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Kian, D. Atividade imunomoduladora do Oleo de copaiba e acido
caurenoico em macrofagos infectados por Trypanosoma cruzi e o efeito
antimicrobiano da combinagcdo entre os produtos naturais com
benzonidazol. 2017. 102 f. Tese. (Doutorado em Microbiologia) — Universidade
Estadual de Londrina, Londrina, 2017.

RESUMO

A doenca de Chagas, causada por Trypanosoma cruzi, € uma doenca tropical
negligenciada que ainda apresenta limitacbes quanto ao tratamento, como o
aparecimento de efeitos colaterais graves e eficacia variavel. Na busca por
terapias alternativas, a utilizacdo de produtos naturais e estratégias como a
combinacdo de farmacos representam alternativas para introducdo de novos
medicamentos para essa doenca. O trabalho teve como objetivo avaliar o éleo
de copaiba e o &cido caurendico quanto a sua atividade tripanocida e
imunomoduladora em macrofagos infectados por T. cruzi, além de analisar o
efeito combinatério destes produtos naturais com o benzonidazol. Ambos o0s
compostos foram capazes de eliminar o parasito, promovendo diminuicdo
significativa da taxa de infeccdo e proliferagdo das formas amastigotas de
maneira dose dependente. A eliminacdo destas formas intracelulares ocorreu
por mecanismos independentes da producdo de espécies reativas de oxigénio
e nitrogénio e das vias relacionadas ao metabolismo do ferro e defesa
antioxidante. Apesar dos testes mostrarem que o 6leo de copaiba e o acido
caurendico modulam a resposta imune em macrofagos, o efeito tripanocida
pode estar ocorrendo devido a acao direta destes compostos sobre o parasito,
uma vez que os tratamentos exibiram um perfil anti-inflamatério. Quando os
compostos foram associados ao benzonidazol observou-se efeito sinérgico
contra todas as formas de T. cruzi para o 6leo de copaiba e para o acido
caurendico apenas para as formas epimastigotas e amastigotas. Em
tripomastigotas o efeito da associacéo foi aditivo. As concentracfes utilizadas
nos testes mostraram efeito antagbnico para células LLCMK;, ndo indicando,
portanto, toxicidade. Além disso, os tratamentos com 0s compostos sozinhos
ou em combinagdo com benzonidazol levaram a diversas alteragdes funcionais
e estruturais nas formas epimastigotas, como aumento na producdo de
espécies reativas, formagcdo de estruturas membranosas e vacuolizagdo no
interior das células, peroxidacao lipidica entre outras caracteristicas indicativas
de processo autofagico. Portanto, nossos resultados mostram que o6leo de
copaiba e o acido caurendico sdo capazes de eliminar T. cruzi, modular a
resposta imune e diminuir a concentracdo de benzonidazol necesséaria para
causar a morte do parasito, 0 que poderia diminuir a toxicidade deste
medicamento, sendo entdo, uma alternativa promissora no tratamento da
doenca de Chagas.

Palavras-chave: Trypanosoma cruz. Oleo de copaiba. Acido caurenoico.
Benzonidazol. Imunomodulacdo. Combinacdo de farmacos.



Kian, D. Immunomodulatory activity of copaiba oil and caurenoic acid in
Trypanosoma cruzi-infected macrophages and the antimicrobial effect of
the combination of natural products with benznidazole. 2017. 102 p. Tese
(Doctorate in Microbiology) — Universidade Estadual de Londrina, Londrina,
2017.

ABSTRACT

Chagas disease, caused by Trypanosoma cruzi, is a neglected tropical disease
that still has treatment limitations, such as the appearance of serious side
effects and variable efficacy. In search for alternative therapies, the use of
natural products and strategies such as drug combinations represent
alternatives for introduction of new drugs for this disease. The study aimed to
evaluate the copaiba oil and Kaurenoic acid as its trypanocidal and
immunomodulatory activity in macrophages infected with T. cruzi, as well as
analyzing the combinatorial effect of these natural products with benznidazole.
Both compounds were able to eliminate the parasite, promoting a significant
reduction in the rate of infection and proliferation of the amastigote forms in a
dose dependent manner. The elimination these forms intracellular occurred by
independent mechanisms of production of reactive oxygen species and nitrogen
and pathways related to iron metabolism and antioxidant defense. Although
tests showed that both copaiba oil and kaurenoic acid modulate the immune
response in macrophages, the trypanocidal effect may be occurring due to the
direct action of compounds on parasite, since treatments exhibited an anti-
inflammatory profile. When compounds were associated with benznidazole a
synergistic effect was observed against all forms of T. cruzi for copaiba oil and
for kaurenoic acid, only for the epimastigote and amastigote forms. In
trypomastigotes association effect was additive. The concentrations used in
tests showed an antagonistic effect for LLCMK; cells, thus not indicating toxicity
for these cells. In addition, treatments with compounds alone or in combination
with benzonidazole led to several functional and structural changes in
epimastigote forms, such as increased production of reactive species, formation
of membranous structures and vacuolization in the cells, lipid peroxidation
among other indicative characteristics of autophagic process. Therefore, our
results show that copaiba oil and kaurenoic acid are able to eliminate T. cruzi,
modulate the immune response and decrease the concentration of
benznidazole necessary to cause death of parasite, which could decrease the
toxicity of this drug, and so, a promising alternative in the treatment of Chagas
disease.

Keywords: Trypanosoma cruzi. Copaiba oil. Kaurenoic acid. Benzonidazole.
Immunomodulation. Drug combination.
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1. REVISAO BIBLIOGRAFICA

1.1 DOENCA DE CHAGAS E Trypanosoma cruzi

As doencgas tropicais negligenciadas afetam mais de 1,4 bilhdes de
pessoas em todo mundo, principalmente populacdes pobres, que vivem em
areas rurais, favelas urbanas ou zonas de conflito, devido a péssimas
condi¢cbes sanitarias e de moradia (PINHEIRO et al., 2017). Ndo apresentam
prioridade de saude publica tanto em nivel nacional como internacional, além
de despertarem pouca atencao pelas industrias farmacéuticas (WHO, 2015).
Dentre estas doencas, as que sdo causadas por protozoarios, destacam se
aguelas que tém como agentes etiolégicos membros da familia
Trypanosomatidae, como espécies dos géneros Trypanosoma gue causam a
doenca de Chagas e a doenca do sono (HOUWELING et al., 2016).

Conhecida também como Tripanossomiase americana, a Doenca de
Chagas é endémica em 21 paises da América Latina, infectando
aproximadamente 6 milhdes de pessoas, sendo que 70 milhdes estdo vivendo
em areas com alto risco de transmissao da doenca (WHO, 2015).

No Brasil, estudos realizados em 2014 estimaram a prevaléncia da
doenca em 1,0-2,4% (1,9-4,6 milhdes de pessoas), afetando principalmente
mulheres, individuos acima de 60 anos e residentes das regifes nordeste e
sudeste do pais. No periodo de 2000-2013, 1.570 casos agudo da doenca
foram relatados, uma média de 112 casos por ano, sendo que a maioria se
concentrou no estado do Para (75%) (DIAS et al., 2016).

Nas ultimas décadas, muitos fatores contribuiram para uma mudanca no
perfil epidemiolégico da doenca, como a implementacdo de diferentes
iniciativas para seu controle na América Latina, urbanizagdo e aumento das
viagens internacionais e da migragéo, elevando o nimero de casos detectados
em paises ndo endémicos da América do Norte e Europa (SCHMUNIS,
YADON, 2010; REQUENA-MENDEZ et al., 2015).

Clinicamente, a doenca de Chagas apresenta duas fases bastante
distintas: fase aguda e fase cronica. A fase aguda dura poucas semanas,
apresenta alta parasitemia e em alguns casos pode ocorrer linfadenomegalia

localizada na regido da picada como o sinal de Romafia ou chagoma de
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inoculacdo (BERN et al., 2011). No entanto, a doenca dificiimente € detectada
nesta etapa inicial, por ser, muitas vezes assintomatica ou apresentar sintomas
inespecificos como febre, mal-estar e linfocitose, semelhante a de outras
patologias. Nesta fase, o sistema imune do hospedeiro pode controlar a
replicagéo do parasito, cessando os sintomas geralmente em torna de 4 a 8
semanas (DUTRA, GOLLOB, 2008; ANDRADE et al., 2014).

O diagnoéstico laboratorial nesta fase inicial da doenca € baseado em
critérios parasitologicos e sorologicos, a partir da deteccéo direta dos parasitos
no sangue, além de sorologia para anticorpos da classe IgM e IgG (MACHADO
et al., 2012).

ApoOs o término da fase aguda, aproximadamente 30-40% dos individuos
infectados evoluem para a forma crbénica da doenca, caracterizada pela baixa
incidéncia de parasitos circulantes na corrente sanguinea (MACEDO et al.,
2002). A maioria dos individuos que entram nesta fase permanece na forma
clinica indeterminada e assintomatica, que representa um estado de equilibrio
entre parasito e hospedeiro. No entanto, em alguns casos o0 quadro pode
manifestar comprometimento cardiaco e/ou digestivo e em menor propor¢do do
sistema nervoso, com reativacdo intensa do processo inflamatério (BERN,
2015).

Na forma cardiaca ocorre principalmente miocardite cronica e hipertrofia
do coracdo, enquanto na forma digestiva sdo observadas alteracdes
hipertréficas no eséfago e coldn intestinal. J& a forma mista é caracterizada
pelo comprometimento cardiaco e digestivo concomitantemente (RASSI et al.,
2010).

Nesta fase da doenca, devido a baixa parasitemia e altos titulos de
imunoglobulinas especificas, € indicado o diagnédstico por testes sorolégicos
como a hemaglutinagédo indireta, imunofluorescéncia indireta e o método
imunoenzimético (ELISA) (GOMES et al., 2009; BALOUZ et al., 2017).

A doenca de Chagas é transmitida por insetos hematéfagos, conhecidos
popularmente como barbeiros. Estes pertencem a ordem Hemiptera, familia
Reduviidae e subfamilia Triatominae, e as principais espécies com capacidade
de transmissdo da doenca e de importancia epidemiolégica sdo Triatoma
infestans, Panstrongylus megistus, Rhodnius prolixus e Triatoma braziliensis
(ARGOLO et al.,, 2008). Nos paises como Argentina, Bolivia, Brasil, Chile,



15

Paraguai e Uruguai, T. infestans foi o0 mais associado a endemia chagéasica
(DIAS et al., 2011).

No Brasil, a transmissdo vetorial foi substancialmente reduzida frente
aos avancos utilizados no controle de vigilancia epidemiolégica. A partir de
1940 autoridades do pais estabeleceram o primeiro programa de controle da
doenca de Chagas, mas apenas em 1975 o programa foi estruturado em nivel
nacional, com foco na eliminacdo do principal vetor, T. infestans, através da
pulverizacdo regular de inseticidas (CORASSA et al., 2016). Finalmente, em
2006, a Organizacado Pan-Americana da Saude (OPAS) certificou a interrupcéo
da transmissao da doenca através desta espécie no Brasil (FERREIRA, SILVA,
2006). Embora grandes progressos tenham sido alcancados através desse
programa, ndo houve acompanhamento adequado por acbes de vigilancia.
Como resultado, as areas anteriormente consideradas livres de vetores estédo
agora sendo repovoadas com vetores infectados, levando a casos recentes da
infeccdo (ANDRADE et al., 2014). Além disso, o fato de existirem mais de 140
espécies de vetores espalhadas pelas Américas, torna a erradicacao por este
método praticamente impossivel (COURA, 2013).

A doenca também pode ser transmitida por outras formas que incluem
transplante e transfusdo sanguinea, nos quais ndo € realizado triagem
especifica; congénita, acidental e oral (RASSI et al., 2012).

Como a maioria dos pacientes com doenca de Chagas € assintomatica e
desconhece sua condicdo, em caso de doacdo de sangue, eles podem
inadvertidamente representar uma séria ameaca a seguranca do suprimento de
sangue em paises ndo endémicas como Australia, Canada, Espanha e Estados
Unidos (ANGHEBEN et al., 2015). Nestes lugares, a incidéncia da transmissao
vetorial é reduzida, no entanto, a probabilidade de infeccdo por esta via é
considerada a mais comum (COURA, 2015).

A transmissdo congénita ocorre principalmente por via transplacentéria,
tanto na fase aguda quanto na fase crbnica da infec¢do, podendo ocorrer em
qualquer periodo da gestacdo. Além disso, pode ocorrer no canal do parto,
através do contato de mucosas do feto com o sangue da mée contaminado por
T. cruzi (RENDELL et al, 2015). Nos paises nédo endémicos também foram
registrados casos de transmissdo congénita, como consequéncia da migragao
de gestantes infectadas da Ameérica Latina (HOWARD et al., 2014; CARLIER et
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al., 2015), onde esta forma de transmissédo ocorre em 4-12% dos casos e a
taxa de transmissdo a partir de mulheres infectadas cronicamente é estimada
em 5% (HOWARD et al., 2014).

