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RESUMO

Leishmanioses sao doengas infecciosas causadas por protozoarios do género
Leishmania que exibem amplo espectro de apresentagdo clinica incluindo diferentes
formas cutaneas e a forma visceral. Essa diversidade de manifestacbes & atribuida
principalmente a diferenga entre as espécies do parasito, o estado imunolégico do
hospedeiro. O tratamento atual da leishmaniose se baseia na eliminacdo das formas
intracelulares, no entanto os farmacos disponiveis apresentam: eficacia variavel, alto
custo, dificuldade de administragdo e podem provocar graves efeitos colaterais. Sendo
assim, é cada vez mais necessario a busca por novos compostos que possam ser uma
alternativa terapéutica para o tratamento da leishmaniose. O acido caurendico (AC) e
trans-chalcona (TC) s&o moléculas quimicas isoladas de diferentes fontes naturais, e
apresentam diversas propriedades biologicas, dentre elas: anti-inflamatdria,
antimicrobiana e antioxidante. Entretanto, ndo existem estudos que tenham verificado o
efeito dessas moléculas sobre protozoarios de Leishmania visando elucidar os principais
mecanismos de acao e propriedades imunomoduladoras envolvidas. Neste sentido, o
objetivo do presente estudo foi investigar o efeito in vitro do AC e TC sobre Leishmania
amazonensis, bem como os mecanismos de morte envolvidos na eliminagcdo do
parasito. Previsdes in silico mostraram que TC apresenta bom potencial para farmaco
com alta biodisponibilidade oral e absorcao intestinal. Para verificar a acdo das
moléculas sobre formas promastigotas, foram utilizados AC nas concentragdes de 10-90
MM e TC em 2-12uM. A partir dos resultados obtidos, observou-se que ambos o0s
tratamentos promoveram a eliminagao das formas promastigotas. TC induziu morte por
mecanismos apoptose-like tardio, devido a produgcdo de espécies reativas de oxigénio,
despolarizacdo mitocondrial, exposicdo de fosfatidilserina e permeabilizacdo da
membrana do parasito. Em relagdo a agdo antiamastigota intracelular, AC induziu perfil
pro-inflamatorio nos macréfagos infectados, com aumento nos niveis de oxido nitrico
(NO), dependente de cNOS. Além disso, o AC induziu o aumento na produgao de IL-1f3
e expressao do componente ativador de inflamassoma NLRP12. Esses resultados
demonstram a capacidade leishmanicida de AC sobre amastigotas intracelulares por um
mecanismo NLRP12 / IL-1B / cNOS / NO. Ja o tratamento com TC promoveu a reducao
na producao de citocina inflamatoéria (TNF-a) e regulatérias (IL-10 e TGF-B) e das
espécies reativas de oxigénio e NO. O tratamento com TC ainda induziu a expressao do
fator nuclear eritréide 2 (Nrf2), responsavel pela proteg¢ao celular em relagdo ao estresse
oxidativo, modulando assim os niveis de ferro ligado a transferrina, colaborando para a
eliminagdo do parasito. Com base nos dados obtidos, podemos inferir que ambos os
compostos apresentam atividade anti-leishmania e imunomoduladora, sendo AC e TC
moléculas promissoras para o desenvolvimento futuro de uma terapia eficaz e nao
téxica para o tratamento da leishmaniose.

Palavras-Chave: Leishmaniose. Trans-chalcona. Acido caurendico. NLRP12.
Ferro.
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ABSTRACT

Leishmaniases are an infectious disease caused by protozoa of the genus
Leishmania that exhibit a broad spectrum of clinical manifestations including different
cutaneous and visceral form. This diversity of manifestations is mainly attributed to
the difference between the species of the parasite and the immune response of the
host.The current treatment of leishmaniasis is based on the elimination of intracellular
forms, however the available drugs present: variable efficacy, high cost, the difficulty
of administration and can cause serious side effects. Therefore, it is increasingly
necessary to search for new compounds that may have a therapeutic alternative for
the treatment of leishmaniasis. Kaurenoic acid (KA) and trans-chalcone (TC) are
chemical molecules isolated from different natural sources, and have several
biological properties, among them: anti-inflammatory, antimicrobial and antioxidant.
However, there are no studies that have verified the effect of these molecules on
Leishmania protozoa in order to elucidate the main mechanisms of action and
immunomodulatory properties involved. In this sense, the objective of the present
study was to investigate the in vitro effect of CA and TC on Leishmania amazonensis,
as well as the mechanisms of death involved in parasite elimination. In silico
predictions have shown that TC has good potential for a drug with high oral
bioavailability and intestinal absorption. To verify the action of the molecules on
promastigote forms, KA were used in concentrations of 10-90 uM and TC in 2-12 pM.
From the obtained results, it was observed that both treatments promoted the
elimination of the promastigote forms. TC induced death by late apoptosis-like
mechanisms, due to the production of reactive oxygen species, mitochondrial
depolarization, phosphatidylserine exposure and membrane permeabilization of the
parasite. In relation to the intracellular antiamastigote action, KA-induced a
proinflammatory profile in the infected macrophages, with an increase in cNOS-
dependent nitric oxide (NO) levels. In addition, KA-induced increased production of
IL-18 and expression of the inflammasome-activating component NLRP12. These
results demonstrate the leishmanicidal ability of KA against intracellular amastigotes
by triggering an NLRP12/IL-18/cNOS/NO mechanism. On the other hand, TC
treatment promoted a reduction in the production of inflammatory (TNF-a) and
regulatory (IL-10 and TGF-8) cytokines and the reactive oxygen species and NO.
The treatment with TC also induced the expression of erythroid nuclear factor 2
(Nrf2), responsible for cellular protection in relation to oxidative stress, modulating the
levels of iron bound to transferrin, contributing to the elimination of the parasite.
Based on the data obtained, we can infer that both compounds have anti-leishmania
and immunomodulatory activity, being KA and TC promising molecules for the future
development of an effective and non-toxic therapy for the treatment of leishmaniasis.

Key words: Leishmaniasis. Trans-chalcone. Kaurenoic acid. NLRP12. Iron.
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1 INTRODUCAO

1.1 Formas clinicas e epidemiologia das leishmanioses

Leishmanioses fazem parte de um grupo de doencas causadas por
mais de vinte espécies de protozoarios flagelados do género Leishmania os quais séo
transmitidos ao homem por meio da picada de insetos flebotomineos. Sé&o
reconhecidas pela WHO como doencas tropicais negligenciadas, uma vez que
acometem principalmente populacdes economicamente desfavorecidas de regides
tropicais, ndo despertando, assim, o interesse das industrias farmacéuticas em
relacdo a pesquisa e desenvolvimento de novos medicamentos (FDA, 2014).

As doencas possuem quatro formas clinicas principais: cutanea (LC),
cutanea difusa (LCD), mucocutanea (LMC) e visceral (LV), as quais tendem a variar
entre e dentro das regides, refletindo a diferenca entre as espécies do parasito, o ciclo
epidemiolégico, o estado imunolégico, bem como a resposta determinada
geneticamente pelo hospedeiro (Murray et al., 2005; Reithingher et al., 2007).

Leishmaniose cutanea é a forma mais comum da doenca, sendo
determinada pelo surgimento de Ulceras Unicas ou multiplas na derme, localizada
geralmente na regido exposta do tegumento, tipicamente caracterizadas por bordas
elevadas, contornos regulares e leito da lesdo granuloso e com presenca ou ndo de
exsudato purulento. A infeccdo cutdnea pode permanecer subclinica ou tornar-se
clinicamente aparente ap06s periodo variavel de incubacao, que dura em média varias
semanas (Machado et al., 2002; Magill, 2005).

A Leishmaniose cutanea difusa é uma variacédo da LC, caracterizada
pela cronicidade e refratariedade ao tratamento devido a anergia do paciente.
Caracteriza-se pelo macico comprometimento dérmico, com formacédo de lesdes
difusas néo ulceradas, distribuidas amplamente na pele, assumindo carater cronico e
progressivo que persiste por toda a vida do paciente (Ashford, 2000).

A Leishmaniose mucocutanea é considerada mais agressiva e
caracteriza-se pela habilidade do parasito de se disseminar (metastase) para tecidos
da mucosa oral e/ou nasal por vias linfaticas ou hematogénicas, resultando em lesdes
destrutivas secundarias de curso crénico, envolvendo nariz, faringe, boca e laringe
(Barral et al., 1991; Modabber, 1993). Estima-se que 3 a 5% dos casos de LC
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desenvolvam lesdo mucosa, visto que a forma classica de LMC é secundaria a lesao
cutanea, devido a ma resolucédo da doenca ou por terapia inadequada. Ao contrario
da LC, a LM nunca evolui para cura espontaneamente, apresenta dificuldades de
responder ao tratamento e é potencialmente fatal (Marsden, 1986; Goto;Lindoso,
2010)

A Leishmaniose visceral, também conhecida por calazar, é fatal se
n&o for tratada. E caracterizada por febre alta irregular, perda de peso, aumento do
baco e figado, e anemia embora 5% dos infectados n&o apresentem qualquer
sintomatologia (Hashim et al.,1994).

Segundo a Organizacédo Mundial de Saude (2016), 102 paises, areas
e territorios sdo endémicos para as leishmanioses. Estima-se que 0,7 a 1,3 milhdo de
novos casos de LC ocorram anualmente no mundo e 200 a 400 mil de casos de LV.
Cerca de 95% dos casos de LC ocorrem nas Americas, na bacia do Mediterraneo, no
Oriente Médio e Asia Central. Em relag&o a LV, mais de 90% dos novos casos ocorrem
em Bangladesh, Brasil, Etiopia, india e Sud&o (Alvar et al.,2012, WHO, 2015).

Outro fator alarmante na epidemiologia das leishmanioses refere-se
ao numero de pessoas co-infectadas com Leishmania-HIV, principalmente pacientes
acometidos pela LV, as quais apresentam elevadas taxas de recaida e mortalidade.
A infeccdo concomitante por HIV aumenta 100 e 2320 vezes o risco de desenvolver
LV ativa. No sul da Europa, até 70% dos casos de leishmaniose visceral em adultos
estdo associados com a infec¢éo pelo HIV. No Brasil, a incidéncia de co-infecgéo por
LV/HIV aumentou de 0,32 casos/100.000 habitantes em 2007 para 1,08
cas0s/100.000 habitantes em 2010 em um estudo no Norte do Brasil (Albuguerque et
al., 2014). Outro estudo recente, mostrou que 51% dos 90 pacientes com LV
diagnosticados em um centro de referéncia urbana no Estado de Minas Gerais - Brasil
confirmaram co-infecgdo com HIV (Lindoso et al., 2014).

LC é causada por varias espécies do parasito e de acordo com a
distribuicdo geografica pode ser dividida em LC do Velho Mundo, muitas vezes
benigna e auto-limitada, presente no Sudeste Europeu, Sul da Europa, do Oriente
Médio, partes do sudoeste da Asia, Asia Central e Africa, sendo causada
principalmente pelas espécies L. aethiopica, L. donovani, L. infantum, L. major e L.
tropica. A LC do Novo Mundo ocorre no México e América Latina, sendo conhecida

como Leishmaniose Tegumentar Americana (LTA) podendo causar um amplo
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espectro de manifestacdes, desde benignas a doenca grave, incluindo o envolvimento
de mucosas. E causada por mdltiplas espécies do subgénero Leishmania: L.
amazonensis, L. infantum, L. mexicana, L. venezuelensis e subgénero Viannia: L.
braziliensis, L. shawi, L. guyanensis, L. panamensis, L. peruviana (WHO,2015).

LMC é causada no Novo Mundo esta mais comumente associada a
espécie L. braziliensis, portanto, salvo excecdes, a LMC é principalmente encontrada
na Ameérica do Sul (Reithinger et al., 2007). Esta forma clinica pode também ser
causada por L. panamensis, L. guyanensis, L. amazonensis e L. infantum (Aliaga et
al., 2003). A LCD é a forma mais rara, causada principalmente pelas espécies L.
mexicana, L. amazonensis e L. tropica (Gontijo; Carvalho, 2003).

