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EPIGRAFE

“Todas as vitorias ocultam uma abdicagao”.

(Simone de Beauvaoir)



Quimioterapia experimental com benzonidazol e 0leos essenciais em

camundongos inoculados com Trypanosoma cruzi Il e IV.

RESUMO
A doenca de Chagas (DC), ou tripanossomiase americana, é causada pelo protozoario parasito
Trypanosoma cruzi, e considerada uma doenca negligenciada e globalizada. A alta morbi-
mortalidade apresentada pelos pacientes ocorre em decorréncia da inexisténcia de uma
terapéutica medicamentosa eficaz, representada por apenas dois medicamentos: benzonidazol
(BZ) e nifurtimox (NFX). Frente a isso, o uso de 0leos essenciais em pesquisas, seja in vitro
quanto in vivo, tem demonstrado eficacia contra o Trypanosoma cruzi, sugerindo véalida
estratégia para encontrar uma nova substancia tripanocida. Neste contexto, esta tese teve
como objetivo avaliar a eficacia do benzonidazol (BZ) e dos 6leos essenciais de capim-liméo
(Cymbopogon citratus), de gengibre (Zingiber officinale) e de cravo (Syzygium aromaticum)
em camundongos experimentalmente infectados por via oral com T. cruzi Il e IV assim como,
a influéncia do tempo de tratamento com a droga de referéncia na infeccdo murina por T.
cruzi IV. O artigo 1 avaliou a eficacia dos 0leos essenciais de C. citratus, de Z. officinale e de
S. aromaticum em camundongos infectados com a cepa Y de T. cruzi. Foram utilizados os
testes de exame de sangue a fresco (ESF), hemocultura (HC), cPCR em sangue e gPCR em
tecido cardiaco e, foi considerado curado o animal que apresentou resultado negativo em
todos os testes. A cepa Y foi considerada resistente ao benzonidazol, apresentando indice de
cura (IC) médio de 4,2%. O tratamento com O6leo essencial (OE) de C. citratus, de Z.
officinale e de S. aromaticum alterou 4/5, 2/5 e 5/5 dos parametros derivados da curva de
parasitemia repectivamente, quando comparados ao grupo de animais nédo tratados. O IC
obtido com o uso do OE de C. citratus, de Z. officinale foi numericamente maior mas sem
diferenca estatistica ao grupo tratado com BZ. O tratamento na dose de 100 mg/kg com OE de
S. aromaticum proporcionou diferenca estatistica no IC comparados aos tratados com a droga
padrdo. O artigo 2 avaliou a eficacia do OE de S. aromaticum, isoladamente e em associacao
com benzonidazol em camundongos experimentalmente infectados por via oral com cepa
AM14 de T. cruzi provenientes de vetores. Foram considerados curados animais com
resultado negativo nos testes de ESF, HC e gPCR em sangue e tecido, apds ciclo de
imunossupressdo. A infeccdo causada por tripomastigotas metaciclicas de insetos leva a um
quadro infeccioso ainda mais intenso do que aquele ocasionado por tripomastigotas

metaciclicas de cultura. A cepa AM14 foi considerada resistente ao tratamento com BZ (25%



de cura). O tratamento com OE de S. aromaticum proporcionou um IC de 12,5% ja, a
associacao entre este Oleo essencial e benzonidazol demonstrou resultado no IC (37,5%)
numericamente superior do que o tratamento com a droga de referéncia. O artigo 3 avaliou o
efeito do tempo de tratamento na eficacia do BZ em camundongos inoculados por via oral e
intraperitoneal com uma cepa de T. cruzi IV. Camundongos inoculados foram tratados com
BZ durante 20, 40 ou 60 dias consecutivos. Os indices de cura obtidos com os tempos de 20,
40 e 60 dias de tratamento foram, respectivamente, de 20,0% (1/5), 75,0% (3/4) e 100,0%
(4/4) para os animais IP, e de 20,0% (1/5), 0,0% (0/5) e 100,0% (5/5) para os animais VO,
sugerindo que a eficacia do BZ é tempo dependente na infeccéo experimental por T. cruzi IV.

Palavras-chave: quimioterapia, Trypanossoma cruzi, 6leos essenciais, benzonidazol, doenga

de Chagas.



Experimental chemotherapy with benzonidazole and essential oils in mice orally

inoculated with Trypanosoma cruzi Il and IV

SUMMARY
Chagas disease (DC), or American trypanosomiasis, caused by Trypanosoma cruzi, is
considered a neglected and globalized disease. The high morbi-mortality presented by the
patients occurs due to the inexistence of an effective drug therapy, represented by only two
drugs: benzonidazole (BZ) and nifurtimox (NFX). Therefore, the use of essential oils in the
research, both in vitro and in vivo, has demonstrated efficacy against T. cruzi, suggesting a
valid strategy to find a new trypanocidal substance. In this context, this thesis aimed to
evaluate the efficacy of benzonidazole (BZ) and essential oils of lemon grass (Cymbopogon
citratus), ginger (Zingiber officinale) and clove (Syzygium aromaticum) in mice
experimentally infected by oral route with T. cruzi Il and IV and the influence of treatment
time with the reference drug on murine infection by T. cruzi V. The article 1 evaluated the
efficacy of essential oils of C. citratus, Z. officinale and S. aromaticum in mice infected with
T. cruzi Y strain. Fresh blood examination (FBE), hemoculture (HC), cPCR in blood and
gPCR in cardiac tissue were used, and the animal that presented negative results in all tests
was considered cured. The Y strain was considered resistant to benznidazole, with a mean
cure rate (CI) of 4.2%. The essential oil (OE) treatment of C. citratus, Z. officinale and S.
aromaticum altered 4/5, 2/5 and 5/5 of the parameters derived from the parasitemia curve,
respectively, when compared to the group of non-treated animals. The IC obtained with the
OE of C. citratus and Z. officinale was numerically higher but without statistical difference to
the group treated with BZ. Treatment with 100 mg / kg dose of S. aromaticum OE provided
statistical difference in IC compared to those treated with the standard drug. Article 2
evaluated the efficacy of S. aromaticum OE alone and in combination with benzonidazole in
experimentally infected mice with T. cruzi AM14 strain obtained from the vectors. Animals
with negative results in the tests of FBE, HC and qPCR in blood and tissue were evaluated
after immunosuppression. Infection caused by metacyclic trypomastigotes of insects leads to
more intense infectious condition than that caused by metacyclic trypomastigotes of culture.
AM14 strain was considered resistant to treatment with BZ (25% cure). OE treatment of S.
aromaticum provided an IC of 12.5%, already the association between this essential oil and
benzonidazole showed a numerically higher IC result (37.5%) than the treatment with the

reference drug. Article 3 evaluated the effect of treatment time on the efficacy of BZ in mice



inoculated orally and intraperitoneally with a strain of T. cruzi IV. Inoculated mice were
treated with BZ for 20, 40 or 60 consecutive days. The cure rates obtained with treatment
times of 20, 40 and 60 days were, respectively, 20.0% (1/5), 75.0% (3/4) and 100.0% (4/4 )
For the IP animals, and 20.0% (1/5), 0.0% (0/5) and 100.0% (5/5) for VO animals, suggesting
that the efficacy of BZ is time dependent on T. cruzi IV infection.

Keywords: chemotherapy, Trypanosoma cruzi, essential oils, benzonidazol, Chagas disease.
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CAPITULO |

AGENTE ETIOLOGICO

Trypanosoma cruzi € um protozoario hemoflagelado, agente etioldgico da doenca de
Chagas (DC) ou tripanossomiase americana, descoberta em 1909 pelo pesquisador brasileiro
Carlos Ribeiro Justiniano das Chagas (CHAGAS, 1909).

Devido a sua grande variabilidade bioldgica e diversidade genética, as cepas de T.
cruzi sdo classificadas em seis unidades de tipagem distintas (Discrete Typing Units — DTU),
de T. cruzi | (Tcl) a T. cruzi VI (TcVI) (ZINGALES et al., 2012), as quais podem diferir na
distribuicdo geografica e apresentar caracteristicas biologicas distintas (BRENER, 1997),
importantes na medicina como viruléncia, patogenicidade e resisténcia a droga (TOLEDO et
al., 2002, 2003).

O ciclo evolutivo do T. cruzi inclui passagem obrigatoria por um hospedeiro
vertebrado que pode pertencer a vérias classes de mamiferos, inclusive o homem, e insetos
hemipteros, principalmente dos géneros Panstrongylus, Rhodnius e Triatoma. Durante seu
ciclo heteroxénico, o parasito, apresenta diferentes estagios evolutivos durante seu ciclo
biolégico. Nos insetos vetores, hd as formas esferomastigotas (ESF) ou de transicdo,
epimastigotas (EP) ou formas proliferativas e a forma infectante denominada tripomastigota
metaciclica (TM), que sdo eliminadas junto as fezes e urina do vetor. Durante ou ap6s o
repasto sanguineo, os TM penetram no hospedeiro através da pele lesada ou mucosas, chegam
ao interior das células onde ocorre a diferenciacdo em amastigotas (AMA), que por
proliferacdo, formam ninhos. As amastigotas teciduais transformam-se em tripomastigotas
antes da ruptura da célula parasitada. A liberacdo dos parasitos no meio extracelular permite a
invasdo de novas células do hospedeiro e as formas circulantes no sangue possibilitam a
continuidade do ciclo ao serem ingeridas pelo vetor (BRENER & ANDRADE, 1979;
TAMOWITZ et al., 1992; LANA & TAFURI, 2011).

VETORES

Os triatomineos (Hemiptera, Reduviidae), popularmente conhecidos como barbeiros,
séo os vetores de T. cruzi. Estes insetos sdo subdivididas em 18 géneros (JURBERG et al.,
2014), destes, trés apresentam importancia epidemioldgica: Rhodnius, Panstrongylus e
Triatoma (NOIREAU et al., 2005).

O género Rhodnius compreende 16 espécies (GALVAO et al., 2003), estdo associados
as palmeiras da América Central e norte da América do Sul (GAUNT & MILES, 2000), o
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Panstrongylus apresenta 14 espécies associadas as tocas de animais terrestres em toda a
América (MARCILLA et al., 2002; GORLA & NOIREAU, 2010), e o Triatoma compreende
80 espécies, a maioria encontrada em habitats rochosos, porém muitas sdo arboricolas
(GAUNT & MILES, 2000).

Das 148 espécies de triatomineos presentes na natureza, aproximadamente 100 sdo
consideradas vetores potenciais de T. cruzi, porém cinco dessas tém maior importancia na
epidemiologia da DC: Triatoma infestans, T. brasiliensis, T. pseudomaculata, Panstrongylus
megistus e Rhodnius prolixus (GALVAO et al., 2003; COSTA et al., 2006; COSTA &
FELIX, 2007; JURBERG et al., 2009; ROSA et al., 2012; GONCALVES et al., 2013).

Os barbeiros podem apresentar ciclo doméstico ou silvestre (DIAS, 2009; GALVAO,
2014), sendo que aqueles com habitat proximo ao homem tém maior importancia
epidemioldgica devido a caracteristica de hematofagia dos triatomineos (LAVOIPIERRE et
al., 1959).

EPIDEMIOLOGIA DA DOENCA DE CHAGAS

A doenca de Chagas, ou tripanossomiase americana, atinge 6 a 7 milhdes de pessoas
em todo o mundo (WHO, 2016), ocasionando 56.000 novos casos e 12.000 mortes por ano
(WHO, 2015). Na América Latina, onde a doenga de Chagas € endémica, destaca-se a
prevaléncia na Bolivia (6,8%), Argentina (4,1%), El Salvador (3,4%), Honduras (3,1%) e
Paraguai (2,5%). Brasil e México apresentam prevaléncia de cerca de 1,0%, o que
corresponde a quase a metade da populacdo infectada nesta regido geografica (RASSI et al.,
2010). Ainda, a DC apresentou aumento de sua prevaléncia em regides ndo endémicas, como
Estados Unidos, com cerca de 300 mil pessoas infectadas, e Europa, com estimativa média de
cerca de 90 mil casos da doenca. Fato este que alterou as rotinas clinicas, incluindo a pesquisa
laboratorial para deteccdo de pacientes infectados por T. cruzi nos bancos de sangue e para
doacdo de 6rgdos (BERN et al., 2011; ANGHEBEN, et al., 2011).

A infeccdo no homem apresenta duas fases clinicas: aguda e cronica. A fase aguda é
caracterizada pela presenca de parasitos na corrente sanguinea (PRATA, 1994) e por
apresentar manifestacGes clinicas varidveis, podendo ocorrer doenca febril inespecifica,
edema, adenopatia, hepatoesplenomegalia e os sinais de porta de entrada (chagoma de
inoculacdo e sinal de Romafia). No entanto, geralmente os pacientes nesta fase sdo
assintométicos (BRENER, 1980; RASSI et al., 2010). Na fase cronica, a doenga evolui para a
forma indeterminada, quando o paciente permanece longos periodos sem manifestacGes

clinicas, o que ocorre na maioria dos casos. A forma sintomatica na fase cronica compromete
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principalmente o funcionamento do coracdo e trato gastrointestinal (esdéfago e cdlon),
caracterizando trés formas clinicas: cardiaca, digestiva e cardiodigestiva (LANA & TAFURI,
2011; MAGALHAES-SANTOS et al., 2014). Nesta fase ocorre a reducdo dos parasitos
sanguineos (JONES et al., 1993; VAGO et al., 1996; LAGES-SILVA et al., 2001) sendo

dificil a detecgdo da infeccdo por pesquisa direta do parasito.

VIAS DE TRANSMISSAO

Mesmo o parasito tendo seu ciclo heteroxénico, a transmissao do T. cruzi, aléem da
forma vetorial, pode ocorrer por transfusdo sanguinea (DIAS & BRENER, 1984), transmissao
congénita (CHAGAS, 1911; BITTENCOURT, 1984; AZOGUE et al., 1985), acidente de
laboratério (BRENER, 1984), transplante de 6rgdos e por via oral (CHOCAIR et al., 1984;
MARCONDES et al., 1991; DIAS, 2006). E, apesar dos vetores triatomineos serem
considerados os principais responsaveis pela transmissdo de T. cruzi em paises endémicos, 0
desenvolvimento socioeconémico, politicas publicas e uso do controle quimico contribuiram
para uma queda desse modo de transmissao.