Acidentalmente, a transmissdo também pode ocorrer pelo contato do
parasito com alguma lesdo na pele, mucosa ou por auto inoculacgéo,
principalmente em profissionais de laboratério que manipulam o parasito no
sangue de animais, fezes de triatomineos, material de pacientes ou vetores
infectados (DIAS, 2011).

Nos ultimos anos, a transmisséo oral tem sido bastante discutida, surtos
ja foram descritos no Brasil, Venezuela, Coldmbia, Bolivia, Argentina e Equador
(SILVA DOS SANTOS et al., 2017). Os casos notificados envolveram ingestao
de alimentos ou bebidas, como carne, leite, suco de cana ou acai contendo
fezes do triatomineo ou o proéprio inseto infectado por T. cruzi. No Brasil, entre
2000 e 2011, 1252 casos de doenca de Chagas aguda foram relatados, sendo
que 70% foram atribuidos a transmissdo oral, 0 que enfatiza a importancia
desta rota de transmissdo em humanos (DOMINGUES et al., 2015).

O agente etiologico da doenca de Chagas € o protozoario Trypanosoma
cruzi, pertencente a ordem Kinetoplastida e familia Trypanosomatidae.
Apresenta algumas caracteristicas peculiares como a presenca de uma unica
mitocondria, cujo material genético se concentra em uma porcao especifica da
organela, o cinetoplasto, especifico dos membros desta ordem (RODRIGUEZ
et al. 2014).

O ciclo de vida de T. cruzi alterna entre dois hospedeiros, um
invertebrado (triatomineo) e um vertebrado (mamifero), nos quais sao
encontradas as diferentes formas do parasito. Os epimastigotas proliferam no
intestino médio do inseto vetor e se diferenciam na forma infectante
tripomastigota metaciclico. O triatomineo infectado, apds o repasto sanguineo,
defeca ou urina sob a pele do hospedeiro, liberando nestas excre¢des formas
tripomastigotas. Os parasitos podem penetrar através das membranas
mucosas ou lesfes cutaneas podendo infectar qualquer célula nucleada ou ser
internalizado passivamente por fagocitos. Este processo envolve o
reconhecimento de uma grande variedade de moléculas presentes nas células
do parasito e do hospedeiro, dando inicio ao ciclo intracelular de T. cruzi. Os

tripomastigotas ficam contidos em uma estrutura conhecida como vacuolo
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parasitoforo, onde gradualmente se diferenciam nas formas amastigotas. Esse
processo ocorre paralelamente a lise da membrana deste vacuolo por enzimas
secretadas pelo parasito, possibilitando entédo, que as amastigotas, em contato
direto com o citoplasma, iniciem seu processo de divisdo binaria. Apos alguns
ciclos de divisdo, se diferenciam novamente em tripomastigotas que s&o
liberadas apdés a ruptura da célula hospedeira. Os parasitos podem invadir
outras células ou alcancar a corrente sanguinea, podendo ser ingeridas pelo
inseto vetor iniciando um novo ciclo (KOLLIEN, SCHAUB, 2000; RASSI et al.,
2010).

As formas do parasito apresentam caracteristicas morfologicas distintas,
que sdo utilizadas para sua identificacdo. Epimastigotas possuem forma
alongada com flagelo emergindo da por¢éo anterior do parasito, nucleo esférico
e cinetoplasto em forma de bastao, préximo a saida do flagelo. Tripomastigotas
também possuem um formato alongado e fusiforme, com nucleo na regiao
central e cinetoplasto localizado posteriormente a ele. Proximo ao cinetoplasto,
emerge o flagelo que se adere ao longo do corpo celular e é dotado de grande
mobilidade. J& as formas amastigotas, intracelulares, sdo arredondadas com
nacleo esférico na regido central, cinetoplasto em forma de bastdo e flagelo
curto interiorizado (TEIXEIRA et al., 2012).
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Figura 1. Ciclo de vida e as diferentes formas de T. cruzi (DUSZENKO et al.,
2011).
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Com o aprimoramento da microscopia eletrbnica, estas e outras
organelas dos tripanossomatideos puderam ser melhor analisadas. O
cinetoplasto contendo o kKDNA foi identificado como uma estrutura escura,
elétron densa e em formato lamelar, presente na mitocondria Unica, que se
mostra altamente ramificada e percorre todo o corpo do parasito (DE SOUZA,
2008).

Dentre outras estruturas peculiares de T. cruzi estdo os
acidocalcisomas, encontrados nas trés formas de vida e responsaveis pelo
estoque intracelular de célcio e outros ions (SCOTT, DOCAMPO, 2000). Séao
organelas acidicas, geralmente arredondadas e de aproximadamente 200 nm.
Ja o0s reservossomos sao encontrados apenas em epimastigotas como
estruturas desprovidas de membranas internas e contendo inclusdes lipidicas.
Sao descritos como sitios de acumulo de proteinas endocitadas e estdo
localizadas na parte posterior do corpo do parasito (DE SOUZA, 2002).

J4 a organizacdo estrutural do complexo de Golgi e do reticulo
endoplasmatico sdo semelhantes a descrita em outras células eucariéticas. O
Golgi se apresenta como estrias paralelas localizadas entre o cinetoplasto e o
nacleo, proximo a regido da qual emerge o flagelo, enquanto o reticulo
endoplasmatico pode ser encontrado em contato com o nucleo, a mitocéndria
ou na regido periférica da célula (ENGSTLER et al., 2007).
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Figura 2. Representacdo esquemadtica das principais estruturas e organelas
encontradas nas formas epimastigotas de T. cruzi (DE SOUZA, 2008).
1.2 RESPOSTA IMUNE NA DOENCA DE CHAGAS

Muitas das manifestacdes clinicas observadas na doenca de Chagas
devem-se a resposta imune do hospedeiro contra o parasito. Portanto, em cada
fase da infeccao existe uma resposta especifica com a participacdo de células
e moléculas sinalizadoras objetivando a eliminacdo do parasito. Foi proposto
que a forte estimulacdo imune e o processo inflamatoério intenso durante a
infeccdo precoce por T. cruzi podem ndo sé ser determinantes na patologia
associada a fase tardia da doenca, mas também cruciais no confinamento do
agente etiolégico a um determinado sitio intracelular, limitando a infeccdo e
evitando danos aos tecidos (SATHLER-AVELAR et al., 2009; PINHO et al.,
2014).

No inicio da infeccdo, sdo observados eventos referentes a imunidade
inata, na qual células dendriticas, macréfagos e células Natural Killer (NK),
parecem ter papel crucial na imunidade anti-T. cruzi. (TARLETON, 2007;
GEIGER et al.,, 2016). Estas células possuem uma classe de receptores
(PRRs) em sua superficie capazes de reconhecer padres moleculares
associados a patogeno (PAMPSs), que incluem acidos nucleicos, lipoproteinas,
glicoproteinas e outras componentes de membrana, sendo moléculas
essenciais e conservadas nos microrganismos e que Sao ausentes no
hospedeiro (RODRIGUES et al., 2012). Dentre os PAMPs identificados em
protozoarios estdo as moléculas de glicosilfosfatidilinositol (GPI) ligadas a
glicoproteinas distribuidas na superficie do parasito (KURUP, TARLETON,
2013).

Dentre os diversos PRRs, 0s mais estudados sao proteinas
transmembrana denominadas receptores do tipo Toll (TLRs) (KURUP,
TARLETON, 2013). Apds o reconhecimento pelos TLRs inicia-se uma cascata
de ativacdo de fatores de transcricdo, seguido pela producéo de quimiocinas e
citocinas pro-inflamatorias, que, por sua vez, levam ao recrutamento de células
fagociticas para o tecido infectado, que sédo importantes ndo apenas para o
controle inicial da infeccdo, mas também para moldar a resposta imune
adaptativa subsequente (JUNQUEIRA et al., 2010; TAKEUCHI, AKIRA, 2010).
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Na fase aguda da doenca de Chagas ocorre a ativagcdo da imunidade
inata estimulada por antigenos de T. cruzi através dos receptores TLRs, tais
como 4 e 9, em macrofagos e células dendriticas, promovendo uma intensa
secrecdo de citocinas, quimiocinas e espécies reativas de oxigénio e nitrogénio
(BAFICA, et al., 2006).

A ativacdo dos TLRs utiliza principalmente a via de transducao de sinal
gue consiste no recrutamento de varias proteinas intracelulares como MyD88,
IRAK e TRAF-6, e quinases que regulam sinal extracelular (ERK) e da cascata
MAP quinase (MAPK), envolvidas na ativacao dos fatores de transcricdo AP-1
(proteina ativadora 1) e NF-kB (fator nuclear kB) (KAWAI, AKIRA, 2007). Estes
eventos favorecem a expressao de genes envolvidos na resposta inflamatoria.
Portanto, a ativacao de TLRs por moléculas de T. cruzi pode ativar a via de NF-
kB e MAPK, induzindo a expressdo de genes de citocinas pro-inflamatorias,
principalmente IL-12 e TNF-a, que posteriormente induzirdo a sintese de IFN-y
(GAZZINELLI, DENKERS, 2006).

Macréfagos podem ter papéis distintos na infeccdo por T. cruzi,
dependendo do estado de ativacdo no momento da interacdo com o parasito,
podendo servir como célula hospedeira ou como efetora da resposta imune.
Em termos gerais, dois principais estados de polarizacdo séo definidos:
macrofago de ativacdo classical/inflamatéria (M1) e alternativa/regenerativa
(M2) (GORDON, MARTINEZ, 2010; MILLS, 2012).

Macréfagos M1 sdo induzidos por patdgenos intracelulares e citocinas
como IFN-y, sendo, portanto, associado ao inicio e manutencao da inflamacéo,
enguanto em M2 ha participacao de citocinas imunossupressoras, facilitando a
resolucdo da doenca ou uma infeccado cronica (SICA, MANTOVANI 2012).
Além disso, macréfagos M2 sdo divididos em pelo menos trés subconjuntos:
M2a, induzidos por IL-4 ou IL-13; M2b, induzidos por complexos imunes e
agonistas de TLRs ou receptores de IL-1; e M2c, induzidos por IL-10, TGF- e
glicocorticoides (ZANLUQUI et al., 2015).

Desta forma, nos primeiros estdgios da infeccdo, T. cruzi induz uma
extensa resposta inflamatoria, no qual macréfagos sao ativados por uma
cascata de citocinas: inicialmente produzem IL-12, que atua sobre células NK

induzindo a producao de IFN-y. Esta por sua vez, aumenta a producéo de IL-
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12, TNF-a e oxido nitrico (NO) em macrofagos, contribuindo para a morte do
parasita (PISSETTI et al., 2011).

IFN-y é a citocina mais associada a resisténcia do hospedeiro durante a
fase inicial da infeccdo por T. cruzi, conferindo efeito protetor para o
hospedeiro, por limitar a replicagdo do parasito e induzir a ativagdo de
macréfagos, enquanto sua neutralizacdo resulta em maior susceptibilidade a
doenca (SILVA et al., 1998; CARDILLO et al., 1996).

Como mencionado, a producdo de IL-12 pelo macréfago infectado
estimula células NK a produzirem IFN-y, atuando reciprocamente sobre estas
células e contribuindo para a eliminacdo do parasita (SILVA et al., 1998;
GUILMOT et al., 2013), o que pbde ser visto por SILVA et al. (1998), no qual a
administracao desta citocina a ratos infectados por T. cruzi levava a reducédo da
parasitemia e prolongava a sobrevida dos animais em comparacao ao grupo
controle néo tratado.

ALIBERTI et al. (1996) estudaram a capacidade de T. cruzi em induzir a
sintese de IL-12 em macréfagos e o papel desta citocina na fase aguda de
infeccdo experimental. Os resultados mostraram que as células na presenca
dos parasitos produziam esta citocina e que camundongos tratados com
anticorpos monoclonais anti-IL-12 tiveram aumento significante da parasitemia
e mortalidade, em comparacdo ao grupo controle. Os autores, portanto,
reforcam que IL-12 esteja induzindo a sintese de IFN-y em células NK, o que
leva a ativacdo dos macrofagos.

A resposta inflamatéria causada por T. cruzi é balanceada por eventos
anti-inflamatérios, levando ao ambiente de polarizacdo M2 desencadeado
principalmente por IL-4, IL-10 e TGF-B. Estas citocinas sdo necessarias para
prevenir o aumento do processo inflamatério e dano tecidual, tendo, portanto,
papel modulador da ativacdo da resposta imune. Elas inibem a producéo de
NO e a atividade tripanocida de macréfagos infectados e ativados por TNF e
IFNy (COUPER et al., 2008).

Estudo realizado por WAGHABI et al. (2009) utilizando um inibidor da via
de sinalizacdo do TGF-f (SB431542) mostrou que camundongos infectados
por T. cruzi e tratados na fase aguda com este inibidor apresentaram maior
sobrevivéncia, menor parasitemia e menor lesdo cardiaca. Ja outros trabalhos

envolvendo a inibicdo da IL-10 por anticorpo monoclonal anti-IL-10 mostraram
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aumento da producédo de IFN-y induzida por T. cruzi in vitro (CARDILLO et al.,
1996) e in vivo (REED et al., 1994), sugerindo que esta citocina pode ser um
potente inibidor de IFN-y durante a infeccdo e que a resisténcia inicial ao
parasito pode ser mediada pelo padréo de IFN-y/IL-10 produzido.

