GR antagonist, sug-

gesting that the docking method is sufficiently robust to determine the correct ligand poses in

the active site of GR. The results were compared with docking poses of the antagonist RU486

and the agonist dexamethasone to suggest best fit interactions and supposed mechanism of

action. The best poses obtained to RU486, braylin and dexamethasone in the glucocorticoid

receptor (PDB: 1HNZ) are showed in Fig 4.

Based on docking studies RU486, dexamethasone and braylin, presented interactions on

the same site of the GR. When the occupancy was analyzed, RU486 showed interactions in two

different subpockets, which are promoted by groups prop-1-yne and N,N-dimethylaniline.

Dexamethasone presented a different subpocket interaction, promoted by ketone group and

terminal ring (A) of the molecule. On other hand, braylin occupies only the active site of GR.

The analyses of the interaction residues suggested by docking have shown that RU486 presents

tree hydrogen bonds, with GLN 642, ARG 611 and GLN 570 (Fig 5A). For dexamethasone,

the major interactions were observed in relation to dextrane group and two important hydro-

gen bonds with the carbonyl group of the TRY-735 and GLY-567 (Fig 5B). For braylin, the

docking studies suggest the stabilization in the GR by hydrophobic interactions, hydrogen

bond with GLY-567 like dexamethasone, and the PHE-623 promote a π- stack with aromatic

ring (Fig 5C).

The possible antagonism of RU486 on the braylin-induced inhibitory effect in stimulated

macrophage cultures was then evaluated. Addition of RU486 (10 μM) to J774 macrophage

cultures stimulated with LPS and IFN-γ partially prevented the inhibitory effect of braylin

(40 μM) on the TNF-α production (Fig 6A). As expected, in the presence of RU486, the inhibi-

tory effect of dexamethasone (40 μM) on the TNF-α production by macrophages was reduced.

Next the NF-κB reporter system, in Raw 264.7 cells transfected with p-NF-κB-Luc reporter

plasmid, was used to evaluate the effect of braylin on NF-κB activation. Initially, the effects of

braylin on Raw 264.7 cell viability was determined. Braylin, at a concentration of 80 μM or

lower, did not induce cytotoxic effect on Raw 264.7 cells 72 hours after treatment (S3 Fig).

As revealed in Fig 6B, macrophage cultures stimulated with LPS and IFN-γ showed high levels

of NF-κB dependent transcriptional activity. Treatment with braylin (10, 20 and 40 μM)
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dramatically reduced NF-κB dependent transcriptional activity when compared with vehicle-

treated cultures. Treatment with dexamethasone (40 μM) also was able to reduce the NF-κB

Fig 3. Effect of braylin on cytokine production by activated macrophages. Concentrations of TNF-α, IL-1β and IL-6 were

determined in cultures of J774 macrophages (panels A, C and E) or peritoneal exudate macrophages (panels B, D and F) treated

with vehicle (50% propylene glycol in saline, Ct+, control group), braylin (BRA; 10, 20 or 40 μM) or dexamethasone (Dexa; 40 μM)

in the presence of LPS (500 ng/mL) plus IFN-γ (5 ng/mL). Cell-free supernatants were collected 4 hours (for TNF-αmeasurement)

and 24 hours (for IL-1β and IL-6) after treatments for ELISA assay. Ct- shows cytokine concentrations in unstimulated cells. Data

are expressed as means ± SEM; n = 10 determinations per group. *Significantly different from the vehicle treated cultures

stimulated with LPS + IFN-γ (p < 0.05). ANOVA followed by Tukey´s multiple comparison test.

https://doi.org/10.1371/journal.pone.0179174.g003
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dependent transcriptional activity, but the effect of braylin, at all tested concentrations, was

higher than that of dexamethasone.

Based on the reliable results from the in vitro assays, the potential of braylin as an immuno-

modulatory agent was next evaluated on the CFA-induced paw inflammation model. The

effects of braylin on inflammatory hyperalgesia, paw edema and local levels of cytokines was

assessed. Administration of braylin (25–100 mg/kg) by ip route, 40 minutes before CFA, sig-

nificantly reduced inflammatory hyperalgesia at 2, 4 and 8 hours after the stimulus (Fig 7A).

The pre-treatment with braylin (12–100 mg/kg, ip) significantly reduced paw edema 2, 4 and 8

hours post- stimulus (Fig 7B). Supporting data from braylin, vehicle treatment (50% propylene

glycol in saline) yielded no activity, while the reference drug, dexamethasone (2 mg/kg), inhib-

ited CFA-induced hyperalgesia and edema. Braylin had a greater efficacy than dexamethasone,

considering both hyperalgesia (Fig 7A) and edema (Fig 7B) signs; however, its effects were

short-lasting.

The effects of braylin were also evaluated on the tail flick and hot plate tests, which mainly

identify central analgesics. The ip administration of braylin (100 mg/kg) did not alter the

latency time in the tail-flick (Fig 8A) and hot plate (Fig 8B) tests. The administration of mor-

phine (5 mg/kg ip), the reference drug, resulted in a significant increase in the latency time at

both, tail flick and hot plate tests (Fig 8). Moreover, relaxing or motor deficit effects were dis-

carded, since administration of braylin (100 mg/kg, ip) did not affect the motor performance

in mice on the rota-rod test (S4 Fig). As expected, diazepam (10 mg/kg ip), a central nervous

Fig 4. Best poses of the docking results to RU486 (pink), dexamethasone (orange) and braylin (cyan)

superimposed in GR (pdb 1NHZ).

https://doi.org/10.1371/journal.pone.0179174.g004

Fig 5. Docking solutions showing the main interactions for (A) RU486 (pink), (B) dexamethasone (orange)

and (C) braylin (cyan) superimposed in GR (pdb 1NHZ).

https://doi.org/10.1371/journal.pone.0179174.g005
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system depressant used as standard drug, reduced the permanence time of mice on the rota-

rod (S4 Fig).

Considering the inhibitory effect of braylin on macrophage cells, its possible modulatory

action on cytokine production during inflammation was evaluated. Data obtained by ELISA

analyses shows that braylin (50 mg/kg) and dexamethasone (2 mg/kg) reduced the local levels

of IL-1β (Fig 9A), TNF-α (Fig 9B) and IL-6 (Fig 9C) during CFA-induced paw inflammation.

The inhibitory effects of braylin on TNF-α and IL-1β levels were statistically significant 2 and 4

hours after CFA, while on IL-6, a significant inhibition was seen 2 hours after stimulus. Dexa-

methasone reduced the IL-1β and TNF-α levels until 8 hours after stimulus, but the IL-6 level

was reduced just until 4 hours. The modulatory effects of braylin on anti-inflammatory cyto-

kines production were also investigated. Treatment with braylin (50 mg/kg) enhanced the paw

levels of TGF-β (Fig 9F), while IL-13 (Fig 9D) and IL-10 (Fig 9E) were not modulated by this

coumarin. Instead, dexamethasone enhanced IL-10, but not TGF-β or IL-13 concentrations.

Discussion

The present study demonstrated, for the first time, the consistent anti-inflammatory and immu-

nomodulatory properties of braylin. Braylin exhibited low cytotoxicity and consistent suppres-

sive activities on macrophages cultures. Braylin acts, at least in part, through activation of GR,

since the GR antagonist RU486 prevented the in vitro effects of braylin. Docking data corrobo-

rated with this hypothesis. In addition, using the NF-κB luciferase assay, the treatment with

braylin dramatically reduced the NF-κB dependent transcriptional activity on macrophages.

Systemic administration of braylin inhibited in vivo events related to inflammation, namely

hyperalgesia and edema. Furthermore, this coumarin induced evident immunomodulatory

Fig 6. Involvement of glucocorticoid receptors and NF-κB dependent transcriptional activity in the immunomodulatory

effect of braylin. Panel A shows data from glucocorticoid receptor antagonism assay. Concentrations of TNF-αwere determined

in J774 macrophages treated with vehicle (50% propylene glycol in saline, Ct+, control group), braylin (BRA, 40 μM), RU486 (GR

antagonist, 10 μM) + braylin 40 μM, dexamethasone (Dexa; 40 μM) or RU486 (10 μM) + dexamethasone (40 μM) in the presence of

LPS (500 ng/mL) and IFN-γ (5 ng/mL). Cell-free supernatants were collected 4 hours after treatments for TNF-αmeasurement by

ELISA. Ct- and RU-show concentrations of TNF-α in unstimulated cells, treated with vehicle and RU486, respectively. Data are

expressed as means ± SEM; n = 10 determinations per group. $Significantly different from the vehicle treated cultures unstimulated

(p < 0.05); *Significantly different from the vehicle treated cultures stimulated with LPS + IFN-γ (p < 0.05). +Significantly different

from the group untreated with antagonist (p < 0.05). Panel B shows the effect of braylin on the activation of NF-κB on RAW 264.7

Luc macrophages. Cells were pretreated with vehicle (50% propylene glycol in saline, Ct+, control group), braylin (BRA; 10, 20 or

40 μM) or dexamethasone (Dexa; 40 μM) for 1 hour prior to stimulated with LPS (500 ng/mL) and IFN-γ (5 ng/mL) for 3 hours. Ct-

shows luciferase activity in unstimulated cells. Luciferase activity was measured in a luminometer. $Significantly different from the

vehicle treated cultures unstimulated (p < 0.05); *Significantly different from the vehicle treated cultures stimulated with LPS + IFN-

γ (p < 0.05). #Significantly different from the Dexa group (p < 0.05). ANOVA followed by Tukey´s multiple comparison test.

https://doi.org/10.1371/journal.pone.0179174.g006
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property in vivo through the modulation of pro- and anti-inflammatory cytokines levels. These

results describe the pharmacological properties of braylin, indicating this coumarin as a poten-

tial candidate to drug development.

Because macrophages play a central role in the immune regulation and inflammatory

responses, the possible suppressive effect of braylin was initially evaluated on these cells. Acti-

vated macrophages release cytokines such as IL-1, IL-6, TNF-α, IL-10 and IL-18, that coordi-

nate immune/inflammatory responses. They are activated by different signals, including

inflammatory cytokines such as TNF-α, and deactivated by anti-inflammatory cytokines, such

as TGF-β [28]. Activated macrophages are also capable of releasing high levels of NO, and this

mediator has been implicated as a pro-inflammatory agent [29]. Braylin, at non-cytotoxic

Fig 7. Effects of braylin on complete Freund’s adjuvant (CFA)-induced paw inflammation. Mice were injected with braylin (BRA; 12.5–

100 mg/kg), vehicle (50% propylene glycol in saline; control group) or dexamethasone (Dexa; 2 mg/kg; reference drug) by ip route 40 minutes

before CFA (injected at time zero). (A) Inflammatory hyperalgesia measured at 2, 4, 8 and 24 hours after the CFA stimulus. The mechanical

nociceptive threshold (axis of ordinates) is represented as the filament weight (g) in which the animal responds in 50% of presentations. (B)

Paw edema measured at 2, 4, 8 and 24 hours after CFA, represented as paw volume variation. Data are expressed as means ± SEM; n = 6

mice per group. * Significantly different from the control group (p < 0.05). Two-way ANOVA followed by the Bonferroni’s test.

https://doi.org/10.1371/journal.pone.0179174.g007
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concentrations, reduced the production of nitrite, TNF-α, IL-1β and IL-6 by stimulated mac-

rophages in a concentration-dependent manner, suggesting the anti-inflammatory and immu-

nomodulatory potential of this coumarin.

To understand how braylin inhibits the production of inflammatory mediators by macro-

phages, the contribution of glucocorticoid receptor (GR) was first investigated by theoretical

Fig 8. Effects of braylin on tail flick and hot plate tests in mice. Panels representing the latency in seconds in the tail flick (panel A)

and hot plate (panel B) tests, after ip injection of braylin (BRA; 100 mg/kg), vehicle (50% propylene glycol in saline; control group) or

morphine (5 mg/kg; reference drug). Data are reported as means ± SEM; n = 6 mice per group. * Significantly different from the control

group (p < 0.05). Two-way ANOVA followed by the Bonferroni’s test.

https://doi.org/10.1371/journal.pone.0179174.g008
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Fig 9. Effects of braylin on cytokines paw levels during CFA-induced inflammation. Mice were injected with braylin (BRA; 50 mg/kg),

vehicle (50% propylene glycol in saline; control group) or dexamethasone (Dexa; 2 mg/kg; reference drug) by ip route 40 minutes before CFA

(injected at time zero). The naïve group consists of mice that did not receive any experimental manipulation. Panels shows the paw levels of

(A) interleukin-1β (IL-1β), (B) tumor necrosis factor-α (TNF-α), (C) interleukin-6 (IL-6), (D) interleukin-13 (IL-13), (E) interleukin-10 (IL-10) and

(F) transforming growth factor-β (TGF-β), determined in skin tissues samples by ELISA, 3 hours after the CFA injection. The results are

expressed as picograms of cytokine per milligram of protein. Data are expressed as means ± SEM; n = 6 mice per group. * Significantly

different from the vehicle group in the same time (p < 0.05); # significantly different from the naive group (p < 0.05). ANOVA followed by Tukey

´s multiple comparison test.

https://doi.org/10.1371/journal.pone.0179174.g009
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methods. Based on docking studies RU486, dexamethasone and braylin presented interactions

on the same site of the GR. Analyzing the possible mode of interaction between the GR and

RU486, dexamethasone and brailyn (S2 Fig), it was possible to verify that an important char-

acteristic is the influence of the N,N-dimethylaniline group of RU486, which by steric hin-

drance displaces an alpha-helix, number 12, as previously observed [30–32]. In the mode of

biding of dexamethasone and braylin, however, there is insufficient molecular volume to pro-

mote changes in conformation of the 12 alpha-helix due to the absence of groups that can con-

fer this displacement. However, the mode of interaction with GR4, the specific receptor for

dexamethasone, showed no withdrawal from this alpha-helix, thus suggesting a selectivity

of dexamethasone and braylin by the GR receptor. The contribution of GR activation to the

immunomodulatory effect of braylin was confirmed in an antagonism assay, in which RU486

partially prevented the inhibitory effect of braylin on stimulated macrophages.

Although glucocorticoids remain the most effective therapy for inflammatory and immune

diseases, their use is associated with side effects and many patients with chronic diseases

become resistant to glucocorticoids requiring higher doses [33]. Aiming to overcome this clin-

ical problem, research has been focused on the development of more potent GR agonists or

combination pharmacological strategies that target the GR, as well as other targets [34]. On the

“combination therapy”, a second drug is added to potentiate the effects of the glucocorticoid.

It has been demonstrated that the combined use with phosphodiesterase-4 inhibitors enhance

the clinical efficacy of glucocorticoids, probably by elevating intracellular cAMP [35]. Impor-

tantly, braylin presents potent phosphodiesterase-4 inhibitory activity [12], in addition to a

partially GR-dependent immunomodulatory effect of braylin demonstrated herein. Thus,

according to the current goals of drug development, braylin can represent an ideal GR ligand

prototype, able to cross-talk with other signaling pathways and inducing synergic immuno-

modulatory effects.

The GR activation mediates transactivation or transrepression of several genes involved

with the reduction of inflammation and immune function [36]. Glucocorticoids induce their

transcriptional effects by direct DNA binding of the GR or by binding to other transcription

factors, such as NF-κB and AP-1, to repress their function [34]. In addition, an important sig-

naling pathway used by Toll-like receptors in activated macrophages results in NF-κB activa-

tion. The genes that are expressed in response to NF-kB transcriptional activation encode

several pro-inflammatory proteins, such as IL-1β, TNF-α, and inducible nitric oxide synthase

[28]. Considering the inhibitory effects of braylin on these mediators, as well as the well-

described crosstalk between NF-κB and glucocorticoid signaling, the effect of braylin on NF-

κB activation was also evaluated.

We found here that braylin treatment was able to intensely reduce the transcriptional activ-

ity of NF-kB. Considering that NF-κB is a central regulator of inflammatory response, it is pos-

sible to propose that the mechanism of action of braylin, involved with its anti-inflammatory

and immunomodulatory effects, is through the inhibition of the transcriptional activity of NF-

κB. On the other hand, braylin possesses inhibitory activity on PDE4 [12], and PDE4 inhibitors

present a broad range of anti-inflammatory activities in experimental and clinical conditions

[16,37]. Whether or not the PDE4 inhibition contributes to the pharmacological effects of

braylin presented here is still on investigation.

The potential of braylin as an immunomodulatory agent was also demonstrated in vivo
using the CFA-induced paw inflammation model, a well-established experimental protocol for

study of inflammation and anti-inflammatory drugs. CFA induces local release of mediators,

such as cytokines and prostanoids, involved in the inflammatory signs, such as edema, hyper-

algesia and vasodilation [38–42]. Importantly, systemic administration of braylin reduced the

CFA-induced hyperalgesia with a greater efficacy than dexamethasone, considered the gold
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standard drug, showing an important and dose-related antinociceptive effect of braylin. The

lack of effects in motor performance of mice on the rota-rod test reinforced the antinociceptive

properties of braylin. The tail flick and hot plate tests, which mainly identify central-acting

analgesics [43], indicated that the braylin-induced antinociception is not a centrally-mediated

action, but likely an effect associated with anti-inflammatory properties.