No Brasil, entre 2000-2013, 69% (1.082/1.574) dos novos casos de DC notificados
foram adquiridos por via oral (BRASIL, 2013), sendo considerada atualmente a principal via
de transmissdo da DC através da ingestéo de alimentos contaminados com o T. cruzi presente
nas dejecOes dos vetores ou na carne crua ou mal cozida (DIAS, 2006). Surtos de DC aguda
devido a ingestdo de alimentos contaminados com triatomineos ou suas deje¢fes, como por
exemplo, poupa de acai e caldo de cana-de-acucar, foram relatados em diferentes regides do
pais, incluindo os estados do Rio Grande do Sul, Santa Catarina, Amapa, Amazonas e Bahia
(BRASIL, 2005; DIAS et al., 2008; VALENTE et al., 2009).

Esta via de aquisi¢do da doenca tem ocorrido nas diferentes regiées da América do Sul
(NOYA et al., 2010; BENITEZ et al., 2013; RIOS et al., 2011; SOTO et al., 2014;
NOBREGA et al., 2009; SOUZA-LIMA et al.,, 2013) e, destaca-se a regido Amazonica
brasileira com 78,5% dos novos casos de DC, entre os anos de 1988 e 2005, ocorridos pela
ingestdo de alimentos contaminados com as formas tripomastigotas do T. cruzi (PINTO et al.,
2008), principalmente por cepas das DTU Tcl e TclV (MARCILI et al., 2009; MONTEIRO et
al., 2012).

VIRULENCIA DO T. cruzi NA INFECQAO ORAL

Tanto os tripomastigotas metaciclicos, presente no trato digestivo do vetor (MARCILI

et al., 2009) e/ou no meio de cultura acelular, quanto os tripomastigotas sanguineos, presentes

na corrente sanguinea dos mamiferos, incluindo os humanos, sdo capazes de invadir os
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tecidos dos hospedeiros vertebrados pela via oral, no entanto, a sua infectividade pode
depender das formas infectantes presentes no indculo.

A infeccdo oral por tripomastigotas metaciclicos, independente da cepa, € modulada
por trés principais glicoproteinas de membrana estagio-especificas: gp30, gp82 e gp90. As
duas primeiras promovem a penetracdo da mucosa gastrica por meio da mobilizagdo de ions
calcio, enquanto que o gp90 inibe esta invasdo (YOSHIDA, 2008). J& a viruléncia dos
tripomastigotas sanguineos pode aumentar com passagens sucessivas em hospedeiros
vertebrados (DEANE et al., 1963). Além das moléculas de superficie presentes nos TM,
outros fatores podem influenciar a severidade da infeccdo pelo T. cruzi adquirida por via oral
como o volume e a forma infectante presente no inéculo e a DTU do parasito (Teston et al.
2017),

DIAGNOSTICO LABORATORIAL

A escolha dos testes para diagnostico da DC deve ser baseada na sua fase clinica. O
exame de sangue a fresco, gota espessa, esfregaco sanguineo corado com Giemsa e método de
Strout sdo baseados na identificacdo do parasito no sangue do paciente, sendo testes de
diagndstico laboratorial recomendados para a identificagdo do T. cruzi em individuos que
apresentam a fase aguda da DC (RASSI, 1992; GOMES, 1996; LUQUETTI & RASSI, 2000).
Dentre estes testes, os exames diretos sdo mais sensiveis que as camadas delgadas coradas
(LUQUETTI & RASSI, 2000).

Por outro lado, como a fase crénica da doenca é caracterizada por baixos niveis de
parasitemia, € recomendado o uso de sorologia convencional e métodos parasitologicos
indiretos. A pesquisa indireta do parasito pode ser realizada por xenodiagndstico e
hemocultura, no entanto, apresentam baixa sensibilidade (20 a 50%). Para sorologia ha
disponivel no mercado kits com as técnicas de hemaglutinacdo indireta (HAI),
imunofluorescéncia indireta (IFI) e enzimaimunoensaio (ELISA), as quais séo utilizadas para
deteccdo de anticorpos (IgM e IgG) contra antigenos do T. cruzi (LUZ et al., 1994; BRITTO
etal., 2001; FERREIRA & AVILA, 2001; GADELHA et al., 2003; ZALUNTAY et al., 2004;
DUFFY etal., 2009).

O uso de tecnicas de biologia molecular, como a reagdo em cadeia da polimerase
(PCR), é de grande valia para o diagndstico, pois trata-se de metodos mais modernos,
especificos e sensiveis. Em casos de resultados inconclusivos persistentes, como sorologia
duvidosa ou negativa, é recomendado a realizacdo de testes com maior sensibilidade, como
Western blot e PCR (MS, 2005). No entanto, a sensibilidade da PCR pode variar conforme as
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caracteristicas epidemioldgicas da populacdo em estudo, volume e nimero de amostras
biologicas coletadas, método de extragdo do DNA assim como o protocolo utilizado para
realizacdo da PCR e a diversidade genética (DTU) de T. cruzi (SCHIJMAN et al., 2003).
Outra vantagem da técnica de PCR € a possibilidade de se utilizar analises quantitativas para
determinacdo de carga parasitaria nos tecidos, principalmente no sangue periférico, auxiliando
assim no acompanhamento da evolucdo da infeccdo e resposta do organismo durante a
terapéutica (URBINA, 2001; MARIN-NETO et al., 2009).

TRATAMENTO ETIOLOGICO DA DOENCA DE CHAGAS

O tratamento da DC é baseado em apenas duas drogas, benzonidazol (BZ) e
nifurtimox (NFX), sendo a primeira o Unico medicamento disponivel no Brasil. Estes
medicamentos apresentam indices de cura parasitologica de 40 a 70% na infeccdo aguda pelo
T. cruzi (ANDRADE et al., 1992; CANCADO, 2002; WHO, 2016), porém sua eficacia é
baixa, 10 a 20% de cura, na fase cronica da doenca (RASSI Jr et al., 2010; ZINGALES et al.,
2014; RIVERO & ROMANO, 2016). Acredita-se que a diferenca na eficacia dos
medicamentos nas duas fases da infec¢ao esteja relacionada as propriedades farmacocinéticas
desfavoraveis destes compostos, como a meia-vida relativamente curta e a limitada
penetracdo tecidual (WORKMAN et al., 1984; URBINA & DOCAMPO, 2003). Estes fatores
podem dificultar a acdo dos farmacos sobre os parasitos que estdo nos tecidos em lenta
replicacdo, caracteristica da fase crénica da DC (URBINA, 2009).

Ainda, devido a necessidade do tratamento etioldgico prolongado, 30 a 60 dias,
associado a elevada toxicidade referente aos medicamentos e as altas taxas de relatos de
reacOes adversas apresentadas pelos pacientes (de até 40,0% dos individuos), é frequente a
observacdo de desisténcia e interrupcdo da terapéutica pelos pacientes portadores de DC
(JANNIN & VILLA, 2007; COURA, 2009; WHO, 2016).

Além disso, outro fator desfavoravel ao tratamento etiol6gico atual é que a resposta
ao tratamento com BZ pode variar de acordo com o genoétipo de T. cruzi (TOLEDO et al.,
2003), bem com a DTU do parasito (TESTON et al., 2013; MONTEIRO et al., 2013;
GRUENDLING et al., 2015). Fato este que dificulta ainda mais o éxito do tratamento sobre
infeccdes por T. cruzi em diferentes regides geograficas.

Com isso, ressalta-se a importancia da busca por novas terapias para DC, com
menores efeitos colaterais e maior eficacia terapéutica nas diferentes fases da infeccdo
(ALVES et al., 2012). Para isso, o tratamento combinado, o reposicionamento de farmacos e a

pesquisa de doses mais efetivas podem ser opc¢des na melhora do tratamento etiologico



19

(BUSTAMANTE & TARLETON, 2014) como as associa¢des de farmacos ja relatadas por
alguns pesquisadores: BZ e cetoconazol (ARAUJO et al., 2000), BZ e posaconazol (DINIZ et
al., 2013), alopurinol e clomipramida (GOBBI et al., 2010) e alopurinol e BZ (MAZETTI et
al., 2014).

Além disso, a utilizacdo de produtos naturais, como os 6leos esséncias, também pode ser
uma estratégia valida para encontrar uma nova droga tripanocida. Estes 6leos estdo presentes
nas plantas como produto natural que contém compostos aromaticos volateis e sdo originados
do metabolismo secundério das plantas (SIMOES et al., 2001). Vérias sdo as atividades
farmacoldgicas conhecidas de alguns 0leos essenciais, seja na medicina popular ou em
pesquisas cientificas. Dentre estas, cita-se: acdo carminativa, antiespasmadica, analgésica
local, anti-inflamatoria, antisséptica, inseticida, entre outras (SIMOES et al., 2001; AGUIAR
et al.,, 2008; ZANUSSO-JUNIOR et al., 2011; AFFONSO et al.,, 2012). Ainda, algumas
publicacdes relatam a acdo in vitro anti - T. cruzi de diversos Gleos essenciais, contra as trés
formas evolutivas do parasito, em diferentes condi¢des experimentais (SANTORO et al.,
2007a; SANTORO et al., 2007b; IZUMI et al., 2011; SANTOS et al., 2012; FERREIRA et
al., 2011). Ressalta-se que as propriedades terapéuticas dos oOleos essenciais, em geral, se
devem & presenca, em sua composicdo, de monoterpenos, sesquiterpenos e de

fenilpropandides.

JUSTIFICATIVA

A DC ¢é uma doenca endémica na América Latina, incluindo o Brasil, e o tratamento
etiologico ainda ndo € satisfatorio. Segundo o Consenso Brasileiro em Doenca de Chagas de
2015, no Brasil, este tratamento baseia-se unicamente no uso do medicamento benzonidazol
ou, em caso de intolerancia, no uso de nifurtimox, existente na América Central. Ambos
causam reacOes adversas graves ao paciente e, ainda, como ja foi demonstrado, a
quimioterapia atual apresenta efetividade terapéutica discrepante, tanto em relacdo a fase da
infeccdo e origem geogréafica do paciente, e quando diferentes linhagens genéticas de T. cruzi
estdo envolvidas na infecgdo (TOLEDO et al., 2003; MURTA et al., 1998), ressaltando a
importancia da procura de novas drogas, assim como estabelecer critério de cura experimental
utilizando técnicas modernas, .

Neste sentido, a avaliagdo do efeito in vivo de 6leos essenciais pode ser um caminho
para 0 encontro de substéncias efetivas nas diferentes DTU do parasita e menos toxicas ao
organismo humano. Alguns trabalhos j& demonstraram agdo de plantas e seus constituintes
contra o T. cruzi in vitro (ALVES et al., 2012; ESCOBAR et al., 2010; SATALAYA et al.,
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2009; BORGES et al., 2012; SANTOS et al., 2012) e in vivo (ROJAS et al., 2012). Sendo
assim, este trabalho se justifica na busca de novas alternativas de tratamento para DC.

OBJETIVOS

GERAL
Avaliar a eficécia in vivo dos 0Oleos essenciais de Cymbopogon citratus (capim-liméo), de
Zingiber officinale (gengibre) e de Syzygium aromaticum (cravo da india) e benzonidazol em

camundongos infectados com Trypanosoma cruzi Il e IV.

ESPECIFICOS

* Verificar a resposta do tratamento com os 6leos essenciais das plantas citadas acima e
benzonidazol em camundongos oralmente inoculados com a cepa Y de T. cruzi (Tcll).

* Relacionar os resultados obtidos com a composi¢do quimica dos éleos essenciais.

* Realizar o monitoramento da cura dos animais submetidos ao tratamento etioldgico e
imunossupressao com ciclofosfamida, por meio de técnicas parasitoldgicas (exame de sangue
a fresco e hemocultura) e moleculares (PCR).

*Comparar os resultados obtidos com os 6leos essenciais com aqueles obtidos pelo tratamento
com a droga padrdo (benznidazol).

* Avaliar o perfil da infeccdo oral causada por formas tripomastigotas metaciclicas da cepa
AM14 de T. cruzi (TclV) provenientes do vetor e de meio de cultura acelular.

* Verificar a eficacia do tratamento etiolégico dessa infeccdo com benzonidazol e dleo
essencial, isoladamente e em associag&o.

* Avaliar a influéncia do tempo de tratamento na eficacia do benzonidazol na infec¢do murina

com cepa de T. cruzi IV resistente.
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ABSTRACT

Purpose: To evaluate the efficacy of Cymbopogon citratus, Zingiber officinale and Syzygium
aromaticum essential oils (EOs) in mice orally infected with T. cruzi.

Methods: Three experiments were conducted, each with 48 Swiss mice. Animals were
inoculated with 2x10° metacyclic trypomastigotes of T. Cruzi Y-strain and allocated into the
following groups (N=12): 1) Untreated control; 2) treated with benznidazole (BZ); 3) treated
with EO 100 mg/kg; And 4) treated with EO 250 mg/kg. The groups were evaluated by fresh
blood test, blood culture, conventional PCR, real-time PCR and cure rate (CR).

Results: All animals were effectively infected with T. cruzi. Treatment with C. citratus and Z.
officinale EOs altered some of the parameters derived from the parasitemia curve, but CRs did
not differ from that of BZ. S. aromaticum EO, however, not only altered all parameters
derived from the parasitemia curve, similarly to BZ, but CR with EO 100 mg/kg was also
significantly higher than BZ.

Conclusion: The results indicate that the essential oils tested, especially S. aromaticum, either

alone or in association, should be further investigated in the treatment of Chagas disease.

Keywords: Chagas disease; Trypanosoma cruzi; Essential oils; Chemotherapy; Mice.
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INTRODUCTION

Trypanosoma cruzi is the protozoan parasite responsible for Chagas disease, which infects
about 6-7 million people worldwide. Once exclusive to the Americas, where it reached
endemic status in 21 Latin American countries, Chagas disease is currently considered a
globalized disease [1].