Desta forma, a fase assintomatica e indeterminada da doenca de
Chagas tem sido associada a producdo predominante destas citocinas
reguladoras sobre as citocinas inflamatérias (SOUZA et al., 2007). Assim, &
possivel que a capacidade de produzir IL-10 mais tardiamente na fase aguda
seja importante para controlar a resposta e permitir a cronificagdo da doenca
(ANDRADE et al., 2014).

A interacdo do sistema complemento com T. cruzi também ocorre na
resposta imune imediata do hospedeiro, no entanto, € importante considerar
que essa interacdo € dependente das formas evolutivas. O complemento pode
ser ativado por amastigotas, tripomastigotas e epimastigotas, mas apenas
estas Ultimas sao suscetiveis a lise por esta via (LIDANI et al. 2017). As formas
tripomastigotas, por exemplo, expressam moléculas em sua superficie como T-
DAF e Gpl160 que interferem na agdo da C3 convertase, uma enzima central
na cascata do complemento, determinando uma forma de evasao do sistema
imune (NARDY et al., 2015; CARDOSO et al., 2016).

A resposta imune adaptativa na doen¢a de Chagas conta com a ativacéo
de células B levando a producdo de niveis substanciais de anticorpos e
ativacdo de linfécitos T, essenciais para a reducdo da parasitemia na fase
aguda e controle da infeccao da fase cronica (TARLETON, 2007).

Apos duas semanas de infec¢cdo, sdo detectadas altas quantidades de
IgM e 1gG no soro de pacientes na fase aguda da doenca de Chagas, o que é
utilizado como parametro soroldgico. Esta resposta humoral constitui uma
importante forma de controle da doenca, uma vez que foi observado que a
deplecdo de linfocitos B levava a um aumento na parasitemia (KUMAR,
TARLETON, 1998).

Linfocitos T CD4+ auxiliam nos mecanismos efetores em macrofagos e
na ativacdo de linfécitos TCD8+ (MARTIN et al., 2004; TEIXEIRA et al., 2011).
Com o reconhecimento do antrigeno, células T CD4+ se diferenciam em
subpopula¢cdes Thl ou Th2, conforme o padrédo de citocina produzido. O

mecanismo de diferenciacdo do padréo Thl é induzido principalmente por IL-12
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e IFN-y e ocorrem em resposta aos microrganismos que ativam as células
dendriticas, macrofagos e células NK, sendo responsaveis pela producdo de
citocinas proé-inflamatérias, enquanto as células Th2 estdo envolvidas na
resposta controlada por anticorpos (CARDILLO et al., 2007).

Linfocitos TCD8+ s&o importantes na reducdo da carga parasitaria
observada em tecidos infectados por T. cruzi, agindo de modo citotéxico em
células contendo formas amastigotas (BASSO, 2013). Estes linfécitos também
produzem IFN-y, que por sua vez promove mecanismos efetores em
macréfagos para eliminacéo dos parasitos (JUNQUEIRA et al., 2010).

Estudos apontaram para a participacdo dos linfécitos T CD8+ na
imunoprotecdo contra T. cruzi, nos quais, camundongos desprovidos de
linfécitos T por timectomia neonatal ou geneticamente modificados mostram
que ambas as populagcbes, CD4+ e CD8+ séo essenciais para o controle da
parasitemia e sobrevivéncia dos animais nas fases aguda e cronica da infeccao
(TARLETON et al., 1994; COTTA DE ALMEIDA et al., 1997).

1.3 ESTRESSE OXIDATIVO

Radicais livres (a&nion superoxido, peroxido de hidrogénio e anion
hidroxila) sdo moléculas instdveis que contém um ou mais elétrons
desemparelhados e s@o produzidos como intermediarios de muitos processos
fisiolégicos (PHANIENDRA et. al, 2015).

T. cruzi, como parasito intracelular, deve sobreviver aos proprios
metabolitos produzidos como subprodutos de seu metabolismo aerébico e
também lidar com o estimulo oxidativo do sistema imune do hospedeiro, o que
inclui a producdo de espécies reativas de oxigénio (ROS) e nitrogénio (RNS)
(MACHADO-SILVA et al., 2016). Durante a fagocitose pelos macréfagos, o
meio oxidativo é formado pela ativacdo da enzima NADPH oxidase, que produz
0%, convertido dentro do fagossomo em efetores téxicos como H,O, e
posteriormente OH'. Estas espécies oxidantes podem provocar danos ao DNA,
oxidacao de proteinas, além de peroxidacéao lipidica, interferindo na integridade
de membrana (FIGUEIRA et al., 2013).

O papel da invaséo e do processo inflamatério na produgcédo de ROS foi

analisado por GUPTA et al. (2009) em cardiomiocitos de camundongos
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infectados por T. cruzi. Neste caso, houve aumento na producdo destas
espécies reativas, que pbdde ser potencializado por citocinas como IL-13, TNF-a
e IFN-y. Além disso, o potencial de membrana foi alterado, o que resultou na
ineficiéncia da cadeia de transportadora de elétrons.

Outro radical livre altamente reativo é o NO, sintetizado endogenamente
e envolvido em muitos processos bioldégicos como vasodilatacao, inibicdo de
agregacao de plaquetas, reparacao de tecidos, neurotransmissao entre outras
(GHIMIRE et al., 2017). Desempenha sua funcdo também no sistema imune,
no qual € o principal mediador citotoxico de células imunes efetoras, sendo
essenciais para a protecao contra patégenos intracelulares como virus, fungos
e protozoarios (GUTIERREZ et al., 2009).

NO é formado pela acdo de enzimas denominadas 6xido nitrico sintase
(NOS) a partir da L-arginina tendo como subproduto a L-citrulina. Existem trés
isoformas de NOS, que diferem com respeito a sua regulacdo, distribuicdo
tecidual e propriedades fisicas e funcionais, podendo ser agrupadas em éxido
nitrico sintase induzivel (iNOS), 6xido nitrico sintase neural (nNOS) e Oxido
nitrico sintase endotelial (eNOS) (NAHREVANIAN, 2009).

A nNOS e eNOS sédo encontradas no sistema nervosos central e
endotélio vascular, respectivamente, sdo vias constitutivas dependentes de
Ca*? e produzem baixas quantidades de NO. J& iNOS é independente de Ca*?
intracelular e quando induzida, libera quantidades maiores da molécula
(FORSTERMANN, SESSA, 2012).

A inducdo da sintese de NO por macrofagos € crucial para o
desenvolvimento da imunidade contra T. cruzi. Seu efeito protetor tem sido
evidenciado por se combinar com H,O, ou O% e produzir peroxinitrito (ONOO").
Esta molécula oxidante e citotoxica € altamente efetiva contra o parasito,
podendo danificar as células por peroxidagcédo lipidica, consequentemente
prejudicando a integridade de membrana ou levando a apoptose pela alteracao
da funcdo mitocondrial (ALVAREZ et al., 2011; RADI, 2013). Além disso, pode
modificar quimicamente determinadas proteinas, incluindo a familia de cisteina-
proteases, como a cruzipaina, essencial no metabolismo deste protozoario
(VENTURINI et al., 2000).

Os tripanossomas estdo bem equipados para lidar com oxidantes

endogenos e produzidos exogenamente. Este fato € refletido por uma rede
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antioxidante eficiente, formada por uma série de enzimas e moléculas reativas
ndo enzimaticas que ocupam um papel fundamental na desintoxicacdo de ROS
e RNS produzidas durante as interacdes entre parasitas e células hospedeiras
(PIACENZA et al., 2009).

A enzima superoxido dismutase (SOD) protege o parasito do O
gerados por ele ou derivado dos fagoécitos, catalisando a conversdo desta
molécula em oxigénio e 4gua. Em T. cruzi, a enzima é dependente de ferro e
se apresenta em quatro isoformas, que detoxificam o superoxido gerado no
citosol (SODB1), glicossomos (SODB1-2) e mitocéndrias (SODA e C). Ja na
detoxificacdo do H,O,, os tripanosomatideos utilizam um sistema antioxidante
dependente de “tiol”, com a participacdo da tripanotiona. Até o momento,
foram identificadas cinco peroxidases dependente de tripanotiona em
tripanossomatideos: duas triparedoxina peroxidase, duas glutationa peroxidase
e uma peroxidase dependente de ascorbato (WILKINSON et al., 2000;
MACHADO-SILVA et al., 2016).

1.4 QUIMIOTERAPIA

Os dois medicamentos disponiveis para o tratamento da doenca de
Chagas sao nifurtimox e benzonidazol, sendo que no Brasil é utilizado apenas
este ultimo (SALOMON, 2012). Estes nitrocompostos exercem sua atividade
biolégica através da producao de compostos que o sistema de detoxificacdo do
parasito ndo consegue eliminar (WILKINSON, KELLY, 2009).

O mecanismo de acdo do benzonidazol envolve a reducédo do seu grupo
nitro por enzimas nitroredutases. Neste processo, origina-se intermediarios de
radicais livres e metabolitos eletrofilicos que reagem com proteinas, lipidios,
DNA e perturbam a funcdo celular normal e o metabolismo do parasito.
Também, acredita-se que a inibicdo da NADH-fumarato redutase de T. cruzi, a
melhora da fagocitose e a morte por INF-y sejam mecanismos adicionais
envolvidos na atividade tripanocida do benzonidazol. De forma semelhante, o
nifurtimox também atua através do mecanismo de reducéo do grupo nitro. No
entanto, ha um maior papel das espécies reativas de oxigénio, como ion
superoéxido e o peréxido de hidrogénio, que sdo toxicos para T. cruzi (GASPAR
et al., 2015).
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Estudos clinicos mostram que ambos medicamentos apresentam
atividade farmacolégica significativa na fase aguda da doenca e na infeccdo
congénita, apresentando expressivos indices de cura, em torno de 80% dos
pacientes tratados (COURA, 2009; COURA, PEREIRA-BORGES et al., 2011).
Entretanto, apresentam alta toxicidade e varios efeitos colaterais, o que
geralmente levam a interrup¢éo do tratamento.

Os efeitos secundarios mais frequentes com o uso do benzonidazol séo
as manifestacbes cutaneas, como as dermatites, anorexia, dor muscular e
edema generalizado. Para o uso do nifurtimox foram relatados alteragbes
psiquicas e manifestacdes digestivas tais como nausea e vomitos, além de
contraindicacdo para pacientes com doencas renais, hepatica e gravidas
(BOIANI et al., 2010). Outros problemas associados a terapia com estes
medicamentos sdo a limitacdo quanto a eficacia durante a fase crbnica da
doenca, longo periodo de tratamento e a grande variabilidade genética das
populacées de T. cruzi, que pode interferir na atividade antiparasitaria dos
farmacos (BONNEY, 2014).

Diante destes dados, h& extrema necessidade na busca de novas
terapias, a fim de resolver estas limitagbes do tratamento convencional e estar
de acordo com o farmaco ideal preconizado pela Organizacdo Mundial da
Saude, no qual é estabelecido cura parasitologica em todas as fases da
doenca, baixo custo para o paciente, nenhum efeito colateral, administracao
em poucas doses entre outros (WHO, 2015). Neste sentido, estudos com
associacdo e reposicionamento de farmacos, modificacdo molecular de
compostos ja existentes, sintese de novas moléculas ou utilizacdo de produtos
naturais vém ganhando destaque (HOET et al., 2004; FIELD et al., 2017).

Quando se associa dois ou mais medicamentos para o tratamento de
uma doenca, espera-se como resultado efeitos sinérgicos, aditivos ou
antagonicos. Sinergismo resulta da interacdo positiva entre os dois compostos,
ou seja, quando o efeito com a utilizacdo da combinacdo é maior do que o
obtido para cada farmaco isoladamente. A auséncia de interacdo é referida
como efeito aditivo; o efeito da combinacéao € semelhante ao observado com a
utilizacdo das drogas em monoterapia. JA& nas interacdes antagbnicas, a
mistura dos compostos resulta em efeito menor que o esperado
(ZIMMERMANN et al., 2007; HE, 2016).
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Um dos modelos experimentais para avaliar os efeitos da combinacao
de agentes inibitorios in vitro € o “chequerboard”, forma mais conhecida e
simples para medir estes efeitos (HALLANDER et al., 1982). Neste caso,
utiliza-se uma variedade de concentracdes em série dos farmacos e posterior
calculo do FICI (indice de concentragdo inibitéria fracionaria). A partir deste
calculo, a combinagdo dos agentes pode ser classificada com FICI menor que
1 indicando interacdo sinérgica; se superior a 1, interacdo antagonica e igual a
1, efeito aditivo (CHOU, TALALAY, 1984; CHOU, 2006).

Farmacos combinados podem atuar em diferentes alvos terapéuticos a
fim de melhorar a resposta ao tratamento, visando principalmente um aumento
da eficacia, reducéo das dosagens individuais e consequentemente os efeitos
colaterais de cada um (HE, 2016).