Peripheral inflammation is associated with the local production of neuroactive inflamma-

tory cytokines and growth factors. It has already been established that the local injection of

CFA produces inflammatory hyperalgesia initiated by peripheral nociceptor activation and

local release of mediators, such as IL-1β and TNF-α, which has a major role in the production

of inflammatory pain hypersensitivity [38,44]. In addition to the inhibitory effect of braylin on

macrophage cells in vitro, we showed that braylin reduced the local levels of IL-1β, TNF-α and

IL-6 during CFA-induced paw inflammation. Cytokines play an essential role in the develop-

ment of inflammatory signs and symptoms, and the first cytokines described as participating

in the development of inflammatory pain were IL-1β, TNF-α and IL-6 [39,45,46]. In addition,

upon inflammatory stimulation, the activation of the cytokine pathways precedes the release of

final mediators such as prostaglandins, which are involved with nociceptive sensitization, in

addition to its ability to trigger acute inflammation producing vasodilatation, vascular perme-

ability and edema [46–51]. Considering the key role of IL-1β, TNF-α and IL-6 to the inflam-

matory response, it may be suggested that the antinociceptive and antiedematogenic effects of

braylin are related to its ability to inhibit the release of inflammatory cytokines.

During the course of an inflammatory process, pro- and anti-inflammatory mediators are

produced and the balance between these two signals determines the magnitude of the inflam-

matory response. In the present study, the antiedematogenic and antinociceptive effects of

braylin were simultaneous to a substantial increase in the production of TGF-β. The TGF-β
family members are cytokines that have been implicated in a broad range of biological func-

tions including modulation of cell proliferation or cell differentiation, immunosuppression,

tissue repair, and neuroprotection [52–54], and their immune functions are mostly anti-

inflammatory. Chen et al demonstrated a pivotal role for TGF-β in the regulation of immune

response leading to suppression of synovial inflammation and matrix destruction in strepto-

coccal cell wall-induced erosive polyarthritis [55]. Systemic administration of TGF-β prevents

the relapse of autoimmune encephalomyelitis [56]. In addition, TGF-β inhibits the prolifera-

tion of glial cells and induces anti-inflammatory and immunosuppressive effects on these cells

[57,58]. Considering the above described properties of TGF-β, it is possible to propose that the

braylin-induced pharmacological effects are mediated by this anti-inflammatory cytokine. In

addition, under inflammatory conditions, TGF-β inhibits TNF-α production [59], corroborat-

ing the results showed here. In fact, beneficial effects of TGF-β on models of pain have been

evidenced. TGF-β induces antinociceptive effect, inhibits the activation and proliferation of

microglia and astrocytes and reduces the expression of pro-inflammatory cytokines involved

with neuropathic pain maintenance [58,60].

Conclusions

In conclusion, to the best of our knowledge, this is the first in vivo demonstration of pharma-

cological properties of braylin. Using in vivo and in vitro approach, antinociceptive, anti-

inflammatory and immunomodulatory properties of braylin were demonstrated, likely linked

to GR activation and its ability to induce inhibition of the transcriptional activity of NF-κB.

Our results demonstrate a strong potential of braylin as a candidate drug for the treatment of

immune-inflammatory diseases.
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Supporting information

S1 Table. NMR data of braylin (CD3OD, 1H 500 MHz; 13C 125 MHz).

(TIF)

S1 Fig. HPLC/MS analysis of braylin (250 mm; 4.6 mm; 5 μm, flow 0.6 mL/min, 35˚C).

(TIF)

S2 Fig. Interactions of (A) RU486 (pink), (B) dexamethasone (orange) and (C) braylin (cyan)

with the GR. In A it is possible to see the steric steric hindrance displaces promoted by N,N-

dimethylaniline group of the RU486 in the alpha-helix 12. Dexamethasone and brailyn did not

induce changes in alpha-helix 12.

(TIFF)

S3 Fig. Cytotoxic effect of braylin on RAW 264.7 Luc macrophages.

(TIF)

S4 Fig. Effects of braylin on motor function assessed by rota-rod test in mice.

(TIF)
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a b s t r a c t

The new complexes of Pd(II) with N,N-disubstituted-N0-acylthioureas:[(1) [Pd(dppf)(N,N-dimethyl-N0-
benzoylthioureato-k2O,S)]PF6, (2) [Pd(dppf)(N,N-diethyl-N0-benzoylthioureato-k2O,S)]PF6, (3) [Pd(dppf)
(N,N-dibuthyl-N0-benzoylthioureato-k2O,S)]PF6, (4) [Pd(dppf)(N,N-diphenyl-N0-benzoylthioureato-k2O,
S)]PF6, (5) [Pd(dppf)(N,N-diethyl-N0-furoylthioureato-k2O,S)]PF6, (6) [Pd(dppf)(N,N-diphenyl-N0-furoylth-
ioureato-k2O,S)]PF6, (7) [Pd(dppf)(N,N-dimethyl-N0- thiophenylthioureato-k2O,S)]PF6, and (8) [Pd(dppf)
(N,N-diphenyl-N0-thiophenylthioureato-k2O,S)]PF6, were prepared and characterized by elemental anal-
ysis, and spectroscopic techniques. The structures of complexes (2), (3), (5), (6) and (8) had their struc-
tures determined by X-ray crystallography, confirming the coordination of the ligands with the metal
through sulfur and oxygen atoms, forming distorted square-planar geometries. These complexes have
shown antibacterial activity against anti-Mycobacterium tuberculosis H37Rv ATCC 27294. The complexes
exhibited antiparasitic activity against Trypanosoma cruzi, while the metal-free thioureas did not. The
results demonstrated that the compounds described here can be considered as promising anti-
Mycobacterium tuberculosis and anti-T. cruzi agents, since in both cases their in vitro activity were better
than reference drugs available for the treatment of both diseases.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The Mycobacterium tuberculosis (MTB), causative agent of tuber-
culosis, is responsible for the death of around 2–3 million people,
annually, and a global economic toll of U$12 billion each year
[1]. The rise of multidrug resistance (MDR) in MTB has complicated
and prolonged the treatment. Therefore, no new drugs have been
developed specifically against mycobacteria since the 1960s [2].
Thus, there is a great need to develop new therapeutic agents to
treat tuberculosis, so as to reduce the total duration of treatment
and to provide more effective drugs against MDR TB and latent
tuberculosis infection. This involves the development of new ther-
apeutic strategies against bacterial infection, which becomes more

stringent, and one reason for this is mainly due the bacterial drug
resistance to currently administered treatments.

Also, Chagas disease, caused by the protozoan parasite Try-
panosoma cruzi (T. cruzi), affects approximately 10 million people
worldwide, with a high prevalence in Latin America [3]. The few
drugs available, benznidazole and nifurtimox, are only effective
in curing when administered during the acute phase, but not effec-
tive in patients that have progressed to the chronic phase [4]. Fur-
thermore, these drugs are not considered ideal, due to their severe
side effects [5]. Thus, the search for new anti-T. cruzi compounds is
also needed.

One strategy for the development of antimycobacterial and
antiparasitic agents from the inorganic point of view is to use an
organic compound, which already exhibit antibacterial property,
as ligand, to form metal complexes. Thus, good candidates for this
purpose are thiourea and their derivatives, which are known for
their antiviral, antibacterial and cytotoxic properties [6]. There
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are several works in the literature demonstrating the activity of
this class of compounds, against parasites such as Plasmodium fal-
ciparum, Trypanosoma brucei and T. cruzi [7]. In recent years, a
number of urea, thiourea and acylthiourea derivatives containing
(R)-2-amino-1-butanol were evaluated against Mycobacterium
tuberculosis strains H37Rv ATCC 27294, showing good anti-tuber-
culosis effect, and the complexing capacity of thiourea derivatives
have been reported [8–9].

The biological activity of complexes containing thiourea
derivatives has been successfully screened for various biological
processes and they exhibit a wide range of biological activities,
including antifungal, anticancer [9–10] and insecticidal activities
[11]. Therefore, in order to extend the research on potential
metallodrugs aiming the M. Tuberculosis and Chagas disease we
report here on some palladium complexes containing the bis
(diphenylphosphine)ferrocene and N,N-disubstituted-N0-acyl
thioureas as ligands. Detailed descriptions of synthesis and charac-
terization of the ligands have been reported elsewhere [12]. The Pd
(II)/N,N-disubstituted-N0-acyl thioureas complexes described in
this work were synthesized, structurally characterized and were
tested for their anti-M. tuberculosis and anti-T. cruzi activity,
showing good results.

2. Experimental

2.1. Materials and measurements

The dichloro[bis(diphenylphosphino)ferrocene]palladium (II)
was obtained from Stream. All reagents were purchased with
reagent grade and used without further purification. Solvents were
dried and used freshly distilled, unless otherwise specifically indi-
cated. Thin layer chromatography (TLC) was performed on 0.25
mmsilic gel pre-coated plastic sheets (40/80 mm) (Polygram_ SIL
G/UV254, Macherey & Nagel, Düren, Germany) using benzene/
methanol (9/1) as eluent. The IR spectra were recorded on a FTIR
Bomem-Michelson 102 spectrometer in the 4000–200 cm�1 region
using CsI pellets. Conductivity values were obtained using
1.0 mmol�L�1 solutions of complexes in CH2Cl2, using a Meter Lab
CDM2300 instrument. The molar conductance measurements
(Km) were carried out in dichloromethane at 25 �C, using concen-
trations of 1.0 � 10�3 mol�L�1 for the complexes. 1H,31P{1H} and
13C NMR spectra were recorded on a Bruker DRX 400 MHz, inter-
nally referenced to TMS for hydrogen chemical shift (d). The 31P
chemical shifts are reported in relation to H3PO4, 85%. CDCl3 was
used as solvent, unless mentioned. Partial elemental analyses were
carried out on the Department of Chemistry of the Federal Univer-
sity of São Carlos, in an instrument of CHNS staff EA 1108 of the
FISONS.

2.2. Synthesis of N,N-dialkyl-N0-(acyl/aroyl)thioureas

The N,N-disubstituted-N0-acylthioureas HL(1–8) used in this
work were synthesized by the procedure previously reported in
the literature [12]. A solution of an appropriate acyl chloride
(30 mmol) in acetone (50 mL) was added dropwise to a suspension
of KSCN (0.01 mol) in acetone (30 mL). The mixture was stirred
until a precipitate appeared (ammonium chloride), indicating the
formation of the respective organic isothiocyanate. The corre-
sponding amine (40 mmol), dissolved in acetone was added slowly
and with constant stirring to the resulting solution. The solution
was cooled in an ice-water bath and the stirring was continued
at room temperature during 2–9 h, until the reaction was com-
pleted (the reaction progress was monitored by TLC). The reaction
mixture was then poured into 600 mL of cold water. The solid N,N-
disubstituted-N0-(acyl/aroyl)thioureas were collected by filtration

and finally purified by recrystallization from ethanol. The com-
pounds were obtained as crystalline solids, in good yields. The
identity of the products was confirmed by comparing their 1H
and 13C NMR data with those reported in the literature [12]. The
structures of the N,N-disubstituted-N0-acyl thioureas used as
ligands in this work are shown in Fig. 1.

2.3. Synthesis of the complexes

The complexes were prepared as yellow solid products by a
similar method to that used for [Pd(PPh3)2Cl2] [9] from direct reac-
tions with the precursor [Pd(dppf)Cl2], with the N,N-disubstituted-
N0-acylthioureas, in methanol solutions. The complexes were sepa-
rated from the reaction mixtures as yellow crystalline solids. Filtra-
tion and further washing with hot water and hot hexane were
enough to afford pure and stable compounds, in about 80% yields.
Thus, the general procedure for the synthesis of the complexes is
described: A solution of [Pd(dppf)Cl2] (1.46 g; 2.00 mmol) in
5 mL of methanol, was added dropwise to a solution of correspond-
ing N,N-dialkyl-N0-(acyl/aroyl)thiourea (2.00 mmol), dissolved in
30 mL of the same solvent, and 0.368 g (2.00 mmol) of KPF6. The
reaction was heated under magnetic stirring at about 80 �C, for
2 h. The reaction mixture was left in the refrigerator overnight.
The yellow solids obtained were filtered off and washed, succes-
sively, with hot water and hot hexane (3 � 20 mL). The obtained
compounds are stable in the air and in dimethylsuphoxide solu-
tions, for at least 72 h, as showed 31P{1H} NMR experiments.

The 1H, 13C and 31P{1H} NMR, IR and the elemental analyses,
melting point temperature and molar conductivity (Km,
1.0 � 10�3 mol L�1 in CH2Cl2) for the complexes (1–8) are listed
below and the other data used for the characterization of the com-
plexes will be find in the text:

(1) [Pd(dppf)(N,N-dimethyl-N0-benzoylthioureato-k2O,S)]PF6:
1H NMR, d: 7.86–7.81 (m, 5H, Ph); 7.64–7.51 (m, 5H), 7.37–7.17
(m, 10H), 3.48 (3H, s, CH3), and 3.18 (3H, s, CH3). NMR 13C, d:
169.7 (C@S); 161.8 (C@O); 134.5, 134.4, 134.4, 134.2, 134.1,
132.7–127.7 (C-Ph), 29.7 (CH3), 15.3 (CH3), 31P{1H} NMR, d, 41.12
(d); 28.06 (d); 2JP-P = 19.43 Hz; IR, cm�1: m(C@O) 1416, m(C@S)
747; m(C@N) 1502; Anal. (%): Found (Calc) for C44H39F6FeN2OP3-
PdS: C, 52.26 (52.17); H, 3.90 (3.88); N, 2.82 (2.77); S, 3.21
(3.17). Km = 48.6X�1 cm2 mol�1.

(2) [Pd(dppf)(N,N-diethyl-N0-benzoylthioureato-k2O,S)]PF6: 1H
NMR, d: 7.87–7.82 (m, 1H), 7.61–7.48 (m, 5H), 7.36–7.31 (m, 5H),
7.15–6.99 (m, 10H), 3.81 (d, J = 7.07 Hz, 2H, CH2), 3.58 (d,
J = 7.07 Hz, 2H, CH2), 1.28 (t, J = 7.02, 7.02 Hz, 3H, CH3), 1.31 (t,
J = 7.02, 7.02 Hz, 3H, CH3); NMR 13C, d: 170.0 (C@S); 169.6
(C@O); 135.7, 135.6, 134.6, 134.5, 134.2–127.5 (C-Ph), 47.3 (CH2),
46.5 (CH2), 13.1 (CH3), 12.1 (CH3); 31P{1H}, d: 41.27 (d); 27. 41
(d); 2JP-P = 21.86 Hz; IR, cm�1: m(C@O) 1414, m(C@S) 750; m(C@N)
1501; Anal. (%): Found (Calc) for C46H43F6FeN2OP3PdS: C, 53.15
(53.07); H, 4.08 (4.16); N, 2.70 (2.69); S, 3.00 (3.08). MP: 270–
272 �C, Km = 44.6X�1 cm2 mol�1.

(3) [Pd(dppf)(N,N-dibutyl-N0-benzoylthioureato-k2O,S)]PF6: 1H
NMR, d: 8.04–7.99(m, 1H), 7.80–7.08 (m, 34H), 4.88 (d,
J = 7.08 Hz, 2H, CH2), 3.68 (4H, q, CH2), 2.07–1.70 (2H, m, CH2),
0.93 (3H, t, CH3, J = 7.01 Hz). NMR 13C, d: 170.6 (C@S), 168.5
(C@O), 135.6, 135.3, 135.2, 133.6–128.8 (C-Ph), 53.6 (CH2), 52.4
(CH2), 20.9 (CH2), 14.2 (CH3); 31P{1H}, d: 41.18 (d); 27. 63 (d); 2JP-
P = 20.26 Hz; IR, cm�1: m(C@O) 1495, m(C@S) 747; m(C@N) 1495;
Anal. (%): Found (Calc) for C50H51F6FeN2OP3PdS: C, 54.54 (54.74);
H, 4.65 (4.68); N, 2.53 (2.55); S, 2.85 (2.92), MP: 230–232 �C,
Km = 47.6X�1 cm2 mol�1.

(4) [Pd(dppf)(N,N-diphenyl-N0-benzoylthioureato-k2O,S)]PF6:
1H NMR, d: 7.86–7.82 (m, 1H), 7.14 (s, 1H), 6.73 (d, J = 1.60 Hz,
1H), 6.86–6.83 (m, 1H),NMR 13C, d: 174.6 (C@S); 172.9 (C@O);
144.0, 143.1, 134.4, 134.3, 134.2, 134.1–127.3 (C/Ph). 31P{1H}, d:
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41.25 (d), 27.58 (d) 2J P-P = 20.26; IR, cm�1: m(C@O) 1430, m(C@S)
752; m(C@N) 1494; Anal. (%): Found (Calc) for C54H43F6FeN2OP3-
PdS: C, 56.98 (57.03); H, 3.90 (3.81); N, 2.37 (2.46); S, 2.78
(2.82). MP: 275–277 �C, Km = 48.6X�1 cm2 mol�1.

(5) [Pd(dppf)(N,N-diethyl-N0-furoylthioureato-k2O,S)]PF6: 1H
NMR, d: 7.85–7.80 (m, 1H), 7.60–6.18 (3H, m, furoyl), 3.74 (2H, d,
CH2), 3.34 (2H, d, CH2), 1.22 (3H, t, CH3), 0.95 (3H, t, CH3). NMR
13C, d: 165.7 (C@S), 159.8 (C@O), 145.9, 134.6, 134.5, 134.1–
129.4 (C-Ph), 128.8–112.0 (C-Ph and furan ring), 47.2 (CH2), 46.5
(CH2), 13.1 (CH3) 11.9 (CH3). 31P{1H}, d: 41.45 (d), 27.32 d); 2JP-
P = 19.43, IR, cm�1: m(C@O) 1474., m(C@S) 747; m(C@N) 1504; Anal.
(%): Found (Calc): Anal. (%): Found (Calc) for C44H41F6FeN2O2P3PdS:
C, 51.15 (51.26); H, 3.97 (4.00); N, 2.68 (2.72); S, 3.09 (3.11). MP:
242–244 �C, Km = 48.6X�1 cm2 mol�1.