Triatomines are the main vectors for the transmission of Chagas disease in endemic
countries. However, in Brazil, most of the new cases (71%) have been acquired by the oral
route, especially in regions considered non-endemic, characterizing a new epidemiological
scenario [1,2].

Although it is the parasitic disease with the greatest impact in the Americas, it is often
untreated due to the shortcomings of currently available therapies [3]. Based on only two
drugs, benznidazole and nifurtimox, etiological treatment is far from effective because it
requires prolonged time, and drugs are poorly tolerated, highly toxic, with varying efficacy
depending on the phase of infection [1,4,5,6]. .

Thus, new drugs for the treatment of Chagas disease, with little or no side effects, are
urgently required. Several natural products from different structural classes have been shown
to be effective against T. cruzi [7]. Different essential oils (EOs) have already been tested in
vitro against T. cruzi, which demonstrated biological activity. Among tested Eos, the
lemongrass (Cymbopogon citratus) EO has been shown to be effective against the amastigote
and trypomastigote forms of T. cruzi, while the clove (Syzygium aromaticum) EO inhibited
the growth of epimastigote forms and blood trypomastigotes [8,9,10].

These promising results warrant new studies conducted in vivo to better ascertain the
efficacy of EOs in the treatment of Chagas disease. Therefore, the objective of this animal
study was to evaluate the efficacy of C. citratus, Z. officinale and S. aromaticum EQOs in mice

experimentally infected T. cruzi.
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METHODS

This study was approved by the Ethics Committee on the Use of Animals in Experimentation
of the State University of Maringa (UEM), Brazil (CEUA/UEM, resolution N° 023/2014) and
conducted in accordance with the guidelines of the National Council for Control of Animal

Experimentation (CONCEA).

Parasites, animals and infection

T. cruzi Y-strain, obtained from the strain bank at the Chagas Disease Laboratory (UEM), was
used in the present study. Three groups of 48 female Swiss mice, aged 21 to 28 days and
weighing between 18 and 20 grams, were used. The animals were kept in micro-acclimated
cages (Alesco®, dimensions of 20 x 32 x 21 cm), with a 12 h light-dark cycle, and received
rodent food and water ad libitum. Each animal was inoculated by gavage with 2x10°
metacyclic trypomastigotes obtained from the acellular culture suspended in 1 ml of LIT

medium, according to the protocol by Dias et al. [11] and modified by Teston et al. [12].

Experimental groups, treatment schedules and essential oils

After weighing, the animals were separated into four groups of 12 animals each, so that mean
weight of all four groups was similar. The following groups were constituted for each
experiment: 1) Untreated control (UC); 2) treated with benznidazole 100 mg/kg (TBZ); 3)
treated with one of the experimental EOs 100 mg/kg (TEO100); And 4) treated with one of
the experimental EOs 250 mg/kg (TEO250). Treatments were initiated on the 5th day after
inoculation (d.a.i) and both BZ and EOs were administered by gavage in a single daily dose
for 20 consecutive days. Lemongrass (Cymbopogon citratus; lot 0664), ginger (Zingiber
officinale; lot 09419), and clove (Syzygium aromaticum; lot 09464) EOs were obtained by

hydrodistillation of plant material (Quinari Fragrancias e Cosmeticos LTDA, Brazil) and
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analyzed by gas chromatography coupled to mass spectrometry (GC-MS; Shimadzu QP 2000)
under the following conditions: DB-5 column (30 m x 0.25 mm x 0.25 pum); Helium (1
ml/min); Injector temperature (240°C) and detector temperature (230°C) under the following
operating conditions: column temperature, 50-160°C, at 3°C/min; Volume injected of 1 ul (2
mg of the essential oil in 1 ml of ethyl acetate). The identification of the compounds present in
the EOs was performed by comparison with the CG-MS (National Institute of Standards and

Technology - Nist.62 Library) and also the Kovats indexes.

Fresh blood test (FBT)

Parasitemia was evaluated daily in blood collected from the caudal vein of each animal from
3" d.a.i. according to Brener [13], until negativation for three consecutive days. FBT was
performed to confirm infection, obtain the parasitemia curve and the percentage of animals
FBT positive (%FBT+). After the end of treatment, parasitemia was also evaluated on
alternate days for one week. The following parameters, derived from the parasitemia curve,
were determined: mean patent period (PP), mean of the periods when parasitemia was
detected in each mouse; maximum parasitemia peak (Pmax), calculated from the parasitemia
peak detected in each mouse in the group; maximum peak day (Dpmax), mean of days each
mouse had Pmax detected; total parasitemia (TP), mean of the sum of daily parasitemia of

each animal throughout the experiment; and the area under the parasitemia curve (AUC).

Blood culture (BC)

BC was performed in LIT medium 30 days after the end of treatment, according to Filardi and
Brener [14]. Blood samples were collected from the retro-orbital venous plexus of treated
(TEO100, TEO250 and TBZ) animals and untreated controls (UC) to obtain the percentage of

animals blood culture positive (%BC+).
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Conventional polymerase chain reaction (cCPCR)

cPCR was also performed at 30 days post treatment, when 200 ul of blood was added to an
eppendorf tube containing 400 ul of guanidine 6.0 M/EDTA 0.2 M solution, according to
Miyamoto et al. [15]. Primers 121 and 122 (5AGATAATGCATGA-3' and 5'-
GGTTCGATTGGGGTTGGTGTAATATA-3"), which amplify the 330 bp fragment of T.
cruzi kinetoplast DNA (kDNA) minicircles, were used. Samples that generated these products
were considered positive and were observed by electrophoresis in 4.5% polyacrylamide gel
and silver staining. Based on these results, the percentage of cPCR positive (%cPCR+) mice

was obtained.

Quialitative real-time polymerase chain reaction (qQPCR)

At 115 d.a.i. the cardiac tissue of three animals from each experimental group was collected
in totum. Samples (30 mg/animal) were extracted using the chloroform-isopropanol method
[16]. The obtained DNA was analyzed using SYBR green qPCR SuperMix UDG/ROX
Platinum reagent (Invitrogen, USA) and Rotor-Gene thermocycling equipment (Qiagen) [17].
PCR was performed using 100 ng of whole genomic DNA (gDNA) and the primers TCZ-F
(5=-GCTCTTGCCCACAMGGGTGC-3=) and TCZ-R (5=-C
CAAGCAGCGGATAGTTCAGG-3=) [18]. Tissue DNA from healthy and Y -strain infected
mice were used as negative and positive controls of the extraction. The mix without the

genomic DNA was used as negative control of the amplification.

Infectivity and Mortality
Infectivity rate (%INF) was calculated based on the number of animals positive for infection
in at least one of the tests performed (FBT, BC or cPCR). Animal survival was registered

daily, and cumulative mortality rate (%0MOR) was calculated for each group.
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Treatment effectiveness

To evaluate the effectiveness of the different treatments, cure rates (CRs) were obtained from
animals treated with the reference drug (BZ) and each of the three EOs. Animals presenting
negative results in all the tests were considered "cured”. CRs were obtained by dividing the

number of cured animals by the total number of animals treated X 100.

Statistical analyzes

The data were distributed in frequency tables and described in terms of percentages or means.
Statistical analyzes were performed using the software Bioestat 5.0 (Belém, Para, Brazil),
with the significance level set at 5%. Proportions were compared using the G or chi-square
test. Means were compared using the Mann-Whitney or Kruskall-Wallis test. AUC was

calculated using the GraphPad Prism 5.0 program.

RESULTS
Infectivity rate (%INF) was 100% in all experimental groups, i.e. all animals inoculated with
T cruzi Y-strain became infected. Cumulative mortality rate (%MOR) was 0%, i.e, no animal

from any of the groups died during the experiments.

Test 1: Lemongrass EO

The chromatographic analysis showed that lemongrass EO presented in its composition
geranial (a-citral) and neral (B-citral) as its main constituents, with 46.8% and 33.5%,
respectively. The highest parasitemia levels were observed in UC, followed by TLEO100,
TLEO250, and TBZ. Treatment with the reference drug BZ was able to promote parasitemia
negativity in most animals immediately after the first day of treatment, and in all animals after

the third day of treatment. Groups treated with TLEO100 and TLEO250 maintained
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parasitemia positivity for almost the entire treatment period. All animals presented negative

FBT after the end of treatments (Figure 1).

2500

2000 -

1500 -

1000 -

500 -

Number of trypomastigotes/0.1 mL of blood

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 23 24 25
Days after inoculation

Figure 1. Experiment 1 (treatment started on the 5th day after inoculation). Mean parasitemia
curve of mice inoculated with Trypanosoma cruzi (Y strain - Tcll) treated with benznidazole
100 mg/kg/day (TBZ; o), Cymbopogon citratus essential oil at the doses of 100 mg/kg/day
(TLEO100; A) and 250 mg/kg/day (TLEO250; x), during 20 consecutive days, and untreated
controls (UC; 0)

All parameters derived from the parasitemia curve, except for Dpmax, presented
statistically significant differences among groups (p<0001). TBZ presented the lowest values
for all parameters (p<0.01). When compared to UC, animals treated with TLEO100 and
TLEO250 presented a significant reduction in PP (p<0.01), Pmax (p<0.01), and AUC
(p=0.0178). A significant reduction in PT (p<0.0102) was also observed but only in those
animals treated with TLEO250 (Table 1). The %BC+ varied among groups (p<0.03). TBZ
presented the highest %HC+, reaching statistical significance when compared with TLEO100
and TLEO250 (p=0.03). cPCR confirmed the infection in 4 animals in the UC group, which
had previously been FBT+ but were BC-. The %cPCR+ also varied among groups (p=0.03),

being smallest in the TBZ group. In TLEO250 group, cPCR was observed in 6/7 animals

(85.7%). Tissue analysis performed on cardiac samples from three animals of each group,



38

showed %qPCR+ only in one mouse in the TLEO250 group, which had already been shown
to be cPCR+. CRs obtained from animals treated with lemongrass EO did not significantly
differ from animals treated with BZ. These results demonstrated that mice orally inoculated
with T. cruzi Y-strain responded poorly to treatment with both lemongrass EO (in both
dosages) and the reference drug (BZ) (Table 1).

Table 1. Statistical comparisons of parasitological and molecular parameters, and cure rates
in mice inoculated with Trypanosoma cruzi (Y-strain - Tcll), treated with benznidazole

(TBZ), lemongrass essential oil 100 mg/kg/day (TLEO100), lemongrass essential oil 250
mg/kg/day - 20X (TLEO250), and untreated controls (UC).

Parameters ucC TBZ TLEO100 TLEO250 p*
PP 98+13 02+04 6.8+29 6.1+26 <0.0001
Pmax 3181.8+ 15452  254.6+£540.0 2450.0+2541.5 1750.0+633.2 <0.0001
Dpmax 143+23 6.5+0.5 11635 13.0+0.6 NS
TP 9672.7 +4577.6  233.3+544.9 6883.3+5010.8 5133.3+1823.7 <0.0001
AUC 11136.3 £5533.6 233.3 £544.9 7991.7+5393.0 5950.0+2203.5 <0.0001
%BC+ 50.0 (4/8) 75.0 (6/8) 37.5 (3/8) 22.2 (219) 0.03
%CcPCR+ 100.0 (4/4) 0.0 (0/1) 20.0 (1/5) 85.7 (6/7) 0.02
%QgPCR+ 0.0 (0/3) 0.0 (0/3) 0.0 (0/3) 33.3 (1/3) NS
Cure rate - 12.5 (1/8) 50.0 (4/8) 11.1 (1/9) NS

PP: patent period (in days); Pmax: parasitemia peak (number of trypomastigotes/0.1 ml of
blood); Dpmax maximum peak day; TP: total parasitemia; AUC: area under the curve;
%BC+: percentage of animals with positive blood culture; %cPCR+: percentage of animals
cPCR positive; %qPCR+: percentage of animals with gPCR positive; NS = not significant.
*Values of p<0.05 were considered significant. The G-tests or chi-square test were used for
the analysis of proportions, and the Mann-Whitney or Kruskall-Wallis tests for means
analysis.

Test 2: Ginger EO

Chromatographic analysis showed that the main constituents of the ginger EO were a-pinene
(17.9%), B-pinene (14.9%) and zingiberene (14.7%). FBT was negative for all the animals in
the TBZ group. As a result, animals in the TBZ group presented null values in all five
parameters derived from the parasitemia curve (Figure 2). Significant differences were
observed among groups (p<0.0001) in 4/5 of the parasitemia parameters. When compared to
UC, animals treated with TGEO100 and TGEO250 demonstrated a significant reduction in
PT (p=0.02) and AUC (p=0.04) (Table 2). BC and cPCR confirmed infectivity in 100% of the

animals tested, including those in the TBZ group. However, no significant differences in
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%HC+ and %cPCR+ were observed among the groups. CR for BZ-treated animals was zero,
showing once again that the reference drug was not effective in the animals orally inoculated
with the T. cruzi Y-strain. CRs obtained from animals in TGEO100 and TGEO250 groups
were not significantly different from BZ. Although %gPCR+ was numerically highest in the
TGEO250 group and lowest in the TBZ group, no statistical differences were found among

groups (Table 2).
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Figure 2. Experiment 2 (treatment started on 5th dai). Mean parasitemia curve of mice
inoculated with Trypanosoma cruzi (Y strain - Tcll) treated with benznidazole 100 mg/kg/day
(TBZ; o), Zingiber officinale essential oil at the doses of 100 mg/kg/day (TGEO100; A) and
250 mg/kg/day (TGEO250; x), during 20 consecutive days, and untreated controls (UC; 0).
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Table 2. Statistical comparisons of parasitological and molecular parameters, and cure rates
in mice inoculated with Trypanosoma cruzi (Y-strain - Tcll), treated with benznidazole 100
mg/kg/day - 20X (TBZ), ginger essential oil 100 mg/kg/day - 20X (TGEO100), ginger
essential oil 250 mg/kg/day - 20X (TGEO250), and untreated controls (UC).