Como T. cruzi apresenta uma variedade de mecanismos de invasao e
infeccdo, além de ser capaz de parasitar diferentes tecidos, as estratégias de
tratamento que consideram mais do que um alvo terapéutico parecem ser
promissoras. Neste sentido, estudos estdo focando na combinacdo de
farmacos antiparasitarios convencionais com outros compostos sintéticos ou
naturais que poderiam agir modulando a resposta imune ou apresentando
diferentes mecanismos de acdo. Diversas combinacfes de farmacos ja foram
testadas para o tratamento da doencga, abordando principalmente a associagao
de novos compostos com benzonidazol (LOPEZ-MUNOS et al, 2010;
ASTELBAUER, WALOCHNIK, 2011; GARCIA et al., 2016).

PELIZZARO-ROCHA et al. (2010) estudaram a combinacdo do
benzonidazol com partenolideo, um sesquiterpeno de origem natural isolado de
Tanacetum parthenium. Os tratamentos mostraram forte efeito sinérgico nas
formas epimastigotas e aditivo para tripomastigotas. Quanto a citotoxicidade, a
combinacdo resultou em forte antagonismo levando a maior protecdo de
células mamiferas aos efeitos colaterais do medicamento. Resultados
semelhantes também foram observados na combinacdo de benzonidazol com
outro sesquiterpeno (guaianolida 11,13-dehidrocompressanolida) isolado da
mesma planta, mostrando atividade sinérgica e aditiva sobre as formas
epimastigotas e tripomastigotas, respectivamente (COGO et al., 2013).

Produtos sintéticos também foram estudados em associagdo ao

benzonidazol, como no trabalho de VALDEZ et al. (2012) que avaliaram o
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composto C4 (N-Butyl-1-(4-Dimethylamino) Phenyl-1,2,3,4-Tetrahydro-[3-
Carboline-3-Carboxamide). Nos testes in vitro a combinacdo mostrou efeito
sinérgico contra epimastigotas e tripomastigotas, e em modelo murino
observaram reducdo nos niveis de parasitemia, de infiltrados inflamatérios e na
taxa de mortalidade dos animais.

Além disso, a associacdo com medicamentos utilizados para tratar
outras doencas também pode ser considerada uma estratégia promissora na
terapia da doenca de Chagas. Estudos focados nas interacbes entre
benzonidazol e antifingicos como cetoconazol (ARAUJO et al., 2000),
posaconazol (DINIZ et al., 2013) e itraconazol (MARTINS et al., 2015)
mostraram maior eficacia na quimioterapia em infeccdo experimental quando
comparado ao tratamento com os medicamentos isoladamente, indicando um
potencial para novas terapias para doenca de Chagas.

Outra estratégia bastante estudada para o tratamento de doencas
negligenciadas € a utilizacdo de produtos naturais, que podem ser de origem
vegetal ou animal, considerados uma rica fonte de compostos bioativos que
podem oferecer novos mecanismos de acdo e menor toxicidade que o
tratamento convencional (SCOTTI et al., 2016).

Os produtos naturais também podem influenciar o sistema imunoldgico e
seus efeitos podem ser manipulados para produzir uma resposta imune maior
ou menor. Uma avaliacdo das respostas imunes apds a exposicdo a estes
compostos poderia fornecer respostas sobre como eles atuam dentro do
hospedeiro (IZUMI et al., 2011). Além disso, podem ser empregados como
modelo para o desenvolvimento de farmacos sintéticos e semissintéticos com
eficacia, seguranca e propriedades farmacocinéticas melhoradas (CHEUKA et
al., 2017).

Devido a estas propriedades, produtos derivados de plantas sdo uma
imensa fonte de compostos potencialmente ativos contra protozoarios. Desta
forma, para a doenca de Chagas, a perspectiva de desenvolver novos
medicamentos nos ultimos 15 anos, levou ao rastreio de quase 400 espécies
pertencentes a mais de 100 familias de plantas para atividade contra T. cruzi
(1ZUMI et al., 2011).
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1.5 OLEO DE COPAIBA E ACIDO CAURENOICO

Arvores do género Copaifera (familia Leguminosae, subfamilia
Caesalpinoideae), conhecidas popularmente como copaibas ou copaibeiras,
s&0 encontradas nas regides tropicais da América Latina e Africa Ocidental. No
Brasil, estas arvores sdo nativas principalmente das regides sudeste, centro-
oeste e amazodnica e reconhecidas por atingir até 40 metros de altura, possuir
tronco com coloracdo escura e copa ampla e densa, com flores pequenas
utilizadas para identificacéo das espécies (VEIGA-JUNIOR, PINTO, 2002).

Estas arvores produzem uma oleoresina denominado 6leo de copaiba,
que exsuda do tronco ferido e é importante por conferir a planta protecao
contra animais e patdogenos (MARTINS et al., 2008). Apresenta odor forte e
caracteristico, coloracdo do amarelo claro ao marrom avermelhado,
viscosidade e composi¢do quimica variavel dependendo da espécie de copaiba
extraido (VEIGA-JUNIOR, PINTO, 2002). Caracteristicas genéticas da planta,
além do tipo de solo, disponibilidade de agua e época do ano também podem
influenciar na sua composicao.

O d6leo de copaiba € comercializado em todo o pais, especialmente na
regido amazodnica, em feiras livres e lojas especializadas em produto naturais.
Na cultura popular, é indicado para inimeras enfermidades como bronquite e
asma, inflamacgdes em geral e cicatrizacédo de feridas (VEIGA-JUNIOR, PINTO,
2002; CARVALHO et al., 2005). Portanto, muitos estudos tém sido realizados
com o objetivo de confirmar e validar cientificamente as propriedades
medicinais atribuidas a esse produto natural.

PAIVA et al. (1998) mostraram que Oleo de copaiba extraido de C.
langsdorffi apresentava efeito protetor da mucosa gastrica de ratos, prevenindo
0 aparecimento de Ulceras induzidas quimicamente, enquanto MARTINI et al.
(2016) viram que o tratamento tépico com 6leo de C. multijuga influenciava
positivamente no processo de cicatrizacao de feridas cutaneas em ratos.

O efeito anti-inflamatério foi mostrado por VEIGA et al. (2007) com 6leos
de trés espécies de copaibas: C. multijuga, C. cearensis e C. reticulata, que

foram capazes de inibir parcialmente a producdo de Oxido nitrico por
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macréfagos e reduzir a pleurisia em modelo murino. GHIZONI et al. (2017)
também estudaram esta propriedade do 6leo de C. reticulata em ratos com
artrite induzida e viram que o0 composto apresentava atividade anti-inflamatéria
e antioxidante nos animais.

A atividade antimicrobiana €, certamente, uma das propriedades mais
avaliadas para o 6leo de copaiba. SANTOS et al. (2008) mostraram que a
oleoresina extraida das espécies C. martii, C. officinalis e C reticulata atuavam
sobre Staphylococcus aureus, Staphylococcus epidermidis, Bacillus subtilis e
Enterococcus faecalis, afetando a parede celular destas bactérias. Outro
trabalho, utilizando bactéria Gram positiva, foi realizado por OTAGUIRI et al.
(2016), no qual mostraram que Oleo de C. multijuga atuava sobre células
planctbnicas de Streptococcus agalactiae, além de ter efeito na formacdo do
biofilme.

Quanto a atividade antiprotozoaria, SANTOS et al. (2008b) mostraram
que o O6leo de diferentes espécies de Copaifera foram capazes de eliminar
formas promastigotas de Leishmania amazonensis, sendo que o mais eficaz foi
o extraido de C. reticulata. Posteriormente, 0 mesmo grupo mostrou que este
oleoresina também era capaz de reduzir significantemente o tamanho das
lesGes em patas de camundongos promovidas pelo parasito (SANTO et al.,
2011). Para T. cruzi, estudos com 6leo de copaiba foram realizados por [ZUMI
et al. (2013), que mostraram atividade contra todas formas do parasito,
particularmente sobre as formas replicativas, nas quais a concentracdo de 5
pug/mL o éleo de C. martii e C. officinalis inibiram 99% das formas amastigotas.

Diferencas nos ensaios biolégicos com Oleo extraido de diferentes
espécies de Copaifera se devem especificamente a sua composicdo quimica,
que se apresenta por uma mistura de terpenos, substancias constituidas
basicamente de hidrocarbonetos e formados estruturalmente por unidade de
isoprenos (CsHg) (VEIGA et al., 2007).

Os sesquitepernos sao responsaveis pelo aroma tipico do 6leo de
copaiba (LEANDRO et al., 2012) e por serem 0S principais componentes,
muitas das atividades farmacoldgicas da oleoresina sao atribuidas a eles. Os
mais relatados na literatura s&o: a-copaeno, B-humuleno, B-cariofileno, a-
cubebeno, entre outros e quanto aos diterpenos, 0s mais encontrados sao

acidos diterpénicos como hardwickiico, covalénico, caurendico e copélico.
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Vérias atividades bioldgicas ja foram atribuidas a estes terpenos como sendo
anestésicos, anticarcinogénicos, anti-inflamatérios e anti-alérgicos (LEANDRO
et al., 2012; GUIMARAES et al., 2013).

Diterpenos cauranicos sdo uma classe de compostos que ocorrem
naturalmente em plantas, principalmente espécies pertencentes ao género
Wedelia, Mikania, Annona, Xylopia e Acmela (HARAGUCHI et al., 2011). O
acido caurendico (acido ent-kaur-16-em-19-oic) foi descrito pela primeira vez
por FERRARI et al. (1971), no entanto, foi detectado como componente do 6leo
de copaiba apenas em 1998 por BRAGA e colaboradores, que conseguiram
isolar a molécula do 6leo de C. cearensis através de cromatografia.

Diversas atividades biolégicas deste acido ja foram comprovadas, dentre
elas acdo vasorrelaxante, anti-inflamatoria, analgésica e antimicrobiana
(TIRAPELLI et al., 2004; AMBROSIO et al., 2008; BACARIN et al., 2009; CHOI
et al., 2011).

CUNHA et al. (2003) atribuiram o papel de relaxante uterino ao acido
caurendico obtido do 6leo de C. lagsdorffii, apdés observarem que a molécula
blogueava o célcio e interferia nos canais de potassio sensiveis ao ATP, em
testes in vitro com tecidos musculares de ratos.

Atividade anti-inflamatoria foi descrita por PAIVA et al. (2002) que
observaram que o acido caurendico prevenia o dano tissular através de
mudancas histoldgicas e bioquimicas em modelos murinos com colite induzida
por acido acético. Esta propriedade também foi observada por LYU et al.
(2011), no qual camundongos apresentando lesdo pulmonar aguda induzida
por LPS foram tratados com &cido caurendico obtido de Aralia continentalis.
Neste estudo, houve melhora na estrutura do pulmao e supresséao significativa
de infitrado de neutréfilos, ao mesmo tempo que reduzia a atividade da
mieloperoxidase, enzima envolvida na migracédo de leucocitos para o local da
inflamacéo e a expressao de genes para citocinas pro-inflamatérias.

Ja, MIZOKAMI et al. (2012) mostraram que administracdo do &cido
caurenodico a camundongos com dor inflamatéria induzida por acido acético
levava a um efeito analgésico, com inibicdo das citocinas TNF-a e IL-13, além
de ciclooxigenase-2 (COX-2) e precursores da sintese de prostaglandinas-2

(PGE2), importantes mediadores da inflamacao.
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Como antimicrobiano, JEONG et al. (2013) mostraram propriedades
anticariogénicas, com inibicdo do crescimento, da producdo de acido e
formacao de biofilme de Streptocccus mutans. Posteriormente, MOREIRA et al.
(2016) confirmaram esta atividade, mostrando que o &cido era capaz de inibir o
crescimento de microrganismos responsaveis pela carie dental, podendo ser
considerado um possivel ingrediente na formulagdo dos produtos de higiene
bucal.

SANTOS et al. (2013) avaliaram o efeito do acido caurendico sobre L.
amazonensis e confirmaram que o tratamento resultava em alteracdes
morfolégicas e estruturais no parasito, com aumento da permeabilidade da
membrana plasmatica e despolarizacdo da membrana mitocondrial. Em estudo
semelhante, 1ZUMI et al. (2012) verificaram que o diterpeno também
apresentava atividade contra todas as formas de T. cruzi, com ag¢do sobre a
integridade da membrana do parasito.

A capacidade de plantas em sintetizar produtos que naturalmente agem
na defesa contra diferentes patégenos pode ser citotoxica quando
administradas ao ser humano (IZUMI et al., 2012). Assim, embora a atividade
farmacoldgica do &cido caurendico seja expressiva, tem sido relatada uma
moderada atividade hemolitica e citotéxica (COSTA-LOTUFO et al., 2002;
CAVALCANTI et al., 2009). No entanto, esta molécula pode ter sua estrutura
modificada com objetivo de melhorar sua atividade e/ou reduzir a toxicidade
para o hospedeiro (HARAGUCHI et al., 2011).