(6) [Pd(dppf)(N,N-diphenyl-N0-furoylthioureato-k2O,S)]PF6: 1H
NMR, d: 7.91–7.80 (m, 1H), 7.63–7.43 (m, 1H), 7.20–6.99 (m, 1H),
6.53–6.16 (m, 1H), 4.98 (s, 2H, CH2), 4.77 (s, 2H, CH2). NMR 13C,
d: 167.7 (C@S); 162.0 (C@O); 149.5, 146.8, 146.1, 145.7, 145.2–
112.3 (C-Ph), 53.5 (CH2), 52.8 (CH2).31P {1H}, d: 41, 30 (d), 27,54
(d), 2JP-P = 19.43; IR, cm�1: m(C@O) 1486, m(C@S) 741; m(C@N)
1573; Anal. (%): Found (Calc) for C52H41F6FeN2O2P3PdS: C, 55.39
(55.41); H, 3.61 (3.66); N, 2.45 (2.49); S, 2.80 (2.84). MP: 264–
266 �C., Km = 52.6X�1 cm2 mol�1.

(7) [Pd(dppf)(N,N-dimethyl-N0- thiophenylthioureato-k2O,S)]
PF6: 1H NMR, d: 8.02 (1H, dd, J1 = 7.2 Hz, J2 = 8.1 Hz, thiophene
CH), 7.87 (1H, dd, J1 = 7.59 Hz, J2 = 8.2 Hz, thiophene CH), 6.70
(1H, dd, J1 = 6.7 Hz, J2 = 8.6 Hz, thiophene CH), 7.59–7.27 (C-Ph)
0.97 (6H, t, CH3, J = 7.1 Hz), NMR 13C, d: 166.7 (C@S); 164.1
(C@O); 141.2, 134.6, 134.5, 134.5, 134.4, 132.4, 132.3, 132.2,
131.7, 128.9–125.6 (C-Ph); 21.8 (2CH3). 31P{1H}, d: 41.58 (d),
27.97 (d), 2JP-P = 19.47; IR, cm�1: m(C@O) 1418, m(C@S) 745; m
(C@N) 1494; : Anal. (%): Found (Calc) for C42H37F6FeN2OP3PdS2:
C, 49.35 (49.50); H, 3.60 (3.66); N, 2.71 (2.75); S, 6.20 (6.29). MP:
245–247 �C., KM = 50.6X�1 cm2 mol�1.

(8) [Pd(dppf)(N,N-diphenyl-N0-thiophenylthioureato-k2O,S)]
PF6: 1H NMR, d: 8.02 (1H, dd, J1 = 7.2 Hz, J2 = 8.1 Hz, thiophene
CH), 7.90 (1H, dd, J1 = 7.5 Hz, J2 = 8.2 Hz, thiophene CH), 7.89
(1H, dd, J1 = 6.7 Hz, J2 = 8.3 Hz, thiophene CH), 7.82-7.13 (m, 10H,
arom-H). NMR 13C, d: 173.7 (C@S); 166.2 (C@O); 144.1, 143.2,
140.8, 140.7, 134.7, 134.2, 134.1, 134.0, 133.9, 132.3, 128.5–127.8
(C-Ph); 31P{1H}, d: 41.62 (d); 27. 63 (d); 2JP-P = 19.43 Hz; IR,

cm�1: m(C@O) 1420, m(C@S) 743; m(C@N) 1479; Anal. (%) Found
(Calc) for C52H41F6FeN2OP3PdS2: C, 54.45 (54.63); H, 3.49 (3.61);
N, 2.41 (2.45); S, 5.54 (5.61). MP: 256–258 �C.,
KM = 49.6X�1 cm2 mol�1.

2.4. Crystal structure determination

Single crystals suitable for X-ray diffraction were obtained by
slow evaporation of CHCl3:n-hexane (3:1) solutions of the com-
plexes 2, 3, 5, 6 and 8. Diffraction data were collected on an
Enraf–Nonius Kappa-CCD diffractometer with graphite-monochro-
mated Mo Ka radiation (k = 0.71073 Å). The final unit cell parame-
ters were based on all reflections. Data collections were performed
using the COLLECT program [13]; integration and scaling of the reflec-
tions were performed with the HKL Denzo–Scalepack system of
programs [14]. Absorption corrections were carried out using the
Gaussian method [15]. The structures were solved by direct meth-
ods with SHELXS-97 [16]. The models were refined by full-matrix
least-squares on F2 by means of SHELXL-97 [17]. The projection views
of the structures were prepared using ORTEP-3 for Windows [18].
Hydrogen atoms were stereochemically positioned and refined
with the riding model. Data collections and experimental details
are summarized in Table 1. Relevant interatomic bond lengths
and angles are listed in Table 2. Also included are the CCDC deposit
numbers for Supplementary crystallographic data.

2.5. Antimycobacterial activity assay

Antimycobacterial activities of each tested compound and of
the standard drug ethambutol were determined in triplicate, in
sterile 96-wel flat bottom microplates. The tested compound con-
centrations ranged from 0.087 to 25 lg/mL, and the ethambutol
from 0.015 to 1.0 lg/mL. The microplate Alamar Blue assay [19]
was used to measure the minimal inhibitory concentration (MIC)
for the tested compounds (minimum concentration necessary to
inhibit 90 % growth of M. tuberculosis H37Rv ATCC 27294). The
development of a pink color in the wells was taken as indicating
bacterial growth and the maintenance of a blue color as the con-
trary. The fluorescence of the dye was measured in a SPECTRAfluor
Plus microplate reader (Tecan⁄) in bottom reading mode with exci-
tation at 530 nm and emission at 590 nm.
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Fig.1. Structures of the N,N-disubstituted-N0-acyl thioureas used as ligands in this work.
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2.6. Antiparasitic activity

Y strain trypomastigotes of T. cruzi collected from the LLC-MK2
cell supernatant were dispensed into 96-well plates at a cell den-
sity of 2.0 � 106 cells/mL in 200 mL of RPMI medium. Compounds
were tested at eight concentrations from (10–0.01 mM), in tripli-
cate. The plate was incubated for 24 h at 37 �C and 5% CO2. Aliquots
from each well were collected and the number of viable parasites,
based on parasite viability, was assessed in a Neubauer chamber
and compared to untreated parasite culture. This experiment was
performed three times. Inhibitory concentration for 50 % (IC50)
was calculated using data-points gathered from three independent
experiments. Benznidazole was used as a positive control.

2.7. Cytotoxicity in murine cells

J774 cells (murine macrophages cell line, established from a
tumor that arose in female BALB/c mouse were placed on 96-well
plates at a cell density of 5 � 104 cells/Ml in 200 mL of RPMI-1640
medium (no phenol red) and supplemented with 10% FBS and
50 mg/mL of gentamycin and incubated for 24 h at 37 �C and 5%

CO2. Compounds were added in a series of eight concentrations,
in triplicate, and incubated for 72 h. Then, 20 mL/well of Ala-
marBlue (Invitrogen, Carlsbad, USA) was added to all wells and
incubated during 6 h. Colorimetric readings were performed at
570 and 600 nm. Cytotoxic concentration for 50% (CC50) was calcu-
lated using data-points gathered from three independent experi-
ments. Gentian violet was used as a positive control.

2.8. Propidium iodide (PI) and annexin V staining

T. cruzi trypomastigotes from Y strain (1 � 107) were incubated
for 24 h at 37 �C in the absence or presence of 1 (0.61 or 1.22 mM)
or 4 (1.91 or 3.82 mM). After incubation, the parasites were labeled
for PI and FITC-annexin V using the annexin V-FITC apoptosis
detection kit (Sigma–Aldrich), according to the manufacturer’s
instructions. Acquisition and analyses was performed using a FACS
Calibur flow cytometer (Becton Dickinson, San Diego, CA), with
FlowJo software (Tree Star, Ashland, OR). A total of 10.000 events
were acquired in the region previously established as that corre-
sponding to trypomastigotes.

Table 1
Crystal data and refinement parameters for 2, 3, 5, 6, and 8 complexes.

Compound 2 3 5 6 8

Empirical formula C46H43F6FeN2OP3PdS. CH2Cl2 C50H51F6FeN2OP3 PdS C44H41F6FeN2O2P3PdS C52H41F6FeN2O2P3PdS C52H41F6FeN2O P3PdS2
Formula weight 1125.97 1097.15 1031.01 1127.09 1143.15
Crystal system monoclinic monoclinic monoclinic triclinic triclinic
Space group P21/c Pc P21/a P�1 P�1
T (K) 293 296 296 296
a (Å) 10.5650(2) 10.6147(5) 10.8430(2) 12.5827(3) 12.5960(3)
b (Å) 27.6270(8) 14.557(1) 28.8291(5) 13.8101(4) 13.8000(4)
c (Å) 16.8200(4) 16.325(1) 14.1096(2) 14.9739(4) 15.0780(4)
V (Å3) 4861.2(2) 2506.2(3) 4406.77(13) 2453.78(12) 2479.3(1)
Z 4 2 4 2 2
Dcalc (mg/m3) 1.538 1.454 1.554 1.525 1.531
Absorption coefficient (mm�1) 0.981 0.846 0.958 0.868 0.899
F(000) 2280 1120 2088 1140 1156
h range for data collection (�) 2.555–25.999 2.875–25.997 2.565–25.997 2.972–25.999 2.84–26.00
Index ranges �11 � h � 13 �12 � h � 13 �12 � h � 13 �15 � h � 15 �15 � h � 15

�32 � k � 34 �17 � k � 17 �35 � k � 35 �17 � k � 16 �17 � k � 17
�20 � l � 12 �20 � l � 16 �16 � l � 17 �18 � l � 18 �18 � l � 18

Reflections collected 25156 12255 38378 25632 28331
Independent reflections (Rint) 9351 [Rint = 0.0386] 7966 [Rint = 0.0592] 8639 [Rint = 0.0926] 9547 [Rint = 0.0481] 9719 [Rint = 0.0387]
Goodness-of-fit on F2 1.024 1.044 1.026 1.019 1.070
Final R índices R1 = 0.0518 R1 = 0.0603 R1 = 0.0509 R1 = 0.0479 R1 = 0.0461
[I N 2r (I)] wR2 = 0.1345 wR2 = 0.1537 wR2 = 0.1275 wR2 = 0.1247 wR2 = 0.1314
Largest diff. peak and hole (eÅ)�3 0.848 and �0.631 0.779 and �0.487 0.888 and �0.810 0.623 and �0.794 1.160 and �0.794
CCDC deposit number 1502550 1502551 1502552 1502553 1502554

Table 2
Selected bond lengths (Å) and angles (�) for 2, 3, 5, 6 and 8 complexes.

2 3 5 6 8

Bond lengths (Å)
Pd–O 2.046(3) 2.067(7) 2.032(3) 2.049(2) 2.053(2)
Pd–P(1) 2.261(1) 2.266(2) 2.255(1) 2.2578(9) 2.2620(8)
Pd–P(2) 2.356(1) 2.359(2) 2.35(1) 2.3478(9) 2.3527(8)
Pd–S 2.290(1) 2.295(2) 2.300(1) 2.2979(9) 2.2991(9)
S–C1 1.740(4) 1.73(1) 1.748(5) 1.721(4) 1.731(4)
O–C2 1.274(5) 1.26(1) 1.259(5) 1.267(4) 1.270(4)
C1–N1 1.335(6) 1.37(1) 1.333(6) 1.334(5) 1.329(5)
C2–N1 1.297(6) 1.29(1) 1.309(6) 1.317(5) 1.322(4)

Angles (�)
O–Pd–S 91.88(9) 92.2(2) 90.9(1) 91.94(7) 92.16(7)
O–Pd–P(1) 178.8(1) 178.8(2) 176.0(1) 179.41(8) 178.67(9)
O–Pd–P(2) 84.53(9) 84.6(2) 84.1(1) 83.25(7) 83.86(7)
P(2)–Pd–S 175.94(4) 176.8(1) 174.41(4) 174.64(3) 174.29(3)
P(1)–Pd–S 88.43(4) 88.24(9) 90.42(4) 88.14(3) 87.58(3)
P(2)–Pd–P(1) 95.12(4) 94.99(8) 94.74(4) 96.70(3) 96.49(3)
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3. Results and discussion

The ligands were prepared following the procedures previously
reported in the literature [12] and were obtained in yields ranging
from 79% to 91%. The complexes of the type [Pd(dppf)(L)] were
obtained by the reactions between [Pd(dppf)Cl2] and the ligands
(see Scheme 1). The synthesized complexes were yellowish crys-
tals and their elemental analyses, melting point temperatures,
and molar conductivities are listed in the experimental section.
Complexes 2, 3, 5, 6 and 8 were also characterized by single crystal
X-ray diffraction.

The IR spectra of the complexes were compared with those of
the free ligands. The N–H stretching vibrations which exist in the
ligands disappear. A broad peak ascribed to the C–N bond appears
around 1580–1600 cm�1, indicating deprotonation of the acylth-
ioureido group of the ligands during the complexes formation
and therefore their coordination through the oxygen and sulfur
atoms [20–22]. The bands observed around 471–490 cm�1 were
assigned to M–O [23,24]. Assignment of the Pd-S stretching vibra-
tion bands at about 360 cm�1 are in accordance to the reported lit-
erature [25,26]. The bands in the 551–556 cm�1 range are assigned
to M–N (imino nitrogen) [20]. Strong bands in the region of about
1500 cm�1, are shown by the IR spectra of the complexes which
may reasonably be assigned to the coordinated C–O groups. The
absorption bands at 815–878 cm�1 in the spectra of free N,N-dis-
ubstituted-N0-acylthioureas, attributed to the m(C–S) stretching
vibrations, shift to the 837–845 cm�1 range in the complexes spec-
tra, corresponding to the weakening of the C–S double bond char-
acter [21].

In the 1H NMR spectra (CDCl3) of the ligands HL(1–8), the NH
proton appears at 8.79–8.45 ppm as broad singlets. This signal is
absent in the 1H NMR spectra of the corresponding palladium com-
plexes, in the same solvent, as a consequence of the deprotonation
of the nitrogen atom. Similarly, the IR spectra of the ligands HL(1–
8) show NH stretching vibrations in the range 3150–3260 cm�1,
but these signals are absent in the spectra of the corresponding
metal complexes. In the 13C NMR spectra, the carbon atom of the
thiocarbonyl group appears at d = 165.67–173.67 in the metal
complexes, as mentioned in the experimental section.

The 31P{1H} NMR spectra of the precursor [Pd(dppf)Cl2], in CH2-
Cl2 solution, shows a singlet peak for phosphorus atoms at
d = 35.12. For all complexes two doublets arise, at about d = 41.34
and 27.64, indicating the presence of two magnetically different
phosphorus atoms coordinated to the palladium(II) ion. Also in
the region of d = �138–158 a multiple signal of the PF6�, function-
ing as outer-sphere anions for the complexes is observed, in accor-
dance to the molar conductivity measurements for these
complexes (see experimental section). These data are consistent
with those obtained for some thiosemicarbazones and N,N-disub-
stituted-N0-acyl thioureas complexes [10,21,27].

The molecular structures of 2, [Pd(dppf)(N,N-diethyl-N0-ben-
zoylthioureato-k2O,S)]PF6, 3, [Pd(dppf)(N,N-dibuthyl-N0-benzoyl-
thioureato-k2O,S)]PF6, 5, [Pd(dppf)(N,N-diethyl-N0-furoylthioure-
ato-k2O,S)]PF6, 6, [Pd(dppf)(N,N-diphenyl-N0-furoylthioureato-
k2O,S)]PF6, and 8, [Pd(dppf)(N,N-diphenyl-N0-thiophenylthioure-
ato-k2O,S)]PF6, are shown in Fig. 2, and selected bond lengths
and angles (�) for these structures are listed in Table 2.

In all complexes the Pd(II) ion is nearly planar, in a fourfold
environment. The thione C–S bond in the coordinated anionic
ligands becomes formally a single bond making it longer (aver-
age = 1.734 Å) than the C@S bond of the neutral moieties [27,28]
(Fig. 2, Table 2). Thus the metal is coordinated to the negatively
charged organic molecules, which act as bidentate ligands, through
oxygen (average distance Pd–O = 2.0494 Å) and sulfur (average
distance Pd–S = 2.2964 Å) atoms. The Pd–S average distance is
close to the ones found for other palladium(II) thiosemicarbazones
complexes [21]. The remaining binding sites are occupied by
biphosphines (dppf) (average distance Pd–P1 = 2.2604 Å and Pd–
P2 = 2.3531 Å). The distances for the C–S and C–O bonds in the che-
late rings, listed in Table 2, are the characteristic of single and dou-
ble bond lengths, respectively [9,21,27]. The N1–C1 and N2–N1
bond distances (average 1.3402 Å and 1.307 Å, respectively) pre-
sent typical bond lengths of double bond character, suggesting an
electron delocalization in the acyl thiourea moiety [21–27]. The C–
O bond distances are slightly sensitive to the coordination of the
ligand to the metal. In previously work it was reported, on the
bis-triphenylphosphine-N,N-dietyl-N0-furoylthioureato-k2O,S, that
the C–O distance for the free ligand is 1.226(3) Å (average for two
independent molecules per asymmetric unit), and 1.266(9) Å
(average), after its coordination to the metal [28].