Parameters ucC TBZ TGEO100 TGEO250 p*
PP 6.4+29 0.0 43+31 46+34 <0.0001
Pmax 2800 + 2067.9 0.0 1400.0 £596.9  1983.3+1260.5 <0.0001
Dpmax 13.8+2.1 0.0 135+£1.9 13.4+1.3 NS
TP 8866.7 + 7146.9 0.0 3266.7 £ 2096.5 5133.3+4235.2 <0.0001
AUC 10208.3 + 8000.5 0.0 3558.3+2320.8 5425.0+4776.9 <0.0001
%BC+ 55.6 (5/9) 75.0 (6/8) 55.6 (5/9) 66.7 (6/9) NS
%CcPCR+ 100.0 (4/4) 100.0 (2/2) 50.0 (2/4) 100.0 (2/2) NS
%qPCR+ 33.3(1/3) 0.0 (0/3) 33.3 (1/3) 66.6 (2/3) NS
Cure rate - 0.0 (0/8) 22.2 (2/9) 11.1 (1/9) NS

PP: patent period (in days); Pmax: parasitemia peak (number of trypomastigotes/0.1 ml of
blood); Dpmax maximum peak day; TP: total parasitemia; AUC: area under the curve;
%BC+: percentage of animals with positive blood culture; %cPCR+: percentage of animals
cPCR positive; %gPCR+: percentage of animals with gPCR positive; NS = not significant.
*Values of p<0.05 were considered significant. The G-tests or chi-square test were used for
the analysis of proportions, and the Mann-Whitney or Kruskall-Wallis tests for means
analysis.

Test 3: Clove EO

The major constituents identified in the clove EO were eugenol and B-caryophyllene at
concentrations of 82.9% and 13.0%, respectively. UC group demonstrated the highest
parasitemia level (p<0.0100) when compared to the other groups (Figure 3). Only one animal
in the TBZ group presented PP and, as a result, all the parameters derived from the
parasitemia curve were significantly lower in this group when compared with the other groups
(p<0.0001). When compared to UC, animals in the TCEO100 and TCEO250 groups
presented reduced PP, Pmax, Dpmax, PT and AUC values. The %HC+ varied among groups,
being highest for the TBZ group and lowest for the TCEO250 (p=0.01). However, %cPCR+
and %gPCR+ presented no significant differences. None of the animals treated with BZ was
cured. CRs demonstrated significant differences among groups (p=0.03). CR induced by the

clove EO (TCEO100) was significantly higher than that found for mice in TCEO250 and TBZ

groups (Table 3).
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Figure 3. Experiment 3 (treatment started on 5th dai). Mean parasitemia curve of mice
inoculated with Trypanosoma cruzi (Y strain - Tcll) treated with benznidazole 100 mg/kg/day
(TBZ; o), Syzygium aromaticum essential oil at the doses of 100 mg/kg/day (TCEO100; A)
and 250 mg/kg/day (TCEO250; x), during 20 consecutive days, and untreated controls (UC;
0).

Table 3. Statistical comparisons of parasitological and molecular parameters, and cure rates
in mice inoculated with Trypanosoma cruzi (Y-strain - Tcll), treated with benznidazole 100
mg/kg/day - 20X (TBZ), clove essential oil 100 mg/kg/day - 20X (TCEO100), clove essential
oil 250 mg/kg/day - 20X (TCEO250), and untreated controls (UC).

Parameters ucC TBZ TCEO100 TCEO250 p*
PP (days) 126+2.9 0.1+ 03 6.1+43 52+32 <0.0001
Pmax 5367.0+ 1872  116.7+386.9 3877.0+2073.0  3446.0 +£2466.0 <0.0001
Dpmax 127+14 5.0+0.0 11.2+15 11.3+2.0 <0.0001
TP 28233.0+9455 116.7+404.1 8723.0+£5516.0  8185.0+6152.0 <0.0001
AUC 32675+ 111947 58.3+202.1 10507.6 £6222.7 10146.1+7543.9 <0.0001
%BC+ 55.6 (5/9) 77.8 (7/9) 22.2 (2/9) 11.1 (1/9) 0.01
%CcPCR+ 77.8 (7/9) 77.8 (7/9) 55.6 (5/9) 66.7 (6/9) NS
%qPCR+ 33.3 (1/3) 0.0 (0/3) 0.0 (0/3) 0.0 (0/3) NS
Cure rate - 0.0 (0/9) 44.4 (419) 22.2 (219) 0.03

PP: patent period (in days); Pmax: parasitemia peak (number of trypomastigotes/0.1 ml of
blood); Dpmax maximum peak day; TP: total parasitemia; AUC: area under the curve;
%BC+: percentage of animals with positive blood culture; %cPCR+: percentage of animals
cPCR positive; %qPCR+: percentage of animals with gPCR positive; NS = not significant.
*Values of p<0.05 were considered significant. The G-tests or chi-square test were used for
the analysis of proportions, and the Mann-Whitney or Kruskall-Wallis tests for means
analysis.
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DISCUSSION

Chagas disease is one of 17 neglected tropical infirmities listed by the World Health
Organization, with less than 1% of infected people being estimated to receive adequate
treatment. Currently available drugs, benznidazole and nifurtimox, can cure infected patients,
but are effective only at the beginning of the infection, and their therapeutic effectiveness is
dependant on the genetic variability of T. cruzi. Moreover, treatment is long with several
adverse reactions, which result in high rates of patient non adherence [19]. Products derived
from medicinal plants may lead the way in the discovery of new drugs, or combination of
drugs, for the treatment of Chagas disease. Indeed, several studies have supported the
therapeutic value of different natural products as trypanocidal agents [9,10,20,21,22,23].

In the present study, the effectiveness of three different essential oils (EOs) were
evaluated in the treatment of mice orally infected with T. cruzi. Three separate tests were
conducted following the same design, comparing the results obtained with each EO at the
doses of 100 and 250 mg with the results of untreated animals (UC) and animals treated with
the reference drug (BZ). Seven parasitological parameters, five of them related to the
parasitemia curve (PP, Pmax, Dpmax, TP, and AUC) and two related to the presence of the
parasite in the blood (FBT, and BC); two molecular analysis, one performed in blood (cPCR)
and one in the cardiac tissue (qQPCR); and cure rates (CRs), were analysed. All inoculated
animals became infected and no deaths were recorded during the follow-up period.

The T. cruzi Y-strain of Tcll DTU [24] is considered highly virulent for albino mice
[25]. Apart from being partially resistant to benznidazole and nifurtimox, it presents high
infectivity, parasitemia and lethality in mice. As a result, the Y-strain has been widely used in
studies, including those screening for new drugs against Chagas disease. In the present study,
low levels of parasitemia and zero mortality were observed with the oral administration of this

strain. This biological behavior was quite different from that previously observed in mice
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inoculated both intraperitoneally and orally. In a study performed by our group using the same
inoculum and inoculation route, a mortality rate of 90%, and Pmax, PT and AUC values
approximately 40-fold higher than in the current study, were observed [11]. Differences may
be due to the prolonged maintenance of the strain in LIT acellular culture medium only,
without blood passages in mice, which may have led to a reduction of the Y-strain virulence
in the present study. This is consistent with the low gPCR positivity found in the cardiac
tissue of the animals tested. T. cruzi Y-strain is biologically heterogeneous and some
subpopulations (clones) can be selected after years of laboratory storage [26]. Nonetheless,
other biological characteristics of the orally administered Y-strain were maintained, such as
PP duration (around 10 days), Dpmax (around day 14), and high infectivity (100% of
inoculated animals became infected).

The three EOs evaluated in this study altered the parasitemia curve profile,
demonstrating reduced values of different parameters when compared to UC. Animals treated
with BZ and TCEOQO, in the two tested doses, reduced all the five parasitemia parameters,
indicating a superior suppressive effect on parasitemia than TLOE and TGOE. However,
animals treated with BZ presented significantly higher %BC+ (75%) than animals in the
TLEO and TCEO groups. A possible explanation for this result would be that blood
trypomastigote forms of the Y-strain are more sensitive to BZ than tissue amastigotes.
Moreover, as BC was performed 30 days after the end of the experiment, %BC+ might have
started to rise again after the pressure exerted by the drug on parasitemia was ceased.
Alternatively, EO penetration power into tissues might have been greater than BZ, reaching
tissue amastigote forms more effectively.

The highest CRs after treatment were 50.0% (4/8) obtained with TLEO100, and 44.4%
(4/9) with TCEO100. Lemongrass and clove EOs also promoted reduction in most of the

parameters evaluated (6/8). Although BZ presented higher suppressive effect on parasitemia,
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CRs suggest greater effectiveness of these two EOs, mainly in the elimination of tissue
amastigotes. These results place the lemongrass and clove EOs, and their major components,
as potential candidates for the treatment of patients orally infected with T. cruzi.

The biological activity of natural products is directly related to their constituents.
Lemongrass (C. citratus), ginger (Z. officinale) and clove (S. aromaticum) EOs main
constituents are terpenes and terpenoids, which have already been shown to have in vitro
activity against the protozoan that causes Chagas disease [8,9,28,29,30,31]. Promising
therapeutic effects of the C. citratus EO have already been demonstrated in vitro on the genus
Trypanosoma [32] and T. cruzi [8]. Moreover, extracts prepared from ginger have also shown
trypanocidal activity against T. evansi [33], while ginger and lemongrass oils were effective
against four Leishmania species [34]. The effect obtained with the use of lemongrass EO on
parasitemia in the present study, although inferior to BZ, can be attributed to its major
constituents, geranial (o-citral) and neral (B-citral), which has already demonstrated in vitro
activity against T. cruzi epimastigotes and trypomastigotes [Cardoso & Soares, 2010]. In an in
vivo study, the Aloysia triphylla EO also demonstrated activity against T. cruzi, and the
authors attributed this effect to these same substances found in the lemongrass EO [35].

Among the EOs tested against the oral infection by T. cruzi in this study, the clove EO
presented the most promising results. CR promoted by clove EO (44.4%), while still far from
ideal, was higher than that obtained with BZ (0.0%). This result can be attributed to its
compounds, eugenol and caryophyllene, which represent almost the totality of the
constituents identified. They have already demonstrated antiparasitic effect in vitro against
promastigotes forms of Leishmania and epimastigotes forms of T. cruzi, with Caryophyllene,
in particular, presenting better clinical activity against the two parasites [36].

In this study, the efficacy of the different treatments on the animals orally inoculated

with T. cruzi was monitored with parasitological (ESF and HC) and molecular techniques
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(cPCR in blood, and qPCR in cardiac tissue). Moreover, the animals were not subjected to
immunosuppression with cyclophosphamide, as currently recommended for cure control of
experimental chemotherapy of T. cruzi infection. Regarding the molecular analyzes, our
results showed that cPCR in blood had a greater detection capacity of T. cruzi DNA than
gPCR performed in cardiac tissue. The the low %qPCR+ results indicate that the Y-strain
tested showed low tissue invasion capability. When applied in blood, the same technique has
demonstrated higher detection capability than cPCR in mice orally inoculated with TclV
strains obtained from oral infection outbreaks in the Amazon [12]. These differences may be
related to the genetic content of parasite DTUS, the different targets of the two PCR protocols,
and the biological material used in the analyzes (blood and cardiac tissue). The amount of
parasites and the period over which the tests were performed may also vary. In the present
study, blood analyzed with cPCR was collected at 55 d.a.i, while cardiac tissue was collected
at 115 d.a.i.

Mice orally inoculated with the Y-strain did not respond to BZ treatment, with cure
rates varying from 0% to 12.5% (mean 4.2%). This is in contrast with the CRs around 50%
(30-70%) obtained with mice inoculated intraperitoneally, the classic route used by
researchers, with the same strain and inoculum [14,27,37]. This suggests that the Y-strain is
partially resistant to BZ in vivo when inoculated intraperitoneally, and even less susceptible to
the drug when inoculated orally. Thus, the orally inoculated Y-strain was shown to be
resistant to BZ in the present study. This is in agreement with results previously obtained by
our group, which showed that mice orally infected with T. cruzi (TclV strains), in addition to
present more severe infection, responded worse to BZ treatment when compared to animals

inoculated intraperitoneally [12].
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CONCLUSIONS

Our results showed that the Y strain of T. cruzi when inoculated orally is resistant to treatment
with BZ. All the essential oils tested altered the parameters of the parasitemia curve, however,
benzonidazole had a greater suppressive effect. Treatment with S. aromaticum EO at the dose
of 100 mg proved to be promising for T. cruzi infection, being more effective than the
reference drug. Further studies are warranted to investigate S. aromaticum EO in order to
evaluate the toxicity and efficacy of its major components in vivo, either alone or in

association, on the genetic diversity of T. cruzi.
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ABSTRACT

Chagas disease (CD), caused by Trypanosoma cruzi, remains a serious public health problem.
One of the causes of the high morbidity and mortality in patients is the lack of an effective
drug therapy. Thus, the aim of this study was to evaluate the efficacy of the essential oil of
Syzygium aromaticum alone and in combination with benznidazole (BZ) in mice orally
inoculated with strain of T. cruzi IV obtained from oral CD outbreak occurred in Western
Brazilian Amazonia. All the animals inoculated with metacyclic trypomastigote forms (AM14
strain, BZ resistant), derived from the insect Rhodnius robustus, became infected and there
was no difference in the mortality rate between the experimental groups. When compared
with untreated control animals (UTC), the treatment with essential oil of S. aromaticum
(EOSA) alone promoted reduction in 1/5 parameters derived from the parasitemia curve,
whereas the treatments with BZ alone or in combination (BZ+EOSA) promoted reduction in
4/5 of those parameters, presenting similar profiles of parasitemia curve. The animals treated
with BZ and with the combination BZ+EOSA presented lower patency periods in comparison
with the animals in EOSA group, and lower positivity of blood cultures when compared with
the UTC group. The results of molecular analysis by gPCR in both blood and cardiac tissue
did not show differences between the groups. The cure rates obtained with the different
treatments presented the following ascending order: EOSA=12.5% (1/8), BZ=25.0% (2/8) and
BZ+EOSA=37.5% (3/8), suggesting a synergistic action between benznidazole and the
essential oil of S. aromaticum.