Desta forma, HARAGUCHI et al. (2011) obtiveram derivados sintéticos a
partir do &cido caurendico e estudaram sua atividade sobre formas
epimastigotas de T. cruzi. Os autores observaram que alguns deles foram mais
efetivos do que o préprio acido com valores de IC50 variando de 2-24 uM,
indicando que as modificagcdes estruturais aumentavam a atividade tripanocida
da molécula, além de gerar menor toxicidade. Outro trabalho utilizando novas
substancias derivadas do acido caurendico foi realizado por BATISTA et al.
(2013). Neste caso, 0s compostos sintéticos se mostraram eficazes na
eliminacdo do clone W2 de Plasmodium falciparum, um grupo resistente a
cloroquina, o que poderia proporcionar novos caminhos também para o

desenvolvimento de medicamentos antimalaricos.
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2. OBJETIVOS

e Determinar a toxicidade do 6leo de copaiba e do acido caurendico em

macrofagos peritoneais de camundongos BALB/c.

e Avaliar o efeito destes compostos naturais sobre formas amastigotas
intracelulares em macréfagos peritoneais de camundongos BALB/c e

células Hela infectadas.

¢ Analisar a expressdo de genes para citocinas pro e anti-inflamatérias,
genes envolvidos no metabolismo de ferro e defesa antioxidantes em
macrofagos peritoneais infectados por T. cruzi e tratados com os

compostos naturais.

e Analisar a producdo de NO e a expressdo do gene iNOS, além da
quantificacdo de ROS em macroéfagos infectados por T. cruzi e tratados

com 0S compostos naturais.

e Observar o efeito combinatério do 6leo de copaiba e do acido
caurenodico com benzonidazol sobre as trés formas de T. cruzi e sobre
células LLCMK,.

e |dentificar as alteracBes funcionais e ultraestuturais que os compostos
isolados ou em combinagcdo causam nas formas epimastigotas de T.

cruzi.
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ABSTRACT

Natural compounds have been investigated considering their activity,
mechanisms of action, and toxicity. Knowledge about which pathway is
activated remains crucial to understand the mechanism of action of these
bioactive substances during treatment of the infected host. Herein, we showed
that copaiba oil and kaurenoic acid were able to eliminate Trypanosoma cruzi
forms by infected macrophages, through further mechanisms besides nitric
oxide, reactive oxygen species, iron metabolism, and antioxidant defense. Both
compounds induced an anti-inflammatory response with an increase in IL-10
and TGF-B and decrease in IL-12 production. Although copaiba oil and
kaurenoic acid have the ability to modulate the immune response in host cells,
their antimicrobial activity seems to be a direct action of the compounds on the
parasites, causing their death.

Keywords: Copaiba oil, Kaurenoic acid, Chagas disease, Antimicrobial activity,

Anti-inflammatory effect

1. Introduction

Chagas disease, caused by Trypanosoma cruzi, is a neglected tropical
disease which affects at least 6 million people in Latin America [1]. During the
acute phase of the Chagas disease non-specific symptoms may appear in
addition to high parasitaemia [2]. Inflammatory cytokines, chemokines, and
nitric oxide (NO) production, as well as the activation of innate mechanisms are
important to control this initial infection [3]. One of major effector cells that lead
to parasite death are macrophages, which act through NO production induced
by TNF-a and IFN-y, whereas anti-inflammatory cytokines such as IL-10 and
TGF-B are associated with susceptibility to T. cruzi infection, by impairing
activation of macrophages [4]. All these cytokines, therefore, determine the
polarization of these cells to M1 or M2 profiles. M1 macrophages are efficient
producers of pro-inflammatory cytokines and responsible for host defense

against intracellular pathogens, while anti-inflammatory cytokines induce an M2
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phenotype related to suppression of inflammation [5]. This feature is important
to define host resistance or susceptibility to a pathogen.

The fact that natural products also have the ability to modulate the
immune system is relevant, since they can offer new substances for the
treatment of Chagas disease. Currently, the drugs used are nifurtimox and
benznidazole, however both present high toxicity and variable efficacy [6,7].
Thus, we evaluated the immunomodulatory activity of two bioactive substances
that have antimicrobial activity against T. cruzi, copaiba oil and kaurenoic acid.

The Copaifera genus belongs to the Fabacea family and produces an
oleoresin that has been widely studied due to its medicinal properties such as
healing [8], anti-inflammatory action, decreasing leukocyte migration [9],or
inhibiting histamine and serotonin pathways[10], besides antiprotozoal activities
against T. cruzi[11] and Leishmania amazonensis [12]. The oleoresin from
C.martii presents trypanocidal activity in all forms of T. cruzi, inducing lipid
peroxidation and permeability changes in the cellular and mitochondrial
membrane of the parasites [11]. Furthermore, oils from different species of
Copaifera (C. multijuga, C. officinalis, C. reticulata, C lucens, C. paupera, C.
martii, C. langsdorfii and C. cearensis) eliminated the two forms of L.
amazonensis by inducing an increase in plasma membrane permeability and
depolarization in the mitochondrial membrane potential of the parasite [12].
Significantly, L. amazonensis infected mice orally treated with C. martii oil
presented improvement in paw lesions caused by parasites [13].

Kaurenoic acid is one of main diterpene of copaiba oil and can also be
found in other plant species. Its biological activities, such as, anti-allergic [14],
immunosuppressive [15], apoptosis-inducing [16], anti-inflammatory [17], and
antimicrobial activities [18] have already been demonstrated. Kaurenoic acid
also eliminated trypomastigote forms of T. cruzi [19] by causing alteration in
membrane integrity [20] and two forms of L.amazonensis through increasing
plasma membrane permeability and mitochondrial membrane depolarization of
promastigote forms [21].

Although the antiprotozoal effects of both substances have been shown,
the immunomodulatory activity in T. cruzi infected cells still remains to be
determined. Since one of factors that may influence the efficiency of treatment

is cooperative action between drug effect and host immune response, the aim
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of this study was to evaluate whether copaiba oil and kaurenoic acid induce the

killing machinery in T. cruzi infected macrophages.
2. Material and methods
2.1 Natural compounds

We evaluated the activity of oleoresin from Copaifera martii collected at Tapara,
Para, provided by Valdir F. Veiga-Junior (Universidade Federal do Amazonas,
Brazil), and deposited in the Herbarium Chico Mendes (Marica, Rio de Janeiro,
Brazil). Kaurenoic acid obtained from dried roots of Sphagneticola trilobata was
provided by Nilton S. Arakawa (Universidade Estadual de Londrina, Brazil) [22].
Substances were prepared as stock solution in DMSO, and the final
concentration of solvent did not exceed 0.1% in the experiments.

2.2 Parasite T. cruzi

Trypomastigotes cultured in LLCMKj, a fibroblast cell line, were used. Cell
cultures were infected with 5x10° trypomastigotes and after 24 h, non-
internalized parasites were removed and cultures were maintained in 10% FBS-
RPMI at 37 °C in a 5% CO, atmosphere. Five days post infection,
trypomastigote forms were collected from cell supernatants.

2.3 Animals

Male BALB/c mice, 7-8 weeks old, weighing 20-25 g, were obtained from the
Universidade Estadual de Maringa, Brazil. Mice maintenance and procedures
were performed according to protocols approved by the Ethics Committee of the
Universidade Estadual de Londrina (protocol number 10611/2015.39). Every

effort was made to minimize the number of animals used and their suffering.
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2.4 Culture of adherent peritoneal exudate cells

Peritoneal macrophages were collected from the peritoneal cavity of mice with 5
mL cold PBS buffer, washed and counted. 2x10° cells/well were adhered to 24-
well plates (Techno Plastic Products, Trasadingen, Switzerland) in 10% FBS-
RPMI medium at 37 °C in 5% CO,for 24h. Next, non-adherent cells were
washed with PBS and adherent cells maintained in 10% FBS-RPMI medium.

2.5 Viability of peritoneal macrophages

The cytotoxicity effects of copaiba oil and kaurenoic acid treatment were
determined by  mitochondrial oxidation of MTT [dimethylthiazol
diphenyltetrazolium bromide] assay. Briefly, peritoneal macrophages (2x10°
cells/well) were cultured in a 96-well culture plate (Techno Plastic Products,
Trasadingen, Switzerland) with 10% FBS-RPMI medium containing different
concentrations of copaiba oil or kaurenoic acid (ranging from 5 to 160 ug/mL) or
medium alone as cell growth control. Cells were incubated for 48 h at 37 °C in
5% CO,. Next, MTT (0.5 mg/mL) was added according to the manufacturer's
recommendations (Sigma-Aldrich Corp., St. Louis, USA)]. The product formed
was measured at 540 nm with a microtiter plate reader (Synergy HT, Biotek,

USA). Assays were carried out in triplicate on three different occasions.

2.6 Phagocytic assay

Peritoneal macrophages and Hela lineage cells (2x10° cells/well) were adhered
to 13 mm round glass coverslips and infected with trypomastigote forms in a
ratio of 5:1 (parasites/cell) for 2h in 10% FBS-RPMI medium at 37 °C in 5%
CO.. After infection, cells were washed with PBS and incubated with copaiba oil
or kaurenoic acid (at concentrations of 5, 10, 15, and 20 pg/mL) or medium
alone for 48h at 37 °C in 5% CO,. Cells were stained with Giemsa and the
survival index of infection was calculated by multiplying the percentage of
infected cells by the mean number of parasites per infected cell [23].
Experiments were performed in triplicate in three independent experiments. All

tests included untreated T. cruzi infected peritoneal macrophages as controls.
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Quantification was carried out using light microscopy where 200 cells were
randomly counted. The supernatant was used to measure the levels of nitric
oxide (NO).

2.7 Trypomastigote release in treated T. cruzi-infected macrophages

Peritoneal macrophages (2x10° cells) were infected with 1x10° trypomastigotes
per well for 2h at 37 °C in 5% CO,. Non-internalized parasites were washed
with PBS and cells were treated with copaiba oil or kaurenoic acid (10 and 20
pg/mL) in 10% FBS-RPMI medium at 37 °C in 5% CO,. The assay included
untreated T. cruzi infected peritoneal macrophages as controls. Four days after
treatment, trypomastigote release to supernatants was counted until day 7 after

infection. Assays were carried out in triplicate on three different occasions.
2.8 Gene expression analyses of treated T. cruzi infected macrophages

RNA from T. cruzi-infected peritoneal macrophages (1x10° cells) treated with
copaiba oil or kaurenoic acid (10 and 20 pg/mL) or medium alone, as mentioned
in phagocytic assay, was extracted using an SV Total RNA Isolation System
(Promega, Madison, USA) following the manufacturer's procedure. RNA
concentration was determined by absorbance (260 nm) measurements with a
spectrophotometer (Synergy HT, Biotek, Winooski, USA). Complementary DNA
was synthesized using 500 ng of total RNA and2 uM Oligo(dT)primer in a
reverse transcription reaction by MMLV reverse transcriptase (Invitrogen,
Carlsbad, USA) following the manufacturer's procedure. Real-time PCR was
performed in Rotor-Gene Q equipment (Qiagen, Hilden, Germany) using
Platinum SYBR Green gPCRSuperMix-UDG (Invitrogen, Carlsbad, USA), in the
final volume of 20 uL. The reaction mixture also contained 2 uM primers
(Tablel) and 100 ng of cDNA template. Cycling conditions were 10 min at 95 °C
and 40 cycles of 30 sec at 95 °C, 30 sec at 60 °C, and 30 sec at 72 °C, followed
by melting curve analysis (60 to 95 °C at 0.5 °C/sec). Gene expression levels
were determined by reference to p-actin using the comparative cycle threshold

method. Assays were carried out in triplicate on three different occasions.
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2.9 Determination of nitrite levels

NO production was determined by measuring the level of accumulated nitrite in
the supernatant obtained from the phagocytic assay by the Griess reaction. In a
96-well plate, the culture supernatant was incubated with the same volume of
Griess reagent (1% sulfanilamide, 0.1% N-1-naphythyllethylenediamine
dihydrochloride, 2.5% phosphoric acid) for 10 min at room temperature and in
the dark. Thereafter, the samples were read at an absorbance of 540 nm in a
microtiter plate reader (Synergy HT, Biotek, USA). Nitrite concentrations were
calculated by reference to a standard curve generated by known concentrations
of sodium nitrite. Assays were carried out in triplicate on three different

occasions.

2.10 Measurement of Reactive Oxygen Species (ROS) by fluorescence

Total ROS production was measured based on the increase in fluorescence
caused by conversion of chemical dye used to fluorescence compound 2’,7’-
dichlorofluorescein (DFA). Briefly, peritoneal macrophages (2x10° cells) were
adhered to a 96-well black plate for 24h. Cells were infected with trypomastigote
forms in a ratio of 5:1 (parasites/cell) for 2h in 10% FBS-RPMI medium at 37 °C
in 5% CO.,. Then, cells were washed with PBS and incubated with copaiba oil or
kaurenoic acid (10 and 20 pg/mL) or medium alone for 48h at 37 °C in 5% CO..
H,0O, (0.03%) was used as a positive control. Samples were washed with PBS
and then auto fluorescence reading was performed in a Perkin-Elmer Victor
fluorometer (Aex= 490 nm and Aem= 525 nm). Next, 2 uyM H,DCFDA probe
(Sigma-Aldrich, St. Louis, USA) was added to each well and incubated for 30
min in the dark at 37 °C in 5% CO,. Reading on the fluorometer was again

performed. Assays were carried out in triplicate on three different occasions.