After structural characterization, the metal-free N,N-disubsti-
tuted-N0-acylthioureas and metal complexes were investigated
for their in vitro antimycobacterial activity against M. tuberculosis
H37Rv strain and antiparasitic activity against Y strain T. cruzi try-
pomastigotes. The results are displayed in Table 3.

None the metal-free ligands presented antimycobacterial activ-
ity in concentration below 70 lM, while the palladium complexes
presented activity in the same micromolar range as observed
under Ethambutol treatment. Therefore, the presence of palladium
is essential to improve the antimycobacterial activity of the free
ligands. Regarding structure–activity relationships, the main dif-
ference between most and less active Pd(II) complexes is the pres-
ence of a linear and alkyl side chain attached at R2 in the ligand
structure. This may be the reason for the decreased the antimy-
cobacterial activity of complexes 4, 6 and 8 in comparison to 1,
2, 3, 5 and 7.

Next, the antiparasitic activity was analyzed and the results
were compared to the reference drug benznidazole, which dis-
played an IC50 value of 10.61 ± 0.87 lM. None the metal-free
ligands displayed antiparasitic activity, while the Pd(II) complexes

R1 N N

O S
R2

R2

a) KPF6

b) MeOH

PdCl2(dppf)

H
R2 = R2

Pd
P

PhPh

P
R1

N

N
S

O

R2
R2

PhPh

PF6Fe

Complexes (1-8)HL(1-8)

Scheme 1. Route for the syntheses of [Pd(dppf)(N,N-disubstituted-N0-acylthiourea)]PF6 complexes.
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exhibit antiparasitic activity. In general, the metal complexes were
more potent antiparasitic agents than benznidazole, however, they
presented lower selectivity indexes than benznidazole. After
observing that palladium complexes exhibit antiparasitic activity,
it was investigated how the complexes can cause parasite cell
death. To this end, trypomastigotes were treated with the IC50 or

IC99 concentration of complexes 1 and 4 for 24 h and then stained
with PI/annexin (Fig. 3).

In comparison to untreated parasites, treatment with complex 1
at IC50 concentration increased from 2.2 to 11.5 % cells positively
stained for annexin. When the complex 1 was added at IC99 con-
centration, the % of annexin-stained cells changed from 11.5 to

Fig. 2. ORTEP view of complexes 2, 3, 5, 6 and 8 showing 50% probability ellipsoids. The (PF6)� anion and some labels of the ligands are omitted for clarity. For complex 2
there is a CH2Cl2 solvated molecule, which was also omitted.

Table 3
Antimycobacterial, antiparasitic and cytotoxicity activity of ligands and complexes 1–8.

Compound M. tuberculosis H37Rv MIC (lM)(a) T. cruzi IC50 ± S.E.M. (lM)(b) Cytotoxicity CC50 ± S.D. (lM)(c) SI (d)

HL (1) >119.6 >10 >30 –
HL (2) >100.3 >10 >30 –
HL (3) >85.6 >10 >30 –
HL (4) >75.3 >10 >30 –
HL (5) >110.6 >10 >30 –
HL (6) >75.3 >10 >30 –
HL (7) >116.8 >10 >30 –
HL (8) >73.9 >10 >30 –
1 2.58 ± 0.38 0.61 ± 0.27 2.63 ± 1.25 4.3
2 2.82 ± 0.04 0.53 ± 0.21 1.53 ± 0.50 2.9
3 5.24 ± 0.33 1.47 ± 0.47 4.14 ± 1.35 2.8
4 17.32 ± 0.20 1.91 ± 0.50 8.83 ± 1.60 4.6
5 2.98 ± 0.02 0.76 ± 0.20 2.27 ± 0.64 3.0
6 6.36 ± 0.16 1.91 ± 0.70 3.86 ± 0.35 2.0
7 2.88 ± 0.07 0.55 ± 0.07 1.85 ± 0.48 3.3
8 9.71 ± 1.12 1.59 ± 0.04 5.83 ± 0.72 3.7
Ethambutol 5.62 – – –
Benznidazole – 10.61 ± 0.87 >30 >2.8
Gentian Violet – – 0.82 ± 0.12 –

(a) Determined after 7 days incubation time with the drugs.
(b) Determined in trypomastigotes after 24 h incubation.
(c) Determined in J774 macrophages after 72 h incubation.
(d) SI = selectivity index for antiparasitic activity, determined as CC50(cytotoxicity)/IC50 (trypomastigotes).
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17.4, indicating that complex acts in a concentration-dependent
manner. It was also observed that complex 1 treatment increased
the double staining for PI/annexin. A similar cell death was also
observed when complex 4 was evaluated. The single and double
staining observed here for these complexes are indicative that par-
asite cell death occurs through an apoptosis process. Antiparasitic
properties of palladium complexes have been observed as causing
apoptotic cell death [29], while other metal transition complexes
usually cause a necrotic death [30].

4. Conclusions

A novel series of Pd(II)/N,N-disubstituted-N0-acyl thioureas is
here reported. The IR and NMR data suggest the coordination of
the ligands to the metal center occurs bidentately, through the
oxygen and sulfur atoms, which was confirmed by X-ray crystallo-
graphic characterization for complexes 2, 3, 5, 6 and 8. In vitro
screening of complexes against M. tuberculosis and T. cruzi revealed
that metal-free ligands were inactive, while complexes were activ-
ity. Structure–activity relationship indicated that their activity are
dependent of the R2 group present in the amine nitrogen, while the
nature of R1, attached in the acyl group, was less important for
activity. The findings observed here reinforce that palladium are
valuable antiparasitic agents.
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a b s t r a c t

Chagas disease is one of the most significant health problems in the American continent. benznidazole
(BDZ) and nifurtimox (NFX) are the only drugs approved for treatment and exhibit strong side effects and
ineffectiveness in the chronic stage, besides different susceptibility among T. cruzi DTUs (Discrete Typing
Units). Therefore, new drugs to treat this disease are necessary. Thiazole compounds have been described
as potent trypanocidal agents. Here we report the structural planning, synthesis and anti-T. cruzi eval-
uation of a new series of 1,3-thiazoles (7e28), which were designed by placing this heterocycle instead of
thiazolidin-4-one ring. The synthesis was conducted in an ultrasonic bath with 2-propanol as solvent at
room temperature. By varying substituents attached to the phenyl and thiazole rings, substituents were
observed to retain, enhance or greatly increase their anti-T. cruzi activity. In some cases, methyl at po-
sition 5 of the thiazole (compounds 9, 12 and 23) increased trypanocidal property. The exchange of
phenyl for pyridinyl heterocycle resulted in increased activity, giving rise to the most potent compound
against the trypomasigote form (14, IC50trypo ¼ 0.37 mM). Importantly, these new thiazoles were toxic for
trypomastigotes without affecting macrophages and cardiomyoblast viability. The compounds were also
evaluated against cruzain, and five of the most active compounds against trypomastigotes (7, 9, 12, 16
and 23) inhibited more than 70% of enzymatic activity at 10 mM, among which compound 7 had an IC50 in
the submicromolar range, suggesting a possible mechanism of action. In addition, examination of T. cruzi
cell death showed that compound 14 induces apoptosis. We also examined the activity against intra-
cellular parasites, revealing that compound 14 inhibited T. cruzi infection with potency similar to
benznidazole. The antiparasitic effect of 14 and benznidazole in combination was also investigated
against trypomastigotes and revealed that they have synergistic effects, showing a promising profile for
drug combination. Finally, in mice acutely-infected with T. cruzi, 14 treatment significanty reduced the
blood parasitaemia and had a protective effect on mortality. In conclusion, we report the identification of
compounds (7), (12), (15), (23) and (26) with similar trypanocidal activity of benznidazole; compounds
(9) and (21) as trypanocidal agents equipotent with BDZ, and compound 14 with potency 28 times better
than the reference drug without affecting macrophages and cardiomyoblast viability. Mechanistically, the
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LpQM, Departamento de Ciências Farmacêuticas, Centro de Ciências da Saúde,
Universidade Federal de Pernambuco - UFPE, 50740-520, Recife, PE, Brazil.

E-mail addresses: gev_filho@hotmail.com (G.B. de Oliveira Filho), acllb2003@
yahoo.com.br (A.C.L. Leite).

Contents lists available at ScienceDirect

European Journal of Medicinal Chemistry

journal homepage: http: / /www.elsevier .com/locate/ejmech

https://doi.org/10.1016/j.ejmech.2017.09.047
0223-5234/© 2017 Elsevier Masson SAS. All rights reserved.

European Journal of Medicinal Chemistry 141 (2017) 346e361

mailto:gev_filho@hotmail.com
mailto:acllb2003@yahoo.com.br
mailto:acllb2003@yahoo.com.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejmech.2017.09.047&domain=pdf
www.sciencedirect.com/science/journal/02235234
http://www.elsevier.com/locate/ejmech
https://doi.org/10.1016/j.ejmech.2017.09.047
https://doi.org/10.1016/j.ejmech.2017.09.047
https://doi.org/10.1016/j.ejmech.2017.09.047


compounds inhibit cruzain, and 14 induces T. cruzi cell death by an apoptotic process, being considered a
good starting point for the development of new anti-Chagas drug candidates.

© 2017 Elsevier Masson SAS. All rights reserved.

1. Introduction

One of the most significant health problems in the American
continent in terms of human health (i.e., number of people infected
with and dying from it), socioeconomic impact and geographic
distribution is the Chagas disease, caused by the protozoan parasite
Trypanosoma cruzi (T. cruzi) [1]. In Brazil, losses of over US$ 1.3
billion in wages and industrial productivity are extimated due to
workers with Chagas disease [2]. Regardless of the decreased
incidence of new infections in Brazil and other countries due to
urbanization and improved living conditions, an estimated number
of 6e8 million people remains infected [1e3].

Benznidazole (BDZ) and Nifurtimox (NFX), launched in the early
1970s, are the only drugs approved for human treatment. Both
compounds share some characteristics: better tolerance by chil-
dren, higher effectiveness during the acute phase of T. cruzi infec-
tion, higher toxicity in adults, and different susceptibility among
T. cruzi DTUs (Discrete Typing Units). Private-funded laboratories
lack interest on Chagas disease research, while equipment and
technological restrictions in public laboratories hamper the
development of new drugs and treatment strategies. This scenario
generates the current situation where the available drugs are the
same as in 1970, have strong side effects and ineffectiveness in the
chronic phase of the disease [1,4]. Thus, new drugs to treat Chagas
disease are necessary.

Trypanosoma cruzi contains cysteine, serine, threonine and
metallo proteinases. The most abundant among these enzymes is
cruzipain, a cysteine proteinase expressed as a complex mixture of
isoforms by the major developmental stages of the parasite,
including some membrane-bound isoforms. This enzyme is an
immunodominant antigen in human chronic Chagas disease and
seems to be important in the host/parasite relationship. Inhibitors
of cruzipain kill the parasite and cure infected mice, thus making
the enzyme a very promising target for the development of new
drugs against Chagas disease [5e12].

The importance of this enzyme has recently been emphasized in
a study by Sbaraglini et al. whose computer-guided drug reposi-
tioning strategy led to the discovery of the trypanocidal effects of
clofazimine and benidipine. These compounds showed inhibitory
effects on cruzipain, on different parasite stages and in a murine
model of acute Chagas disease. Benidipine and clofazimine were
able to reduce the parasite burden in cardiac and skeletal muscles
of chronically infected mice compared with untreated mice as well
as diminish the inflammatory process in these tissues [12].

Regarding the identification of cruzain inhibitors, most of the
efforts have been conducted through the investigation of peptides
and peptide-like compounds, such as ureas [13,14], hydrazones
[15e17], triazoles [18,19], thiosemicarbazones [20e25], thiazolidin-
4-ones [26e28] and 1,3-thiazoles [29e31].

Recently, our research group identified the thiazolidin-4-one (5)
[32], a cyclic bioisoster of the potent cruzain inhibitor 3,4-
dichlorophenyl thiosemicarbazone (6) [20]. Compound (5) was
less active against cruzain than thiosemicarbazone (6). However,
the antiparasitic activity against Y strain of T. cruzi trypomastigotes
and host cell cytotoxicity in J774 macrophages revealed that com-
pound (5) is a stronger and more selective antiparasitic agent than
thiosemicarbazone (6). In T. cruzi infected mice treated orally with

100 mg/kg of compound (5), a decreased of parasitaemia was
observed [32].

Thiazoles compounds (1, 2, 3 and 4) have been described as
potent trypanocidal agents [28e31], then this work devised a series
of 1,3-thiazoles for bioisosteric exchange thiazolidin-4-one ring
through thiazole heterocycle (Fig. 1). The compounds of this series
(7e28) were designed in such a way as to vary the group linked to
position 4 of the thiazole ring, through insertion of alkyl sub-
stituents and aromatic rings with different substitutions in ortho,
meta and para.

2. Results and discussion

2.1. Synthesis and chemical characterization

The general route to prepare thiazoles (7e28) is shown in
Schemes 1e3. Firstly, thiosemicarbazones (6a-c) were prepared by
reacting commercially available 30,40-dichloroacetophenone with
the appropriate thiosemicarbazide in an ultrasound bath in the
presence of catalytic H2SO4 (or HCl in the case of thio-
semicarbazone 6c). Thiazoles (7e9) were prepared according to the
methodology described by Hantzsch [33], by reacting the respec-
tive aryl thiosemicarbazone with commercially available chlor-
oacetones (Scheme 1). These reactions were carried out in the
presence of an excess of anhydrous NaOAc under reflux, affording
compounds (7e9) in variable yields (46e88%) and acceptable pu-
rity (>95%).

For the series of thiazoles (10e28), due to previous experience
of our research group [28e31] and literature reports [34], the
synthesis was conducted in an ultrasonic bath (40 MHz,
30e120 min) with 2-propanol as solvent at room temperature. For
these conditions the reaction proceeded faster and with similar
yields to the Hantzsch method. The 2-bromoacetophenones used
were purchased from commercial sources (Scheme 2).

To investigate the effect of substituents inserted on the N3 po-
sition for pharmacological activity, we prepared the aryl-thiazoles
(11) and (13) (Scheme 3), in the same manner as compounds
(10e28).

The chemical structures of compounds were determined by
nuclear magnetic resonance (N.M.R., 1H and 13C), infrared (I.R.) and
mass spectra (HR-MS), while purity was determined by elemental
analysis (E.A.). The analysis of 1H and 13C NMR spectra of com-
pounds (7e28) has highlighted the signals relating to the methine
located at the C-5 position in the heterocyclic ring, which are
diagnostic for this class of compounds. In NMR 13C, the carbon
referring to this methine is easy to locate, in d¼ 101e117 ppm. In IR,
the presence of the band relating iminics links as well as the
absence of absorption in the carbonyl region are also suggestive of
the formation of compounds (7e28).

Another important structural feature of these compounds is the
position of the double bond involving the C2 carbon of the het-
erocycle ring. Depending on imino-lactam tautomerism, the C2
carbon double bond present in compounds (7e10, 12, 14e28) can
be endocyclic or exocyclic in relation to the heterocycle (Fig. 2).
Compounds 11 and 13 posses amethyl or phenyl group respectively
in N-4 of thiazole nucleus, thus they presented a exocyclic bond.

In the NMR 1H of compounds (7e10, 12, 14e28), the chemical
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shift of the N-H ranges between 10.5 and 11.5 ppm (DMSO-d6),
while in thiosemicarbazone (6a-c), the chemical shift of hidrazinic
protons varies between 10.29 and 10.66 ppm. The data from liter-
ature for amidic proton of lactams, thiazolidin-4-ones and thiazo-
lidin-2,4-diones show the chemical shift in the range of
11.4e12.3 ppm [35,36]. In view of these reports, we can suggest that
the N-H signal in the compounds (7e10,12,14e28) is characteristic
of hidrazinic protons (Fig. 2, form I).

For an unambiguous assignment of this connection, we try to
obtain crystals of the compounds (7e28) suitable for the diffraction
of X-rays, but without success. Recently, Cardoso et al. (2014) [29]
identified by X-ray crystallography that the position of the double
bond involving the C2 carbon of the heterocycle ring of 2-pyridyl
thiazoles is endocyclic. Based on this, we can suggest this is also
true for compounds (7e10, 12, 14e28) (Fig. 2, form I).

Another important structural feature of these compounds is the
isomerism Z or E in hydrazine double-bond C2¼N2. Based on
compounds previously crystallized by our group to define the
relative configuration, we suggest that the major isomer formed
presents the E configuration in hydrazine double-bond C2¼N2
(Fig. 3) [26e29,37,38]. Besides, a representative NMR-1H spectrum
of compound 25 is presented in Supplementary Material.

2.2. Pharmacological evaluation

We assessed host cell cytotoxicity in J774 macrophages and
H9c2 rat cardiomyoblasts, while in vitro anti-T. cruzi activity was
determined against bloodstream trypomastigotes of Y strain
(Table 1). Compounds that showed IC50 values comparable to
benznidazole were considered active.