Keywords: Trypanosoma cruzi 1V; oral infection; benznidazole; essential oil; Syzygium

aromaticum; mice.
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GRAPHICAL ABSTRACT
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HIGHLIGHTS

Insect-derived metacyclic forms is more virulent for mice than culture-derived ones.

Mice orally inoculated with Trypanosoma cruzi 1V displayed a more intense infection.

The AM14 strain of T. cruzi IV was resistant to benznidazole (25% cure) in vivo.

Essential oil of S. aromaticum plus benznidazole cured 37.5% of the treated animals.

This essential oil may constitute a promising therapeutic agent for Chagas disease.

54



55

INTRODUCTION

Chagas disease (CD), or American trypanosomiasis, was first described in the early twentieth
century (Chagas, 1909) and still remains a serious public health problem, especially in Latin
America. Currently, 6 - 7 million people are infected with its etiologic agent, Trypanosoma
cruzi, worldwide (Bern, 2015), and more than 10,000 people die every year from clinical
manifestations of Chagas disease (WHO, 2017).

Since its discovery, the control of the infection in humans has proven difficult probably due to
the different modes of transmission, known as vector-borne, transfusion, congenital, through
organ transplantation and oral route. Although triatomine vectors are considered the main
responsible for the transmission of T. cruzi in endemic countries, socioeconomic
development, public policies and use of chemical control contributed to decreasing this mode
of transmission. In Brazil, between 2000 and 2013, 69% (1,082/1,574) of the new cases of CD
reported were orally acquired (Brasil, 2013).

Even though it is a centennial infectious disease, the high morbidity and mortality presented
by the patients occurs, among other factors, as a result of the inexistence of an effective drug
therapy. Currently, only two drugs are available for the treatment of CD: benznidazole (BZ)
and nifurtimox. In addition, these drugs have high toxicity and cause adverse effects that
could hamper the continuity of the treatment due to the need for prolonged dosing (Jannin and
Villa, 2007; Coura, 2009; Rassi et al., 2012). They also present low efficacy in the chronic
phase, a more prevalent form of the disease, in which around 20% cure is observed (Macedo
et al., 2002; Zingales et al., 2014; Rivero and Romano, 2016). Another factor that influences
the efficacy of the treatments is the genetic diversity of T. cruzi. Its strains are referred to as
discrete typing units (DTUs) and present different drug susceptibilities, leading to a
discrepancy in the results of the specific treatment in patients from different geographical

areas (Murta et al., 1998; Coura and Castro, 2002; Toledo et al., 2003; Teston et al., 2013).
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Therefore, the importance for searching new therapies for CD, with less side effects and
greater therapeutic efficacy in both acute and chronic phases is emphasized (Alves et al.,
2012). In this context, the use of natural products may be a valid strategy to find a new
trypanocidal drug, since several studies have already demonstrated in vitro (Satalaya et al.,
2009; Escobar et al., 2010; Ferreira et al., 2011; Borges et al., 2012; Santos et al., 2012) and
in vivo (Ferreira et al., 2011; Rojas et al., 2012) activity of natural products against T. cruzi.
Among these studies, promising results have been observed with the use of essential oils
(Santoro et al., 2007a; 2007b; Izumi et al., 2011), highlighting previous results from our
research group that demonstrated greater efficacy of the essential oil of Syzygium aromaticum
(Indian clove) than the reference drug benznidazole in the experimental murine infection by
oral route (Zanusso-Jr et al., in publication).

Thus, the aim of this study was to evaluate the efficacy of the essential oil of S. aromaticum
alone and in combination with benznidazole in mice experimentally infected by oral route
with strain of T. cruzi IV obtained from an acute case of CD derived from oral outbreak

occurred in Western Brazilian Amazon.

2. MATERIALS AND METHODS

2.1.  Ethical aspects

The use, maintenance and care with the experimental animals were carried out in accordance
with the guidelines of the National Council for the Control of Animal Experimentation
(CONCEA) and were approved by the Ethics Committee for the Use of Animals in
Experimentation at the State University of Maringd (CEUA/UEM; Registration No.
023/2014). The use of the strain of T. cruzi obtained from a patient from the State of
Amazonas was approved by the ethics committee of the Tropical Medicine Foundation Dr.

Heitor Vieira Dourado, Manaus, Amazonas (process No. 360/07).
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2.2.  Obtainment of the inoculum

Triatomines of the species Rhodnius robustus, vector of Chagas disease in the Amazon
region, were used in order to obtain the inoculum of metacyclic trypomastigotes. The insects
were kindly provided by Dr. José Jurberg from the National and International Triatomine
Taxonomy Reference Laboratory, FIOCRUZ, Rio de Janeiro, Brazil. Thirty insects were
infected on artificial feeder containing metacyclic trypomastigote forms from cultures with
LIT (Liver Infusion Tryptose) medium diluted in blood of healthy mice. After the infection,
the triatomines were maintained in a B.O.D. incubator, with temperature of 26 °C and relative
humidity of 70% and were re-fed 20 days after infection in healthy mice. The insects were
dissected 47 days after the infective repast and their intestinal contents were macerated and
diluted in LIT medium. The number of parasite forms was evaluated according to the Brener
technique (1962) and the proportion of trypomastigote forms was determined in Giemsa-
stained smears. The inoculum was adjusted with LIT medium for the concentration of 2x10”

insect-derived metacyclic trypomastigotes (IMT)/mL.

2.3.  Inoculation of the animals

Male Swiss mice, 20-24 days old and weighing between 18 and 22 g, were obtained from the
central animal facility of UEM. They were maintained in fasting for 12 hours before being
inoculated by gavage and kept in micro-acclimated cages (Alesco®, dimensions of 20 x 32 x
21 cm), with light/dark cycle, and feed and water on free demand.

The strain AM14 of T. cruzi obtained from an outbreak of orally acquired acute Chagas
disease in the municipality of Coari, located in the State of Amazonas, Western Brazilian
Amazon, was used. This strain has been maintained in the Trypanosomatid Collection of the

Chagas Disease Laboratory at UEM. It was genotyped as T. cruzi IV (TclV) (Monteiro et al.,
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2012) and considered BZ resistant in vivo. Mice inoculated intraperitoneally with blood
trypomastigotes (BT) of this strain had 30% (3/10) cure rate (Teston et al., 2013), whereas
those inoculated orally with metacyclic trypomastigotes from acellular culture (CMT) had

18.2% (1/11) cure (Teston, 2016).

2.4.  Experimental groups

Ten days after inoculation (dai), the animals were allocated into four groups, according to the
weight and parasitemia, being as follows: 1) Untreated control (UTC; n = 8); 2) treated with
benznidazole (LAFEPE) 100 mg/kg (TBZ; n = 8); 3) treated with essential oil of S.
aromaticum 100 mg/kg (EOSA; n = 9) and 4) treated with BZ 100 mg/kg in combination with
essential oil of S. aromaticum 100 mg/kg (BZ+EOSA; n = 9). The treatments were
administered for 20 consecutive days by gavage. One week after the end of the treatment
(37th dai), all the groups were submitted to immunosuppression with cyclophosphamide (Cy;
Baxter, Brazil), 50 mg/kg, for 4 consecutive days in the first week, and for 3 alternate days in

the two following weeks (Bertoli et al., 2006).

2.5.  Essential oil

The essential oil of S. aromaticum (Indian clove) was commercially obtained (Quinari®,
Ponta Grossa, Brazil) and analyzed by gas chromatography coupled to mass spectrometry
(GC-MS; Shimadzu QP 2000) under the following conditions: DB-5 column (30 m x 0.25
mm X 0.25 um); Helium (1 mL/min); injector temperature (240 °C) and detector temperature
(230 °C) under the following operating conditions: column temperature, 50-160 °C, at 3
°C/min; injected volume, 1 pL (2 mg of the essential oil in 1 mL of ethyl acetate). The

identification of the compounds present in the essential oils was carried out by comparison
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with the CG-MS System (National Institute of Standards and Technology - Nist.62 Library)

and also by comparison with the Kovats indices.

2.6. Evaluation of the efficacy of the treatments

To evaluate the efficacy of the treatments with the essential oil alone or in combination with
BZ (BZ+EOSA), the animals in the different experimental groups were subjected to fresh
blood examination, blood culture and real-time polymerase chain reaction after

immunosuppression with Cy.

2.6.1. Fresh blood examination (FBE)
Parasitemia was daily evaluated in blood collected from the tail vein of the animal from the
3rd dai, according to Brener (1962), until obtaining negative results for three consecutive
days. The following parameters derived from the parasitemia curve were determined: Mean
patent period (PP), which was calculated as the average of the periods in which each mouse
had parasitemia detected by the FBE; Maximum peak of parasitemia (Pmax), which is the
average calculated from the peak of parasitemia detected for each mouse; maximum peak day
(Dpmax), which was the mean of the days in which each mouse had the peak of parasitemia
detected; total parasitemia (TP), which is the average of the sum of the daily parasitemia of
each animal throughout the experiment; and area under the parasitemia curve (AUC). After
the treatments with BZ or essential oil, alone or in combination, and during
immunosuppression with Cy, parasitemia was evaluated every two days. With these results,
the parameter percentage of animals with positive fresh blood examination (%+FBE) was

obtained.

2.6.2. Blood Culture (BC)
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BC was performed 30 days after the end of the treatments (60 dai), according to Filardi and
Brener (1987), using samples of blood collected from the retro-orbital venous plexus and
inoculated in LIT medium. With the results of this method, the parameter percentage of

animals with positive blood culture (%+BC) was obtained.

2.6.3. Real-time polymerase chain reaction (QPCR)
The collection of venous blood and cardiac tissue for molecular analysis using the gPCR
technique was also performed 30 days after the treatments and 60 dai. This gPCR protocol has
been used by our group showing results significantly higher than those obtained by
conventional PCR (cPCR) in blood of mice infected with 4 different TclV strains: a positivity
of 93.8% of gPCR against 46.5% of cPCR (Teston et al., 2017). For extracting the DNA, 100
uL of blood and 30 mg of tissue (Caldas et al., 2012) were used, and the DNA obtained was
analyzed using the reagent Platinum SYBR green qPCR SuperMix UDG/ROX (Invitrogen,
USA) and thermocycling equipment Rotor-Gene g 5 plex (Quiagen) (Valdez et al., 2012).
PCR was performed using 100 ng of total genomic DNA (gDNA) and primers TCZ-F (5 = -
GCTCTTGCCCACAMGGGTGC-3 =) and TCZ-R 5 = -C
CAAGCAGCGGATAGTTCAGG-3 =) (Cummings and Tarleton, 2003). With these results,
the percentage of animals with positive real-time PCR in blood (%+qPCRb) and tissue
(%+gPCRt), and the quantification of the parasite load of T. cruzi in cardiac tissue (qPCRY),

were obtained.

2.7.  Infectivity and mortality
The infectivity rate (%INF) was obtained by the percentage of animals that had positivity in at

least one of the tests performed (FBE, BC or gPCR).
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The survival of the animals was evaluated daily over the 60 dai and the cumulative mortality

rate (oMORT) was calculated for the different experimental groups.

2.8.  Criteria of cure

The animal with negative results in all the diagnostic techniques used (FBE, BC and qPCR),
after the etiologic treatment and immunosuppression with Cy, was considered “cured”. The
animal that tested positive for at least one of those tests was considered “uncured”. Cure rates
were obtained for the groups submitted to the different treatments by dividing the number of
animals cured by the total number of treated animals, expressed as a percentage (Toledo et al.,

2003).

2.9. Statistical analyzes

Statistical analyzes were performed using the software Biostat 5.3 (Belém, Pard, Brazil),
considering the significance level of 5%. The means were compared using the Mann-Whitney
or Kruskall-Wallis test and for proportions, the G test was used. The AUC parameter was
calculated with the GraphPad Prism 5.0 software. Statistical comparisons of PP, Dpmax,
Pmax, TP, AUC, %+FBE, %+BC, and %+gPCR were performed between the experimental
groups (UTC, TBZ, EOSA and BZ+EOSA). The cure rate was compared between the treated

groups.

3. RESULTS
The chromatographic analysis of the essential oil of S. aromaticum used in this study
demonstrated that the main components identified were eugenol and B-caryophyllene in

concentrations of 82.9% and 13.0%, respectively.
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All the animals inoculated orally with 2x10* TMI of the TclV strain became infected, i.e. they
had %INF = 100 (34/34). The %MORT of the TBZ group was zero, whereas in the UTC
group it was 12.5% (1/8), and for the groups EOSA and BZ+EOSA it was 11.1% (1/9), with
no statistical difference between the groups.

The parasitemia curves of the animals submitted to the different treatments and of UTC are
shown in Figure. It can be observed that the profiles of the curves of the animals in TBZ and
BZ+EOSA groups were identical and, although the animals in EOSA group had patent
parasitemia during the course of the treatment, their parasitemia levels were lower than the
animals in UTC. Regarding the five parameters derived from the parasitemia curve, a
significant decrease was observed in 4/5 of them, except in Pmax, both in the comparison of

the groups at the same time as in the two-by-two comparison (Figure and table).
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Figure. Curves of mean parasitemia in mice orally inoculated with Trypanosoma cruzi (AM14 strain -
TclV), treated with benznidazole (TBZ: 100 mg/kg/day), essential oil of Syzygium aromaticum
(EOSA: 100 mg/Kg/day), combination of BZ and EOSA (BZ+EOSA) and untreated control (UTC).
Inoculum: 2x10* insect-derived metacyclic trypomastigotes /mL. Treatments started ten days after

inoculation and performed for twenty consecutive days.



63

Table. Statistical comparisons of parasitological, molecular parameters and cure rates in mice
orally inoculated with Trypanosoma cruzi (AM14 strain - TclV), treated with benznidazole
(TBZ: 100 mg/kg/day), essential oil of Syzygium aromaticum (EOSA: 100 mg/kg/day), EOSA

in combination with benznidazole (100 + 100 mg/kg/day), during 20 consecutive days and

untreated control (UTC). Inoculum: 2x10* insect-derived metacyclic trypomastigotes /mL.