O Brasil é considerado a area endémica de maior extenséo territorial
no continente para LTA e um dos paises com as mais elevadas taxas de notificacao
da doenca. No periodo entre 2000 e 2013, foram registrados 345.722 casos de LTA
no pais (SINAN, 2015). Em 2013, a regido Norte representou 46,4% dos casos,
seguida pelas regides Nordeste (29,5%), Sudeste (6,3%), Centro-Oeste (16,1%) e Sul
(1,6%) (SINAN, 2015). Atualmente esta confirmada em todos os estados brasileiros
tendo como as principais espécies circulantes: L. braziliensis, L. amazonensis e L.
shawi, esta Ultima encontrada apenas na regido amazoénica (Ministério da Saude,
2007).

No Parana, a LTA € endémica com notificacdo em 276 dos 399
municipios, principalmente das regides norte e oeste. No estado, a doenca vem sendo
notificada desde 1980 com numero crescente de casos. Em 2013, dados do Sistema
de Informacédo de Agravos de Notificacdo (SINAN, 2015), confirmam 528 casos
notificados (Ministério da Saude/SVS - Sistema de Informacdo de Agravos de
Notificagcéo - Sinan Net, 2017).

Apesar dos avangos nos estudos acerca do parasito, bem como dos
conhecimentos sobre a doencga, a LTA constitui um problema de Saude Publica, ndo
apenas por sua alta incidéncia, ampla distribuicdo e grande complexidade, mas
também devido a possibilidade do aparecimento de les6es destrutivas, desfigurantes
e até mesmo incapacitantes (Gontijo; Carvalho, 2003; Lonardoni et al., 2006; Monteiro
et al., 2008). Além disso, vale ressaltar que as medidas de controle, incluindo a atual

terapia contra a LTA ainda sdo insatisfatérias, devido principalmente a limitada
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eficacia, tratamento prolongado, alto custo e toxicidade (Chen et al., 2001; Croft;
Coombs, 2003; Singh; Sivakumar, 2004; Richard; Werbovetz, 2010).

1.2 Agente etioldgico e ciclo biolégico

A Leishmaniose € causada por diferentes espécies de protozoarios
que se incluem na ordem Kinetoplastida, na familia Trypanosomatidae e no género
Leishmania Ross 1903. Sao parasitos unicelulares, com ciclo de vida heteroxeno, em
que os hospedeiros invertebrados sdo fémeas hematoéfagas do género Phlebotomus
- no Velho Mundo e Lutzomyia - no Novo Mundo. O hospedeiro invertebrado é
determinante para a epidemiologia da doenga, uma vez que a presenca do inseto
vetor é decisiva na disseminacdo do parasito e esta estritamente relacionada com as
condicbes climaticas tipicas das regibes tropicais. Por outro lado, os hospedeiros
vertebrados sdo os humanos e outras espécies de mamiferos silvestres e domésticos
(WHO, 2010).

No Brasil ja foram identificadas sete espécies do parasito causadoras
de LTA, sendo seis do subgénero Viannia: L. braziliensis, L. guyanensis, L. lainsoni,
L. naiffi, L. lindenberg, L. shawi e uma espécie do subgénero Leishmania: L.
amazonensis (Ministério da Saude, 2007). No estado do Parana, somente L.
amazonensis e L. braziliensis foram relatadas (Silveira et al., 1990; Luz et al., 2000).

Este parasito apresenta ciclo biolégico heteroxéno com morfologia
variavel durante o ciclo. No inseto, apresenta-se como promastigota, com flagelo livre
na porcao anterior do corpo celular alongado. Ja no hospedeiro vertebrado, apos a
internalizacdo de promastigotas por células do sistema monocitico fagocitario, o pH
acido do vacuolo parasitéforo aliado a temperatura do hospedeiro vertebrado auxiliam
a diferenciacdo das promastigotas em amastigotas intracelulares. Essas formas
apresentam um flagelo atrofiado na regido anterior do corpo arredondado do parasito
(Cunningham, 2002).
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Figura 1 - Ciclo biolégico de Leishmania spp.

Derme

Picada do inseto

Fonte: Adaptado de BORGHI et al. (2017). (1) Durante o repasto sanguineo fémeas
hematéfagas regurgitam formas promastigotas infecciosas (metaciclicas) na pele de
hospedeiros vertebrados; (2) os parasitos sédo fagocitados no tecido dérmico; (3) além dos
parasitos fagocitados, macréfagos também fagocitam os neutréfilos apoptoticos infectados;
(4) no interior dos macrofagos, as formas promastigotas se diferenciam em amastigotas, onde
se multiplicam, podendo ser liberadas apés a lise celular; (5) o ciclo é completado quando
outro inseto ingere fagocitos infectados durante o repasto sanguineo; (6) no intestino do vetor,
formas amastigotas se diferenciam em promastigotas; (7) os parasitos se proliferam e
diferenciam-se em promastigotas metaciclicos, perpetuando seu ciclo de vida.

Ao picar o individuo ou animal parasitado, os flebotomineos ingerem
juntamente com o sangue ou a linfa, macréfagos periféricos infectados com formas
amastigotas de Leishmania sp. Uma vez no tubo digestoério do inseto, essas formas
séo liberadas e se diferenciam em promastigotas prociclicas, formas delgadas com
flagelo tipico que emerge da extremidade anterior. Essas formas se multiplicam por
divisdo binaria e colonizam o tubo digestorio do vetor. Quando atingem grande
namero, diferenciam-se em formas promastigotas metaciclicas infectivas, em um
processo chamado de metaciclogénese migrando para as por¢des anteriores do

estbmago e proventriculo do vetor. No préximo repasto sanguineo, ocorre a
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regurgitacdo destas formas infectivas em um novo hospedeiro vertebrado, as quais
sao fagocitadas principalmente por macrofagos, formando vacuolos parasitoforos no
qual se diferenciam na forma amastigota e as que evadem dos mecanismos
microbicidas, multiplicam-se recomecando o ciclo (Ponte-Sucre, 2003; CDC, 2015)
(Figura 1).

1.3 Interacao parasito-hospedeiro e respostaimune na LTA

O processo de instalagdo da LTA € determinado por uma complexa
associacao, principalmente entre os fatores relacionados a viruléncia do parasito e a
resposta imunoldgica do hospedeiro. Tudo tem inicio quando formas promastigotas
metaciclicas, inoculadas na derme do hospedeiro, interagem com proteinas do soro,
sistema complemento, saliva e fluidos digestivos do inseto, assim como com 0sS
receptores celulares. Nesta fase inicial da infeccdo, um dos grandes desafios do
parasito € estabelecer residéncia no interior dos fagocitos, que compdem a primeira
linha de defesa na leishmaniose, sem que estes disparem seus mecanismos de
defesas (Genaro, 2005).

E sabido que no local da picada do inseto, ocorre uma rapida e intensa
infiltracao de neutrdfilos, os quais sao as primeiras células “hospedeiras” do parasito
(Laskay et al., 2008; Peters et al.,, 2008). Um recrutamento substancial de
monadcitos/macréfagos, células hospedeiras definitivas para este protozodario,
compdem uma segunda onda de células infiltrantes, e ap6s dois dias de infecc¢éo, os
parasitos sdo encontrados principalmente dentro de células monociticas (van
Zandbergen, 2004; Ribeiro-Gomes et al., 2004).

Neutréfilos apresentam papel complexo e multifacetado durante as
fases da infeccdo. Ribeiro-Gomes e Sacks (2012) sugeriram que a influéncia da
resposta dos neutrofilos no desfecho infeccao depende criticamente sobre 0 momento
do seu recrutamento e ao tecido infectado. Estas células tém como principal funcao
fagocitar a grande maioria (80 a 90%) dos parasitos presentes, e produzir quimiocinas
e citocinas que recrutam e ativam diferentes tipos celulares e influenciam o
desenvolvimento da resposta imune adaptativa durante a infec¢ao por Leishmania sp.
(Scapini et al., 2000; Peters et al., 2008).
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A atividade leishmanicida de neutrofilos in vitro sugere que estas
células podem representar um componente importante da resposta imune inicial
contra as formas promastigotas de L. amazonensis (Guimaraes-Costa et al., 2009;
Carlsen et al., 2013). No entanto, tal como evidenciado pela persisténcia do parasito
no local da infec¢do, esta acéo leishmanicida de neutréfilos é claramente insuficiente
para controlar o estabelecimento da infeccdo e o desenvolvimento da doenca clinica
(Carlsen et al.,2015).

Alguns estudos ja demonstraram que formas promastigotas de
Leishmania spp. podem sobreviver por periodos prolongados em neutrofilos sem
sofrer danos letais (Laufs et al.,2002; Mollinedo et al.,2010). Os neutréfilos que nao
sdo capazes de eliminar o parasito podem atuar como “cavalos de Troia” sendo
prontamente internalizados pelos fagocitos vizinhos (como macréfagos ou células
dendriticas) por vias que ndo desencadeiam mecanismos de defesa destas células,
aumentando a infectividade e persisténcia do parasito (van Zandbergen, 2004,
Ribeiro-Gomes et al., 2012).

Em relacdo aos macréfagos, uma vez recrutados, fagocitam parasitos
livres e neutréfilos infectados, tornando-se as células hospedeiras definitivas para a
replicacdo do parasito, bem como efetores responsaveis pela destruicdo deste
protozoario.

No entanto, estas células podem ser ativadas por diferentes sinais
gue levam ao desenvolvimento de respostas funcionalmente distintas com diferentes
resultados da doenca. Assim, a ativacao efetiva de macréfagos através IFN-y é crucial
para a eliminacéo deste patdgeno intracelular e desencadeamento do “burst” oxidativo
durante o processo de fagocitose do parasito. Neste processo, a célula hospedeira
aumenta intensamente a sua atividade respiratoria liberando espécies reativas de
oxigénio (superoxidos, peroxido de hidrogénio e radicais hidroxila) bem como o 6xido
nitrico (NO), moléculas com elevada capacidade microbicida (Qadoumi et al., 2002;
Cunningham, 2002).

Em contraste, a ativagdo de macréfagos pelas citocinas IL-4 e IL-13
induz a biossintese de poliaminas através da ativagcdo da enzima arginase,
favorecendo a sobrevivéncia do parasito nos macréfagos infectados e a progresséo
da doenca (Launois et al., 2002; Awasthi; Mathur; Saha, 2004, Kropf et al., 2005).



© 0 N o u b~ W N R

W W W W RN N N N N N NN NN P P P P P R R P R p
W N P O VW 00 N O 1 B W N P O O O N O U M W N L O

24

A fim de sobreviver dentro dos macréfagos, esses tripanossomatideos
desenvolveram mecanismos sofisticados para subverter fungdes microbicidas destas
células. As formas metaciclicas sdo altamente resistentes a lise mediada pelo sistema
complemento, devido principalmente a presenca das moléculas de lipofosfoglicanos
(LPG) em sua superficie (Sacks et al., 1995). Além disso, esta molécula protege o
protozoario contra a agdo dos radicais livres gerados no “burst” oxidativo e retarda a
fusdo do vacuolo parasitoforo com o vacuolo lisossomal, permitindo que a forma
promastigota diferencie-se em amastigota (Awasthi; Mathur; Saha, 2004; Rodriguez
et al.,2011)

A presenca da glicoproteina de peso molecular 63 kDa (gp63) no
glicocalice do parasito promove a degradacao das enzimas lisossomais presentes nos
vacuolos parasitéforos, permitindo a sobrevida dos parasitos, seu desenvolvimento e
multiplicacédo no interior dos macréfagos (Cunningham, 2002).