Regarding cytotoxicity of the compounds (7e28) in J774 mac-
rophages, five compounds (7, 9, 14, 15, and 21) were toxic at

concentrations less than 50 mM, and for H9c2 rat cardiomyoblast
cells, only four compounds (7, 14, 15 and 21) were toxic at con-
centrations less than 50 mM. Beside these compounds, other thia-
zoles did not affect the cell viability of macrophages or
cardiomyoblast at concentrations below 50 mM. The most toxic
congener (14) was about 22 (J774) and 7 (H9c2) times less toxic
than the reference inhibitor (gentian violet).

Compound (7, IC50trypo ¼ 17.1 mM), which has a methyl in posi-
tion 4 of the thiazole ring, was one of the most potent compounds
in the series, showed trypanocidal property similar to that of
benznidazole (IC50trypo ¼ 10.6 mM). Similarly, compound (9,
IC50trypo ¼ 10.5 mM), which differs to (7) only by one methyl at
position 5 of the thiazole ring, demonstrated increased trypanoci-
dal property, being equipotent to benznidazole. Also, compared to
the compound unsubstituted in the phenyl ring (10, IC50trypo¼
>50 mM) that did not show trypanocidal activity, inserting a methyl
at position 5 of the thiazole ring (12), greatly increased pharma-
cological activity, to give a compound (12, IC50trypo ¼ 17.8 mM)
equipotent to benznidazole. This suggests that substitution of alkyl
groups at position 4 and 5 of the thiazole ring are beneficial for
trypanocidal activity, corroborating the recent work of de Moraes
Gomes [30,31]. On the other hand, the insertion of a chloromethyl
(8, IC50trypo¼ >50 mM) at position 4 of the thiazole ring has been
shown deleterious for trypanocidal activity.

The mono-para-substituted compound with methoxy (26,
IC50trypo ¼ 17.1 mM) was also equipotent to benznidazole. In the
same position, substitution with methyl (16, IC50trypo ¼ 47.74 mM),
fluorine (17, IC50trypo¼ >50 mM), chlorine (18, IC50trypo¼ >50 mM) or
bromine (22, IC50trypo¼ >50 mM) was deleterious for trypanocidal
activity. Insertion of nitro groups in the meta and para positions,
(24) and (25) also were not beneficial for pharmacological activity.

Interestingly, the simple insertion of a methyl at position 5 of

Fig. 1. Planning structural of 1,3-thiazoles serie 7e28. Replace the thiazolidin-4-one heterocycle by other structurally equivalent (1,3-thiazole).
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the thiazole ring, generating compound (23, IC50trypo ¼ 19.1 mM)
mono-para-bromo-substituted, produced a compound with similar
trypanocidal activity of benznidazole, which corroborates results of

compound (9) and (12), wherein inserting alkyl substituents at the
5-position of the heterocycle increased pharmacological activity,
and should be explored by our research group. The tri-substituted

Scheme 3. Synthetic procedures for thiazoles (11 and 13).

Scheme 2. Synthetic procedures for thiazoles (10e28).

Scheme 1. Synthetic procedures for thiazoles (7e9).
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20,30,40-tri-chloro compound (21, IC50trypo ¼ 6 mM) also showed
similar potency compared to benznidazole, while the simple sub-
stitution for dichlorinated compounds at the 20,4'- (19) and 30, 4'-
(20) was not beneficial for trypanocidal activity. We tried to eval-
uate the influence of exchange of H bymethyl (11) or (13) phenyl in
the N3 position of the thiazole ring, but neither insertion was
beneficial for trypanocidal activity, in agreement with the recent
work of de Moraes Gomes [30,31].

The exchange of phenyl (10, IC50trypo¼ >50 mM) for heterocycle
2-pyridyl (14, CC50trypo ¼ 0.37 mM) and 4-pyridyl (15,
IC50trypo ¼ 16.8 mM) resulted in increased activity, giving rise to the
most potent compound of series (14, IC50trypo ¼ 0.37 mM), which
reminds us of the importance of the 2-pyridyl heterocycle, which
might facilitate binding with a possible biological target, since it
posses a hydrogen bond acceptor. Compound 14was approximately
28-fold more potent than benznidazole. On the other hand, ex-
change for phenyl-phenyl (27) or naphthyl (28) did not result in
increased trypanocidal activity.

Altogether, results obtained for the series (7e28) corroborate
literature reports [28e31,39] that thiazoles are compounds with
potent trypanocidal activity and low toxicity tomammalian cells, as
observed also in the work of da Silva et al. where compounds 4d
and 4k presented the best activities IC50trypo ¼ 1.2 and 1.6 mM,
respectively [40]. Compounds 4d and 4k have a 2-pyridyl group as a
structural feature similar to compound 14 described herein. This
leads us to note the importance of this group. Compound 14 was
approximately 4-fold more potent than 4d and 4k (Fig. 4).

Finally, it is noteworthy that although the molecular target
involved in trypanocidal properties of 1,3-thiazoles (7e28) is not
known, the pharmacological properties profile identified is rele-
vant. Screening of the series revealed compounds (7), (12), (15),
(23) and (26) with trypanocidal activity similar to benznidazole;
compounds (9) and (21) as trypanocidal agents equipotent with the
reference drug (BDZ), and compound 14 about 28 times more
potent than benznidazole.

The summary of structure activity relationship (SAR) is pre-
sented in Fig. 5.

The inhibitory activity for thiazoles (7e28) against cruzain was
also investigated. We measured cruzain enzymatic activity inhibi-
tion by using an assay based on competition with the substrate Z-
Phe-Arg-aminomethylcoumarin (Z-FR-AMC). Compounds were
screened at 10 mM, themaximum concentration at which theywere
soluble in the assay buffer (Table 2) [41].

As proposed by Du et al. [20], the thioamide moiety has an
important role in the cruzain inhibition mechanism, however it has
been demonstrated that cyclic derivatives, as 1,3-thiazoles [29],
thiazolidin-4-ones [28] and 2,4-oxadiazoles [42], may also inhibit
this enzyme. In this work, most cyclic derivatives present only
modest inhibitory activity of cruzain, however, five of most active
compounds for trypomastigote form (7, 9, 12,16 and 23) inhibit this
enzyme by more than 70%, corroborating with the literature [29].
Compounds 7 and 9were most active, respectively with IC50 values
of 0.6 and 9 mM, suggesting a possible mechanism of action these
compounds. Compound 14 (the most active of all series), did not

Fig. 3. Isomerism Z or E in hydrazine double-bond C2¼N2.

Fig. 2. Position of the C ¼ N bond at the C2 carbon of the compound (25).
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inhibit cruzain, suggesting that it kills the parasite by acting on
another target.

To understand how compound 14 affects parasite cells, we
performed a staining with Rhodamine 123, to detect changes in the
mitochondrial membrane potential in T. cruzi trypomastigotes. As
seen in Fig. 6, treatment with 14, at its IC50 or two times the IC50,
induced mithocondria despolarization evidenced by a decrease in
Rhodamine 123 fluorescence intensity, which typically lead to
apoptosis.

To confirm the hypothesis of cell death by apoptosis a double
staining with annexin V and propidium iodide was performed for
flow cytometry analysis. Eventual phosphatidylserine flipping in
the membrane surface is an alteration observed in the apoptotic
process, while the collapse of the cell, making it permable to pro-
pidium iodide, is an alteration observed in the process of necrosis
[43]. As shown in Fig. 7, in untreated cultures, most trypomastigotes

were negative for annexin V and PI staining, demonstrating cell
viability. In comparison to untreated parasites, a significant in-
crease in the number of Annexin V-positive parasites was observed
under treatment with 14 (0.4 mM) for 24 h, indicating parasite cell
death through apoptosis induction.

Given the selectivity of these compounds against bloodstream
trypomastigotes of T. cruzi, we also examined their activity against
intracellular parasites. To this end, we assessed an in vitromodel of
parasite infection using mouse macrophages infected with Y strain
trypomastigotes. Three days after infection, 15e20% of the un-
treated macrophages were infected, and a high number of amas-
tigotes per 100 macrophages were observed. Treatment with 5 mM
of benznidazole reduced the number of infected cells and the
number of intracellular amastigotes (P < 0.001). We then tested the
most potent compound, thiazole (14), at concentrations of 8, 2 and
0.5 mM. As shown in Fig. 8, this compound inhibited T. cruzi

Table 1
Anti-T. cruzi activity and cytotoxicity effects of thiazoles 7e28.

Cpd. Ar/R R1 Trypomastigotes, Y strain
T. cruzi IC50 ± S.D. (mM)a

Macrophages
CC50 ± S.D. (mM)b

H9c2
CC50 ± S.D. (mM)c

7 CH3 H 17.1 (±0.7) 33.71 (±0.63) 26.12 (±0.55)
8 CH2Cl H >50 >50 >50
9 CH3 CH3 10.5 (±1.5) 41.76 (±2.98) >50

10 Ph H >50 >50 >50
12 Ph CH3 17.8 (±2.1) >50 >50
14 2-Py H 0.37 (±0.1) 10.06 (±1.18) 10.18 (±2.52)
15 4-Py H 16.8 (±0.7) 39.81 (±0.03) 41.94 (±1.52)
16 4-CH3Ph H 47.74 (±2.38) >50 >50
17 4-FPh H >50 >50 >50
18 4-ClPh H >50 >50 >50
19 2.4-diClPh H >50 >50 >50
20 3.4-diClPh H >50 >50 >50
21 2.3.4-triClPh H 6 (±1.52) 21.28 (±1.98) 16.97 (±1.84)
22 4-BrPh H >50 >50 >50
23 4-BrPh CH3 19.1 (±0.4) >50 >50
24 4-NO2Ph H >50 >50 >50
25 3-NO2Ph H >50 >50 >50
26 4-OCH3Ph H 17.1 (±1.68) >50 >50
27 4-PhPh H >50 >50 >50
28 2-Naphtyl H >50 >50 >50

11 CH3 H >50 >50 >50
13 Ph H >50 >50 >50
Bdz e e 10.61 (±0,87) >50 >50
GV e e NT 0.45 (±0.04) 1.5 (±0.7)

a Determined after 24 h of incubation in the presence of compounds.
b Determined in J774 cells for 72 h after incubation.
c Determined in H9c2 rat cardiomyoblast cells for 72 h after incubation. NT ¼ not tested. Bdz ¼ benznidazole. GV ¼ gentian violet. S.D. ¼ standard deviation.
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infection in a concentration dependent manner, being equipotent
to benznidazole at concentration of 2 mM, and showing higher
potency than benznidazole at concentration of 8 mM (P < 0.001).

The antiparasitic effect of 14 and benznidazole in combination
was also investigated against trypomastigotes. Such experiment is
important because combination therapies can be a valuable tool to
improve treatment efficacy and reduce dose levels and toxicity, as
well as to prevent the potential development of resistance, which
may be advantages for the treatment of parasitic diseases [44,45].
The combination index value of 0.37 ± 0.09 associated with a
concave isobologram reveals that 14 demonstrates synergistic ef-
fects with benznidazole against the bloodstream parasites in vitro,
showing a promising profile for drug combination (Fig. 9).

Next, in vivo studies to evaluate the effects of 14 against T. cruzi
infection in mice (acute phase) were performed. As shown in
Fig. 10, treatment with compound 14 significantly (P < 0.001)
reduced blood parasitaemia when compared with mice treated
with vehicle (Fig. 10). At dose of 25 mg/kg, administration of
compound 14 caused a reduction in blood parasitaemia of 54.6 and
64.1% at days 8 and 12 post infection respectively (Table 3). In the
group treated with benznidazole, it was observed >99% of inhibi-
tion of blood parasitaemia, indicating that eradication of infection
was achieved. Treatment with 14, similar to the treatment with
benznidazole, had a protective effect on mortally (Table 3). Mice
from benznidazole or 14 treated groups did not show any behav-
ioral alteration or signs of toxicity (data not shown).

Finally, we evaluated if the compounds synthesized that prop-
erties within the Lipinski's Rule of Five, which are important for

Fig. 5. Summary of SAR of trypanocidal activity.

Table 2
Cruzain inhibition of thiazoles 7e28.

Cpd. % cruzain inhibition ± S.D. at 10 mMa IC50 (mM)b

7 97 ± 1 0.6 ± 0.2
8 50 ± 5 ND
9 84 ± 5 9 ± 3
10 59 ± 8 ND
11 12 ± 5 ND
12 76 ± 4 ND
13 31 ± 4 ND
14 17 ± 1 ND
15 32 ± 2 ND
16 75 ± 5 ND
17 32 ± 3 ND
18 31 ± 2 ND
19 35 ± 9 ND
20 ND ND
21 38 ± 8 ND
22 43 ± 3 ND
23 74 ± 4 ND
24 ND ND
25 33 ± 7 ND
26 41 ± 2 ND
27 44 ± 8 ND
28 44 ± 5 ND

a Determined in a competition assay with ZFR-AMC, average for two screens, each
in triplicate.

b Means relating to at least two IC50 determinations. All errors calculated by the
formula: s� ffiffiffi

n
p , at where s ¼ standard deviation and n ¼ number of experiments.

S.D. ¼ standard deviation. ND ¼ Not determined.

Fig. 4. Summary of SAR for thiazole compounds.
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pharmacokinetics and drug development. Compound obeying at
least three of the four criteria are to considered to adhere to the
Lipinski Rule [47]. Other interest property is the polar surface area
(PSA), since compounds with a low PSA (�140 Å2) tend to have
higer oral bioavailability [48,49]. All compounds synthetized,
except 24 and 25, are compatible with Lipinski Rule and present
appropriate PSA (Table 4).

Considering the aim to identify a new antitrypanosomatid, the
analysis of the results depicted in Table 1, allowed the selection of
compound 14 as a trypanosomicidal agent. Therefore, its physico-
chemical and ADME properties were calculated using the Swis-
sADME (a free web tool to evaluate pharmacokinetics, drug-
likeness and medicinal chemistry friendliness of small molecules)
and the results were compared to those obtained for benznidazole
(Table 5).

As demonstrated in Table 5, the druglikeness of compound 14
was very similar to benznidazole, with no violations of Lipinsky's
rule of 5 [47]. Regardless of the poor solubility (predicted in buffer
at pH of 6.5), compound 14 was shown to be highly permeable
based on gastrointestinal absorption (GI), according to the BOILED-
Egg predictive model (Brain Or IntestinaL EstimateD permeation
method). These results were similar to benznidazole. Compound 14
was expected to have an oral bioavailability score of 0.55 as well as
benznidazole (Table 5). Taken together, this data, suggests a good in
silico druglikeness profile and great chemical stabilities for com-
pound 14. In fact, the in vivo efficacy of 14 reinforces this ideia.

3. Conclusions

The 1,3-thiazoles were structurally designed by employing the
non-classical bioisosteric exchange of a thiazolidin-4-one ring by a
thiazole heterocycle. This led to the synthesis and chemical char-
acterization of compounds 7e28, which were evaluated concerning
their anti-T. cruzi, cytotoxicity and cruzain inhibition activities. The
pharmacological evaluation led to the identification of thiazoles (7,
9, 12,14,15, 21, 23 and 26) as potents anti-T. cruzi agent. Concerning
their mechanism of action, some of these compounds inhibit cru-
zain and compound 14 was observed to induce parasite cell death
through an apoptotic process, as indicated by the induced depo-
larization of the mitochondrial membrane in Rhodamine 123 la-
beling assay. Compound 14was also able to inhibit in vitro infection
by T. cruzi, showed synergistic effect with the reference drug,
showing a promising profile for drug combination, and at dose of

25 mg/kg caused a reduction in blood parasitaemia of 54.6 and
64.1% at days 8 and 10 post infection respectively. These results
suggest that the strategies used are promising to obtain novel
potent and selective antiparasitic agents.

4. Experimental protocols

4.1. Reagents and spectra analysis

All reagents were used as purchased from commercial sources
(Sigma-Aldrich, Acros Organics, Vetec, or Fluka). Progress of the
reactions was followed by thin-layer chromatography (silica gel 60
F254 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). IR was determined in KBr
pellets. For NMR, we used a Bruker AMX-300 MHz (300 MHz for 1H
and 75.5 MHz for 13C) instruments. DMSO-d6 or D2O were pur-
chased from CIL. Chemical shifts are reported in ppm, and multi-
plicities 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 D2O. Structural assignments were corroborated by
DEPT analysis. Mass spectrometry experiments were performed on
a Q-TOF spectrometer LC-IT-TOF (Shimadzu). When otherwise
specified, ESI was carried out in the positive ion mode. Reactions in
an ultrasound bath were carried out under frequency of 40 kHz
(180 W) and without external heating.

4.1.1. General procedure for the synthesis of thiosemicarbazones
(6a-c)

Example for compound (6a): Synthesis of 1-(3,4-
dichlorophenyl)-ethylidenethiosemicarbazone (6a). Under mag-
netic stirring: in a 100 mL round-bottom flask, 1.06 mmol (0.097 g)
of thiosemicarbazide, 1.06 mmol (0.2 g) of 30,40-dichlor-
oacetophenone, 4 drops of H2SO4 and 20 mL of ethanol were added
and maintained under magnetic stirring and reflux for 20 h. After
cooling back to rt, the precipitate was filtered in a Büchner funnel
with a sintered disc filter, washed with cold ethanol, and then dried
over SiO2. Product was purified by recrystallization in hot toluol.
Colorless crystals, m.p.: 187e189 �C; yield: 0.10 g (38%).