2.11 Statistical analysis

Statistical analysis was conducted using one-way ANOVA with Tukey’s multiple

comparison test, utilizing the GraphPad Prism 6.0 computer software
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application (GraphPad Software, San Diego, USA). Results were considered
significant when p< 0.05.

3. Results

3.1 Copaiba oil and kaurenoic acid decreased T. cruzi amastigote proliferation

In an attempt to verify whether copaiba oil and kaurenoic acid could enhance
the trypanocidal capacity of infected cells, the phagocytic index was determined
on peritoneal macrophages and HelLa cells. Both treatments promoted a
significant decrease in the infection rate and proliferation of the amastigote
forms in a dose-dependent manner, with no difference when phagocytic cells or
non-phagocytic cells were used (Fig.1). The concentrations tested were not
cytotoxic to peritoneal macrophages of mice, with CCsy of 46.25 pg/mL to

copaiba oil and 70.63 pg/mL to kaurenoic acid (data not shown).

3.2 Copaiba oil and kaurenoic acid decreases trypomastigote release to culture

supernatants by T. cruzi-infected macrophages

The trypomastigote forms in the supernatants were counted to verify if the
treatment influences parasite differentiation and release from infected
macrophages. Both compounds, copaiba oil (Fig. 2A) and kaurenoic acid (Fig.
2B), were able to significantly decrease T. cruzi release at all concentrations

tested when compared to infected and untreated controls.

3.3 Copaiba oil and kaurenoic acid decrease IL-12 and increase gene

expression for TGF-B and IL-10 cytokines in T. cruzi-infected macrophages

In order to determine the immunomodulatory action of copaiba oil and kaurenoic
acid treatment in infected macrophages, we evaluated mRNA levels of IL-12, IL-
10, TGF-B, and TNF-agenes by real time PCR. Both treatments decreased IL-
12 gene expression (Fig.3A), and upregulated IL-10 (Fig. 3B) and TGF-B (Fig.

3C), whereas TNF-a expression did not show any difference when compared to
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the infected and untreated control (Fig.3D), considered significant when p
<0.05.

3.4 Copaiba oil and kaurenoic acid decrease NO levels and INOS gene

expression in T. cruzi-infected macrophages

NO is the main microbicidal effector of macrophages and it has been shown
that cytokines such as TGF-f and IL-10 act as inhibitors of INOS gene and NO
production, whereas TNF-a is an inductor, important for the control of parasite
growth. To analyze whether the treatments influenced the production of this
molecule, we measured the levels of nitrite and the expression of the INOS
gene. T. cruzi-infected macrophages demonstrated increased NO production
and expression of the INOS gene, however, after treatment with copaiba oil and
kaurenoic acid, a significant reduction in nitrite levels in the culture supernatant
was noticed at all tested concentrations (Figs. 4A, B). In addition, we observed
that treatment with these compounds also decreased the expression of the
INOS gene in these cells compared to the untreated and infected control
(Fig.4C).

3.5 Copaiba oil decreases and kaurenoic acid does not change ROS production

in T. cruzi-infected macrophages

During T. cruzi infection, macrophages are activated to produce ROS in a
process known as respiratory burst. As some studies suggest that this
mechanism is related to parasite control, we investigated whether both
compounds interfere in ROS production. T. cruzi-infected macrophages
presented increased ROS production, similar to that induced by the positive
control, when compared to uninfected cells (data not shown). However, there
were no significant differences in ROS production after treatment with copaiba
oil and kaurenoic acid, except for the treatment with the highest concentration of
copaiba oil tested where a decrease in this production was observed when

compared to the infected and untreated cells (Fig. 5).
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3.6 Copaiba oil and kaurenoic acid cause downregulation of the Nrf-2 gene, but
do not alter the expression of the HO-1 and ferritin genes in T. cruzi-infected

macrophages

Since microbicidal activity was not occurring via NO or ROS production, we
analyzed whether copaiba oil and kaurenoic acid were inducing other
mechanisms related to the iron metabolism, modulation of the immune system,
or antioxidant defense by expression of ferritin, heme oxygenase (HO-1), and
Nrf-2 genes, respectively. Ferritin and HO-1 did not demonstrate significant
differences compared to untreated infected controls (Figs.6A,B), while the Nrf-2
gene expression presented a downregulation in relation to the controls (Fig.
6C).

4. Discussion

Chagas disease chemotherapy relies on the drugs benznidazole and
nifurtimox, both of which present well-known toxicity profiles, which include
severe side effects associated with patients under treatment. In addition,
therapy is challenging as patients are diagnosed in the chronic phase, a period
of the disease during which the drugs have less effect. Since these drugs were
launched, no changes have been made regarding Chagas disease
chemotherapy. In the present study, we showed that copaiba oil and kaurenoic
acid were able to eliminate T. cruzi and the oleoresin presented better activity
when compared to the isolated substance. Interestingly, after the treatments of
infected macrophages there was a decrease in parasite-infected cells and a
reduction in the release of trypomastigotes even though the anti-inflammatory
profile was activated. Indeed, the mechanism of parasite elimination was
independent of NO, ROS production, and pathways related to iron metabolism
and antioxidant defense, suggesting a direct action on the parasite (Fig.7)

This antimicrobial activity on amastigote forms was demonstrated using
the oleoresins from C. martii and C. officinalis [11] and kaurenoic acid [21] on
intracellular forms of T. cruzi in LLCMK:; cells, however, the immunomodulatory
activities of both compounds on T. cruzi infected macrophages were unclear.

We showed that T. cruzi induces a strong proinflammatory response [25],
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however, copaiba oil and kaurenoic acid elicit an anti-inflammatory effect that
overcomes the parasite response. Increased production of IL-10 was also
observed when LPS-induced macrophages were treated with kaurenoic acid
[26]. This natural compound is known to present immunomodulatory and
antioxidant properties [27]. Furthermore, kaurenoic acid activates TGF-3
signaling, resulting in an anti-inflammatory response through prototypic TGFBR
[28]. Although the compounds presented an anti-inflammatory profile, with
increased TGF-B and IL-10 cytokines and reduced IL-12 production, there was
a decrease in the number of infected cells and trypomastigote release.

The cytokine profile that copaiba oil and kaurenoic acid induced in T.
cruzi infected macrophages suggests an immunomodulatory property capable
of activating the macrophages towards the M2 profile. This cell can be activated
and phenotypically polarized in two groups: classically activated macrophages
(M1) and alternatively activated macrophages (M2), generated from the effects
of Thl or Th2 profile cytokines, respectively [29]. IFN-y activated M1 produces
high levels of TNF-a, IL-12, reactive oxygen, and nitrogen intermediates
resulting in greater microbicidal activity. However, during the inflammatory
process, the production of anti-inflammatory cytokines also occurs, favoring the
polarization to M2. This group can be divided into three categories, one of them,
M2c, is induced by IL-10 and TGF-B cytokines [30].

Indeed, induced M2-macrophages through treatment with copaiba oil and
kaurenoic acid decreased NO production. Murine peritoneal macrophages
induced by LPS and treated with copaiba oil also demonstrated decreases in
NO production [30], the authors observed that the 50 mg/mL treatment of
oleoresin C. multjuga Hayne and C. cearensis ex Huber Ducke significantly
inhibited NO production by 30%, and 85% when 500 mg/mL oleoresin of C.
reticulata was used. NO inhibition was also observed when LPS-stimulated
J774[26] and RAW 264.7 [31,32] macrophage lineages were treated by
kaurenoic acid. In addition, no alterations in ROS production were observed as
result of treatment with copaiba oil and kaurenoic acid. This important
microbicidal pathway generates antimicrobial superoxide radicals within the
phagosome by NADPH oxidase complex [33]. Notably, we showed that neither

of these two main microbicidal pathways is activated to eliminate the parasites,
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SO0 we investigated other pathways that might be activated to eliminate the
parasite.

Nrf2 is a key regulator of antioxidant defenses modulating HO-1.
Interestingly, the activation of Nrf2 and HO-1 reduced parasite load when mice
and macrophages infected with T. cruzi were exposed to Cobalt Protoporphyrin,
an activator of Nrf-2, leading to an increase in HO-1 expression that
considerably reduced parasite burden in both animals and isolated cells [34].
This enzyme is related to the degradation of the heme group resulting in the
formation of carbon monoxide, Fe?*, and biliverdin [35]. Carbon monoxide plays
several biological functions as an anti-inflammatory and protection against
oxidative stress, while Fe®* ion increases the synthesis of ferritin being
responsible for the cytoplasmic iron stock. The increase in ferritin production is
related to the decrease in available iron which could inhibit T. cruzi growth [36].
We showed that the transcription factor Nrf2 gene expression undergoes
downregulation in comparison to the control. Additionally, after the treatments
with copaiba oil and kaurenoic acid, no significant difference was observed in
either the expression of HO-1 or ferritin gene, when compared to the infected
and untreated control. These data, however, differ from those found in the
literature where kaurenoic acid treated RAW 264.7 cells showed an increase in
Nrf2 gene expression, as well as other genes regulated by them, such as HO-1
[37]. We suggest that these pathways are also not involved in the elimination of
T. cruzi.

Despite the above, we still observed that copaiba oil and kaurenoic acid
are capable of eliminating the intracellular form of T. cruzi. We believe that,
although the compounds have the capacity to act through modulating the
immune response, their activity is mainly due to the direct action on the
intracellular parasites, as described by Izumi et al. [11]. Their data showed that
the action of C. martii copaiba oil causes ultrastructural changes in the parasite
observed by electron microscopy. The mechanism proposed by the authors was
that the copaiba oil acts directly on the membranes, causing their
disorganization and also reducing dimensions of the parasite, which would lead
to their death. In addition, we showed that the compounds present in copaiba oil
are more effective when in combination, acting synergistically, as suggested by

Lima et al. [24] who showed that copaiba oil fractions had less activity on tumor
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cells than crude oleoresin. This fact was also observed in the treatment with two
terpenes, B-caryophylene and copalic acid, which together showed synergistic
activity against T. cruzi [20]. Considering that most species of Copaifera genus
present these two terpenes in the composition of their oils, this synergism may
be one of the reasons why the oil activity is superior to that of isolated
compounds.

In conclusion, our study demonstrates that copaiba oil and kaurenoic
acid can eliminate the amastigote forms of T. cruzi and drive the response of
infected macrophages to an M2 profile, confirming its anti-inflammatory
properties. Further studies should be performed to elucidate the mechanisms of
action on T. cruzi forms. Importantly, our results indicate that the use of copaiba
oil and kaurenoic acid as a therapeutic compound against T. cruzi is beneficial,
especially due to their anti-inflammatory effect which could control damage

caused by the exacerbated immune response elicited by T. cruzi.
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Fig. 1. Copaiba oil and kaurenoic acid effect on T. cruzi-infected peritoneal
macrophages and Hela cells. Infected cells were treated with increasing
concentrations of kaurenoic acid and copaiba oil (5, 10, 15, and 20 pug/mL) or
medium alone (Control) for 48h to determine the parasite survival index in
peritoneal macrophage (A and B), HelLa cells (C and D). Amastigote number
and infected cell quantification was carried out under a light microscope and the
values used to calculate the index. Data represent three independent
experiments. Significant differences were observed between the treatments and
infected cells cultured in medium alone, ®p < 0.05, °p < 0.01 and °p < 0.001.
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Fig. 2. Effect of copaiba oil and kaurenoic acid upon trypomastigote release in
treated T. cruzi-infected macrophages. T. cruzi-infected macrophages were
treated daily with 10 and 20 pg/mL of copaiba oil (A), kaurenoic acid (B) or
medium alone (Control). After 4 days of treatment, trypomastigotes release to
supernatants was counted until day 8 after infection. Results are the mean +
standard error for duplicate determinations and are representative of two
independent experiments. Significant differences were observed between the
treatments and infected cells cultured in medium alone, *p < 0.05, *p < 0.01,
**p < 0.001.
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Fig. 3. The effect of treatment of T. cruzi-infected macrophages with copaiba oil
and kaurenoic acid on IL-12, IL-10, TGF-B and TNF-a expression levels.
Infected macrophages were treated with 10 and 20 pg/mL of copaiba oill,
kaurenoic acid or medium alone (Control) for 48h. Results are presented as the
relative gene expression of IL-12 (A), IL-10 (B), TGF-B (C) and TNF-a (D)
related to the control (dashed line). Results are the mean + standard error for
duplicate determinations and are representative of three independent
experiments. Significant differences were observed between the treatments and
infected cells cultured in medium alone, ?p < 0.05, °p < 0.01.
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Fig. 4. Copaiba oil and kaurenoic acid treatments decrease nitrite production
and iINOS expression levels in T. cruzi-infected peritoneal macrophages. and
infected cells were treated with increasing concentrations (5, 10, 15, and 20
pug/mL) of copaiba oil (A), kaurenoic acid (B) or medium alone (Control) for 48h.
Uninfected represents non-infected and non-treated macrophages. Nitrite levels
in supernatant were measured by Griess reaction and to determine INOS gene
expression, relative gene expression related to the control, dashed line, is
presented (C). Results are the mean z* standard error for duplicate
determinations and are representative of three independent experiments.
Significant differences were observed between the treatments and infected cells

cultured in medium alone, ®p < 0.05, °p < 0.01.