UTC TBZ EOSA BZ+EOSA
Parameters p
(n=8) (n=8) (n=9) (n=9)
PP (in days) 13,2+1,9 51+1,8 9,0+1,9 57+1,8 <0,0001
50.400,0 £ 39.725,0 37.644 39.355,5 ¢
Pmax NS
20.051,9 24.773,4 27.731,3 29.866,6
Dpmax 11,5+0,9 10,0£0.0 10,8 £1,0 10,0£0,0 0,0014
186.200,5 * 76.475,0 £ 113.788,9 £ 85.077,7 =
TP 0,0145
69.667,5 43.199,1 69.200,1 52.323,1
186.212,5 66.325,0 = 130.900 = 70.077,7 =
AUC 0,0067
74.336,0 38.298,1 89.744,1 48.465,1
%+FBE 0,0 (0/8) 0,0 (0/8) 0,0 (0/9) 0,0 (0/9) NS
%+BC 100,0 (7/7) 37,5 (3/8) 87,5 (7/8) 50,0 (4/8) 0,0163
%+gPCRDb 57,1 (4/7) 37,5 (3/8) 62,5 (5/8) 50,0 (4/8) NS
%+gPCRt 42,5 (3/7) 25,0 (2/8) 37,5 (3/8) 25,0 (2/8) NS
gPCRt 1,9+48 1,1+1,6 15+1,6 1,4+6,6 NS
% cure - 25,0 (2/8) 12,5 (1/8) 37,5 (3/8) NS

PP: patent period; Pmax: maximum peak of parasitemia (number of trypomastigotes/0.1 mL of
blood); Dpmax: day of maximum peak; TP: total parasitemia; AUC: area under the curve; %+FBE:
percentage of animals with positive fresh blood examination after treatment and immunosuppression;
%+BC: percentage of animals with positive blood culture; %+gPCRb: percentage of animals with
positive gPCR in blood; %+gPCRt: percentage of animals with positive qPCR in tissue; qPCRLt:

quantitative real-time PCR in tissue (parasites/100 ng DNA); NS: not significant; Values of p < 0.05
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were considered significant. G-test was used for analysis of proportions and the Mann-Whitney or

Kruskall-Wallis tests for the analysis of means.

Still in the two-by-two comparison, among the other parameters of the curve, decreased PP,
Dpmax, TP and AUC (p < 0.0084) were observed in TBZ and BZ+EOSA groups, both
differing from AUC group. A decrease in TP (p = 0.0433) of the EOSA group compared with
UTC, and difference in PP (p < 0.0341) between the EOSA group and the groups TBZ and
BZ+EQOSA, with the latter presenting lower values, was also observed. All treated animals, as
well as UTC, presented negative FBE after the end of the etiologic treatment and
immunosuppression with Cy (Table).

The treatments also promoted decrease in %+BC (p = 0.0103), in the comparison between the
groups. However, in the two-by-two comparison, only the animals treated with BZ, alone and
in combination with EOSA, had reduction in this parameter (p < 0.0350) when compared with
the animals in UTC (Table).

Higher %+gPCRb was observed in the EOSA group and the highest values of %+qPCRt and
tissue parasite load indicated by gPCRt were observed in UTC group. However, there was no
statistical difference between the experimental groups for the molecular parameters analyzed
(%+gPCRDb, %+qPCRt and gPCRt).

Cure rates did not differ between the groups, both in the comparison between groups and in
the two-by-two comparison (Table). However, considering the number of cured animals, they

presented the following ascending order: EOSA (1/8), TBZ (2/8) and BZ+EOSA (3/8).

4. DISCUSSION
After more than a century since its discovery, Chagas disease persists as a public health

problem. The several changes in its epidemiological profile between different decades (Pinto
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et al., 2008; Brazil, 2013) and the existence of only two drugs for the etiological treatment
(WHO, 2015), are the likely responsible for the continuity of this situa, tion. Currently in
Brazil, the main acquisition route of T. cruzi infection is oral, observed mainly in outbreaks of
acute cases caused by food, palm fruits mainly the acai, contaminated with the parasite,
especially the DTU TclV, but also Tcl, in Brazilian Amazon (Pinto et al., 2008; Marcili et al.,
2009; Monteiro et al., 2013). In contrast to the previous publications of our research group,
which have been addressing genetic and biological aspects of the strains of T. cruzi TclV
(Reis et al., 2012; Meza et al., 2013; Monteiro et al., 2013; Teston et al., 2013; Gruendling et
al., 2015; Teston et al., 2017), in the present study we used an inoculum with metacyclic
forms derived from sympatric species of triatomine, R. robustus, experimentally infected.
Under these experimental conditions, which are closer to the transmission cycle that occurs in
nature, the results of the present study showed a more intense infection, characterized by
higher patency periods, maximum peak of parasitemia, positivity of FBE and BC, and
mortality rate when compared with the results obtained by Teston et al. (2017). These authors
used the same experimental model, but an inoculum of 2 x 10° metacyclic forms derived from
acellular culture medium (LIT).

It was also possible to observe that the inoculum and the age of the mice are factors that must
be taken into account in the evolution of the infection with T. cruzi orally accquired. Massago
(2017) observed lower maximum peak of parasitemia and zero mortality in mice orally
inoculated with the same strain (AM14), by using older animals (28-35 days) and an
inoculum with less than half of the infective forms (8.6 x 10° insect-derived metacyclic
trypomastigotes), than the used in the present study. Those findings corroborate the statement
that the evolution of the disease depends on the amount of metacyclic insect forms inoculated

in vertebrate hosts (Magalhdes and Andrade, 1991).
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In recent years, the use of natural products as a source of research for new drugs has increased
(Monzote et al.,, 2012). Among them, essential oils have already demonstrated anti-
trypanosomatid effect (Azeredo et al., 2004; Monzote et al., 2012), as well as their main
components, such as eugenol (Ueda-Nakamura et al., 2006; Misra et al., 2009; Nibret and
Wink, 2010).

Treatment with EOSA alone provided reduction only in the parameter TP when compared
with the UTC group, presenting lower suppressive effect on the parasitemia than the reference
drug, BZ. These results disagree with those previously obtained by our group (Zanusso-Jr, in
publication) which showed that the essential oil of S. aromaticum, at the same dose and route
of administration, promoted a significant decrease in PP, Pmax, Dpmax and AUC, besides of
TP, compared with the UTC animals. These differences may be due to methodological
differences between the two studies regarding the concentration and infective form present in
the inoculum, in addition to the genetic lineage of the strain of T. cruzi. In the present study,
we used the strain AM14, belonging to DTU TclV and resistant to BZ, whereas in the
previous study we used the strain Y, classified as Tcll (Zingales et al., 2009) and partially
resistant to the drug (Filardi and Brener, 1987). In addition, in the present work, for the
inoculation of the animals, metacyclic trypomastigote forms derived from the triatomine
species R. robustus from the same geographic region were used. Thereby, the genetic
diversity of T. cruzi and the sympatry between parasite and vector may have contributed to
the discrepancy observed in the effect of the essential oil.

Mice treated with benznidazole alone or in combination with the essential oil of S.
aromaticum showed a nearly identical profile of parasitemia curve and decrease of 80.0%
(4/5) of the parameters of the parasitemia curve compared with the untreated control animals.

These data are in agreement with previous results that showed decreased parasitemia levels in
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the animals inoculated by oral route with culture-derived metacyclic forms of four TclV
strains from Amazonas and treated with BZ (Teston, 2016).

Mice inoculated with the AM14 strain of T. cruzi IV had reactivation of the infection after
immunosuppression with Cy, characterized by increased BC positivity (100% in UTC group).
Teston et al. (2017) demonstrated 44.7% in BC positivity in mice inoculated similarly, but
without immunosuppressive treatment. The lower positivity in BC (%+BC = 37.5) was
observed for TBZ group in the current study, indicating a greater suppressive effect on
parasitemia caused by the reference drug. Differently from UTC and EOSA groups, when
compared two-by-two, the group treated with the combination BZ+EOSA had similar result
to the one presented by TBZ group for BC, indicating that the treatment with BZ provided a
more efficient control of the parasitemia and, consequently, of the infection. Even with all the
animals presenting negative result in FBE after administration of the immunosuppressive
agent, 87.5% of the animals treated only with the essential oil had positive BC, suggesting
reacutization of the infection after immunosuppression with Cy and therapeutic failure.

By adopting an arbitrary criteria for classification of T. cruzi strains regarding their

susceptibility to drugs, which considers as resistant the strains with up to 33% cure rate (CR);

intermediate susceptibility, strains with CR of 34-66%; and sensitive, strains with CR > 67%

(Toledo et al., 2003), the AM14 strain of TclV in the oral infection in mice was resistant to
the etiological treatment with BZ (25.0% cure). This finding agrees with the previous results
obtained by our group, which considered this strain resistant to BZ, both with intraperitoneal
inoculum of blood trypomastigotes and treatment starting on the 5th dai (30% cure - Teston et
al., 2013), as well as oral inoculum of culture-derived metacyclic trypomastigotes (18.2%
cure - Teston, 2016).

Regarding the animals treated with the combination BZ+EOSA, the profile presented by the

strain studied was intermediate sensitivity (37.5% cure). Therefore, although there was no
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statistical difference between the cure rates obtained by the different treatments, they suggest
a possible synergism of effects between the essential oil used and the reference drug, since the
use of these compounds in combination provided a greater number of cured animals for the

group BZ+EOSA.

5. CONCLUSION

The infection in mice by oral route with a TclV strain has been proved to be more severe than
the infection acquired by intraperitoneal route. The latter, experimentally, is the most frequent
route used by different researchers. In addition, this study demonstrated that the infection
caused by insect—derived metacyclic trypomastigotes, sympatric to the vector, leads to an
even more intense infectious disease than that caused by culture-derived metacyclic
trypomastigotes. However, the response to the etiological treatment was not influenced by the
infection route (oral or IP), by the number of inoculated forms (2x10* or 2x10°), neither by
the infective form present in the inoculum (BT, CMT or IMT), and the AM14 strain was
considered resistant to the treatment with BZ (25% cure).

In this model, treatment with the essential oil of S. aromaticum in combination with
benznidazole demonstrated a result numerically higher than the treatment with the reference
drug or with EOSA alone. Therefore, the essential oil of S. aromaticum, as well as its
constituents, alone or in combination, may constitute promising alternatives for the

development of new therapeutics for Chagas disease.

Funding: This work was supported by the National Council for Scientific and Technological
Development [CNPq, grant number 307539/2013] and Araucaria Foundation, Curitiba,

Parana State [grant number 10943812, 251/2014].
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RESUMO

A doenca de Chagas (DC) ou tripanossomiase americana é causada pelo protozoério
Trypanosoma cruzi e seu tratamento etioldégico é realizado com benzonidazol (BZ) e
nifurtimox (NX). Durante as décadas de 80 e 90, na quimioterapia experimental da infec¢do
pelo T. cruzi, essas drogas eram administradas por via oral durante 90 ou 20 dias consecutivos
e ainda néo se utilizavam metodos moleculares no monitoramento da cura. Com o advento de
técnicas mais modernas e sensiveis se faz necessario estabelecer novos critérios de cura que
favorecam o incremento de novos medicamentos na clinica. Com isso, o objetivo deste estudo
foi avaliar o efeito do tempo de tratamento na eficdcia do BZ em camundongos inoculados
com uma cepa de T. cruzi obtida de surto de doenca de Chagas oral na Amazoénia Ocidental
brasileira. Camundongos suigos foram inoculados por via oral (VO) ou intraperitoneal (IP)
com a cepa AM14 de T. cruzi IV e tratados com BZ durante 20, 40 ou 60 dias consecutivos. O
animal tratado que apresentou resultados negativos no exame de sangue a fresco, hemocultura
e PCR em tempo real (QPCR) em sangue e tecido cardiaco, ap0s imunossupressao com
ciclofosfamida, foi considerado “curado”. Os indices de cura obtidos com os tempos de 20, 40
e 60 dias de tratamento foram, respectivamente, de 20,0% (1/5), 75,0% (3/4) e 100,0% (4/4)
para os animais IP, e de 20,0% (1/5), 0,0% (0/5) e 100,0% (5/5) para os animais VO,

sugerindo que a eficacia do BZ é tempo dependente na infeccdo experimental por T. cruzi IV.

Palavras-chave: Trypanosoma cruzi 1V, quimioterapia experimental, benzonidazol, tempo de

tratamento, critério de cura.
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INTRODUCAO

A doenca de Chagas ou tripanossomiase americana é uma doenca tropical negligenciada
que acomete milhdes de pessoas no mundo. Em areas endémicas, cerca de 56.000 novos casos
sdo notificados por ano e aproximadamente 12.000 mortes sdo relacionadas a doenca (1). A
infecgdo é causada pelo protozoario Trypanosoma cruzi e transmitida por vetores triatomineos
e também por outras vias (congénita, transfusional, transplantes de 6rgaos, oral e acidentes de
laboratdrio).

O cenério epidemioldgico da doenca de Chagas vem se alterando nas ultimas décadas e,
atualmente, a infeccdo adquirida por via oral (VO) € a forma mais frequente de transmissao
no Brasil e em outros paises da América Latina, destacando o aumento do numero de
notificacfes em &reas antes consideradas ndo endémicas e centenas de surtos relacionados a
ingestdo de alimentos contaminados com triatomineos infectados ou suas excretas (2, 3). Uma
maior severidade da infeccdo oral com T. cruzi tem sido observada tanto em modelo murino
(4) quanto em pacientes de surtos de doenca de Chagas oral da regido Amazonica brasileira
(2, 5).

As cepas de T. cruzi sdo referidas atualmente como unidades de tipagem distintas
(DTU, de Tcl a TcVI) (6) e a ampla diversidade genética da espécie pode influenciar suas
propriedades bioldgicas (7), incluindo sua resisténcia a droga, e deve, portanto, ser levada em
consideracdo no tratamento da doenca de Chagas (8, 9).