Under ultrasound irradiation: in a 10 mL round-bottom flask,
1.06 mmol (0.097 g) of thiosemicarbazide, 1.06 mmol (0.2 g) of
30,40-dichloroacetophenone, 4 drops of H2SO4 and 20 mL of ethanol

Fig. 6. Effects of 14 on the mitochondrial membrane potential. Overlay flow cytometric histograms of the control and the 14- treated parasites labeled with Rhodamine 123. The
reduction of Rhodamine 123 fluorescence intensity, mainly at the 2x IC50 of 14, indicates the depolarization of the mitochondrial membrane.
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were added and maintained in an ultrasound bath for 30 min. After
cooling back to rt, the precipitate was filtered in a Büchner funnel
with a sintered disc filter, washed with cold ethanol, and then dried
over SiO2. Product was purified by recrystallization in hot toluol.
Colorless crystals, m.p.: 187e189 �C; yield: 0.22 g (80%); Rf ¼ 0.56
(toluol/ethyl acetate 6:4). IR (KBr): 3427 (NH2), 3399 (NH), 3138 (C-
H), 1591 (C¼N) cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.27 (s, 3H,
CH3), 7.58 (d, 1H, J 9.37 Hz, Ar), 7.86 (dd, 1H, J 9.37 and 3.75 Hz, Ar),
8.18 (s,1H, NH2), 8.26 (d,1H, J 3.75 Hz, Ar), 8.36 (s,1H, NH2),10.29 (s,
1H, NH). Signals at d 8.18, 8.36 and 10.29 ppm disapear after adding
D2O. 13C NMR (75.5 MHz, DMSO-d6): d 13.8 (CH3), 126.7 (CH, Ar),
128.2 (CH, Ar), 130.2 (CH, Ar), 131.3 (C, Ar), 131.6 (3ClC, Ar), 138.2
(4ClC, Ar), 145.312 (C¼N), 179.0 (C¼S). HRMS (ESI): 259.9565 [M -
H]þ. Anal. calcd for C9H9Cl2N3S: C, 41.23; H, 3.46; N, 16.03; S, 12.23.
Found: C, 41,21; H, 3,61; N, 16,36; S, 12,78.

4.1.1.1. 1-(3,4-dichlorophenyl)ethylideno-4-methylthiosemicarbazone
(6b). Recrystallization in hot toluol afforded colorless crystal, m.p.:
195e197 �C; yield: 0.24 g (84%); Rf ¼ 0.7 (toluol/ethyl acetate 6:4).
IR (KBr): 3343 e 3219 (NH), 1547 (C¼N) cm�1. 1H NMR (300 MHz,
DMSO-d6): d 2.28 (s, 3H, CH3), 3.04 (d, 3H, J 6 Hz, NeCH3, coupling
with NeH), 7.63 (d,1H, J 8.57 Hz, Ar), 7.88 (dd,1H, J 8.57 and 2.14 Hz,
Ar), 8.23 (d, 1H, J 2.14 Hz, Ar), 8.61 (broad d, 1H, J 6 Hz, CH3eNH),
10.33 (s, 1H, NH). 13C NMR (75.5 MHz, DMSO-d6): d 13.8 (CH3), 31.1
(NeCH3), 126.7 (CH, Ar), 128.1 (CH, Ar), 130.2 (CH, Ar), 131.3 (C, Ar),
131.5 (3ClC, Ar), 138.3 (4ClC, Ar), 145.0 (C¼N), 178.6 (C¼S). HRMS
(ESI): 275.9475 [MþH]þ. Anal. calcd for C10H11Cl2N3S: C, 43.49; H,
4.01; N, 15.21; S, 11.61. Found: C, 43.34; H, 3.98; N, 15.55; S, 11.74.

4 . 1 . 1 . 2 . 1 - ( 3 , 4 - d i c h l o r o p h e n y l ) e t h y l i d e n e ) - 4 -
phenylthiosemicarbazone (6c). Recrystallization in hot toluol affor-
ded colorless crystal, m.p.: 200e202 �C; yield: 0.32 g (89%);
Rf ¼ 0.73 (toluol/ethyl acetate 6:4). IR (KBr): 3309 and 3239 (NH),
3046 (C-H), 1523 (C¼N) cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.36
(s, 3H, CH3), 7.23 (t, 1H, J 7.21 Hz, Ar), 7.38 (t, 2H, J 7.21 Hz, Ar), 7.51
(d, 2H, J 7.21 Hz, Ar), 7.64 (d, 1H, J 9.09 Hz, Ar), 7.97 (dd, 1H, J 9.09
and 2.72 Hz, Ar), 8.34 (d,1H, J 2.72 Hz, Ar), 10.18 (s, 1H, NH), 10.66 (s,
1H, ArNH). 13C NMR (75.5 MHz, DMSO-d6): d 14.2 (CH3), 125.6 (CH,
Ar), 126.5 (CH, Ar), 127.0 (CH, Ar), 128.1 (CH, Ar), 128.4 (CH, Ar),
130.2 (CH, Ar), 131.3 (C, Ar), 131.8 (3ClC, Ar), 138.1 (4ClC, Ar), 139.2
(CeN, Ar), 146.3 (C¼N), 177.3 (C¼S). HRMS (ESI): 337.9678 [MþH]þ.
Anal. calcd for C15H13Cl2N3S: C, 53.26; H, 3.87; N, 12.42; S, 9.48.
Found: C, 53.23; H, 3.84; N, 12.31; S, 9.32.

4.1.2. General procedure for the synthesis of 1,3-thiazoles (7e9)
Example for compound (7): Synthesis of 2-[1-(3,4-

dichlorophenyl)ethylidenohydrazinyl]-4-methyl-1,3-thiazole (7).
In a 50 mL round-bottom flask, 0.76 mmol (0.2 g) of thio-
semicarbazone (6a) was dissolved in 30 mL of ethanol followed by
addition of 3.04 mmol (0.25 g) of sodium acetate. After stirring and
heating for 15 min, 1.14 mmol (0.105 g) of 2-chloroacetone was
added in portions and the mixture was maintained under stirring
and reflux for 5 h. After cooling back to rt, the precipitate was
filtered off and the solvent was evaporated under reduced pressure.
The crude mixture was crystallized in hot water, affording brown
crystals, m.p.: 102e104 �C; yield: 0.18 g (78%). Rf: 0.57 (toluol/ethyl
acetate 6:4). IR (KBr): 3190 (NH), 1568 (C¼N) cm�1. 1H NMR
(300 MHz, DMSO-d6): d 1.88 (s, 3H, CH3), 2.15 (s, 3H, CH3), 6.30 (s,
1H, CH thiazole), 7.63 (d, 1H, J 8.4 Hz, Ar), 7.71 (dd, 1H, J 8.4 and
1.8 Hz, Ar), 7.90 (d, 1H, J 1.8 Hz, Ar), 11.99 (s, 1H, NH). 13C NMR
(75.5 MHz, DMSO-d6): d 16.4 (CH3), 21.4 (CH3), 101.8 (CH thiazole),
125.5 (CH, Ar), 127.0 (CH, Ar), 130.5 (CH, Ar), 130.7 (C, Ar), 131.2
(3ClC, Ar), 138.8 (4ClC, Ar), 144.5 (C, thiazole), 169.5 (C¼N), 172.2
(SeC¼N). HRMS (ESI): 300.0168 [MþH]þ. Anal. calcd for
C12H11Cl2N3S: C, 48.01; H, 3.69; N, 14.00; S, 10.68. Found: C, 48.07;

Fig. 7. Flow cytometry analysis of trypomastigotes treated with 14 and stained with
annexin V. (A) Untreated trypomastigotes; (B) trypomastigotes treated with 14
(0.4 mM); (C) Percentage of stained cells with annexin V after 24 h of treatment with
14. Values represent the means ± SEM of six determinations. **P < 0.01.
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H, 3.96; N, 14.07; S, 10.65.

4.1.2.1. 4-(chloromethyl)-2-[1-(3,4-dichlorophenyl)ethylidene-hydra-
zinyl]-thiazole (8). Recrystallization in hot ethanol afforded brown
crystals, m.p.: 124e126 �C; yield: 1.12 g (88%); Rf ¼ 0.64 (toluol/
ethyl acetate 6:4). IR (KBr): 3065 (C-H), 1561 (C¼N) cm�1. 1H NMR
(300 MHz, DMSO-d6): d 2.68 (s, 3H, CH3), 4.64 (s, 2H, CH2), 6.96 (s,
1H, CH thiazole), 7.15 (dd, 1H, J 8.4 and 2.1 Hz, Ar), 7.28 (d, 1H, J
2.1 Hz, Ar), 7.42 (d, 1H, J 8.4 Hz, Ar). 13C NMR (75.5 MHz, DMSO-d6):
d 15.8 (CH3), 46.5 (CH2), 111.6 (CH thiazole), 126.3 (CH, Ar), 130.2
(CH, Ar), 131.1 (CH, Ar), 132.4 (C, Ar), 132.6 (C, Ar), 133.2 (C, Ar), 147.8
(C, Ar), 151.6 (C¼N), 162.2 (S-C¼N). HRMS (ESI): 333.9613 [M - H]þ.
Anal. calcd for C12H10Cl3N3S: C, 43.07; H, 3.01; N, 12.56; S, 9.58.
Found: C, 43.07; H, 3.00; N, 12.42, S, 9.69.

4.1.2.2. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazinyl]-4,5-
dimethylthiazole (9). Recrystallization in hot ethanol afforded yel-
low crystals, m.p.: 157e159 �C; yield: 0.55 g (46%); Rf¼ 0.51 (toluol/
ethyl acetate 6:4). IR (KBr): 3197 (NH), 2918 (C-H), 1546 (C¼N)
cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.04 (s, 3H, CH3), 2.12 (s, 3H,

CH3), 2.25 (s, 3H, CH3), 7.63 (d, 1H, J 8.4 Hz, Ar), 7.71 (dd, 1H, J 8.4
and J 2.1 Hz, Ar), 7.90 (d, 1H, J 2.1 Hz, Ar), 11.52 (s, 1H, NH). 13C NMR
(75.5 MHz, DMSO-d6): d 11.3 (CH3), 13.8 (CH3), 21.5 (CH3), 112.0 (S-

Fig. 8. Thiazole 14 affects intracellular parasite development. The percentage of infected macrophages (A) and the relative number of amastigotes per 100 macrophages (B) are
higher in untreated controls than in cultures treated with test compound 14 or Bdz. Infected macrophages were treated for 3 days with compounds and then analyzed in Perkin-
Elmer Opera confocal microscope after staining with hoeschst. Values represent the means ± SEM of six determinations. ***P < 0.001; **P < 0.01; *P < 0.05. Bdz (benznidazole; 5 mM)
was used as a positive control.

Fig. 9. Isobologram describing the synergistic effects of 14 and benznidazole on try-
pomastigotes viability. Broken lines correspond to the predicted positions of the
experimental points for additive effects. A combination index of 0.37 ± 0.09 was
calculated according to Chou & Talalay [46].

Fig. 10. Parasitaemia of BALB/c mice infected with T. cruzi and treated with 14. Female
BALB/c mice were infected with 104 Y strain trypomastigotes. Five days after infection,
mice were treated orally with 14 (25 mg/kg) or benznidazole (100 mg/kg) once a day
during five consecutive days. Parasitaemia was monitored by counting the number of
trypomastigotes in fresh blood samples. Values represent the mean ± SEM of 6 mice
per group. **P < 0.01; ***P < 0.001 compared to untreated-infected group (vehicle).

Table 3
Parasitaemia and mortality evaluation in mice infected with Y strain T. cruzi and
treated daily with 14 or benznidazole for 5 days.

Sample Dose (mg/Kg) % Blood
parasitaemia
reduction in micea

Mortalityb

8dpi 12 dpi

14 25 54.6% 64.1 1/6
BDZ 100 >99 >99 0/6
Vehicle e e e 5/6

a Calculated as ([(average vehicle group� average treated group)/average vehicle
group] � 100%).

b Mortaly was monitored until 30 days after treatment. Dpi¼ days post-infection.
BDZ ¼ benznidazole. Vehicle ¼ untreated and infected group.
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C-CH3 thiazole), 125.9 (CH, Ar), 127.3 (CH, Ar), 130.9 (CH, Ar), 130.98
(C, Ar), 131.6 (3ClC, Ar), 139.4 (4ClC, Ar), 145.2 (N-C-CH3, thiazole),
167.4 (C¼N), 172.5 (SeC¼N). HRMS (ESI): 313.9612 [MþH]þ. Anal.
calcd for C13H13Cl2N3S: C, 49.69; H, 4.17; N,13.37; S, 10.20. Found: C,
49.35; H, 4.28; N, 13.27, S, 10.30.

4.1.3. General procedure for the synthesis of 1,3-thiazoles (10e28)
Example for compound (10): Synthesis of 2-[1-(3,4-

dichlorophenyl)ethylidene-hydrazinyl]-4-phenylthiazole (10). Un-
der ultrasound irradiation: in a 100 mL round-bottom flask,
3.81 mmol (0.76 g) of 2-bromoacetophenone and 25 mL of iso-
propanol were added and maintained in an ultrasound bath, the
mixture was sonicated at room temperature until complete solu-
bilization of the reagents. Then it was added 3.81 mmol (1.0 g) of
the compound (6a). Immediately after addition, there was com-
plete solubilization and change of color of the reaction mixture
from light yellow to gray. The mixture was kept under ultrasonic
bath at room temperature for 2 h. Thereafter, the precipitate
formed was filtered, washed with isopropanol and dried in over
SiO2. The product was recrystallised in hot ethanol/methanol 2: 1,
affording gray crystals, m.p.: 259e261 �C; yield: 0.98 g (71%). Rf:
0.62 (toluol/ethyl acetate 6:4). IR (KBr): 2918 (CH), 1612 (C¼N)
cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.31 (s, 3H, CH3), 7.30e7.43
(m, 4H, Ar), 7.65e7.94 (m, 5H, Ar), 11.25 (s, 1H, NH). 13C NMR
(75.5 MHz, DMSO-d6): d 11.5 (CH3), 102.1 (CH thiazole), 123.2 (CH,

Ar), 123.4 (CH, Ar), 124.9 (CH, Ar), 125.3 (CH, Ar), 126.3 (CH, Ar),
128.2 (CH, Ar), 130.98 (C, Ar), 131.6 (3ClC, Ar), 135.0 (C, Ar), 139.4
(4ClC, Ar), 143.9 (C, Ar), 150.0 (C¼N), 170.0 (SeC¼N). HRMS (ESI):
361.9579 [MþH]þ. Anal. calcd for C17H13Cl2N3S: C, 56.36; H, 3.62; N,
11.60; S, 8.85. Found: C, 56.34; H, 3.69; N, 11.51; S, 8.84.

4.1.3.1. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazono]-3-methyl-4-
phenyl-2,3-dihydrothiazole (11). Recrystallization in hot ethanol
afforded yellow crystals, m.p.: 247e248 �C; yield: 1.12 g (82%);
Rf ¼ 0.93 (toluol/ethyl acetate 6:4). IR (KBr): 3035 (C-H), 1593
(C¼N) cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.40 (s, 3H, CH3), 3.40
(s, 3H, N-CH3), 6.59 (s, 1H, CH thiazole), 7.51 (m, 5H, Ar), 7.67 (d, 1H,
J 8.4 Hz, Ar), 7.80 (d, 1H, J 8.4 Hz, Ar), 7.98 (s, 1H, Ar). 13C NMR
(75.5 MHz, DMSO-d6): d 14.2 (CH3), 34.1 (N-CH3), 101.8 (CH thia-
zole), 125.9 (CH, Ar), 127.4 (CH, Ar), 128.8 (CH, Ar), 129.4 (CH, Ar),
130.0 (CH, Ar), 130.6 (C, Ar), 131.3 (3ClC, Ar), 138.8 (4ClC, Ar), 141.0
(N-C-C, thiazole), 152.5 (C¼N), 170.1 (SeC¼N). HRMS (ESI):
375.9459 [MþH]þ. Anal. calcd for C18H15Cl2N3S: C, 57.45; H, 4.02; N,
11.17; S, 8.52. Found: C, 57.51; H, 3.98; N, 11.43; S, 8.55.

4.1.3.2. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazinyl]-5-methyl-4-
phenylthiazole (12). Recrystallization in hot ethanol afforded beige
crystals, m.p.: 234e236 �C; yield: 1.16 g (81%); Rf ¼ 0.54 (toluol/
ethyl acetate 6:4). IR (KBr): 3022 (C-H), 1619 (C¼N) cm�1. 1H NMR
(300 MHz, DMSO-d6): d 2.35 (s, 3H, CH3), 2.38 (s, 3H, N-CH3),
7.42e7.62 (m, 5H, Ar), 7.69 (d, 1H, J 8.4 Hz, Ar), 7.83 (d, 1H, J 8.4 Hz,
Ar), 8.65 (s, 1H, Ar). 13C NMR (75.5 MHz, DMSO-d6): d 12.4 (CH3),
14.7 (CH3), 117.9 (S-C-CH3 thiazole), 126.6 (CH, Ar), 127.6 (CH, Ar),
128.0 (CH, Ar), 128.1 (CH, Ar), 128.9 (CH, Ar), 131.0 (C, Ar), 131.8
(3ClC, Ar), 132.0 (4ClC, Ar), 138.4 (N-C-C, thiazole), 165.9 (C¼N),
167.2 (SeC¼N). HRMS (ESI): 375.9648 [MþH]þ. Anal. calcd for
C18H15Cl2N3S: C, 57.45; H, 4.02; N, 11.17; S, 8.52. Found: C, 57.34; H,
3.95; N, 11.21; S, 8.58.