Em relacdo a sintese de NO, ja foram descritos mecanismos de como
estes parasitos sdo capazes de modular negativamente a producdo do principal
elemento microbicida. O protozoario Leishmania dispde da enzima arginase, que atua
no seu proprio metabolismo, e compete juntamente com a enzima 6xido nitrico sintase
induzivel (iINOS) pelo aminoéacido arginina (Wanasen; Soong 2008; da Silva et
al.,2012a). A proteina de membrana cinetoplastida-11, tem sido descrita como um
analogo estrutural de NG-monometil-L-arginina, um inibidor bem conhecido da sintese
de NO que também atua por competicdo com L-arginina (Jardim et al.,1995). Calegari-
Silva et al. (2015), demonstraram que L. amazonensis € capaz modula a sintese de
NO através da ativacéo da via fosfatidilinositol-3-cinase/proteina AKT (PI3K/Akt) que
induz a formac&o do homodimero repressor transcricional do fator nuclear-kB (NF-kB)
regulando negativamente a enzima iNOS.

O estabelecimento do parasito no hospedeiro, associado ao
desenvolvimento da resposta imune adaptativa, séo fatores que estdo intimamente
relacionados com o quadro clinico da leishmaniose. Desta forma, para se entender
melhor os fatores que conferem os fenétipos de resisténcia ou susceptibilidade a
infecg@o por Leishmania sp., estudos mais detalhados sobre a imunidade tem sido
realizados em modelos murinos.

Camundongos C57BL/6 infectados por L. major sdo resistentes a

infeccdo, enquanto camundongos da linhagem BALB/c sdo susceptiveis (Sacks;
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Noben-Trauth, 2002). E sabido que a resisténcia apresentada pelos camundongos
C57BL/6 é estabelecida pela ativacao preferencial da subpopulacéo de linfécitos Th1l,
que por sua vez produz varias citocinas, principalmente INF-y e TNF-a, que em
conjunto levam a ativacdo dos macréfagos, aumento na atividade da enzima iNOS,
com consequente aumento na producao de NO, seguido de eliminacdo do parasito
(Cunningham, 2002; Qadoumi et al., 2002). J4 em BALBI/c, a ativacao preferencial da
subpopulacdo Th2, com producéo de IL-4 e IL-13 leva a suscetibilidade a infeccéo
(Launois et al., 2002; Awasthi; Mathur; Saha, 2004).

Contudo, embora a resposta Thl esteja relacionada ao fenétipo de
resisténcia, o aparecimento de lesbes leishmanioticas tipicas estdo diretamente
relacionadas a uma exacerbacédo desta resposta, com participagcdo importante no
dano tecidual (Pirmez et al., 1993; Lessa et al., 2001; Laskay et al., 2008; Peters et
al., 2008). O espectro imunoldgico observado em pacientes com leishmaniose varia
de individuos com resposta de células tipo TH1 exacerbada, caracterizada por reacao
de hipersensibilidade tardia (DTH), altos niveis de IFN-y e aumento no numero de
células T citotoxicas CD8* como na forma localizada LCL a individuos com células T
pouco responsivas, altos niveis de anticorpos e IL-10, encontrados na forma clinica
LCD (Revisdo de Scott; Novais, 2016). Em LMC, a capacidade de resposta das células
T ao antigeno de Leishmania aumenta ainda mais para o polo de DTH, resultando em
danos nos tecidos, mas baixa carga parasitaria (Scott; Novais, 2016) ( Figura 2).

Vale ressaltar que além do perfil Th1/Th2, tem sido demonstrado nos
ultimos anos o papel importante das células Thl7 e T reguladoras (Tregs) nas
infecgdes por Leishmania spp. Células Th17 possuem propriedades pro-inflamatorias,
e secretam principalmente IL-17. Esta citocina atua principalmente no recrutamento e
ativacao de neutrofilos, o que contribui para o agravamento da doenca (Lopez-Kostka
et al.,, 2009). Camundongos BALB/c, considerados susceptiveis a infeccao por
Leishmania spp., produzem niveis mais elevados de IL-17 apés a infeccdo com L.
major. De fato, foi observado que em camundongos BALB/c com mutacao pontual
para IL-17 houve uma reducdo no numero de neutréfilos, no tamanho das lesdes, e
na quantidade de parasitos (Lopez Kostka et al., 2009).

Ja com relacao as células T reguladoras (Tregs), tem sido verificado
gue em modelos murinos de leishmaniose cutdnea causada por L. major e L.

amazonensis, essas células favorecem a eliminacdo do parasito e o controle do
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desenvolvimento da lesdo, mesmo em camundongos susceptiveis (Belkaid et al.,
2002; Mendez et al., 2004; Aseffa et al., 2002; Xu et al., 2003; Sousa et al., 2014).
Este papel protetor das Tregs reforcado, uma vez que a reducdo da populacao destas
células no inicio da infeccdo esta correlacionada com o aumento da resposta
inflamatdria, e consequente agravamento da leséo na leishmaniose cutanea (Barth et
al., 2012).

De fato, a complexa interacdo parasito-hospedeiro nas infeccdes
experimentais de linhagens de camundongos com L. amazonensis diferem em muitos
aspectos das causadas por L. major. A maioria das cepas de camundongos infectados
por L. amazonensis desenvolve lesédo, caracterizando um padrdao de resposta
bastante distinto do observado em infeccéo por L. major e auséncia de polarizacao
para o perfil Thl (Osorio y Fortea et al., 2007; Pereira; Alves, 2008; Silveira et al.,
2009). Além disso, uma resposta dominante do tipo Th2 raramente se desenvolve nos
camundongos susceptiveis a L. amazonensis (Afonso; Scott, 1993; Lemos de Souza
et al., 2000).

Figura 2 - Espectro da Leishmaniose varia de niveis elevados de imunidade

mediada por células a niveis elevados de anticorpos.

. . . . Leishmaniose
Leishmaniose Leishmaniose

Mucocutanea Cutanea Cu_tanea
Difusa

DTH Anticorpo
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Resposta Th1 Parasitaria _.

= IL-10

Doenca
. Severa
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Fonte: Adaptado de SCOTT; NOVAIS, 2016. Espectro das formas clinicas da leishmaniose

cutdnea humana. O espectro imunoldgico observado em pacientes com leishmaniose varia
de individuos com forte resposta de células T, caracterizados por reagdao de
hipersensibilidade tardia (DTH), niveis elevados de IFNy e um aumento do nimero de

células T citotéxicas CD8* a individuos que néo possuem resposta DTH, mas apresentam
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altos titulos de anticorpos e niveis elevados de IL-10. Entre esses extremos estao 0s
pacientes que desenvolvem lesdes que podem se auto curar ou tornar-se cronica,

apresentando niveis intermediarios de respostas de células T e anticorpos.

1.4 Morte Celular

A morte celular € uma parte essencial da biologia das células,
exercendo fungdes cruciais tanto em situacoes fisiolégicas quanto patoldgicas de
organismos multicelulares. No entanto, também € conhecida a ocorréncia de
diferentes tipos de mortes em organismos unicelulares, como Leishmania spp. (Lee et
al., 2002).

Os processos de morte celular podem ser classificados de acordo com
0s aspectos funcionais (patologica, fisiologica, programada ou acidental), critérios
enzimaticos (com envolvimento ou ndo de nucleases ou proteases), alteracfes
morfolégicas ou caracteristicas imunoldgicas (imunogénica ou nao-imunogénica).
Dentre os tipos de morte celular destacam-se a apoptose, necrose e autofagia
(Menna-Barreto; de Castro, 2015).

A apoptose representa um tipo de morte celular programada,
desencadeada por fatores imunolégicos, externos, toxicos, infecciosos ou, ainda, pela
propria necessidade de controle de crescimento e substituicdo celular (Andrade,
2003). Esse processo de morte celular é caracterizado por alteragbes como:
arredondamento célula, reducdo do volume celular (picnose), condensacdo da
cromatina, formacdo de bolhas na membrana plasmatica (blebbing), externalizacao
de fosfatidilserina, perda do potencial de membrana mitocondrial (A¥m), e fagocitose
por macrofagos residentes sem desencadeamento de resposta inflamatéria. Pouca ou
nenhuma modificagdo ultraestrutural das organelas citoplasmaticas é observada na
apoptose (Jimenez-Ruiz et al.,2010). Estas alteracdes, independente do estimulo, sao
decorrentes da ativacdo de caspases que apresentam importancia fundamental no
processo de apoptose (Pereira, 2006).

Em tripanossomatideos foi decrito um processo que compartilha
aspectos morfolégicos e moleculares da apoptose de metazoarios. No entanto, estes
protozoarios ndao possuem muitas das moléculas aceitas hoje como mediadores
candnicos da apoptose (por exemplo membros da familia Bcl-2, caspases, familia de

receptores relacionados ao TNF), sugerindo que a apoptose em tripanossomatideos
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€ um caminho independente de caspase e Bcl-2, por isso 0 processo de morte celular
programada nestes organismos € chamado de apoptose-like (Revisdo de Menna-
Barreto; de Castro, 2015).

A necrose, outro tipo de morte celular, tem como o0s principais
contribuintes da sua propagacdo e execucao o calcio e as espécies reativas de
oxigénio. Estes, direta ou indiretamente causam diversos danos aos constituintes
celulares, resultando em ruptura de organelas e afetando a integridade celular. A
morte celular por necrose apresenta algumas peculiaridades como aumento do
volume celular, agregacao da cromatina, desorganizacdo do citoplasma, perda da
integridade da membrana plasmética e ruptura da célula (Rodrigues; Seabra; De
Souza, 2006, Kroemer et al., 2009, Jiménez-Ruiz et al., 2010). Estas alteracdes,
independente do estimulo, sdo decorrentes das alteracdes lisossomais, que perdem
a capacidade de conter as hidrolases (proteases, lipases, glicosidases, nucleases) no
seu interior. Estas enzimas livres no citosol sado ativadas e iniciam o processo de
autolise, degradando praticamente todos os substratos celulares (Pereira, 2006).
Durante o processo necroético ocorre liberacdo do contetdo celular com consequentes
danos as células vizinhas e reacao inflamatoria local (Ziegler; Groscurth, 2004). Além
disso, tanto em metazoarios quanto em tripanossomatideos, a morte celular necrética
€ amplamente identificada pela auséncia de marcadores apoptoéticos (Menna-Barreto;
de Castro, 2015).

A autofagia constitui um tipo de morte celular regulada, entretanto, na
maioria dos casos, este processo € uma resposta citoprotetora ativada em células que
estdo sofrendo algum estresse (Galluzzi et al., 2012; Proto et al., 2013). Durante este
processo, a célula recicla os seus componentes intracelulares. Quando a autofagia é
induzida, ocorre a formacgéo de uma dupla membrana ao redor do conteudo celular,
resultando na formacéo de uma estrutura denominada autofagossomo. Em seguida,
ocorre a fusdo do autofagossomo ao lisossomo, originando o autofagolisossomo, e no
interior desta estrutura, o conteudo celular é reciclado em componentes reutilizaveis,
através da acao de hidrolases 4cidas lisossomais (Kiel, 2010; Jain et al., 2013).

Os metabdlitos gerados por este processo de degradacdo sao
liberados no citosol para que entrem novamente no processo metabalico celular (Jain

et al., 2013). Uma caracteristica deste tipo de morte celular € a ocorréncia de macica
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vacuolizacdo autofdgica no citoplasma da célula (Smirlis et al., 2010; Galluzzi et al.,
2012).
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1.5 Tratamento

O tratamento atual da Leishmaniose se baseia na eliminacdo das
formas intracelulares (amastigotas) de Leishmania sp. Contudo, a localizacao
intramacrofagica dificulta a atuacdo dos farmacos, bem como a presenca de
mediadores do efluxo de farmacos do interior do parasito, provocando resisténcia dos
mesmos (Croft; Sundar; Fairlamb, 2006; Rodrigues et al., 2006).

As formas de tratamento baseiam-se, desde a década de 1940, no
uso de antimoniais pentavalentes, como o antimonato de N-metil glucamina
(Glucantime®) e o estibogluconato de sédio (Pentostam®) como farmacos de primeira
escolha tanto para o tratamento da LC quanto da LV. Esses medicamentos sao de
administracdo parenteral obrigatoria por pelo menos 20 dias, apresentam eficacia
variavel, alto custo e podem provocar graves efeitos colaterais como: mialgia,
artralgia, aumento sérico das enzimas hepéticas, pancreatite, disfuncao
gastrintestinal, dores musculares difusas, enrijecimento das articulacdes, arritmias,
pancitopenia, insuficiéncia renal reversivel e cardiotoxicidade (Singh; Sivakumar,
2004; Sundar; Chakravarty, 2014). Aliado a isso, existem relatos de a cura clinica ndo
ser acompanhada de cura parasitologica, pois tem sido observados parasitos em
cicatrizes de pacientes apos tratamento (Lucumi et al., 1998; Rath et al., 2003; Croft;
Barrett; Urbina, 2005).