Benzonidazol (BZ) e nifurtimox (NX) séo as drogas disponiveis para o tratamento da
infeccdo pelo T. cruzi, sendo o BZ considerado o medicamento de primeira escolha e 0 NX
destinado aos pacientes que ndo toleram o BZ (10, 11). O BZ atua por modificagdo covalente
de biomoléculas devido aos intermediérios reativos de nitro-redugdo (12, 10). Embora seu
mecanismo de acdo seja conhecido, BZ possui baixa eficacia e causa importantes reacdes

adversas na maioria dos pacientes (13). Assim, pesquisas recentes tém buscado novas
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alternativas de tratamento para a doenca de Chagas, porém, até 0 momento, sem sucesso ou
em fase de testes (9, 14, 15).

Durante décadas anteriores, na quimioterapia experimental da infeccdo pelo T. cruzi, o
BZ e NX eram administrados por via oral em dois esquemas terapéuticos: no primeiro 0S
camundongos sdo submetidos a um tratamento intermitente durante 90 dias (16) e no segundo
por 20 dias consecutivos (17). No monitoramento da cura, ndo se utilizavam técnicas
moleculares, hoje, sabidamente mais sensiveis na deteccdo da falha terapéutica (18, 19, 20).
Camundongos experimentalmente infectados com diferentes genétipos de T. cruzi, em
infeccbes simples ou duplas, tratados com benzonidazol e com exames parasitologicos
sanguineos e soroldgicos negativos, persistem com PCR convencional positiva nos tecidos,
onde o DNA de T. cruzi ainda é detectado, indicando infecgdo residual (21).

Além de diferentes protocolos de PCR para analise de diferentes materiais bioldgicos,
como 0 sangue e outros tecidos, a utilizagdo de imunossupresséo por ciclofosfamida (Cy) nos
animais submetidos ao tratamento etiol6gico constitui em um critério de cura mais confiavel e
seguro (14, 22).

Neste contexto, para o estabelecimento de novos protocolos e pesquisa de novas
drogas para tratamento da doenca de Chagas, € de suma importancia estabelecer critérios
experimentais que favoregam o incremento de novos medicamentos na clinica ou mudangas
na terapéutica dos farmacos ja existentes, podendo, com isso, alcangar mais beneficios para o
paciente.

Considerando que o uso da imunossupressao com Cy e a analise por técnicas
moleculares constituem um critério de cura mais aceito atualmente na quimioterapia
experimental da doenca de Chagas, a nossa hipotese € que o aumento no tempo de tratamento
influencia na eficacia do BZ. Com isso, o objetivo deste trabalho foi avaliar o efeito do tempo

de tratamento na eficacia do BZ em camundongos inoculados por via oral e intraperitoneal
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com uma cepa de T. cruzi IV obtida de surto de doenca de Chagas oral na Amazonia

Ocidental brasileira.

MATERIAIS E METODOS
Aspectos éticos

As diretrizes do Conselho Nacional de Controle de Experimentacdo Animal (CONCEA)
foram seguidas com relagdo ao uso, a manutencdo e os cuidados com o0s animais
experimentais e aprovadas pelo Comité de Conduta Etica no Uso de Animais em
Experimentacdo da Universidade Estadual de Maringa (UEM; parecer numero 023/2014). O
comité de ética da Fundagdo de Medicina Tropical Dr. Heitor Vieira Dourado aprovou 0 uso e

manutencdo da cepa obtida de humano na regido Amazonica (parecer nimero 1940/08).

Parasitos e inoculacéo dos animais

Foi utilizada a cepa AM14 de T. cruzi obtida de um caso agudo de doenga de Chagas
adquirida por via oral, proveniente de surto ocorrido no municipio de Coari, estado do
Amazonas, Amazonia Ocidental brasileira. Esta cepa foi genotipada como TclV (23) e vem
sendo mantida criopreservada no Laboratério de Doenca de Chagas da UEM.

Os animais foram inoculados com 2 x 10° tripomastigotas metaciclicos de cultura em
meio LIT, utilizando um volume de 0,2 mL para a via intraperitoneal (IP) e de 1,0 mL para a

via oral (VO) (4, 24).

Animais
Foram utilizados camundongos suicos fémeas, com idade entre 21-28 dias e pesando

entre 18-20 g, fornecidos pelo Biotério Central da UEM e mantidos em gaiolas micro-
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ambientadas (Alesco®; dimensdes de 20 x 32 x 21 cm), ciclo claro-escuro, no biotério do

laboratério de doenca de Chagas durante todo o experimento.

Tratamento etioldgico

Apos confirmar a infeccdo, os animais foram separados em oito grupos com média de
peso semelhantes. Os animais foram tratados diariamente, a partir do 10° dia ap6s inoculagdo
(dai), com BZ 100 mg / kg / dia (17). Os seguintes grupos experimentais foram constituidos
de acordo com a via de inoculagéo (IP ou VO) e duracdo do tratamento (20, 40 ou 60 dias):
A) controle néo tratado (IP-CNT, n=6); B) controle néo tratado (VO-CNT, n=6); C) IP + BZ
por 20 dias (IP-TBZ20, n=5); D) VO + BZ por 20 dias (VO-TBZ20, n=5); E) IP + BZ por 40
dias (IP-TBZ40, n=5); F) VO + BZ por 40 dias (VO-TBZ40, n=5); G) IP + BZ por 60 dias
(IP-TBZ60, n=5); e H) VO + BZ por 60 dias (VO-TBZ60, n=5). Foram utilizados dois

animais de cada grupo CNT (IP e VO) como controles de cada tempo de tratamento.

Imunossupressao

Sete dias ap06s o término do tratamento etioldgico, tanto os animais TBZ quanto os
animais CNT inoculados por via IP e VO, foram submetidos a um esquema de
imunossupressdo com ciclofosfamida (Cy) 50 mg / kg / dia durante trés semanas, por 4 dias
consecutivos na primeira semana e 3 dias consecutivos nas 2 semanas seguintes, segundo
protocolo de Diniz et al. (14) modificado. Portanto, o dia de infecgdo no qual se iniciava o
tratamento imunossupressivo variou entre 0s grupos, sendo iniciado no 37° dai, 57° dai e 74°

dai, respectivamente para os animais TBZ20, TBZ40 , TBZ60 e seus controles.

Parametros parasitologicos e infecciosidade
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A parasitemia foi avaliada a partir do 3° dai, atraves do exame de sangue a fresco (ESF)
segundo o protocolo de Brener (25) com o sangue da veia caudal, até a negativacao por trés
dias consecutivos. Na semana ap6s o término do tratamento etioldgico assim como na Gltima
semana de imunossupressao o ESF foi repetido em dias alternados para obter o percentual de
animais com ESF positivo (%ESF+). Os seguintes parametros derivados da curva de
parasitemia foram determinados: Periodo patente (PP) médio, que foi calculado como a média
dos periodos que cada camundongo teve parasitemia detectada pelo ESF; pico maximo de
parasitemia (Pmax), que consiste na média calculada a partir do pico de parasitemia detectado
para cada camundongo; dia do pico maximo (Dpmax), que foi a média dos dias em que cada
camundongo teve o pico de parasitemia detectado; parasitemia total (PT), que consiste na
média da soma da parasitemia diaria de cada animal ao longo do experimento; e area sob a
curva de parasitemia (ASC).

Vinte e oito dias apds o tratamento de cada grupo (TBZ20; TBZ40; TBZ60), foi
coletado sangue do plexo venoso retrorbitral de cada animal, sendo 200 pL de sangue
destinados a PCR em tempo real qualitativa em sangue (QPCRs) e 200 uL para a realizagdo de
hemocultura (HC) em meio LIT (3 mL) segundo Filardi e Brener (17). As HC foram
incubadas a 28 °C em estufa B.O.D. e as leituras foram realizadas aos 30, 45 e 60 dias apds a
coleta. Com os resultados da HC foi obtido o parametro porcentagem de animais com
hemocultura positiva (%HC+).

Ainda, ap6s eutanasia com overdose de quetamina + xilazina, os animais de cada
grupo tiveram o coracdo retirado in totum. Amostras de sangue (100 uL; qPCRs) e um
fragmento do coracdo (30 mg) foram submetidos a extragio de DNA pelo método
isopropanol/ cloroférmio (26). O DNA obtido foi analisado no Laboratorio de Microbiologia
Molecular da Universidade Estadual de Londrina, usando o reagente SYBR green gPCR

SuperMix UDG/ROX Platinum (Invitrogen, USA) e o equipamento de termociclagem Rotor-
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Gene (Qiagen; 27). A gPCR foi realizada utilizando-se 100 ng de DNA genomico (gDNA) e
0os iniciadores TCZ-F (5’GCTCTTGCCCACAMGGGTGC-3’) e TCZ-R (5°C
CAAGCAGCGGATAGTTCAGG-3") (28). DNA extraido de tecido tanto de camundongo
sadio quanto de camundongo infectado com cepa Y (Tcll) foram utilizados como controle
negativo e positivo, respectivamente. A mistura dos reagentes sem o gDNA foi utilizada como
controle negativo da amplificagdo. Com os resultados da qPCR foi possivel calcular o
parametro porcentagem de animais com qPCR positiva (%gPCR+).

A taxa de infecciosidade (%INF) foi calculada a partir dos resultados positivos obtidos
nos testes de ESF, HC, gPCRs e qPCRt. As mortes foram registradas durante todo o periodo
de duracdo de experimento, e a taxa de mortalidade (%MOR) calculada para cada grupo

experimental.

Avaliacdo da eficécia do tratamento

Tanto os animais dos grupos TBZ quanto os animais CNT foram avaliados por ESF,
HC e gPCR. A eficacia dos tratamentos foi determinada com base nos indices de cura (IC)
obtidos com os diferentes tempos de tratamento. Foi considerado “curado” o animal que
apresentava resultado negativo em todas as técnicas citadas acima. Os IC foram obtidos pela

razao entre o nimero de animais curados e o total de animais tratados X 100.

Anélises estatisticas

Os dados obtidos foram analisados estatisticamente com o auxilio do software BioEstat
(versdo 5.3, Belém, Para, Brasil). Foram utilizadas tabelas de frequéncias com percentual,
sequidas de analise de proporcdes pelos testes Exato de Fisher ou Teste G. Os testes de
Kruskall-Wallis e de Mann-Whitney foram utilizados para comparagdo de médias. O nivel de

significancia adotado foi de 5%.
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RESULTADOS

A %INF de camundongos inoculados com formas metaciclicas de cultura de T. cruzi
IV tanto por via oral (VO) quanto por via IP foi de 100%, uma vez que todos os animais
apresentaram resultado positivo em pelo menos um dos testes utilizados (ESF, HC e/ou
gPCR). Mortes foram registradas durante e apos a imunossupressao com ciclofosfamida (Cy),
mas a taxa de mortalidade nédo diferiu entre os grupos, quando estes eram comparados ao
mesmo tempo. J& na comparacdo dois a dois, a %MORT de 50,0 apresentada pelo grupo
controle oralmente inoculado (VO-CNT) foi diferente (p = 0,0495) dos grupos VO-TBZ40 e
VO-TBZ60 que apresentaram %MORT = 0,0 (dados ndo mostrados).

Em relacdo a curva de parasitemia, observou-se que os animais do grupo VO-CNT
apresentaram maior Pmax, ASC e PT em relacdo aos animais IP-CNT (p < 0,0104), e foram
semelhantes nos parametros PP e Dpmax (Figura 1). Independentemente da via de inoculagéo,
todos 0s animais apresentaram supressao da parasitemia em até dois dias apos inicio do
tratamento com BZ. Ap06s imunossupressdao por Cy somente dois animais apresentaram
reativacdo da infecgdo, ambos pertenciam aos grupos CNT, um inoculado por via IP e o outro
por VO, e voltaram a apresentar parasitemia patente 60 e 59 dai respectivamente (Figura 1).
Apos o periodo do tratamento etiolégico com BZ, apenas os animais dos grupos CNT que
foram submetidos a imunossupressdo por Cy mais precocemente (& partir 37° dai), voltaram a
apresentar parasitemia patente, inoculados tanto por via oral quanto intraperitoneal, sendo
diferentes dos grupos TBZ20-IP e TBZ-20VO (p = 0,0185).

Os animais tratados por 20 dias apresentaram menor %HC+ quando comparados aos
CNT, principalmente os do grupo IP (Tabela 1). Todos os animais que foram tratados por 40 e
60 dias, seja inoculados IP ou VO, apresentaram resultados negativos na HC, diferindo dos

animais CNT que apresentaram 100% de positividade. N&o houve diferenga na %HC+ entre
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0s grupos inoculados via IP e tratados nos diferentes tempos. Houve redugéo da %HC+ nos
grupos VO-TBZ40 e VO-TBZ60 quando comparados ao grupo VO-TBZ20 (p = 0,0083).

As %qPCRs+ apresentaram grande variacdo entre os diferentes grupos e 0s animais
tratados por 60 dias apresentaram 0% de positividade (Tabela 1). Os resultados da qPCR em
tecido cardiaco foram semelhantes aos do sangue.

Os indices de cura (IC) observados para 0s animais que receberam tratamento por 60
dias foram numericamente maiores (100% de cura) que os dos grupos tratados por 20 (20% de
cura) e 40 dias (75 e 0% de cura; figura 2). Na comparacdo dentro de cada tempo de
tratamento, foi observado que animais inoculados por via IP e tratados por 40 dias mostraram
maior IC se comparados aos inoculados VO tratados pelo mesmo tempo. Para os tempos de
20 e 60 dias de tratamento ndo houve diferenca no IC entre as diferentes vias de inoculagéo.
Na comparacdo entre os grupos TBZ20-IP, TBZ40-1P e TBZ60-IP observou-se maior IC
(100,0%) para os animais tratados por 60 dias, diferindo-se entre eles estatisticamente (p =
0,0200). Entre os animais inoculados VO, também foi observado IC de 100,0% para 0 grupo

tratado por 60 dias, também com diferenca entre os grupos (p = 0,0005).