75

ROS
30000+

H,DCFDA
(Fluorescence arbitrary units)

Control 10 20 10 20

Copaiba ail Kaurenoic acid

Treatment (png/mL)

Fig. 5. Measurement of ROS production after treatment of T. cruzi-infected
macrophages with copaiba oil and kaurenoic acid. Infected-cells were treated
with 10 and 20 pg/mL of copaiba oil or kaurenoic acid or medium alone
(Control) for 48h and analyzed in fluorometer to H,DCFDA probe. Results are
the mean * standard error for duplicate determinations and are representative
of three independent experiments. Significant differences were observed

between the treatments and infected cells cultured in medium alone, ®p < 0.05.
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Fig. 6. HO-1, Ferritin and Nrf-2 expression levels after treatment of T. cruzi-
infected macrophages with copaiba oil and kaurenoic acid. Infected-cells were
treated with 10 and 20 pg/mL of copaiba oil or kaurenoic acid or medium alone
(Control) for 48h. Results are relative gene expression of Ferritin (A), HO-1 (B)
and Nrf-2 gene (C) related to control (dashed line). Results are the mean =
standard error for duplicate determinations and are representative of three
independent experiments. Significant differences were observed between the

treatments and infected cells cultured in medium alone, ®p < 0.05.
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Fig. 7. Scheme showing the effect of copaiba oil and kaurenoic acid treatment
on T. cruzi-infected macrophages immunodulation and parasite elimination
mechanisms. After T. cruzi infection, parasite evade from immune response and
proliferate although macrophages activate NO and ROS pathways (A). The
treatments of infected macrophages with copaiba oil and kaurenoic acid
upregulate the gene expression of IL-10 and TGF-f and consequently,
downregulate the expression of IL-12, INOS and decrease NO production. Even
though this fact happened the parasite survival index is lower than control
group, suggesting a direct action of these two substances on the amastigote

forms (B), subsequently release of less trypomastigote form of T. cruzi.



Table 1

Sequence of primers used in real time-PCR

Primer
TNF-a
IL-12
IL-10
TGF-B
iNOS
Nrf-2
HO-1
Ferritin

B-actin

Forward (37)
tgtgctgacagctttcaacaa
agcaccagcttcttcatcagg
tggacatactgctaaccg
gctgaaccaaggagacggaat
cgaaacgcttcacttccaa
tcacacgagatgagcttagggcaa
cccaaaactggectgtaaaa
ttccaggatgtgcagaagcec
agctgcegttttacaccettt

Reverse (57)
cttgatggtgcatgaga
gcgctggattcgaacaaag
ggatcatttccgataaggct
gctgatcccgttgatttcca
tgagcctatattgctgtgget
tacagttctgggcggcegactttat
cgtggtcagtcaacatggat
aagagggcctgattcaggttc
aagccatgccaatgttgtct
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ABSTRACT

Search for new antiprotozoal substances and strategies such as combination
drugs may be promising ways to solve problems related to the treatment of
Chagas disease, which include side effects, variable efficacy and emerging
resistance. Therefore, we have shown that natural products can emerge as an
alternative to the therapy of this disease, such as copaiba oil and kaurenoic acid
that were able to eliminate Trypanosoma cruzi. When associated with
benznidazole, copaiba oil showed synergistic effect in all forms of the parasite,
while for kaurenoic acid and there was synergism for epimastigotes and
amastigote and additive effect to trypomastigotes, showing no toxicity to
mammalian cells. The compounds and their combinations caused functional
and structural changes in parasite as increased production of reactive species
and alterations in membrane and organelles. In this way, we can see that both
the copaiba oil and kaurenoic acid isolated as in association with benznidazole
are capable of killing T. cruzi and, according to the alterations caused in the
parasite, we believe that the mechanism of action is related to an autophagy-
like process.

Keywords: copaiba oil, kaurenoic acid, benznidazole, drug combination

1. INTRODUCTION

Chagas disease, caused by the protozoan Trypanosoma cruzi, is one of
the most relevant public health problems in Latin America. The available
therapy for elimination of the parasite in the acute phase relies only on
nifurtimox and benznidazole (URBINA, 2010; ARCE-FONSECA et al., 2015),
which present variable efficacy and toxicity to the patient. Although several
studies in search of a new drug, there has been little progress, and to date there
is no effective treatment for patients in chronic phase (PEREIRA; NAVARRO,
2013).

For a drug to be considered ideal by the World Health Organization were

established some requirements as parasitological cure of acute and chronic
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cases, few side effects and no teratogenic, administration in a few doses, low
cost to the patient and others (WHO, 2015). Therefore, the search for new
therapies has been studied using natural products and strategies such as
molecular modification of existing compounds, drug combination, synthesis of
new molecules and drug repositioning (TEMPONE et al, 2011).

Studies with natural products, which may have animal or plant origin,
comprise a promising source of new drugs that used naturally or synthetically
modified, contribute to the treatment of many diseases (SCOTTI et al., 2016).
For T. cruzi, wide variety of isolated substances showing activity against this
parasite mainly plant-derived alkaloids, terpenes and phenolics (KAISER et al.,
2003; IZUMI et al., 2011).

A natural substance widespread in popular culture and has been studied
due to its medicinal properties is the copaiba oil, an oleoresin extracted from
trees of Copaifera genus, present in the tropical regions of American and
African continents. In addition to the anti-inflammatory and analgesic properties
described (CARVALHO et al.,, 2005; VEIGA-JUNIOR et al., 2006), oil also
possesses microbicidal activity (ZIMMERMAM-FRANCO et al., 2013;
OTAGUIRI et al. 2016; GUIMARAES et al., 2016); different species of
Copaifera oil have already shown activity against Leishmania amazonensis
(SANTOS et al., 2008; SANTOS et al., 2011) and T. cruzi (IZUMI et al., 2013).

The chemical composition of copaiba oil is a variable mixture of terpenes,
among them, kaurenoic acid (VEIGA JUNIOR, PINTO, 2002). As well as the oil,
studies have shown this compound had also anti-inflammatory properties
(FUCINA et al., 2016), besides acting as anti-allergic (CHEENPRACHA et al.,
2006) and antimicrobial eliminating forms of L. amazonensis (SANTOS et al.,
2013; MIRANDA et al., 2015) and T. cruzi (BATISTA et al. 2007; 1IZUMI et al.
2012).

Drug combination strategy is an interesting way to promote effectiveness
of drugs with different mechanisms of action, which may decrease the individual
dosages required for the treatment of the diseases (BERMUDEZ et al., 2016).
In the case of Chagas disease, studies generally associate new compounds
with benznidazole, in order to decrease its side effects. Synergistic effects have
been observed in association with anti-inflammatory drugs such as aspirin
(LOPEZ MUNOZ et al., 2010), antifungals such as ketoconazole or



83

posaconazole (ASTELBAUER; WALOCHNIK, 2011) and antidepressants such
as clomipramine (GARCIA et al., 2016; STRAUSS et al., 2013).

Thus, a promising alternative for the treatment of Chagas disease would
be the combination of natural substances with standard drug benznidazole.
Based on this possibility, COGO et al. (2012) analyzed the trypanocidal activity
of guaianolide obtained from plant Tanacetum parthenium. This sesquiterpene
was effective against the three forms of T. cruzi at low micromolar
concentrations that did not affect mammalian cell viability. The combinational
effect with benznidazole revealed the presence of synergistic effect against
epimastigotes and marginal additive effect against the trypomastigotes forms.
These results were similar to those already obtained by PELIZZARO-ROCHA et
al. (2010), who tested the parthenolide obtained from Tanacetum vulgare also
on the forms of T. cruzi and the ICsg of benznidazole was reduced 23-fold when
combined with the natural compound, showing that these associations are able
to eliminate the parasite with lower drug concentrations.

So, although the activities of copaiba oil and kaurenoic acid on T. cruzi
have already been described, the association of these compounds with
benznidazole has not yet been determined. This strategy combination therapy
can reduce the toxic doses of benznidazole, would be great advance in the
control of this disease. Therefore, here we investigated the trypanocidal activity
of copaiba oil and kaurenoic acid, isolated and in combination with
benznidazole, besides evaluating the main alterations in the parasite induced by
the treatments and the possible mechanism of action involved in the death of T.

cruzi.

2. MATERIALS AND METHODS

2.1 Natural Compounds and benznidazole

Oleoresin was provided by Valdir F. Veiga-Junior (Universidade Federal do

Amazonas, Brazil), from Copaifera martii collected Tapara, Para and kaurenoic

acid was obtained from dried roots of Sphagneticola trilobata provided by Nilton
S. Arakawa (Universidade Estadual de Londrina, Brazil). The DMSO used to



84

prepare copaiba oil, kaurenoic acid and benznidazole (Laboratério Central de
Medicamentos, Pernambuco, Brazil) stock solution did not exceed 1% in all

cultures.

2.2 Cell cultures

LLCMK: cells were cultivated in RPMI 1640 medium supplemented with 10%
FBS, 100 units of penicillin and 100 pg/mL streptomycin, 2 mM glutamine, 1 mM
sodium pyruvate (10% FBS-RPMI) in an atmosphere with 5% CO, at 37 °C.

2.3 Parasite T. cruzi

Epimastigote forms of T. cruzi strain Y (SILVA; NUSSENZWEIG, 1953) were
maintained in LIT medium (CAMARGO, 1964) supplemented with 10% FBS at
28 °C. To obtain the amastigote and trypomastigote forms, subconfluently
cultures of LLCMK, maintained in 10% FBS-RPMI were infected with 5x10°
trypomastigotes. After five days, the released parasites were collected from cell

supernatants.

2.4 Drug Combination Assay

The effect of combination of copaiba oil and kaurenoic acid with benznidazole
on three forms of T. cruzi and LLCMK; cells was performed by checkerboard
methodology to obtain the combination index (Cl), proposed by CHOU (2006)
and reviewed by ZHAO et al. (2010). Briefly, epimastigotes (1x10°
parasites/mL) were resuspended in LIT in the presence of different
concentrations of both drugs and counted after 96 h incubation at 28 °C. For the
trypomastigote, cells were collected (1x10’ parasites/mL) and exposed to
different concentrations of each drug in combination and after 24 h the parasites
were analyzed for viability. To amastigotes forms, LLCMK; cells (2x10°) were
infected with trypomastigotes (1x10°) and after 4 h of infection, the culture was
treated with different concentrations of the compounds and incubated for 96 h at
37 °C and 5% CO.,. Cells were stained with Giemsa and the phagocytic index of

infection was calculated by multiplying the percentage of infected cells by the
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mean number of parasites per infected cell. To verify cytotoxicity, LLCMK; cells
were incubated with different concentrations of the compounds and after 96 h
cell viability was quantified using the MTT method. The ICs for each
association was determined and the data were calculated and expressed as
combination Index Cl = (ICsp compound A associated!|C50 compound A alone) + (ICs0 compound B
associated/|Cs50 compound B alone). Cl Values lower, equal and greater than one indicate,

respectively, synergistic, additive and antagonistic profile of association tested.

2.5 Electron Microscopy

Transmission electron microscopy was performed with epimastigote forms
(1x10° parasites/mL) treated with the compounds alone and in combination with
benznidazole at concentrations that corresponded to the ICs. After incubation,
they were harvested, washed twice in PBS, and fixed with 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer for 24 h. Then samples were post fixed in a
solution of 1% OsO,, 0.8% potassium ferrocyanide, and 10 mM CaCl; in 0.1 M
cacodylate buffer for 1 h. After this period, the parasites were dehydrated in
increasing concentrations of acetone and soaked in Epon resin for 72 h at 60
°C. Ultrafine sections were obtained with an ultramicrotome (Leica), collected in
grids and stained with 5% uranyl acetate and lead citrate for further observation
under transmission electron microscopy Jeol JEM 1400. The parasites were

analyzed and compared with controls without any treatment.

2.6 Fluorometric Assays

Epimastigotes (1x10° cells/mL) were cultured in 24-well plates and treated with
copaiba oil and kaurenoic acid alone and in combination with benznidazole at
concentrations corresponding to the ICso for each treatment. As a control,
culture was used in the absence of the compounds. Cells were incubated for 96
h at 28 °C and after washing with PBS the mechanism of action of the
compounds was evaluated in the production assays of reactive species of

oxygen and nitric oxide, lipid inclusions, mitochondrial membrane potential, lipid
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peroxidation and membrane cell integrity. In all tests, the fluorescence intensity
was read in Victor X3 fluorometer Perkin-Elmer.

2.6.1 Reactive Oxygen Species (ROS)

For the detection of ROS production, the labeling was done with 10 yM
H,DCFDA for 45 min and then read with excitation of 488 nm and emission of
530 nm. The presence of ROS was evaluated by the fluorescence caused by
the reduction of the dye generating the fluorescence compound 2 ', 7'-
dichlorofluorescein (DFA) (SHUKLA et al., 2012).