Embora o uso de antimonias pentavalentes esteja em vigor a mais de
70 anos, o0 mecanismo de acao desses compostos permanece um enigma (Sundar;
Chakravarty, 2014). Acredita-se que a agao ocorra por inibicdo de adenosina (ATP) e
guanosina trifosfatos (GTP ou AGP) (Berman, 1988), através do bloqueio da atividade
glicolitica e oxidativa de acidos graxos de amastigotas, diminuindo a capacidade de
fosforilacdo de ADP a ATP culminando na deplecéo do ATP intracelular (Berman,
1988; Koff; Rosen, 1994). Outra hipotese compreende a possivel conversdo do
antimonial pentavalente, uma espécie de pré-farmaco, a forma trivalente (Sblll) ativa
(Sereno et al., 1998; Kothari et al., 2007; Lima et al., 2007).

Os farmacos de segunda escolha incluem Anfotericina B e
Pentamidina. Além destes, Miltefosina e a Paramomicina também tem sido usados

como alternativas nos casos de resisténcia aos antimoniais, mas ndo possuem um
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indice terapéutico tao favoravel e também apresentam varias reacdes adversas (Bray
et al., 2003; Berman, 2006).

Outra variavel que influencia na descoberta de novos farmacos para
o tratamento da LTA é a diversidade de espécies de Leishmania no Brasil, o que
configura quadros clinicos variados, com respostas terapéuticas diversas. Além disso,
a desnutricdo e as co-infec¢des (Plasmodium sp, HIV, etc.) aumentam as taxas de
mortalidade desta patologia (Paredes et al., 2003).

Desta forma, ao avaliarmos o atual cenario do tratamento da LTA, é
possivel identificar a necessidade da pesquisa de novos farmacos, com estrutura e
mecanismos de acado distintos dos compostos disponiveis, que apresentem além da
acao leishmanicida mais eficaz e menos tdxica ao paciente, propriedades anti-

inflamatadrias e antioxidantes importantes para a resolucdo desta doenca.

1.6 Produtos Naturais como Alternativa Terapéutica

O uso de produtos naturais com propriedades terapéuticas € téao
antigo quanto a propria humanidade e por um longo tempo o uso de plantas em forma
de chas, tinturas, pds e cataplasmas foram utilizados como compostos terapéuticos
(Rates, 2001; Maciel et al., 2002; Balunas; Kinghorn, 2005).

E crescente o interesse em terapias de produtos naturais derivados
de plantas, pois muitas vezes a medicina convencional pode ser ineficiente com
muitos efeitos colaterais assim como no uso abusivo e incorreto de farmacos
sintéticos, além do alto custo ao consumidor, sendo as plantas de facil acesso a
populacao (Rates, 2001).

O estudo dos componentes vegetais constitui um campo imenso de
novos conhecimentos cientificos, podendo contribuir para o aprimoramento da
medicina tradicional. As vantagens para desenvolvimento de pesquisas
farmacoldgicas com plantas sdo de grande alcance social, permitindo que as

informacdes sejam repassadas a populacao (Maciel et al., 2002).

1.6.1 Acido Caurenoico
O &cido caurendico (AC) ou acido ent-kaur-16-em-19-oic € um
diterpeno do tipo caurano com diversas atividades bioldgicas ja comprovadas, dentre

elas acao antiparasitaria (Batista, Chiari; de Oliveira, 1999; Izumi et al., 2012; Santos



© 0 N o u b~ W N R

W W W W N N N N N N NN NN P P P P P R p PB Rp p
W N P O VW 00 N O 1 B W N P O O O N O U M W N L O

32

et al., 2013), antimicrobiana (Yatsuda et al., 2005; Ambrosio et al., 2008), antifiungica
(Santos, 2005; Baccarin et al., 2009), antinociceptiva (Baccarin et al., 2009),
vasorrelaxante e hipotensiva (Tirapelli et al., 2004; Tirapelli et al., 2010) e
hipoglicemiante (Bresciani et al., 2004) ( Figura 3).

Santos et al. (2013), verificaram que in vitro o efeito direto do AC
extraido do 6leo de copaiba nas formas promastigotas e amastigotas de L.
amazonensis. Através de microscopia eletronica de varredura e citometria de fluxo
confirmou alteracdes morfoldgicas e estruturais no parasito, principalmente aumento
da permeabilidade da membrana plasmatica e despolarizacdo da membrama
mitocondrial. Em estudo semelhante, porém utilizando Trypanosoma cruzi em seu
modelo, lzumi et al. (2012), verificaram que o AC teve moderada atividade contra
esses parasitos, ndo sendo capaz de causar lipoperoxidacdo na membrana de T.
cruzi.

Ao utilizar 6leo de copaiba (Copaifera martii) para o tratamento de
leishmaniose experimental, Santos et al. (2011) obtiveram resultados positivos no
tratamento oral com melhora significativa das les6es na pata. Os principais compostos
quimicos do 6leo de copaiba utilizados neste trabalho eram representados por
diterpenos (62,3%) e sesquiterpenos (37,7%), sendo o AC um dos principais
diterpenos presentes. Fernandes e Freitas (2007), atribuiram todas as propriedades
biolégicas da Copaifera spp. ao grupo de sesquiterpenos e diterpenos.

No modelo de edema de pata induzido por carregenina, Lim et al.,
(2009) e Choi et al., (2011) verificaram que o AC extraido de Aralia continentalis foi
capaz de inibir o processo inflamatorio, inibindo a agéo da cicloxigenase-1 (COX-1),
cicloxigenase-2 (COX-2) - precursores da sintese de prostaglandinas-2 (PGE-2),
importantes mediadores da inflamacéo - e diminui¢cdo dos niveis de IL-8, a qual € um
potente quimioatraente para neutroéfilos - células que apresentam papel importante no
agravamento do processo inflamatorio (Akdis, et al, 2011). Choi et al. (2011),
demonstrou ainda que a atividade anti-inflamatoria do acido caurendico a nivel celular
se da através da inibigao do fator nuclear kB (NFkB), da produgédo de NO e PGEo..

Em estudo controverso, Liu et al. (2011) verificou in vitro que na
concentracdo de 1nM o AC nao foi capaz de suprimir a atividade de NFkB, inalterando
a expressao génica de COX-2, 6xido nitrico, IL-1B, TNF-a e IL-12 nesta concentracéo

estudada.
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Mizokami et al. (2012), no modelo in vivo de dor inflamatoria induzida
por acido acético, verificou que o AC possui um efeito analgésico ao inibir citocinas
como TNF-q, IL-1B, COX-2 e PGE2

Em modelo de contracdo de artérias isoladas de ratos, Tirapelli et
al. (2004) verificou que o pré-tratamento com AC reduziu as contra¢es induzidas por
fenilefrina e cloreto de potassio (KCI) tanto no endotélio da aorta integra quanto nos
anéis aorticos e causou o relaxamento do vaso. Isto esta relacionado ao fato do AC
bloquear os canais de calcio pela ativacédo da via 6xido nitrico/Gaunosina monofosfato
ciclico (NO/GMPc) e abertura dos canais de potassio. Também concluiu que este
efeito vasorelaxante esta relacionado a ativacédo da isoforma NO sintase neuronal e
endotelial (Tirapelli, 2004).

Em modelo de colite experimental induzida por acido acético, Paiva et
al. (2002) concluiu que o acido caurendico é um eficaz anti-inflamatério que leva a
uma reducéo da atividade da mieloperoxidase uma enzima presente nos leucécitos e
utiizada de forma indireta a analise de migracdo de leucécitos, especialmente
neutréfilos, para o local da inflamacdo, e diminuiu também a concentracdo de
malondialdeido (MDA), um indicador da lipoperoxidacao lipidica. Diante disso houve

uma reducéo do infiltrado inflamatorio, edema e leséo tecidual (Paiva et al, 2002).

Figura 3 - Estrutura quimica do acido caurenaico.

HOOC

1.6.2 trans-chalcona
As chalconas compreendem um importante grupo de compostos

naturais especialmente abundantes em frutas e vegetais (Di Carlo et al., 1999).
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Estruturalmente, estes compostos sao flavonéides de cadeia aberta com dois anéis
aromaticos ligados por uma porcao enona de trés-carbonos, sendo a forma trans da
molécula considerada a mais estavel termodinamicamente, desta forma, o isbmero
mais abundante nas plantas (Hijova, 2006) (Figura 4).

Esses compostos apresentam um amplo espectro de atividades
bioldgicas, incluindo acdo anti-bacteriana (Friis-Moller et al., 2002, Tsukiyama et al.,
2002), anti-helmintica, antimalarica (Chenet al., 1997; Goet al, 2004) e
tripanocida (Lunardi et al., 2003)

Recentemente, Tajuddeen e colaboradores (2017) analisaram a
atividade leishmanicida de 278 chalconas sintético e 34 chalconas de origem vegetal.
Esta grande variedade de moléculas deve-se a estrutura quimica simples que permite
uma multiplicidade de substituicdes resultando em um grande numero de derivados
(Gomes et al., 2017). No entanto, essas alteracdes na composicdo quimica da
molécula resultam em mudancas importantes nas atividades biolégicas promissoras
e mecanismo de acdo muitas vezes ndo estudados.

Chalconas naturais apresentam intensa atividade leishmanicida
(Chenet al, 1994; Liuet al, 2003; Hermosoet al, 2003, Piferoet al.,
2006, Lunardi et al., 2003).

Torres-Santos et al., (1999 a, b) verificaram que a metoxichalcona,
isolada a partir do extrato de Piper aduncum, exerce atividade microbicida sobre L.
amazonensis em ensaios in vitro e in vivo. Estes estudos demonstraram que a acao
inibidora sobre as formas amastigotas é, aparentemente, um efeito direto sobre os
parasitos por desorganizagcdo da mitocondria.

Também ja foi demonstrado que a licochalcona-A é capaz de alterar
a estrutura da mitocondria do parasito e inibir a sua funcdo (Zhai et al., 1995). O
mecanismo de acéo foi elucidado mostrando que esta chalcona inibe a respiracao do
parasito e a atividade das desidrogenases mitocondriais (Zhai et al., 1999).

Em relacdo a trans-chalcona, Pifiero et al. (2006), demonstraram o efeito
leishmanicida sobre formas promastigotas de L. braziliensis, L. tropica, L.
infantum e L. amazonensis e ainda relataram que administragéo de trans-chalcona via
implante de polimeros, promove areducdo do desenvolvimento da lesdo em

camundongos BALB/c infectados por Leishmania (L.) amazonensis.
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Sabe-se que flavondides sdo compostos conhecidos por sua atividade
antioxidante e moduladora de células sinalizadoras que conduzem a processos
inflamatorios (Haraguchi et al., 1998, Kalt et al., 2010). De fato, um estudo mostra que
a trans-chalcona foi capaz de aumentar a resisténcia de células HepG2 ao desafio
oxidativo, elevando a sobrevivéncia destas diminuindo a formac&o de produtos de
peroxidacao lipidica apos a exposicdo destas células ao H202 (Sikander et al., 2011)
e reduziu fibrose em modelo in vivo (Karkhaneh et al., 2016; Srivastava et al., 2016).

Trans-chalcona bloqueou a inducéo de isquemia induzida por VEGF
e ICAM-1 devido a inibicdo de ativacdo de STAT3 e NF-kB (Lamoke et al., 2011) e
induziu apoptose via mitocondrial no em linhagens de célula de cancer de mama
humano (MCF-7 e MDA-MB-231) e células de osteossarcoma humano atraves da
regulacdo da expresséo do gene p53 (Bortolotto et al., 2017; Silva et al., 2016; Hsu et
al., 2006; Shen et al., 2007).