DISCUSSAO

No Brasil, assim como na maioria dos paises endémicos, o tratamento etioldgico da
doenga de Chagas € realizado administrando-se o medicamento benzonidazol (BZ) em
esquema prolongados, no entanto, tanto a evolucdo da infeccdo quanto a eficacia do
tratamento podem variar de acordo com as caracteristicas bioldgicas do parasito (7, 8, 20), a
via de inoculacéo (4) e a forma infectante presente no inéculo (29) logo, a necessidade de se
avaliar e padronizar critérios de cura com diferentes metodologias e esquemas de tratamento

para quimioterapia experimental da infeccdo pelo T. cruzi.
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No presente trabalho foi utilizado a cepa AM14 (TclV), considerada resistente ao
tratamento com BZ em animais experimentalmente infectados pela via IP com tripomastigotas
sanguineos (19, 29, 30) e de cultura acelular (20) sendo que, nestes experimentos o tratamento
com BZ foi realizado por vinte dias consecutivos. Os resultados obtidos no presente estudo
mostram que o perfil de suscetibilidade ao BZ dessa cepa de T. cruzi se manteve como
resistente (20% de cura), mesmo na inoculagdo por via oral e mantendo-se o periodo de
tratamento de vinte dias. No entanto, independente da via de inoculagéo, foi demonstrado que
0 prolongamento do tempo de tratamento influencia a resposta do camundongo ao BZ e,
consequentemente, o perfil de suscetibilidade da cepa a este agente quimioterapico, pois todos
0s animais que receberam BZ por sessenta dias consecutivos foram considerados curados,
utilizando-se critério de cura robusto.

Todos os animais inoculados coma as formas tripomastigotas de T. cruzi IV se
infectaram, porém a evolucdo da infecgdo diferiu de acordo com a via de inoculagdo, sendo
que 0s animais que receberam o parasito pela VO apresentaram infeccdo mais severa em
relacdo aos inoculados pela via IP diferindo em 60,0% (3/5) dos parametros derivados da
curva analisados, incluindo um nivel de parasitemia cerca de 6 vezes mais elevado no
oralmente inoculados, corroborando com os dados obtidos por Teston et al. (4). A capacidade
infecciosa por VO dos tripomastigotas metaciclicos de T. cruzi esta relacionada a presenca de
glicoproteinas de membrana estagio especifica, as quais modulam a infeccdo pela via oral,
promovendo a invasdo celular pela mucosa gastrica (gp30 e gp82)ou impedindo esta
penetragdo (gp90) (31). Maeda et al. (32) ao estudar uma cepa TclV observou altas taxas de
gp82 e baixos niveis de gp90 acido sensivel, 0 que poderia promover sua maior penetracao
pela VO comparado com Tcl.

Apos tratamento com BZ e imunossupressdo com Cy observou-se reativacdo da

infeccdo, caracterizada pela volta da parasitemia patente (ESF positivo), apenas nos animais
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controle nédo tratados, correspondentes a vinte dias de tratamento. Porém, positividade na HC
foi registrada nos animais de todos os grupos controle, concordando com os resultados
obtidos por Teston et al. (19) que observaram HC positiva nos camundongos inoculados com
a cepa AM14 pela via IP tanto do grupo controle ndo tratado quanto nos tratados com BZ por
20 dias. Entretanto, no presente estudo os animais inoculados tanto pela VO quanto pela via
IP, quando submetidos ao tratamento de 40 e 60 consecutivos com BZ, apresentaram ESF e
HC negativos. Estes resultados também ressaltam a importancia da complementacdo do
critério de cura com anéalises moleculares, incluindo a g°PCR em tecido cardiaco, o que é
contraindicado em pacientes.

Os animais inoculados por via IP e tratados com BZ durante 40 dias (IP-TBZ40)
apresentaram 75% de cura enquanto que nenhum animal do grupo VO-TBZ40 foi
considerado curado. Isso comprova a pior resposta ao tratamento da infeccéo oral (4). Além
maior sensibilidade da gPCR na comprovacgéo da falha terapéutica. Por outro lado, mesmo
com o0 uso de uma técnica altamente sensivel como a qPCR no monitoramento da cura, foi
observado um indice de 100% de cura em camundongos infectados por T. cruzi (TclV),
independente da via de inoculacdo, extendendo-se o tempo do tratamento para sessenta dias
consecutivos. Ou seja, foi registrado um crescente indice de cura com 0 aumento no tempo de
tratamento, corroborando com Jacobs et al. (33), que verificaram melhora na resposta ao
tratamento com o aumento do tempo de medicacéo.

Extrapolando os resultados da infec¢do experimental para o uso clinico, o tempo de
tratamento em humanos deveria ser de pelo menos 60 dias consecutivos, especialmente para
pacientes infectados com TclV como ocorre nos surtos de doenca de Chagas oral na Regiéo
Amazonica (23). Vale lembrar que 0 BZ proporciona varias reacdes adversas ao organismo, o

que implica na desisténcia da terapéutica por parte dos pacientes. Pessoas com DC tém
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dificuldade de prolongar o uso de BZ visto que a toxicidade do medicamento é dose e tempo
dependente.

Diante disso, uma grande vertente para os pesquisadores é a descoberta de novas
maneiras para minimizar as reagdes adversas no uso de BZ pelos pacientes sem que sua
eficécia terapéutica seja prejudicada. Bustamante e Tarlenton (15) sdo enfaticos em relatar
algumas possibilidades de novas drogas para tratamento da DC, as quais encontram-se em
testes confirmatdrios, com a esperanca de melhora terapéutica assim como serem menos
toxicas ao homem.

Os esquemas terapéuticos anti-T. cruzi devem ser determinados empiricamente e 0S
compostos ou substancias com diferentes mecanismos de a¢do podem ser combinados para
produzir terapias eficazes com toxicidade reduzida (34). Isso relaciona-se diretamente com
nossos resultados visto que mostramos a necessidade do aumento no tempo de uso do BZ para
se obter a cura, pelo menos no caso da DTU TclV. Algumas associa¢des de drogas ja foram
testadas e demonstraram-se promissoras para aumentar a eficacia do tratamento, entre elas a
associagdo do BZ com outros farmacos como cetaconazol (35), BZ e posaconazol (14),
alopurinol e clomipramida (36) e alopurinol e BZ (37).

Uma das questdes mais relevantes, além da melhoria na eficacia do tratamento
etiologico da doenca de Chagas, é a falta de ferramentas para identificar e certificar a cura
parasitoldgica definitiva. O uso de testes distintos pode oferecer melhores contribuicGes e
avangos no consentimento mutuo do critério de cura entre pesquisadores (38). Os resultados
obtidos no presente estudo favorecem uma mudanca de protocolos utilizados ha décadas para
quimioterapia experimental contra o T. cruzi, principalmente no que se refere ao tempo de
tratamento de animais infectados assim como da utilizacdo de metodologias complementares

entre si (ESF, HC, PCR e imunossupressdo). Uma forma moderna que pode ser utilizada em
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conjunto com estas metodologias € 0 uso de exames de imagem por bioluminescéncia in vivo
(39).

Em suma, a cura da infeccdo murina experimental por T. cruzi (TclV) foi diretamente
relacionada ao tempo de tratamento com benzonidazol. O uso da droga de referéncia por
sessenta dias consecutivos proporcionou indice de cura de 100% em camundongos inoculados
pela via oral e intraperitoneal, utilizando como critério de cura exames parasitologicos e
moleculares em animais imunossuprimidos. O que sugere mudanga nos critérios de cura para

quimioterapia experimental murina da infecgéo por T. cruzi.
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FIGURA 1. Curva de parasitemia média de camundongos suigos inoculados por via
intraperitoneal (IP) e por via oral (VO) com 2x10° tripomastigotas metaciclicos de cultura
acelular / animal de Trypanosoma cruzi (cepa AM14 — TclV), e imunossuprimidos com

ciclofosfamida 50 mg/kg a partir do 37° dia ap6s a inoculagéo.
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TABELA 1. Taxas de positividade do exame de sangue a fresco (%ESF+), hemocultura
(%HC+) e PCR em tempo real (QPCR) em sangue e tecido cardiaco de camundongos
inoculados por via intraperitoneal (IP) e oral (VO) com Trypanosoma cruzi (capa AM14-
TclV), tratados com benznidazol 100 mg / kg /dia (TBZ) durante 20, 40 e 60 dias

consecutivos e controles ndo tratados (CNT)

%ESF+ %HC+ %qPCRs+ %qPCRt+
IP-CNT 100,0 (1/1)  100,0(1/1)  0,0(0/1) 0,0 (0/1)
VO-CNT 100,0(1/1) 100,0(1/1)  100,0(1/1)  100,0(1/1)
IP-TBZ20 0,0(0/4)  500(2/4) 50,0 (2/4) 50 (2/4)
VO-TBZ20 0,0(0/4)  750(3/4)  250(1/4) 20 (1/5)
IP-CNT 00(0/2)  100,0(2/2)  0,0(0/2) 100,0 (2/2)
VO-CNT 0,0 (0/2) . . 0,0 (0/1)
IP-TBZ40 0,0(0/4)  0,0(0/4) 25,0 (1/4) 0,0 (0/4)
VO-TBZ40 00(0/5)  0,0(0/5) 80,0 (4/5) 80 (4/5)
IP-CNT 0,0(0/2)  100,0(2/2)  100,0(2/2)  100,0 (1/1)
VO-CNT 00(0/2)  100,0(2/2)  50,0(1/2)  100,0(1/1)
IP-TBZ60 0,0(0/4)  0,0(0/4) 0,0 (0/4) 0,0 (0/5)
VO-TBZ60 00(0/5)  0,0(0/5) 0,0 (0/5) 0,0 (0/5)

%ESF+: porcentagem de animais com exame de sangue a fresco positive apds tratamento e
imunossupressdo; %HC+: porcentagem de animais com hemocultura positiva; %QgPCRs+:
porcentagem de animais com gPCR positiva em sangue; %QgPCRt+: porcentagem de animais com

gPCR positiva em tecido cardiaco.
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FIGURA 2. indices de cura obtidos em camundongos suicos inoculados por via
intraperitoneal (IP, n = 13) e por via oral (VO, n = 15) com Trypanosoma cruzi (cepa AM14 —
TclV), tratados com benzonidazol (100 mg / kg / dia), durante 20 (n = 10), 40 (n =9) ou 60 (n
= 9) dias consecutivos. Inéculo: 2x10° tripomastigotas metaciclicos de cultura acelular /
animal. Inicio do tratamento: 10° dia apds a inoculagdo. Letras diferentes (“a” e “b”)
representam diferencas estatisticamente significativas (p < 0,01), exceto na comparagédo entre

0s grupos TBZ20 x TBZ40. Teste exato de Fisher ou teste G.
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CAPITULO Il

CONCLUSOES

Este estudo sobre avaliacdo da eficacia da quimioterapia experimental com benzonidazol e

6leos essenciais de Cymbopogon citratus, Zingiber officinale e Syzygium aromaticum em

camundongos inoculados com Trypanosoma cruzi Il e IV mostrou que:

A cepa Y de T. cruzi quando inoculada por via oral é resistente ao tratamento com
benzonidazol.

O benzonidazol apresenta maior efeito supressivo sobre a parasitemia.

O tratamento com os 6leos essenciais de C. citratus, Z. officinale e S. aromaticum
alteraram o perfil da curva de parasitemia, com destaque para o 6leo essencial de S.
aromaticum que proporcionou a reducdo de todos os parametros derivados quando
comparado aos animais néo tratados.

O tratamento com o Oleo essencial de S. aromaticum na dose de 100 mg/kg
proporcionou 0 maior indice de cura entre 0s grupos tratados, apresentando maior
eficacia que o medicamento de referéncia, benzonidazol.

A infeccdo causada por tripomastigotas metaciclicos de inseto, simpatricos ao vetor,
leva a um quadro infeccioso mais intenso do que aquele ocasionado por
tripomastigotas metaciclicos de cultura.

Camundongos inoculados por via oral com 2x10* tripomastigotas metaciclicos de
inseto daa cepa AM14 (TclV) ndo responderam ao tratamento etioldgico, sendo esta
cepa considerada resistente ao benzonidazol.

A cepa Y (Tcll) proveniente de cultura foi parcialmente resistente ao 6leo essencial de

S. aromaticum (indice de cura de 44%"??) na dose de 100 mg / kg. Por outro lado, a
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cepa AM14 (TclV) proveniente de vetor mostrou-se resistente a este tratamento,
sugerindo que a genética do parasito pode influenciar sua suscetiibilidade a droga.
Pode haver um sinergismo de efeitos no uso da associacdo de benzonidazol e 6leo
essencial de S. aromaticum, uma vez que, o indice de cura obtido foi numericamente
superior ao obtido com o tratamento com ambos isoladamente.

O aumento do tempo de tratamento com BZ de 20 para 60 dias consecutivos promove
a cura parasitologica de camundongos oralmente inoculados com cepa TclV resistente

a droga.

PERSPECTIVAS FUTURAS

Avaliar parametros histopatoldgicos e imunoldgicos em infec¢éo experimental por
Trypanosoma cruzi e tratados com 06leos essenciais;

Avaliar a citotoxicidade dos 6leos essenciais testados para continuidade com maior
seguranca em experimentos pré-clinicos e clinicos;

Estudar a eficacia destes 0leos essenciais frente a uma maior diversidade genética do
T. cruzi;

Avaliar a eficacia em experimentos in vivo dos componentes majoritarios dos 6leos
essenciais isoladamente ou em associacdo com medicamentos de referéncia ou
produtos naturais promissores contra T. cruzi;

Estudar a farmacocinética e a biodisponibilidade dos 6leos essenciais a fim de
maximizar seu potencial de uso na terapéutica;

Estudar o mecanismo de acao dos 6leos essenciais e/ou seus constituintes para
controle da infecgéo por T. cruzi.

Avaliar a eficacia do tratamento com BZ, administrado por 60 dias consecutivos, em

camundongos infectados com outras cepas/DTU de T. cruzi.