4.1.3.3. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazono]-3,4-
diphenyl-2,3-dihydrothiazole (13). Recrystallization in hot toluol
afforded beige crystals, m.p.: 170e172 �C; yield: 0.23 g (61%);
Rf ¼ 0.96 (toluol/ethyl acetate 6:4). IR (KBr): 1597 and 1515 (C¼N)
cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.16 (s, 3H, CH3), 6.67 (s, 1H,
CH thiazole), 7.16e7.52 (m, 10H, Ar), 7.65 (d, 1H, J 8.4 Hz, Ar), 7.76

Table 4
Physicochemical properties calculated for the thiazoles.

Compd. MW (g/mol) C log P H bond donors H bond acceptors Criteria met PSA Å2

Desirable Value <500 <5 <5 <10 3 at least �140

7 300.2 4.33 1 3 All 37.28
8 334.64 4.86 1 4 All 37.28
9 314.23 4.97 1 3 All 37.28
10 362.27 6.22 1 3 3 37.28
11 376.3 4.84 0 3 All 27.96
12 376.3 6.87 1 3 3 37.28
13 438.37 6.51 0 3 3 27.96
14 363.26 4.29 1 4 4 50.17
15 363.26 5.01 1 4 3 50.17
16 376.3 6.74 1 3 3 37.28
17 380.26 6.37 1 3 3 37.28
18 396.71 6.83 1 3 3 37.28
19 431.16 7.44 1 3 3 37.28
20 431.16 7.44 1 3 3 37.28
21 465.6 8.04 1 3 3 37.28
22 441.17 7.00 1 3 3 37.28
23 455.2 7.64 1 3 3 37.28
24 407.27 6.17 1 5 2 80.42
25 407.27 6.17 1 5 2 80.42
26 392.3 6.07 1 4 3 46.51
27 438.37 7.88 1 3 3 37.28
28 412.33 7.22 1 3 3 37.28

Table 5
Physico-chemistry properties and ADME profile of compounds 14 and benznidazole
calculated using the Program SwissADME.

Predicted properties Compounds

14 Benznidazole

MW (g/mol) 363.23 260.25
H-Donors 1 1
H-Acceptors 4 4
Rotatable Bonds 4 6
LogP 4.29 0.66
Solubility 1.07 mg/mL 2.27 mg/mL
GI absorption High High
Bioavailability Score 0.55 0.55
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(dd, 1H, J 8.4 and 1.8 Hz, Ar), 7.95 (d, 1H, J 1.8 Hz, Ar). 13C NMR
(75.5 MHz, DMSO-d6): d 14.1 (CH3), 102.1 (CH thiazole), 125.6 (CH,
Ar),125.8 (CH, Ar),126.5 (CH, Ar),127.0 (CH, Ar),127.3 (CH, Ar),127.7
(CH, Ar), 128.1 (CH, Ar), 128.2 (CH, Ar), 128.4 (CH, Ar), 128.7 (CH, Ar),
130.2 (CH, Ar), 130.5 (CH, Ar), 130.6 (CH, Ar), 131.1 (C, Ar), 131.2 (C,
Ar), 137.5 (C, Ar), 138.9 (C, Ar), 139.6 (C, Ar), 153.2 (C¼N), 169.9
(SeC¼N). HRMS (ESI): 438.0271 [MþH]þ. Anal. calcd for
C23H17Cl2N3S: C, 63.02; H, 3.91; N, 9.59; S, 7.31. Found: C, 62.45; H,
4.08; N, 9.63; S, 6.86.

4.1.3.4. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazinyl]-4-(pyridin-
2-yl)thiazole (14). Recrystallization in hot ethanol afforded green
crystals, m.p.: 227 �C; yield: 1.0 g (72%); Rf ¼ 0.46 (toluol/ethyl
acetate 6:4). IR (KBr): 3360 (NH), 3165 (CH), 1615 and 1597 (C¼N)
cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.35 (s, 3H, CH3), 7.68e7.79
(m, 3H, Ar), 7.97e8.10 (m, 2H, Ar), 8.24e8.36 (m, 2H, Ar), 8.64e8.72
(m, 1H, Ar), 11.00 (s, 1H, NH). 13C NMR (75.5 MHz, DMSO-d6): d 14.0
(CH3), 117.1 (CH thiazole), 124.3 (CH, Ar), 125.8 (CH, Ar), 127.3 (CH,
Ar),130.6 (CH, Ar),131.3 (CH, Ar),138.2 (C, Ar),138.9 (C, Ar),139.6 (C,
Ar), 145.5 (C, Ar), 153.2 (C¼N), 169.9 (SeC¼N). HRMS (ESI):
362.9710 [MþH]þ. Anal. calcd for C16H12Cl2N4S: C, 52.90; H, 3.33; N,
15.42; S, 8.83. Found: C, 52.85; H, 3.38; N, 15.72; S, 8.88.

4.1.3.5. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazinyl]-4-(pyridin-
4-yl)thiazole (15). Recrystallization in hot ethanol afforded green
crystals, m.p.: 197 �C; yield: 1.05 g (75%); Rf ¼ 0.5 (toluol/ethyl
acetate 6:4). IR (KBr): 1630 and 1561 (C¼N) cm�1. 1H NMR
(300 MHz, DMSO-d6): d 2.31 (s, 3H, CH3), 7.63 (d, 1H, J 7.8 Hz), 7.71
(d, 1H, J 7.8 Hz, Ar), 7.89 (s, 1H, Ar), 8.36 (d, 2H, J 5.7 Hz, Ar), 8.72 (s,
1H, CH thiazole), 8.93 (d, 2H, J 5.7 Hz, Ar), 11.72 (s, 1H, NH). 13C NMR
(75.5 MHz, DMSO-d6): d 14.0 (CH3), 117.0 (CH thiazole), 122.0 (CH,
Ar),125.7 (CH, Ar),127.3 (CH, Ar),130.6 (CH, Ar),131.3 (CH, Ar),138.1
(C, Ar), 142.1 (C, Ar), 145.1 (C, Ar), 145.9 (C, Ar), 149.1 (C, Ar), 153.2
(C¼N), 170.3 (SeC¼N). HRMS (ESI): 363.7868 [MþH]þ. Anal. calcd
for C16H12Cl2N4S: C, 52.90; H, 3.33; N, 15.42; S, 8.83. Found: C,
52.70; H, 3.37; N, 15.41; S, 8.88.

4.1.3.6. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazinyl]-4-(p-tolyl)
thiazole (16). Recrystallization in hot ethanol afforded beige crys-
tals, m.p.: 256e258 �C; yield: 1.21 g (84%); Rf ¼ 0.75 (toluol/ethyl
acetate 6:4). IR (KBr): 3030 (CH), 1608 (C¼N) cm�1. 1H NMR
(300 MHz, DMSO-d6): d 2.30 (s, 3H, CH3), 2.31 (s, 3H, CH3),
7.19e7.26 (m, 3H, Ar), 7.63e7.76 (m, 4H, Ar), 7.94 (s, 1H, Ar), 11.50 (s,
1H, NH). 13C NMR (75.5 MHz, DMSO-d6): d 13.9 (CH3), 20.8 (CH3),
103.6 (CH thiazole), 125.6 (CH, Ar), 125.8 (CH, Ar), 127.3 (CH, Ar),
129.2 (CH, Ar), 130.6 (CH, Ar), 131.2 (C, Ar), 131.3 (C, Ar), 137.1 (C, Ar),
138.3 (C, Ar),144.8 (C, Ar),149.4 (C, Ar),169.3 (C¼N),172.2 (SeC¼N).
HRMS (ESI): 375.9742 [MþH]þ. Anal. calcd for C18H15Cl2N3S: C,
57.45; H, 4.02; N, 11.17; S, 8.52. Found: C, 57.15; H, 4.00; N, 10.86; S,
8.42.

4.1.3.7. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazinyl]-4-(4-
fluorophenyl)thiazole (17). Recrystallization in hot ethanol afforded
beige crystals, m.p.: 267e269 �C; yield: 0.85 g (80%); Rf ¼ 0.66
(toluol/ethyl acetate 6:4). IR (KBr): 2923 (CH), 1615 (C¼N) cm�1. 1H
NMR (300 MHz, DMSO-d6): d 2.29 (s, 3H, CH3), 7.20e7.25 (m, 2H,
Ar), 7.31 (s, 1H, CH thiazole), 7.62 (d, 1H, J 8.4 Hz, Ar), 7.72 (d, 1H, J
8.4 Hz, Ar), 7.85e7.89 (m, 2H, Ar), 7.91 (s, 1H, Ar). 13C NMR
(75.5 MHz, DMSO-d6): d 13.9 (CH3), 104.3 (CH thiazole), 115.4 (CH,
Ar), 115.7 (CH, Ar), 125.7 (CH, Ar), 127.3 (CH, Ar), 127.6 (CH, Ar), 127.7
(CH, Ar), 130.6 (CH, Ar), 131.2 (C, Ar), 131.3 (C, Ar), 138.3 (C, Ar),144.8
(C, Ar), 148.6 (C¼N), 160.1 and 163.3 (d, CeF, Ar), 169.5 (SeC¼N).
HRMS (ESI): 379.9738 [MþH]þ. Anal. calcd for C17H12Cl2FN3S: C,
53.69; H, 3.18; N, 11.05; S, 8.43. Found: C, 53.53; H, 3.52; N, 10.95; S,
8.42.

4.1.3.8. 4-(4-chlorophenyl)-2-[1-(3,4-dichlorophenyl)ethylidene-
hydrazinyl]thiazole (18). Recrystallization in hot ethanol afforded
beige crystals, m.p.: 266e268 �C; yield: 1.2 g (79%); Rf ¼ 0.72
(toluol/ethyl acetate 6:4). IR (KBr): 3047 (CH), 1611 (C¼N) cm�1. 1H
NMR (300 MHz, DMSO-d6): d 2.28 (s, 3H, CH3), 7.38 (s, 1H, CH
thiazole), 7.43 (d, 2H, J 8.1 Hz, Ar), 7.61 (d, 1H, J 8.4 Hz, Ar), 7.70 (d,
1H, J 8.4 Hz, Ar), 7.84 (d, 2H, J 8.1 Hz, Ar), 7.90 (s, 1H, Ar), 10.59 (s, 1H,
NH). 13C NMR (75.5 MHz, DMSO-d6): d 13.9 (CH3), 105.3 (CH thia-
zole), 125.7 (CH, Ar), 127.3 (CH, Ar), 128.4 (CH, Ar), 128.6 (CH, Ar),
128.7 (CH, Ar), 129.5 (CH, Ar), 130.6 (CH, Ar), 131.2 (C, Ar), 131.3 (C,
Ar),132.1 (C, Ar),133.1 (C, Ar),138.3 (C, Ar),144.6 (NeCeC, Ar), 148.6
(C¼N), 169.5 (SeC¼N). HRMS (ESI): 395.9470 [MþH]þ. Anal. calcd
for C17H12Cl3N3S: C, 51.47; H, 3.05; N,10.59; S, 8.08. Found: C, 51.35;
H, 3.22; N, 10.58; S, 7.93.

4.1.3.9. 4-(2,4-dichlorophenyl)-2-[1-(3,4-dichlorophenyl)ethylidene-
hydrazinyl]thiazole (19). Recrystallization in hot ethanol afforded
gray crystals, m.p.: 244e246 �C; yield: 0.9 g (54%); Rf¼ 0.65 (toluol/
ethyl acetate 6:4). IR (KBr): 2923 (CH), 1623 (C¼N) cm�1. 1H NMR
(300 MHz, DMSO-d6): d 2.31 (s, 3H, CH3), 7.44 (s, 1H, CH thiazole),
7.51 (dd, 1H, J 8.4 and 2.1 Hz, Ar), 7.69 (d, 1H, J 8.4 Hz, Ar), 7.70e7.74
(m, 1H, Ar), 7.77 (d, 1H, J 2.1 Hz, Ar), 7.94e7.95 (m, 2H, Ar), 11.51 (s,
1H, NH). 13C NMR (75.5 MHz, DMSO-d6): d 15.8 (CH3), 119.0 (CH
thiazole), 128.3 (CH, Ar), 128.4 (CH, Ar), 128.6 (CH, Ar), 128.7 (CH,
Ar), 129.5 (CH, Ar), 132.6 (CH, Ar), 131.2 (C, Ar), 131.3 (C, Ar), 132.1 (C,
Ar), 133.1 (C, Ar), 138.3 (C, Ar), 144.6 (C, Ar), 151.6 (C¼N), 170.1
(SeC¼N). HRMS (ESI): 429.9246 [MþH]þ. Anal. calcd for
C17H11Cl4N3S: C, 47.36; H, 2.57; N, 9.75; S, 7.44. Found: C, 47.60; H,
2.61; N, 9.71; S, 7.50.

4.1.3.10. 4-(3,4-dichlorophenyl)-2-[1-(3,4-dichlorophenyl)ethyl-
idene-hydrazinyl]thiazole (20). Recrystallization in hot ethanol
afforded beige crystals, m.p.: 266e268 �C; yield: 1.2 g (79%);
Rf ¼ 0.76 (toluol/ethyl acetate 6:4). IR (KBr): 3043 (CH), 1616 (C¼N)
cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.29 (s, 3H, CH3), 7.56 (s, 1H,
CH thiazole), 7.64 (d, 2H, J 8.4 Hz, Ar), 7.72 (dd, 1H, J 8.4 and 1.8 Hz,
Ar), 7.83 (dd, 1H, J 8.4 and 1.8 Hz, Ar), 7.91 (d, 1H, J 1.8 Hz, Ar), 8.08
(d, 1H, J 1.8 Hz, Ar), 9.20 (s, 1H, NH). 13C NMR (75.5 MHz, DMSO-d6):
d 14.5 (CH3), 107.3 (CH thiazole), 126.2 (CH, Ar), 126.3 (CH, Ar), 127.9
(CH, Ar), 130.3 (CH, Ar), 131.2 (CH, Ar), 131.5 (CH, Ar), 131.8 (C, Ar),
132.0 (C, Ar), 132.0 (C, Ar), 132.1 (C, Ar), 135.8 (C, Ar), 139.0 (C, Ar),
144.9 (C, Ar), 148.6 (C¼N), 170.3 (SeC¼N). HRMS (ESI): 429.8872
[MþH]þ. Anal. calcd for C17H11Cl4N3S: C, 47.36; H, 2.57; N, 9.75; S,
7.44. Found: C, 47.34; H, 2.30; N, 9.71; S, 7.43.

4.1.3.11. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazinyl]-4-(2,3,4-
trichlorophenyl)thiazole (21). Recrystallization in hot ethanol
afforded orange crystals, m.p.: 214e217 �C; yield: 0.23 g (13%);
Rf ¼ 0.55 (toluol/ethyl acetate 6:4). IR (KBr): 2922 (CH), 1621 and
1567 (C¼N) cm�1. 1H NMR (300MHz, DMSO-d6): d 2.74 (s, 3H, CH3),
7.12 (s,1H, CH thiazole), 7.18 (dd,1H, J 8.1 and 1.8 Hz, Ar), 7.26 (d,1H,
J 8.7 Hz, Ar), 7.29 (d,1H, J 1.8 Hz, Ar), 7.40 (d,1H, J 8.7 Hz, Ar), 7.50 (d,
1H, J 8.1 Hz, Ar). 13C NMR (75.5 MHz, DMSO-d6): d 15.0 (CH3), 119.5
(CH thiazole), 124.2 (CH, Ar), 126.3 (CH, Ar), 129.2 (CH, Ar), 130.2
(CH, Ar), 131.1 (CH, Ar), 131.7 (C, Ar), 132.4 (C, Ar), 132.6 (C, Ar), 132.2
(C, Ar), 133.4 (C, Ar), 137.5 (C, Ar), 143.5 (C, Ar), 152.0 (C¼N), 170.1
(SeC¼N). HRMS (ESI): 465.8882 [MþH]þ. Anal. calcd for
C17H10Cl5N3S: C, 43.85; H, 2.16; N, 9.02; S, 6.89. Found: C, 43.90; H,
1.94; N, 9.06; S, 6.81.

4.1.3.12. 4-(4-bromophenyl)-2-[1-(3,4-dichlorophenyl)ethylidene-
hydrazinyl]thiazole (22). Recrystallization in hot ethanol afforded
gray crystals, m.p.: 265e267 �C; yield: 1.10 g (65%); Rf ¼ 0.71
(toluol/ethyl acetate 6:4). IR (KBr): 2925 (CH), 1616 (C¼N) cm�1. 1H
NMR (300 MHz, DMSO-d6): d 2.30 (s, 3H, CH3), 5.19 (s, 1H, NH), 7.42
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(s, 1H, CH thiazole), 7.59 (d, 2H, J 8.4 Hz, Ar), 7.65 (d,1H, J 8.4 Hz, Ar),
7.73 (dd, 1H, J 8.4 and 1.8 Hz, Ar), 7.81 (d, 2H, J 8.4 Hz, Ar), 7.92 (d,
1H, J 1.8 Hz, Ar). 13C NMR (75.5 MHz, DMSO-d6): d 13.8 (CH3), 105.3
(CH thiazole), 120.6 (C, Ar), 125.7 (CH, Ar), 127.3 (CH, Ar), 127.6 (CH,
Ar), 129.8 (CH, Ar), 130.6 (CH, Ar), 131.1 (C, Ar), 131.3 (CH, Ar), 131.5
(CH, Ar), 133.7 (C, Ar), 138.4 (C, Ar), 144.2 (C, Ar), 149.1 (C¼N), 169.5
(SeC¼N). HRMS (ESI): 437.9016 [M - H]þ. Anal. calcd for
C17H12BrCl2N3S: C, 46.28; H, 2.74; N, 9.52; S, 7.27. Found: C, 46.29;
H, 2.92; N, 8.55; S, 7.30.