Martinez et al. (2017a, b) mostraram que a administracao sistémica e
a formulagéo topica de trans-chalcona apresentaram mecanismos anti-inflamatorios e
antioxidantes na inflamacdo da pele induzida por irradiacdo ultravioleta (UV) em
camundongos hairless, reduzindo o estresse oxidativo. A formulacao topica de trans-
chalcona foi capaz de aumentar a expressao de mRNA do fator nuclear eritroide 2
(Nfr2) e heme-oxigenase-1 (OH-1), melhorando o potencial antioxidante neste modelo

experimental (Martinez et al., 2017b).

Figura 4 - Estrutura quimica da trans-chalcona.

O
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2 JUSTIFICATIVA

Conforme exposto, a quimioterapia para LTA ndo é satisfatoria,
devido a toxicidade dos farmacos atualmente utilizadas, dificuldade de administracéo,
longo tempo de tratamento, e 0 surgimento de cepas resistentes. Portanto, sabendo
da importancia desta doenca, de suas complica¢cdes anatomofisiolégicas, associada
ao surgimento de cepas com diferentes sensibilidades e resisténcia aos farmacos
disponiveis, faz-se necessario e urgente, a busca de novos farmacos para o
tratamento da leishmaniose.

Uma série de estudos tem demonstrado o efeito leishmanicida de
produtos naturais e seus multiplos mecanismos de acdo sobre as formas de
Leishmania spp em experimentos in vitro e in vivo. Esses compostos sao capazes de
agir diretamente sobre alvos cruciais para sobrevivéncia do parasito, moderando a
resposta imune exacerbada e consequente o dano tecidual, caracteristicos desta
doenca.

Baseados nas evidéncias experimentais encontradas acreditamos
gue o acido caurendico e a trans- chalcona possam exercer atividade leishmanicida
e/ou imunomoduladora sobre macrofagos peritoneais de camundongos BALB/c
infectados ou ndo com formas promastigotas de Leishmania amazonensis por

diferentes mecanismos de acao.
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3. OBJETIVO GERAL

Avaliar in vitro a atividade biol6gica dos compostos naturais — acido

caurendico (AC) e trans-chalcona (TC) em formas promastigotas e amastigota de

Leishmania amazonensis, bem como elucidar os principais mecanismos de agao e

propriedades imunomoduladoras envolvidas.

3.1. Objetivos especificos

Efetuar o estudo in silico da estrutura de TC quanto as regras de Lipinski e
Veber e das propriedades de ADMET;

Determinar as concentragcfes de AC e TC capazes de inibir diretamente o
crescimento das formas promastigotas de L. amazonensis;

Elucidar os mecanismos de morte de TC sobre formas promastigotas de L.
amazonensis;

Determinar a concentracdo citotoxica (CC50) de TC sobre macréfagos
peritoneais e indice de seletividade;

Analisara acdo de AC e TC sobre macrofagos murinos infectados
por amastigotas de L. amazonensis;

Quantificar a producéo das citocinas (IFN-y, TNF-qa, IL-1B, IL-10, TGF- B e IL-
12)

Determinar a quantidade de NO e EROS no sobrenadante de macréfagos
infectados por L. amazonensis e tratados com AC e TC;

Delinear os mecanismos de acao leishmanicida desencadeados por AC e TC,

em cultura de macroéfagos infectados por L. amazonensis.
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Leishmania amazonensis (L. amazonensis) infection can cause severe local and diffuse injuries in
humans, a condition clinically known as American cutaneous leishmaniasis (ACL). Currently, the
therapeutic approach for ACL is based on Glucantime, which shows high toxicity and poor
effectiveness. Therefore, ACL remains a neglected disease with limited options for treatment. Herein,
the in vitro antiprotozoal effect and mechanisms of the diterpene kaurenoic acid [ent-kaur-16-en-19-
oic acid] (KA) against L. amazonensis were investigated. KA exhibited a direct antileishmanial effect on
L. amazonensis promastigotes. Importantly, KA also reduced the intracellular number of amastigote
forms and percentage of infected peritoneal macrophages of BALB/c mice. Mechanistically, KA
treatment reestablished the production of nitric oxide (NO) in a constitutive NO synthase- (cNOS-)
dependent manner, subverting the NO-depleting escape mechanism of L. amazonensis. Furthermore,
KA induced increased production of IL-1B and expression of the inflammasome-activating component
NLRP12. These findings demonstrate the leishmanicidal capability of KA against L. amazonensis in
macrophage culture by triggering a NLRP12/IL-1B/cNOS/NO mechanism.



1. Introduction

American cutaneous leishmaniasis (ACL) is a
devastating illness caused by the protozoa
Leishmania spp. ACL displays distinct clinical
manifestations depending on both the parasite
strain and the capability of the host to mount an
effective immune response. Therefore, this disease
may clinically appear in the host as cutaneous,
mucocutaneous, or diffuse forms [1].

The treatment of ACL is based on a highly toxic
chemotherapy with the antimonials sodium
stibogluconate (Pentostam) and antimonate N-
methyl-glucamine (Glucantime). In case of lack of
response, second-line drugs such as amphotericin
B or pentamidines are used [2]. However, these
drugs frequently exhibit high toxicity, which has
been related to its restricted use and resistance
resulting in more restrictions in chemotherapy [2—
5]. These considerations reveal the urgency to
develop new therapeutic agents for the treatment of
this disease.

Therefore, the search for more effective and less
toxic chemotherapeutic agents for the treatment of
ACL is increasing. There are various reported
studies of synthetic compounds and natural
products as potential sources of leishmanicidal
activity [6, 7]. An interesting molecule towards this
aim is kaurenoic acid [ent-kaur-16-en-19-oic acid]
(KA), a diterpene obtained from various Brazilian
plants [8, 9]. This molecule has been reported as
showing a wide variety of biological activities such
as antiprotozoal [10, 11], antimicrobial [12],
antinociceptive [13], vasorelaxant, hypotensive
[14, 15], and anti-inflammatory [13, 16, 17]
activities. Moreover, some immunomodulatory
properties of KA have been reported in these
models.

The antiprotozoal activity of this diterpene
involves its direct action in altering cell membrane
integrity and mitochondrial membrane
depolarization in promastigote and amastigote
forms of L. amazonensis [18] and epimastigote
forms of Trypanosoma cruzi [19], respectively.
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This direct activity of KA against the protozoa is
not enough to reflect its overall potential as a
therapeutic leishmanicidal drug, since Leishmania
spp. parasites replicate intracellularly in
macrophages and have several escape mechanisms
against microbicidal molecules that are not
dependent on the direct action of antileishmanial
drugs [20-23].

Members of the Nod-like receptor (NLR)
family of proteins have emerged as important
innate immune sensors of pathogen-associated
molecular patterns (PAMPS) and damage-
associated molecular patterns (DAMPS) [24].
NLRs are the key components of the
inflammasome that regulate the maturation of the
potent inflammatory cytokine interleukin- (IL-) 18
[25].

Accordingly, Lima-Junior et al. found that the
NLRP-3 inflammasome is engaged in the response
against L. amazonensis restricting parasite
replication. Additionally, IL-18 seems to be
important for host resistance to infection by
inducible (i) NOS-mediated production of NO, a
major host defense mechanism against Leishmania
spp. [26].

Taking into account the above-mentioned
evidence, KA was evaluated for its in vitro effect
on susceptible macrophages from BALB/c mice
infected with L. amazonensis promastigote forms.
Accordingly, we performed in vitro assays to
investigate the direct effect of KA on parasites as
well as its  modulatory  action on
Leishmaniainfected macrophages. We further
investigated a putative mechanism of action of this
compound as a modulator of proinflammatory
molecules such as oxygen reactive species, NO,
cytokines, and inflammasome.

2. MATERIALS AND METHODS

2.1. Parasite. L. amazonensis
(MHOM/BR/1989/166MJO) was used in
promastigote forms, kept in culture medium 199
(Invitrogen-GIBCO) supplemented with 10% fetal



bovine serum (Invitrogen-GIBCO), 1 M Hepes,
0.1% human urine, 0.1% L-glutamine, 10 U/mL
penicillin and 10 ug/mL streptomycin (Invitrogen-
GIBCO), and 10% sodium bicarbonate (complete
medium for promastigotes—CMP). Cell cultures
were incubated at 25°C in 25 cm? flasks.

2.2. Animals. Female BALB/c mice weighing
approximately 25-30 g and aged 6-8 weeks were
obtained from Fundac,ao™ Osvaldo Cruz,
FIOCRUZ, Curitiba, Brazil. Mice were kept under
pathogen-free conditions and used according to
protocols approved by the Ethics Committee of the
State University of Londrina (protocol number
33064/2012.42). Every effort was made to
minimize the number of animals used and their
suffering.

2.3. Plant Material. KA used in this paper was
obtained from Sphagneticola trilobata. The crude
extract was obtained from dried roots, which were
pulverized and extracted with dichloromethane
and partitioned with n-hexane and ethyl acetate; all
solvents were dried under reduced pressure. The
hexane fraction was subjected to vacuum liquid
chromatography (VLC) by increasing gradient
polarity. The second fraction produced an
amorphous compound (200 mg), which was
washed with cold methanol and analyzed by high
performance liquid chromatography (HPLC)
methods, yielding 96% purity. The identification
was performed by 1H and 13 C nuclear magnetic
resonance (NMR), electron impact mass
spectrometry (EIMS), and comparison with
literature data [27]. The stock solution of KA was
dissolved in 2% dimethyl sulfoxide (DMSO)
(Invitrogen-Gibco). However, DMSO
concentration did not exceed 0.2% in all
experiments.

2.4. Viability of Promastigotes. The viability of L.
amazonensis promastigote forms treated with KA
was evaluated using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay
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as previously described [28]. Promastigote forms
(10%/100 uL) were incubated with different
concentrations of KA (10, 30, 50, 70, and 90 uM)
or with KA solvent (0.2% DMSQO) and maintained
in culture for 24, 48, and 72 h at 25°C. Thereafter,
10 uL of MTT (5 mg/mL) were added, followed by
incubation for an additional 4 h at 24°C. The MTT
formazan product was diluted with 300 uL of
DMSO, transferring to 96-well plates and
measured in a spectrophotometer with absorbance
determined at 550 nm. The results were expressed
as percentage MTT reduction relative to the
control group calculated as the following formula:
(viable promastigotes)% = (OD of drug-treated
sample/OD of untreated sample) x 100.

2.5. Cell Proliferation Kinetics. Promastigote
forms (10%/mL) incubated in CMP were treated
with different concentrations of KA (10, 30, 50, 70,
and 90 uM) or with KA solvent (0.2% DMSO) and
cultured for 5 days at 25°C. Promastigotes were
counted in a Neubauer chamber after 24, 48, 72,
and 120 h.

2.6. Phagocytic Assay. Macrophages (5 x 10°/mL)
were obtained from the peritoneal cavity by the
injection of 2 mL of RPMI 1640 culture medium
(Invitrogen-GIBCO) supplemented with 10% fetal
bovine serum (Invitrogen-GIBCQO) and cultured on
24-well plates containing 13 mm diameter glass
coverslips. Cells were preincubated with 200 uL of
RPMI medium for 2 h for adherence and incubated
with promastigote forms (5 : 1) for 2 h. KA (50, 70
or 90 uM) or medium was added, followed by 24
h incubation at 37°C and 5% CO2. The cells were
stained with Giemsa to establish the phagocytic
index of infection (by percentage) and the
parasites/macrophage (mean). The supernatant
was utilized to measure the levels of
malondialdehyde (MDA), total antioxidant
capacity of plasma (TRAP), nitric oxide (NO), and
cytokines



2.7. Measurement of the Total Antioxidant
Capacity of Samples (Trapping Antioxidant
Parameter (TRAP)). Samples (50 uL of
supernatant with cells) obtained from the
phagocytic assay were analyzed as previously
described by Repetto et al. [29], by using the
chemiluminescence-based  method.  Soluble
vitamin E (Trolox) was employed as a standard
antioxidant. The chemiluminescence curves were
obtained using the Glomax luminometer
(Promega), and the results were expressed in nM
Trolox.