2.6.2 Nitric Oxide (NO)

For the detection of NO, cells were labeled with 1 yM diaminofluorescein
diacetate (DAF-2-DA) for 30 min, after washing and resuspended in PBS and
incubated again for 15 min. The reading was performed with excitation of 495
nm and emission of 515 nm. Fluorescence occurs due to deacetylation of DAF-
FM diacetate by intracellular esterases when it reacts with NO (LAZARIN-
BIDOIA et al., 2016).

2.6.3 Lipid inclusions

To evaluate the presence of lipid inclusions, the parasites were incubated in the
presence of 10 pug/mL Nile red for 30 min and the fluorescence was measured
with excitation at 485 nm and emission of 535 nm. Nile red dye fluoresces
strongly in the presence of triacylglycerols, cholesterol or cholesterol esters
(SCARIOT et al., 2017).

2.6.4 Mitochondrial-membrane potential

To evaluate the mitochondrial membrane potential the cells were incubated with
0.25 pM Tetramethylrhodamine ethyl ester (TMRE) for 30 min after washing
and fluorescence determined at 540 nm excitation and 595 nm emission. As a

control 2.5 yM of Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was
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used. TMRE is a positively charged red-orange dye, therefore accumulates in
active mitochondria; while CCCP eliminates mitochondrial potential by
preventing staining (SALOMAO et al., 2013).

2.6.5 Lipid peroxidation

For lipid peroxidation assay, the parasites were labeled with 50 uM diphenyl-1-
pyrenylphosphine (DPPP) for 15 min and fluorescence determined with
excitation spectrum of 355 nm and emission of 460 nm. DPPP reacted with
organic hydroperoxides and hydrogen peroxide to give DPPP oxide, which is
fluorescent (OKIMOTO et al., 2000).

2.6.6 Cell Membrane Integrity Assay

For the cell membrane integrity assay, the parasites were incubated with 0.2
pMg/mL  propidium iodide (Pl) for 10 min. Digitonin (40.0 uyM), a natural
surfactant, was used as a positive control for the loss of cell membrane
integrity. The reading was performed with excitation of 485 nm and emission of
580 nm. PI has affinity for nucleic acid, which easily penetrates the cell when

the plasma membrane is compromised (GOULD et al., 2008).

2.7 Statistical analysis

The statistical analysis was conducted using one-way ANOVA with Tukey’s
multiple comparison test. The results were considered significant when P <
0.05. Statistical analysis was performed using the GraphPad Prism 6.0
computer software application (GraphPad Software, San Diego, CA, USA).

3. RESULTS

Copaiba oil and kaurenoic acid combined with benznidazole show

synergistic and additive effects in T. cruzi
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Both copaiba oil and kaurenoic acid showed activity against all forms of T. cruzi.
In addition, the combination of copaiba oil with benznidazole has a strong
synergism against the three forms of parasite, with FICI<1. In this situation, for
the treatment of epimastigote the ICsy of copaiba oil was reduced 5-fold and
benznidazole 6-fold after the combination. Whereas in the combination of
kaurenoic acid with benznidazole the synergistic effect was seen only on
epimastigote and amastigote forms, and for trypomastigote the effect was
additive. After drug combination, the ICsy for epimastigotes was reduced by
about 3-fold and 2-fold for kaurenoic acid and benznidazole, respectively. In
addition, all associations showed FICI>1 for LLCMKj, indicating antagonistic

effect on these cells (Table 1).

Copaiba oil, kaurenoic acid and its combinations with benznidazole cause

ultra-structural changes in epimastigote forms of T. cruzi

The untreated epimastigote presented normal organelle ultrastructure, such as
the nucleus prominent, a ramified mitochondrion and kinetoplast (Fig. 1A), while
the parasites treated exhibited an ultrastructure changed, as treatment with
benznidazole, in which there was the formation membranous structures and
fragmentation of the organelles (Fig. 1B). Copaiba oil caused kinetoplast
swelling, disorganization of kDNA with less electron-dense material and
vacuolization in the cytoplasm (Fig. 1C), whereas kaurenoic acid led to the
formation of internal membranes, vacuolization, presence of lipid inclusions,
and digestion of organelles (Fig. 1E). However, when these natural compounds
were associated with benznidazole, they led to the formation of internal
membranes with profiles of reticulum endoplasmic surrounding organelles,

indicative of autophagic vacuoles and kinetoplast swelling (Fig. 1 D, F).

Copaiba oil, kaurenoic acid and its combinations with benznidazole have

different mechanisms of action in T. cruzi

Fluorimetric tests evaluating the mechanisms of action of the compounds
showed that benznidazole alone caused an increase in the production of ROS

and NO, in addition to loss of cellular membrane integrity. The trials also
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demonstrated that the activity of the copaiba oil in parasite also is related to NO
production, whereas the kaurenoic acid, besides stimulating the production of
this molecule, would also act in the formation of lipidic corpuscles, altering the
mitochondrial potential and the integrity of the cell membrane. However, the
combination of these compounds with benznidazole showed increased NO
production and lipid peroxidation. All the tests presented a significant difference

when compared to the control without treatment (Fig. 2).

4. DISCUSSION

Benznidazole is the standard drug for treating Chagas disease, however,
therapy has some limitations as an occurrence of various side effects and not
successful in the cure of most of the chronic patients. Drug combination is an
interesting and current strategy to treat diseases with many benefits, such as
increases the efficacy using lower dosage, which leads to lower toxicity and
hindering the selection of resistant strains. Therefore, our results showed that
copaiba oil and kaurenoic acid in combination with benznidazole have a
synergistic and additive effect against T. cruzi without presenting cytotoxicity in
mammalian cells. In addition, treatment with these compounds alone or in
combination are capable of causing various functional and structural changes in
the parasite that are responsible for its elimination.

The mechanism of action of benznidazole is related to the reduction of
the nitro group of the drug and consequent formation of various free radicals
that induce oxidative stress and electrophilic metabolites. They covalently bond
to DNA, proteins, and lipids, and induce the death of parasite (URBINA, 2010).
In the work, epimastigotes treated with the drug showed increase in NO and
ROS production, which may be associated with mitochondrial damage or
inhibition of the detoxification system of parasite, and the production of these
reactive species could be affecting the integrity of the membrane, besides to act
on the fragmentation of organelles, changes that could be observed by electron
microscopy.

Combination therapy with new drugs has been shown to be an important
approach against T. cruzi, but one question that arises is the mechanism by

which this combination is synergistic. Studies have demonstrated that
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compounds with actuation of many targets or cell pathways can cooperate to
enhance the final effect observed (BAHIA et al., 2014). The mechanism of
action of benznidazole is well established, however, the action of copaiba oll
and kaurenoic acid has not been elucidated.

Interestingly, we found that these natural compounds in combination with
benznidazole increase NO production, induce oxidative damage to
epimastigotes reflected by lipid peroxidation. Free radicals are toxic to T. cruzi
and can interact with important macromolecules of the parasite, attacking cell
membranes and trigger this process of lipoperoxidation, which is characterized
by causing changes in the physical and chemical properties of these structures,
resulting in changes in permeability, formation of cytotoxic products such as
malondialdehyde and release of organelle content may thus be a cause or
consequence of autophagy and apoptosis process (SCHERZ-SHOUVAL,
ELAZAR, 2007; PELIZARRO-ROCHA et al., 2011).

As for treatments with natural products alone, there was also an increase
in NO. In this case, production of this molecule might be associated with
mitochondrial damage and lead to loss of integrity of the membrane and
organelles of fragmentation, which could also be observed in the treatment of
parasites with kaurenoic acid.

IZUMI et al. (2013) showed copaiba oil of different species of Copaifera
had activity against T. cruzi, in special against replicative forms. C. martii and C.
officinalis oleoresins caused twofold increase in the lipidic peroxidation,
measured in terms of malondialdehyde, in addition to increased cell-membrane
permeability and changed the mitochondrial potential showed by flow cytometry.
However, these changes could not be observed in our work when epimastigotes
were treated with C. martti oil, which may have occurred due to the different
methodologies used for analysis. The same research group also evaluated the
changes caused by kaurenoic acid in T. cruzi (IZUMI et al., 2012), showing loss
of membrane integrity in epimastigotes, which could also be observed in our
analyzes, in addition to other alterations.

In this work, the microscopy analysis for all treatments showed almost no
cells with leakage of cellular content, what could exclude the possibility that
death occurred through classic necrosis, which is well characterized by an

increase in cell volume, plasma membrane rupture and subsequent loss of
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intracellular content. However, interestingly, the analyzes revealed signs of
autophagy, characterized by the appearance of endoplasmic reticulum profiles
involving organelles, formation of membranous structures in the cytosol,
cytoplasmic vacuolization, organelle digestion, swelling of the kinetoplast and
presence of lipidic bodies, which are indicative of this the cell death process
(MENNA-BARRETO et al., 2009).

Cell death is well characterized including apoptosis, autophagy and
necrosis (GUIMARAES, LINDEN, 2004). Autophagy is essential to maintain the
homeostasis of an organism and involves the formation of a double membrane
structure called autophagous vacuole to sequester cytoplasmic structures. This
structure fuses with the lysosome forming an autophagolysosome for the
degradation and recycling of macromolecules (XIE, KLIONSKY, 2007).
However, when autophagic capacity fails to establish homeostatic balance, the
cell can activate different mechanisms of death. Another important feature is
that this pathway can also induce apoptosis, since cells that are not able to
cope with cellular stressors through autophagy can be eliminated by this
mechanism (KEMP, 2017).

The origin of the autophagosomal structure is still unknown, suggesting
the endoplasmic reticulum and/or Golgi complex as source of this membrane,
justifying the presence of profiles of these organelles involving cellular
structures during the autophagic process (MARI et al, 2011). In addition, the
presence of lipidic corpuscles may also be related to autophagy, since works
show mobilization of lipids to these structures and of these to the lysosome
during the death process through this pathway (SINGH, CUERVO, 2012).

Thus, we suggest that the death of epimastigote after treatments with
natural compounds and combinations with benznidazole would be occurring by
mechanisms similar to autophagy, and this is promising for possible future
therapeutic approaches because this is a controlled process of death
characterized by a lack of inflammatory response in the host.

In conclusion, the study shows that combination of copaiba oil and
kaurenoic acid with benznidazole besides the compounds alone are capable of
killing T. cruzi by autophagy-like pathways. The data are important, since drug
combination allows lower concentrations of each compound to be required to kill

the parasite, reducing the toxicity of conventional treatment. However, further
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studies are needed to elucidate this activity and its mechanism of action,
especially in vivo models, which may represent a promising strategy for the

development of new therapies for Chagas disease.
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Table 1. Combination profile of copaiba oil

benznidazole for T. cruzi and mammalian cells
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and kaurenoic acid with

Copaiba oil + BZD

Kaurenoic acid + BZD

FICI PROFILE FICI PROFILE
Epimastigote 0,377 SYNERGISTIC 0,926 SYNERGISTIC
Trypomastigote 0,399 SYNERGISTIC 1,006 ADDITIVE
Amastigote 0,431 SYNERGISTIC 0,937 SYNERGISTIC
LLCMK, 1,438 ANTAGONIST 1,163 ANTAGONIST

Combination index (FICI), values <1 indicate synergism, =1 additivity and >1

antagonism (CHOU, 2006).
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Figure 2. Fluorimetric determination of the mechanisms of action of the copaiba
oil and kaurenoic acid alone or in combination with benznidazole. Production of
reactive oxygen species (A), nitric oxide (B), lipid inclusions (C), mitochondrial
membrane potential (D), lipid peroxidation (E) and cell membrane integrity (F).
Epimastigotes were treated with compounds and their association with
benznidazole. P < 0.05, P < 0.01, °P < 0.001, 9P < 0.0001, significant

difference in relation to the untreated control.
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4. CONCLUSAO

Os resultados obtidos neste estudo mostraram que Oleo de copaiba e
acido caurendico possuem atividade sobre as formas intracelulares de T. cruzi,
diminuindo a taxa de infeccdo e proliferacdo dos parasitos em células
fagociticas e ndo fagociticas. Os compostos foram capazes de modular a
resposta imune, no entanto, induzindo um perfil anti-inflamatério nos
macrofagos infectados. Desta forma, acreditamos que a eliminacdo de T. cruzi
possa estar ocorrendo pela agédo direta destes produtos naturais sobre o
parasito. Além disso, suas associacdes com benzonidazol mostraram
resultados promissores, com efeito sinérgico e aditivo para T. cruzi e
antagbnico para células mamiferas. As alteracfes funcionais e estruturais
causadas pelos tratamentos com 0s compostos sozinhos e em combinacao
indicam que o parasito pode estar sendo eliminado por mecanismos
semelhantes a autofagia. Portanto, estes dados comprovam a atividade
tripanocida do O6leo de copaiba e acido caurendico, assim como suas
combinagbes com benzonidazol, reforcando o potencial destes produtos
naturais no tratamento da doenca de Chagas.