4.1.3.13. 4-(4-bromophenyl)-2-[1-(3,4-dichlorophenyl)ethylidene-
hydrazinyl]-5-methylthiazole (23). Recrystallization in hot ethanol
afforded beige crystals, m.p.: 270 �C; yield: 1.20 g (69%); Rf ¼ 0.65
(toluol/ethyl acetate 6:4). IR (KBr): 2923 (CH), 1622 (C¼N) cm�1. 1H
NMR (300 MHz, DMSO-d6): d 2.31 (s, 3H, CH3), 2.38 (s, 3H, CH3),
7.56 (d,1H, J 8.7 Hz, Ar), 7.64 (d, 2H, J 3.3 Hz, Ar), 7.67 (d, 2H, J 3.3 Hz,
Ar), 7.76 (dd, 1H, J 8.7 and 1.5 Hz, Ar), 7.97 (d, 1H, J 1.5 Hz, Ar). 13C
NMR (75.5 MHz, DMSO-d6): d 12.1 (CH3), 14.0 (CH3), 118.4 (C5
thiazole), 120.8 (C, Ar), 125.9 (CH, Ar), 127.4 (CH, Ar), 130.2 (CH, Ar),
130.5 (CH, Ar), 131.3 (CH, Ar), 131.5 (CH, Ar), 133.7 (C, Ar), 138.2 (C,
Ar), 144.2 (C, Ar), 149.1 (C¼N), 165.5 (SeC¼N). . Anal. calcd for
C18H14BrCl2N3S: C, 47.49; H, 3.10; N, 9.23; S, 7.04. Found: C, 47.52; H,
3.02; N, 9.83; S, 7.05.

4.1.3.14. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazinyl]-4-(4-
nitrophenyl)thiazole (24). Recrystallization in hot ethanol afforded
orange crystals, m.p.: 226e228 �C; yield: 1.11 g (71%); Rf ¼ 0.61
(toluol/ethyl acetate 6:4). IR (KBr): 3304 (NH),1597 and 1565 (C¼N)
cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.32 (s, 3H, CH3), 7.69 (d, 1H,
J 8.7 Hz, Ar), 7.70 (s, 1H, CH thiazole), 7.76 (dd, 1H, J 8.7 and 2.1 Hz,
Ar), 7.95 (d, 1H, J 2.1 Hz, Ar), 8.13 (d, 2H, J 8.7 Hz, Ar), 8.29 (d, 2H, J
8.7 Hz, Ar). 13C NMR (75.5 MHz, DMSO-d6): d 16.2 (CH3), 106.5 (CH
thiazole), 121.4 (CH, Ar), 123.4 (CH, Ar), 127.0 (CH, Ar), 128.6 (CH,
Ar), 131.6 (CH, Ar), 132.7 (C, Ar), 132.9 (C, Ar), 137.6 (C, Ar), 139.8 (C,
Ar), 144.5 (C, Ar), 148.6 (C, Ar), 158.6 (C¼N), 171.1 (SeC¼N). HRMS
(ESI): 404.9496 [M - H]þ. Anal. calcd for C17H12Cl2N4O2S: C, 50.13;
H, 2.97; N, 13.76; S, 7.87. Found: C, 50.12; H, 3.00; N, 13.69; S, 8.07.

4.1.3.15. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazinyl]-4-(3-
nitrophenyl)thiazole (25). Recrystallization in hot ethanol afforded
orange crystals, m.p.: 234e236 �C; yield: 1.30 g (83%); Rf ¼ 0.63
(toluol/ethyl acetate 6:4). IR (KBr): 3089 (C-H), 1614 and 1565
(C¼N) cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.32 (s, 3H, CH3), 7.64
(d, 1H, J 8.4 Hz, Ar), 7.67 (s, 1H, CH thiazole), 7.69e7.74 (m, 2H, Ar),
7.91 (d,1H, J 2.1 Hz, Ar), 8.13 (dd,1H, J 8.4 and 2.1 Hz, Ar), 8.30 (d,1H,
J 7.8 Hz, Ar), 8.69 (s, 1H, Ar). 13C NMR (75.5 MHz, DMSO-d6): d 14.2
(CH3), 107.5 (CH thiazole), 120.4 (CH, Ar), 122.4 (CH, Ar), 126.0 (CH,
Ar), 127.6 (CH, Ar), 130.6 (CH, Ar), 130.9 (CH, Ar), 131.5 (CH, Ar), 131.7
(C, Ar), 131.9 (C, Ar), 136.6 (C, Ar), 138.8 (C, Ar), 144.5 (C, Ar), 148.6
(C¼N), 170.1 (SeC¼N). HRMS (ESI): 406.9958 [MþH]þ. Anal. calcd
for C17H12Cl2N4O2S: C, 50.13; H, 2.97; N, 13.76; S, 7.87. Found: C,
50.33; H, 2.87; N, 13.77; S, 7.88.

4.1.3.16. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazinyl]-4-(4-
methoxyphenyl)thiazole (26). Recrystallization in hot ethanol
afforded yellow crystals, m.p.: 216e218 �C; yield: 1.22 g (81%);
Rf ¼ 0.6 (toluol/ethyl acetate 6:4). IR (KBr): 2914 (C-H), 1611 (C¼N)
cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.31 (s, 3H, CH3), 3.77 (s, 3H,
OeCH3), 6.97 (d, 2H, J 8.7 Hz, Ar), 7.17 (s, 1H, CH thiazole), 7.66 (d,
1H, J 8.4 Hz, Ar), 7.75 (d, 2H, J 8.7 Hz, Ar), 7.78 (d, 1H, J 8.4 Hz, Ar),
7.95 (s, 1H, Ar), 10.29 (s, 1H, NH). 13C NMR (75.5 MHz, DMSO-d6):
d 13.8 (CH3), 55.1 (OeCH3), 102.2 (CH thiazole), 114.0 (CH, Ar), 125.7
(CH, Ar), 126.9 (CH, Ar), 127.2 (CH, Ar), 130.6 (CH, Ar), 131.1 (C, Ar),
131.3 (C, Ar), 138.4 (C, Ar), 144.4 (C, Ar), 149.5 (C, Ar), 158.9 (C¼N),
169.3 (SeC¼N). HRMS (ESI): 392.0213 [MþH]þ. Anal. calcd for

C18H15Cl2N3OS: C, 55.11; H, 3.85; N, 10.71; S, 8.17. Found: C, 55.09;
H, 3.62; N, 10.50; S, 8.23.

4.1.3.17. 4-([1,10-biphenyl]-4-yl)-2-[1-(3,4-dichlorophenyl)ethyl-
idene-hydrazinyl]thiazole (27). Recrystallization in hot toluol
afforded beige crystals, m.p.: 269e271 �C; yield: 1.15 g (61%);
Rf ¼ 0.78 (toluol/ethyl acetate 6:4). IR (KBr): 2925 (C-H), 1608
(C¼N) cm�1. 1H NMR (300 MHz, DMSO-d6): d 2.32 (s, 3H, CH3),
7.33e7.48 (m, 5H, Ar), 7.66e7.78 (m, 6H, Ar), 7.93e7.96 (m, 3H, Ar).
13C NMR (75.5 MHz, DMSO-d6): d 15.0 (CH3), 104.7 (CH thiazole),
125.8 (CH, Ar), 126.2 (CH, Ar), 126.5 (CH, Ar), 126.9 (CH, Ar), 127.3
(CH, Ar), 127.5 (CH, Ar), 128.8 (CH, Ar), 129.0 (CH, Ar), 130.6 (C, Ar),
131.2 (C, Ar), 131.3 (C, Ar), 133.2 (C, Ar), 138.4 (C, Ar), 139.2 (C, Ar),
139.6 (C, Ar), 150.0 (C¼N), 169.4 (SeC¼N). . Anal. calcd for
C23H17Cl2N3S: C, 63.02; H, 3.91; N, 9.59; S, 7.31. Found: C, 63.08; H,
3.98; N, 9.55; S, 7.21.

4.1.3.18. 2-[1-(3,4-dichlorophenyl)ethylidene-hydrazinyl]-4-(naph-
thalen-2-yl)thiazole (28). Recrystallization in hot toluol afforded
beige crystals, m.p.: 259e260 �C; yield: 1.14 g (72%); Rf ¼ 0.68
(toluol/ethyl acetate 6:4). IR (KBr): 3047 (C-H), 1621 (C¼N) cm�1. 1H
NMR (300 MHz, DMSO-d6): d 2.32 (s, 3H, CH3), 7.49 (m, 3H, Ar),
7.62e7.75 (m, 2H, Ar), 7.88e8.00 (m, 5H, Ar), 8.38 (s, 1H, CH, Ar). 13C
NMR (75.5 MHz, DMSO-d6): d 13.9 (CH3), 105.3 (CH thiazole), 123.9
(CH, Ar), 124.2 (CH, Ar), 125.7 (CH, Ar), 126.1 (CH, Ar), 126.5 (CH, Ar),
127.3 (CH, Ar), 127.6 (CH, Ar), 128.1 (CH, Ar), 130.6 (C, Ar), 131.1 (C,
Ar), 131.3 (C, Ar), 131.6 (C, Ar), 132.4 (C. Ar), 133.1 (C, Ar), 138.4 (C,
Ar), 144.6 (C, Ar), 149.7 (C¼N),169.5 (SeC¼N). HRMS (ESI): 411.9917
[MþH]þ. Anal. calcd for C21H15Cl2N3S: C, 61.17; H, 3.67; N, 10.19; S,
7.78. Found: C, 61.18; H, 3.94; N, 10.21; S, 7.99.

4.2. Cruzain inhibition

Cruzain activity was measured by monitoring the cleavage of
the fluorogenic substrate Z-FR-AMC, as previously described [50].
Assays were performed in 0.1 M sodium acetate buffer pH 5.5, in
the presence of 1 mM beta-mercaptoethanol and 0.01% Triton X-
100, to a final volume of 200 mL and at 25 �C. The final concentra-
tions of cruzain was 0.5 nM, and the Z-FR-AMC substrate concen-
tration was 2.5 mM (Km ¼ 1 mM). In all assays, the enzyme was pre-
incubated with the compounds for 10 min before adding a solution
containing the Z-FR-AMC substrate. Enzyme kinetic was followed
by continuous reading for 5 min at 12s intervals, employing a
Synergy 2 (Biotek) from the Center of Flow Cytometry and Fluo-
rimetry at the Biochemistry and Immunology Department (UFMG).
The filters employed were 340 nM for excitation and 440 nM for
emission. Activity was calculated based on initial velocity rates,
compared to a DMSO control, since all compound stocks were
prepared in DMSO. All compounds were evaluated at 10 mM and
inhibition was measured in at least two independent experiments,
in each case in triplicate. IC50 curves were determined based on at
least seven compound concentrations, employing the nonlinear
regression analysis of “log (inhibitor) vs response with variable
slope e four parameters” in the software GraphPad Prism 5.0. The
reported values refer to the average and standard deviation be-
tween the values obtained for at least two curves, in which each
concentration was evaluate in triplicate.

4.3. Animals

Female BALB/c mice (6e8 weeks old) were supplied by the an-
imal breeding facility at Centro de Pesquisas Gonçalo Moniz
(Fundaç~ao Oswaldo Cruz, Bahia, Brazil) andmaintained in sterilized
cages under a controlled environment, receiving a balanced diet for
rodents and water ad libitum. All experiments were carried out in
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accordance with the recommendations of Ethical Issues Guidelines,
and were approved by the local Animal Ethics Committee
(Approved number: L-IGM-016/13).

4.4. Parasites

Bloodstream trypomastigotes forms of T. cruzi were obtained
from supernatants of LLC-MK2 cells previously infected and
maintained in Dulbecco's modified Eagle medium (DMEM; Life
Technologies, GIBCO-BRL, Gaithersburg, MD) supplemented with
10% fetal bovine serum (FBS; GIBCO), and 50 mg/mL of gentamycin
(Novafarma, An�apolis, GO, Brazil) at 37 �C and 5% CO2.

4.5. Host cell toxicity

Cytotoxicity of the compounds was determined initially in the
rat cardiomyoblast cell line H9c2 and the murine macrophage cell
line J774. Cells were seeded into 96-well plates at a cell density of
1 � 104 cells/well in Dulbecco's modified Eagle medium supple-
mented with 10% FBS, and 50 mg/mL of gentamycin and incubated
for 24 h at 37 �C and 5% CO2. After that time each compound, dis-
solved in DMSO was added at six concentrations (0.41e100 mM) in
triplicate and incubated for 72 h. Cell viability was determined by
AlamarBlue assay (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer instructions. Colorimetric readings were performed
after 6 h at 570 and 600 nm. Cytotoxic concentration to 50% (CC50)
was calculated using data-points gathered from three independent
experiments. Gentian violet (Synth, S~ao Paulo, Brazil) was used as
positive control. The final concentration of DMSO was less than 1%
in all in vitro experiments.

4.6. Toxicity for Y strain trypomastigotes

Trypomastigotes collected from the supernatant of LLC-MK2
cells were dispensed into 96-well plates at a cell density of
4 � 105 cells/well. Test inhibitors, 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 CO2. Aliquots of each well
were collected and the number of viable parasites, based on para-
site motility, was assessed in a Neubauer chamber. The percentage
of inhibition was calculated in relation to untreated cultures. IC50
calculation was also carried out using non-linear regression with
Prism 4.0 GraphPad software. Benznidazole was used as the refer-
ence drug.

4.7. Propidium iodide and annexin V staining

Trypomastigotes 1� 107/mL in 24well-plates were treated with
14 (0.4 mM) in DMEM supplemented with FBS at 37 �C for 24 h and
labeled for propidium iodide (PI) and annexin V using the annexin
V-FITC apoptosis detection kit (Sigma), according to the manufac-
turer's instructions. Acquisition and analyses was performed using
a FACS Calibur flow cytometer (Becton Dickinson, San Diego, CA),
with FlowJo software (Tree Star, Ashland, OR). A total of 10,000
events were acquired in the region previously established as that
corresponding to trypomastigotes forms of T. cruzi.

4.8. Rhodamine 123 staining

Trypomastigotes 1 � 107/mL in 24 well-plates were treated or
not with 14 (0.4 or 0.8 mM) in DMEM supplemented with FBS at
37 �C for 24 h. Then, cells were washed twice with PBS solution and
resuspended in 0.5 mL PBS containing 5 mg/mL of Rhodamine 123
(Sigma) for 15 min. After staining, the parasites were washed twice
with PBS solution and immediately analyzed using a FACS Calibur

flow cytometer (Becton Dickinson, San Diego, CA), with FlowJo
software (Tree Star, Ashland, OR). A total of 10,000 events were
acquired in the region previously established as that corresponding
to trypomastigotes forms of T. cruzi.

4.8.1. Intracellular parasite development
Peritoneal exudate macrophages (5 � 104 cells/well) obtained

from BALB/c mice were seeded in a 96 well-plate in DMEM sup-
plemented with 10% FBS and incubated for 24 h. Cells were then
infected with trypomastigotes (10:1) for 2 h. Free trypomastigotes
were removed by successive washes using saline solution and the
cells were incubated for 24 h to allow full internalization and dif-
ferentiation of trypomastigotes to amastigotes. Next, cultures were
incubated in complete medium alone or with the thiazole 14 (8, 2
and 0.5 mM) or benznidazole (5 mM) for 72 h. Cells were fixed in
formaldehyde 4% and stained with hoeschst (100 mg/mL; Invtrogen,
Carlssbad, CA). Plates were then imaged and anaylzed in a Perkin-
Elmer Opera confocal microscope to quantifiy the number of
infected cells and the number of amastigotes per 100 cells, as
previously described [51]. The one-way ANOVA and Bonferroni for
multiple comparisons were used to determine the statistical sig-
nificance of the group comparisons.

4.9. Drug combination

For in vitro drug combinations, doubling dilutions of each drug
(14 and benzinidazole), used alone or in fixed combinations were
incubated with trypomastigotes followed the protocol described
above. The analysis of the combined effects was performed by
determining the combination index (CI), used as cutoff to deter-
mine synergism, by using Chou-Talalay CI method [46] and through
the construction of isobologram using the fixed ratio method, as
described previously [52].

4.10. Infection in mice

Female BALB/c mice (18e22 g) were infected with bloodstream
trypomastigotes by intraperitoneal inoculation of 104 parasites in
100 mL of saline solution and then mice were randomly divided in
three groups (six animals per group). After the day 5 of infection,
treatment with 25 mg/kg weight of 14 was given orally for five
consecutive days. For the control group, benznidazole was given
orally at dose of 100 mg/kg weight. Saline containing 20% DMSO
was used as a vehicle and administrated on untreated and infected
group. Animal infection was monitored daily by counting the
number of motile parasites in 5 mL of fresh blood sample drawn
from the lateral tail veins, as recommended by standard protocol
[53]. Survival was monitored for 30 days after treatment. The one-
way ANOVA and Bonferroni for multiple comparisons were used to
determine the statistical significance of the group comparisons.
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