2.8. Measurement of Malondialdehyde Levels
(MDA) by High Performance Chromatography.
MDA levels were determined as resultant of
oxidative stress occurrence, which causes lipid
peroxidation and the production of this metabolite.
Accordingly, we used HPLC as previously
described by Victorino et al. [30], with slight
modifications. The analyses were conducted with
an Alliance e2695 HPLC (Waters, Milford, MA,
USA) equipped with a SecurityGuard ODS-C18 (4
x 3.0 mm, Phenomenex), C18 reverse phase
column (Eclipse XDBC18; 4.6 x 250 mm, 5 um,
Agilent), and a photodiode array detector
(Photodiode Array Detector (PDA), 2998).
Analyses were conducted using Empower 2
software (Waters, Milford, MA, USA). MDA
standards were prepared using
1,1,3,3tetraethoxypropane ~ (TEP).  Aliquots
containing 250 uL of cells + supernatants were
deproteinized by adding 20% trichloroacetic acid
and reacted with 1 mL of thiobarbituric acid. The
mobile phase was 70% 10 mM KH2PO4 buffer,
pH 7.0, and 40% HPLC-grade methanol. Readings
were obtained at 532 nm, following an 8 min
isocratic flow at the rate of 1 mL/min. The results
were expressed in nM MDA.

2.9. Determination of Nitrite Levels as Estimate of
NO Production. The determination of nitrite in
supernatants collected from the phagocytic tests
was used to measure the concentration of nitric
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oxide (NO) according to Panis et al. [31], with
some modifications. Briefly, the supernatant
aliquotsweredeproteinizedbyadding50 uLof75
mMZnSO4 and 70 uL of NaOH and shaking and
centrifuging for 5 min at 10,000 rpm and 25°C. The
supernatant was recovered and diluted in glycine
buffer (45 g/L, pH 9.7). Cadmium granules were
rinsed with distilled sterile water and added to a 5
mM CuSO4 in glycine-NaOH buffer (15 g/L, pH
9.7), followed by 5 min incubation, and the copper-
coated cadmium granules were used within 10
min. Activated granules were added to glycine
buffer-diluted supernatant and the suspension
stirred for 10 min. Aliquots of 200 uL were
recovered in appropriate tubes for nitrite
determination, and the same volume of Griess
reagent was added. After 10 min incubation at
room temperature, tubes were centrifuged at
10,000 rpm for 2 min at 25°C and added to 96-well
microplates in triplicate. A
calibrationcurvewaspreparedusingdilutionsofNaN
02,and the absorbance was determined at 550 nm
in a microplate reader.

2.10. Cytokine Determination. The supernatants
obtained from the phagocytic assay were used to
determine the levels of IL-1f, IL-12, TNF-a, IFN-
y, TGF-B, and IL-10 wusing eBioscience
commercial Kits capture enzyme-linked immune
sorbent assay (ELISA) (San Diego, CA, USA).
According to the manufacturer’s instructions,
absorbance was read at 450 nm using a
spectrophotometer and the results are expressed in
pg/mL based on a standard curve. The sensitivity
of the test was 8 pg/mL for IL-183, TNF-«, and
TGF-g, 15 pg/mL for IL-12 and IFN-y, and 32
pg/mL for IL-10.

2.11. Immunocytochemical Labeling for NLRP12
and iNOS. Immunocytochemistry of NLRP12 and
inducible nitric oxide synthase (iNOS) was
performed on coverslip-adherent cells (cells
prepared according to the protocol described in the
phagocytic assay) using the labeled streptavidin



biotin method with the LSAB kit (DAKO Japan,
Kyoto, Japan) without microwave treatment. The
coverslips were incubated with 10% Triton X-100
for 1 h, washed 3 times with PBS, and treated for
40 min at room temperature with 10% BSA. In
addition, coverslips were incubated overnight at
4°C with the primary antibody (anti-NLRP12
rabbit polyclonal antibody diluted 1 : 300 (Abcam,
catalog number ab93113) and anti-iNOS rabbit
monoclonal antibody diluted 1 200 (BD
Biosciences, catalog number 610599)). After
secondary antibody treatment (2 h, room
temperature), horseradish peroxidase activity was
visualized by treatment with H202 and 3,3"-
diaminobenzidine (DAB) for 5 min. In the last
step, the sections were weakly counterstained with
Harry’s hematoxylin (Merck). For each case,
negative controls were performed by omitting the
primary antibody. Intensity and localization of
immunoreactivity against primary antibody used

were examined in all coverslips using a
photomicroscope (Olympus BX41, Olympus
Optical Co., Ltd., Tokyo, Japan). Color

photomicrographs of representative areas (x40
objective lens) were digitally acquired for image
analysis. For determining a semiquantitative
scoring, images were evaluated by using the color
deconvolution tool from Image J software (NIH,
USA). Pixels were categorized as previously
described by Chatterjee et al. [32] as strong
positive (3+), positive (2+), weak positive (1+),
and negative (0).

2.12.  cNOS Inhibition Assay. Peritoneal
macrophages  were challenged  with L.
amazonensis and treated with KA as described in
the phagocytic assay method. Before the treatment
with KA, the cells were incubated with 20 uM
NGnitro-L-arginine methyl ester (L-NAME) for 2
h at 36°C and 5% CO2 [33], aiming to cause
pharmacological blockage of constitutive NOS.
The supernatants were utilized to measure NO
levels (as previously described).
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2.13. Statistical Analysis. Three independent
experiments were performed, each with triplicate
datasets. Data were expressed as mean * standard
error of the mean. Data were analyzed using the
GraphPad Prism statistical software (GraphPad
Software, Inc., USA, 500.288). Significant
differences between the treatments were
determined by one-way ANOVA, followed by
Tukey’s test for multiple comparisons. P < 0.05
was considered statistically significant.

3. RESULTS

3.1. Kaurenoic Acid Exerts Leishmanicidal Effect
against Promastigote and Amastigote Forms of L.
amazonensis. In the first set of experiments, the
antileishmanial effect of KA was investigated
against the promastigote forms of L. amazonensis.
We observed that KA at concentrations of 50, 70,
and 90 uM reduced promastigote viability
according to an MTT assay of 24 h by 30, 31, and
34%, respectively (Figure 1(a)), the reduction was
maintained for 72 h. We also observed 28.2, 45.8,
and 51.5% decrease in the proliferation of the
promastigote forms at concentrations of 50, 70,
and 90 uM, respectively, after 120 h with 24 h of
pretreatment (Figure 1(b)). Therefore, we chose
testing all concentrations of KA for 24 h treatment
of macrophages.

In attempt to verify if KA could enhance the
leishmanicidal capacity of macrophages, we
initially challenged these cells with promastigote
forms of L. amazonensis for 2 h, for phagocytosis.
Afterwards, the cells were treated with KA (at
concentrations ranging from 50 to 90 uM) for 24 h.
Macrophages and amastigotes were counted to
establish the phagocytic index, indicating the
extent of infection as the number of parasites per
macrophage.

Regarding the  percentage of infected
macrophages, 50, 70, and 90 uM KA, respectively,
caused a decrease of 26.6, 25.6, and 28.4% of
infected macrophages when compared to the



untreated infected macrophages (Figure 1(c)).
Moreover, the mean number of amastigotes per
macrophage was significantly decreased at the
concentrations of 70 and 90 uM, by 21.5 and
20.3%, respectively (Figure 1(d)).

3.2. Effect of Kaurenoic Acid on Macrophages Is
Not Associated with ROS Production. In order to
assess the involvement of KA in modulating the
respiratory burst of macrophages during the
Leishmania challenge, we measured the oxidative
stress status of these cells by quantifying its total
antioxidant capacity (TRAP) and MDA formation.

There was an increase in TRAP of macrophages
infected with L. amazonensis treated with 50 and
70 uM KA, while TRAP was reduced by 90 uM
KA compared to the infected control (Figure 2(a)).
The MDA level was reduced at all KA
concentrations with significant difference at 50 uM
KA (Figure 2(b)).

3.3. Kaurenoic Acid Upregulates NO Levels in a
cNOSDependent Mechanism. Concerning NO
levels, our results showed that untreated
macrophages infected with L. amazonensis
displayed decreased levels of NO. Interestingly,
the treatment with KA reestablished baseline NO
levels at all concentrations tested (Figure 3(a)).
Thus, we next investigated the enzymatic pathway
involved in KA-induced NO production.

The expression of INOS was assessed by
immunocytochemistry. Our data showed that KA
did not alter INOS expression (Figure 3(b)).

Aiming to investigate the involvement of
cNOS, we pretreated macrophages with the
preferential cNOS inhibitor L-NAME. After the
Leishmania challenge, macrophages were
pretreated with L-NAME and then incubated with
KA, resulting in a substantial reduction in NO
production only at 90 uM, indicating that the
augmented NO previously observed at 90 uM KA
was probably dependent on cNOS activity (Figure

3(c)).
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3.4. Kaurenoic Acid Promotes the Production of
Active IL1B in Macrophages Infected with L.
amazonensis. In order to determine the
immunomodulatory action of KA on cytokines in
infected macrophages, we measured the levels of
IL-12, TNF-a, IFN-y, TGF-g, IL-10, and IL-1p.
We observed that the production of IL-12, TNF-a,
IFN-y, TGF-B, and IL-10 was not significantly
different between the KA-treated groups and the
control group (Figure 4). On the other hand, 70 and
90 uM KA augmented the levels of IL-18 (Figure

4(f)).

3.5. Kaurenoic Acid Upregulates NLRP12
Expression in Macrophages Infected with L.
amazonensis. In this present study, the activation
and participation of the inflammasome during the
immune response to infection by intracellular
pathogen were investigated. The augmented levels
of IL1p induced during KA treatment of infected
macrophages, combined with the lack of
information about this complex in ACL, led us to
investigate the role of NLRP12, one member of the
subfamily of NLRP innate receptors. As shown in
Figure 5, KA at 90 uM was able to upregulate
NLRP12 expression in macrophages infected with
L. amazonensis. These results indicate that the
stimulation of macrophages with KA triggered the
overexpression of NLRP12, with consequent
activation of IL-1p.

4. DISCUSSION

The success of chemotherapy in ACL is mainly
dependent on two factors: the microbicidal activity
of the drug and the protective immune response
triggered in the host during the treatment.

In the present study, we evaluated the
therapeutic potential of KA treatment, which
directly inhibited the viability and proliferation of
L. amazonensis promastigote forms (Figure 1(a)).
Previous in vitro studies demonstrated that KA has
direct antileishmanial activity against promastigote
and amastigote forms of L. amazonensis [19, 34,



35], and the main proposed mechanism was related
to mitochondrial membrane depolarization in the

protozoan. However, the immunomodulatory
activity of KA in the macrophage experimental
leishmaniasis model still remained to be

determined.

Our results indicated that infected macrophages
treated with KA were more effective during the
leishmanicidal response against the intracellular
forms of L. amazonensis (Figures 1(b) and 1(c)).
The solvent (0.2% DMSO) did not affect the
viability and proliferation of L. amazonensis
promastigotes (Figures 1(a) and 1(b)). These
findings suggested that this diterpene was able to
reverse the downregulation of the killer machinery
of macrophages caused by Leishmania infection
[20, 36].

In order to elucidate the microbicidal effects of
KA, we investigated the main leishmanicidal
molecules produced by macrophages. The results
showed that KA treatment was not able to enhance
the oxidative burst of infected macrophages. On
the other hand, even though L. amazonensis is
capable of depleting NO levels [20], the results
showed that treatment with KA was able to restore
the levels of this microbicidal molecule (Figure
3(a)), but no alteration in the expression of INOS
was found.

In fact, NO is the main antileishmanial
molecule produced in the early macrophage
response against intracellular parasites. Besides
INOS, cNOS is also an important route for NO
production [37, 38]. Some studies have
demonstrated that KA induces cNOS-dependent
activity in the disease context [13, 14], but the
involvement of a ctNOS mechanism for KA in
parasitic infections has not been well elucidated.
Studies have demonstrated the importance of
innate  immune  response-triggered  cytokine
production during the early stages of experimental
leishmaniasis and have shown that some cytokines
may drive the clinical manifestation of ACL by
modulating resistance or susceptibility to infection
[39]. IL-18, IL-12, TNF-a, and IFN-y are essential
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cytokines for the development of an effective
immune response against Leishmania spp., leading
to the activation of macrophages and promoting
the microbicidal effects against this parasite [23,
26, 40, 41].

In the present experimental conditions, KA was
able to increase the production of IL-1 despite of
showing no effect on other cytokines evaluated,
suggesting a selective effect of KA on IL-1f8
production/maturation  system. IL-18 is a
proinflammatory cytokine that becomes active
after its cleavage by the inflammasome complex
[42], and when active, this cytokine helps the
activation of macrophages by enhancing the
response against pathogens. In fact, a recent study
showed that IL-15 was associated with resistance
to L. amazonensis, L. braziliensis, and L. major
infections. IL-18 maturation is dependent on the
inflammasome NLRP3/ASC/caspasel complex
[26]. In addition to NLRP3, which is endogenously
expressed during Leishmania infection, NLRP12 is
an important NLR involved in the inflammatory
response against parasites such as Trypanosoma
cruzi [43]. In this sense, the present study also
addressed whether the expression of NLRP12
increased during Leishmania infection of
macrophages to determine if KA induces IL-1f8
production/maturation by a  previously
unrecognized mechanism.

Our findings showed that there was no
induction of NLRP12 in macrophages during
Leishmania infection. On the other hand, KA at 90
uM upregulated the expression of NLRP12 in
infected macrophages, thus explaining the
increased production of IL-18 induced by KA.
These data are also in line with the increased
cNOS-dependent production of NO, since it has
been shown that during Leishmania infection a
NLRP3/ASC/caspase-1/1L-18/cNOS/NO pathway
is triggered to Kkill this parasite. In the present
study, the data suggest that KA triggers a
NLRP12/IL-18/cNOS/NO killing mechanism
during Leishmania infection of macrophages from
BALB/c mice. Importantly, KA-induced the



expression of a NLR (NLRP12) that is not
endogenously activated to kill Leishmania, thereby
upregulating unused endogenous mechanisms
valuable to protect the host against Leishmania
infection with additive effects for other NLRs such
as NLRP3, as observed in T. cruzi infection [43].
Therefore, KA seems to unequivocally provide
additional  protective  mechanisms  against
Leishmania infection. It is also possible that KA
triggers similar mechanisms in other parasitic
diseases, which remains to be determined.

In conclusion, the present study demonstrated
that kaurenoic acid has therapeutic potential as a
pharmacological approach against Leishmania
infection. The mechanism of action of kaurenoic
acid depends, at least in part, on triggering the
NLRP12/IL-18/cNOS/NO leishmanicidal
pathway. Therefore, KA merits further preclinical
and clinical studies as a possible therapy for
Leishmania infection.
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Figure 1: Kaurenoic acid has a leishmanicidal effect against promastigote and amastigote forms of L. amazonensis. MTT
assay in promastigote forms of L. amazonensis treated with kaurenoic acid (10, 30, 50, 70, and 90 uM) or 0.2% DMSO for
24, 48, and 72 h (Panel (a)). Proliferation kinetics of L. amazonensis promastigote forms after pretreatment for 24 h with
kaurenoic acid (10, 30, 50, 70, and 90 uM) or 0.2% DMSO for 24, 48, 72, and 120 h (Panel (b)). Percentage of infected
macrophages (Panel (c)) and number of amastigotes per macrophage after 24 h of incubation with kaurenoic acid (50, 70, and
90 uM) (Panel (d)). Data represent mean + SEM of three independent experiments (promastigotes) and six independent
experiments (amastigotes). (*Significantly different from control (P < 0.05 compared with control group promastigotes in
culture medium) (one-way ANOVA followed by Tukey’s test).)
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Figure 2: The effect of kaurenoic acid on macrophages is not associated with oxidative stress generation. Total antioxidant
capacity (TRAP) (Panel (a)) and MDA levels (Panel (b)) were evaluated as markers of the oxidative status in supernatant or
macrophages infected with L. amazonensis and treated with kaurenoic acid (50, 70, and 90 uM) for 24 h. Data represent the

mean + SEM of three independent experiments. (*Significantly different from infected cells (P < 0.05)) (one-way ANOVA
followed by Tukey’s test).
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Figure 3: Kaurenoic acid exerted its effect by upregulating NO levels in a cNOS-dependent mechanism. NO levels (Panel
(a)); immunocytochemistry scoring for inducible nitric oxide synthase (iNOS). Peritoneal macrophages infected with L.
amazonensis and treated with kaurenoic acid (50, 70, and 90 uM) for 24 h (Panel (b)). Determination of NO in peritoneal
macrophages infected with L. amazonensis and blocked with 20 uM L-NAME and treated with kaurenoic acid (50, 70, and
90 uM) for 24 h (Panel (c)). Data represent the mean + SEM of three independent experiments. (*Significantly different from
infected cells (P < 0.05). *Significantly different from control cells (P < 0.05)

(one-way ANOVA followed by Tukey’s test).)
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Figure 4: Kaurenoic acid promotes the production of active IL-18 in macrophages infected with L. amazonensis. Mapping
the cytokine profiling produced in vitro by macrophages infected with L. amazonensis and treated with kaurenoic acid (50,
70, and 90 uM) for 24 h determined by ELISA. IL-12 production (Panel (a)), TNF-a production (Panel (b)), IFN-y production
(Panel (c)), TGF-p production (Panel (d)), IL-10 production (Panel (€)), and IL-18 production (Panel (f)). Data represent the
mean + SEM of three independent experiments. (*Significantly different from infected cells (P < 0.05) (one-way ANOVA

followed by Tukey’s test).)
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Figure 5: Kaurenoic acid upregulated the NLRP12 expression in macrophages infected with L. amazonensis.
Immunocytochemistry scoring for NLRP12 in macrophages infected with L. amazonensis and treated with kaurenoic acid (50,
70, and 90 uM) for 24 h. Data represent the mean + SEM of three independent experiments. (*Significantly different from

infected cells (P < 0.05). (One-way ANOVA followed by Tukey’s test).)
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Abstract

Leishmania parasites infect macrophages, causing a wide spectrum of human diseases,
from cutaneous to visceral forms. Currently drugs used in leishmaniasis treatment are highly
toxic and associated with acquired resistance. In search of novel therapeutic targets, we
performed comprehensive in vitro study to investigate the action of trans-chalcone (TC) against
Leishmania amazonensis promastigote and amastigote forms. TC is a common precursor of
flavonoids, with lack of studies on its pharmacological properties. In silico predictions showed
good drug-likeness potential for TC showing high oral bioavailability and intestinal absorption.
The TC-treatment acted directly on promastigote forms leading to death by late apoptosis-like
process due to an increased production of reactive oxygen species (ROS), loss of mitochondrial
integrity, phosphatidylserine exposure and damage on membrane. In L. amazonensis-infected
macrophages, TC-treatment reduced the percentage of infected cells and the number of
amastigotes per macrophage, consequently, the number of promastigotes recovered without
cytotoxic effects on macrophages, showing selectivity index (SI) for the parasite of 53.8. This
leishmanicidal effect was accompanied by a decrease in the levels of TNF-a, TGF-f, IL-10,
ROS and NO and upregulation of transcription factor Nrf2 expression, modulating iron
metabolism, depleting available iron for parasite replication and survival within macrophages.
These results suggested trans-chalcone as a good support for further studies and can become a

lead molecule for the design of new prototypes of antileishmanial drugs.

Keywords Leishmaniasis, apoptosis-like death, iron metabolism, transcription factor Nrf2



1

10

11

12

13

14

15

16

17

Graphical abstract

death

L. amazonensis
death

nnn'nvvvnvﬂy
A uuuuuuu/

sy T

transferrin

® Phosphatidylserine
¥ Propidium iodide

Highlights

TC-structure predicts a high human oral bioavailability and intestinal absorption
TC directly affects promastigote and amastigote forms in vitro.

TC —treatment of promastigote forms results in late apoptosis-like death.

TC eliminates amastigotes forms via ROS and RNS-independent pathway.

TC upregulates Nrf2 expression interfering in iron metabolism.

L. amazonensis .. \




[

© 00 N o U b~ w N

[
o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26
27
28
29
30
31
32

71

1. Introduction

Leishmaniasis is a broad term applied to a group of vector-borne diseases caused by
more than 20 species of protozoan parasites of the genus Leishmania (Borghi et al., 2017).
Infection occurs from the bite of an infected phlebotomine sandfly and depending on the species
of the parasite, the host immune response, as well as the genetically determined response by the
host a spectrum of diseases ranging from the cutaneous to the visceral forms may occur. The
disease is endemic in 102 countries, areas or territories worldwide with more than one billion
people living at risk of infection of the disease forms — visceral, cutaneous, mucocutaneous and
post kala-azar dermal leishmaniasis — occurring 20.000 to 30.000 deaths annually (Alvar et al.,
2012; WHO, 2016).

The factors involved in the relationship between parasite and host are complex.
Experimental models have shown that the outcome of Leishmania infection is critically CD4*
T cell-dependent and the prevalence of Th2 immune response is associated to host susceptibility
and the resistance is associated a Thl-inflammatory profile, leading to macrophage activation,
resulting in the increase of reactive nitrogen species (RNS) production, mainly nitric oxide
(NO) and reactive oxygen species (ROS) production (Sacks and Noben-Trauth, 2002; Van
Assche et al., 2011). However, Leishmania parasites have a sophisticated survival mechanism
that involves downregulation of microbicidal mechanisms of macrophages and can sequester
hosts nutrients, as scavenge labile iron pool and uses it to survival and replication inside
macrophages (Cecilio et al., 2014; Das et al., 2009; Liu and Uzonna, 2012; Zaidi et al., 2017).
In this way, although the Thl inflammatory profile is the most beneficial to the natural
resolution of leishmaniasis, the chronicity, produced by continuous stimulation of inflammatory
cells and mediators of inflammation lead to increased tissue damage and exacerbation of the
injury, resulting in a ‘‘immune conflict” because the same immune response that reduces

infection worsens the clinical course (Scott and Novais, 2016).

The treatment of leishmaniasis is still problematic because most of the drugs currently
used to treat patients are high toxicity and cause serious systemic side effects, besides the
expensive cost, invasive route of administration, and long treatment duration (Croft and Olliaro,
2011; Santos et al., 2008). In this way, the search for new therapies well-tolerated, orally acting
and short-course treatments are needed.

Chalcones (1,3-diphenyl-2-propen-1-ones) are open-chain precursors for biosynthesis

of flavonoids and isoflavonoids being biologically classified as secondary metabolites of low
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molecular weight (Sahu et al., 2012; Wong, 1968). The structure of chalcones consists of two
aromatic rings joined by a three-carbon unsaturated chain and a carbony! group and in most of
the cases, the isomer trans-chalcone (TC) (Figure 1) is more stable, which makes it the
predominant configuration among the chalcones (Evranos Aksoz and Ertan, 2011).

Naturally occurring chalcones, several other synthetic chalcones and chalcone-hybrid
molecules have been studied as a new class of substances against Leishmania. Recently
Tajuddeen et al. (2017) reviewed the antileishmanial activity of 278 synthetic and 34 chalcones
of plant origin. Chalcones have a simple chemistry which enables a multiplicity of substitutions
allowing a large number of derivatives (Gomes et al., 2017). However, these alterations in the
chemical composition of the molecule result in important changes in the promising biological
activities and mechanism of action often not studied in these works.

The TC leishmanicidal effect was reported by Pifiero et al. (2006). In this study, it was
shown the in vitro direct effect of TC against promastigote forms of L. braziliensis, L. tropica,
L. infantum and L. amazonensis and reported that polylactic-acid (PLA) and poly D,L-lactide-
co-glycolide (PGLA) implants of TC at 4 mg/kg promoted the reduction of lesion development
in BALB/c mice infected with L. amazonensis.

TC also possesses anti-inflammatory and antioxidant effects important in Leishmania
spp. pathogenesis. Evidence shows that TC has hepatoprotective effect reducing oxidative
stress and inflammation in in vitro (Sikander et al., 2011a) and in vivo model, reducing fibrosis
(Karkhaneh et al., 2016; Srivastava et al., 2016). TC blocked ischemia-induced VEGF and
ICAM-1 expression due the inhibition of activated STAT3 and NF-xB (Lamoke et al., 2011).

Martinez et al. (2017a,b) showed that the systemic administration and topical
formulation of TC presented anti-inflammatory and antioxidant mechanisms on ultraviolet
(UV) irradiation-induced skin inflammation and oxidative stress in hairless mice. The topical
formulation of TC downregulated TNF-a and superoxide anion level and improved antioxidant
potential, enhancing the levels of MRNA expression of nuclear factor erythroid 2-related factor
(Nfr2) and heme-oxygenase-1 (HO-1) (Martinez et al., 2017b).

These data show that TC is a promising therapeutic flavonoid, but also that there is a
limited number of studies addressing the immunomodulatory activities of TC in Leishmania
model. Therefore, the present study examined the TC theoretical predictions of drug-likeness
and investigated the in vitro TC-effect on promastigote and intracellular amastigote forms of L.
amazonensis. We further investigated a putative mechanism of action of this compound as a
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modulator of molecules such as cytokines, nitric oxide and labile iron pool in experimental

models.

2. Material and methods
2.1 Culture of Leishmania (Leishmania) amazonensis

Promastigote forms of Leishmania (Leishmania) amazonensis (L. amazonensis)
(MHOM/BR/1989/166MJO) were maintained in culture medium 199 (GIBCO, Invitrogen,
New York, USA) pH 7.18-7.22 supplemented with 10%-fetal bovine serum (FBS) (GIBCO,
Invitrogen, New York, USA), 1M-HEPES buffer, 1%-human urine, 1%-L-glutamine, 10U/mL-
penicillin and 10ug/mL-streptomycin (GIBCO, Invitrogen, New York, USA), and-10% sodium
bicarbonate. The cell culture was maintained in B.O.D. at 24°C in a 25 cm?-culture flask.
Promastigote forms in the stationary growth phase (5-day culture) were used for all of the

experiments.

2.2 trans-Chalcone

Commercial trans-chalcone (TC), >97% purity, was obtained from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA- Catalog Number sc-204681 - Dallas, USA). The stock solution of trans-
chalcone was dissolved in 1% dimethyl sulfoxide (DMSO) (GIBCO, Invitrogen, New York,
USA). DMSO concentration did not exceed 0.02% in all experiments.

2.3 Animals and Ethics Committee

BALB/c mice were kindly provided from Carlos Chagas Institute /Fiocruz-PR, Curitiba,
Brazil. We maintained the animals weighing approximately 25-30 g and aged 6-8 weeks under
sterile conditions according to protocols approved by the Institutional Animal Care and
Committee. This study was approved by the Ethics Committee for Animal Experimentation of
the State University of Londrina (13134.2016.62).

2.4 trans-Chalcone in silico study
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The TC structure in silico study was carried out to evaluate theoretical drug-likeness
parameters related to oral bioavailability and absorption, distribution, metabolism, excretion
and toxicity (ADMET) properties. The oral bioavailability was performed using Molinspiration
properties calculation software (www.molinspiration.com) according to Lipinski's rule of five
(Ro5) (Lipinski et al., 1997) followed by the additional rule proposed by Veber et al., (2002).
According to Ro5, the parameters evaluated were molecular weight (< 500), lipophilicity (Log
P) (£5), hydrogen bonding acceptors (< 10) and hydrogen bonding donors (< 5). According to
Veber, were analyzed the number of rotatable bonds (< 10), molecular polar surface area
(TPSA) (< 140 A) and sum of hydrogen bonding donors and acceptors (< 12).

Some ADMET properties predictions were calculated using admet SAR
(http://Immd.ecust.edu.cn/admetsarl/) online database (Cheng et al., 2012). It was predict
carcinogenicity (Lagunin et al., 2009), AMES mutagenicity (Hansen et al., 2009), blood-brain
barrier penetration, human intestinal absorption (Shen et al., 2010), Caco-2 permeability (Pham
The et al., 2011), hERG inhibition (Marchese Robinson et al., 2011), aqueous solubility (Wang
et al., 2007) and inhibition of five most important cytochrome P450 isoforms as well as their

inhibition promiscuity (Cheng et al., 2011).

2.5 Antipromastigote assay

L. amazonensis promastigote forms (10° cells/mL) were treated with different
concentrations of TC (2-12uM). Viable promastigote concentration was determined ina CASY
model TT cell counter and analyzing system (ROCHE Innovatis, Germany) after 24 and 48 h
of treatment. We used as negative controls the L. amazonensis promastigote maintained in
culture without treatment and DMSO 0.02% vehicle. Amphotericin B (AmB) 1 uM as a positive
control. The plates were also inspected under an inverted microscope to assure growth of the

controls and sterile conditions.

2.6 Scanning electron microscopy of promastigotes

Scanning electron microscopy (SEM) of promastigotes forms was performed according
to Da Silva et al., (2013), where the parasites (10°) were treated with TC-I1Cso and incubated for
24 h at 24°C. The promastigotes were collected, washed with PBS and fixed with 2.5%
glutaraldehyde in 0.1-M of Sodium cacodylate buffer containing 1 mM-CaCl.. After fixation,
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the samples were placed in poly-L-lysine treated coverslips. The samples were then dehydrated
with graded ethanol baths, CO2 dry point, gold coated, and observed by SEM (FEI QUANTA

200 scanning electron microscope). DMSO 0.02% vehicle was used as negative control.

2.7 Determination of the parasites cell volume

L. amazonensis promastigote forms (10° cells/mL) were treated with TC-ICso and
incubated for 24 h at 24°C, harvested, and washed with PBS. Subsequently, the parasites were
analyzed using a BD Accuri™ C5 Plus personal flow cytometer (BD Biosciences, San Jose,
CA). Histograms were generated, and FSC-H represented the cell volume. A total of 10000
events were acquired in the region that corresponded to the parasites. DMSO 0.02% vehicle

was used as negative control.

2.8 Determination of mitochondrial-membrane potential

In order to assess the inner mitochondrial membrane potential, we conducted a
tetramethylrhodamine ethyl ester (TMRE) staining (Sigma, St. Louis, MO, USA). For this
purpose, the promastigote forms (1x10° cells/mL) treated for 24-hour with TC-ICso were
washed and incubated with 25 nM of TMRE for 30 min at 25°C, washed once again in PBS,
and immediately analyzed in a fluorescence microplate reader (Victor X3, PerkinElmer,
Finland) with a 480 nm-excitation wavelength and a 580 nm-emission wavelength. DMSO

0.02% vehicle was used as negative control.

2.9 Determination of ROS generation on L. amazonensis promastigotes

To evaluate the ROS generation in promastigote forms of L. amazonensis, 10° parasites
were pretreated or not with 5 mM-N-acetyl-L-cysteine (NAC) (Sigma, St. Louis, MO, USA)
for 1 h at 24°C after incubated with TC-1Cso for 24h. Then, they were washed in PBS (pH 7.4)
and loaded with 10uM of a permeant probe diacetate 2',7'-dichlorofluorescein (H2DCFDA)
(Sigma, St. Louis, MO, USA) diluted in DMSO, incubated in the dark for 45 min, 24°C.
Reactive oxygen species (ROS) were measured as an increase in fluorescence caused by the
conversion of non-fluorescent dye to highly fluorescent 20,70-dichlorofluorescein, with an

excitation wavelength of 488 nm and emission wavelength of 530 nm in a fluorescence
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microplate reader (Victor X3, PerkinElmer, Finland). DMSO 0.02% vehicle was used as

negative control.

2.10 Determination of phosphatidylserine exposure

Phosphatidylserine exposure was detected using Annexin-V FITC (Invitrogen, Eugene,
USA), a calcium-dependent phospholipid binding protein used as an apoptosis marker. The
promastigotes (1x10° cells/mL) were submitted to a 24-hour with TC-I1Cso. Subsequently, the
parasites were washed and resuspended in a 100 pL- binding buffer (140 mM NaCl, 5 mM
CaClz, and 10 mM HEPES-Na, pH 7.4) followed by the addition of 5 pL-calcium-dependent
phospholipid binding protein Annexin-V FITC for 15 min at room temperature. Subsequently,
we added the incubation binding buffer (400 uL). Data acquisition was performed using a
fluorescence microplate reader (Victor X3, PerkinElmer, Finland) at a 488 nm-excitation
wavelength and a 520 nm-emission wavelength. For a comparison of the different treatments,
we normalized the fluorescent values obtained to the respective amount of cells. DMSO 0.02%

vehicle was used as negative control.

2.11 Determination of cellular membrane integrity

Promastigotes (1x10° cells/mL) submitted to a 24-hour treatment with TC-I1Cso at 25°C
were harvested, washed with PBS and directly followed to a five-minute incubation with
propidium iodide (PI) (Sigma, St. Louis, MO, USA) (0.50 pg/mL) according to the
manufacturer’s instructions. Immediately thereafter, the parasites were analyzed using a
fluorescence microplate reader (Victor X3, PerkinElmer, Finland) with a 480 nm-excitation
wavelength and a 580 nm-emission wavelength. The fluorescent values obtained were
normalized to the total number of cells per treatment. DMSO 0.02% vehicle was used as

negative control.

2.12 Co-determination of annexin V and propidium iodide label

Promastigotes (10° cells/mL) submitted to a 24-hour treatment with TC-ICso at 25°C
were washed and resuspended in 100 uL of assay buffer 1x (Santa Cruz Biotechnology),
followed by the addition of a mix containing 1 uL of annexin-V FITC and 5 uL of PI (Santa

cruz Biotechnology). Data acquisition and analysis were performed using a BD Accuri™ C5
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Plus personal flow cytometer (BD Biosciences, San Jose, CA). A total of 10000 events were
acquired in the region that was previously established as the one that corresponded to the

parasites. DMSO 0.02% vehicle was used as negative control.

2.13 Viability of peritoneal macrophages

The cytotoxic effects of TC on peritoneal macrophages were tested based on
mitochondrial oxidation through MTT (3-(4.5-dimethylthiazol-2-yl)-2.5- diphenyltetrazolium
bromide) (Sigma, St. Louis, MO, USA) assay, following the description by Mosmann
(Mosmann, 1983). The macrophages (5x10° cells/mL) were recovered from peritoneal cavity
with cold PBS supplemented with 3%-FBS and subsequently cultured in 24-well plates with
200 pL of RPMI 1640 medium (10% FBS) for 2 h (37°C, 5% COz2). Adherent cells were
incubated with TC (10 - 20000 puM) or DMSO 0.02% (vehicle) and submitted to 24-hour culture
under the same conditions. After this period, the culture was washed with PBS and added with
MTT (5 mg/mL), followed by a four-hour incubation. The MTT product (formazan crystals)
was diluted in 300 puL of DMSO, transferred to 96 well plates and submitted to a
spectrophotometer reading (Thermo Scientific, Multiskan GO) to 550 nm. The results were
expressed as a percentage of viability compared to the control group calculated with the
following formula: % (viable macrophages) = (samples of the treated TC/sample OD untreated)
x 100.

2.14 Selectivity index (SI)

The effect of TC on L. amazonensis promastigote forms was expressed as minimum
inhibition concentration for inhibiting 50% of the parasites (ICso) and on citotoxicity of
peritoneal macrophages as the cytotoxic concentration to cause death to 50% of cells (CCso).
ICs0 and CCso were calculated by non-linear regression (GraphPad Software, Inc., USA, 5.00).
The degree of TC selectivity was expressed as Sl= CCsoof TC on peritoneal

macrophages/ICso of TC on promastigotes.

2.15 Hemolytic activity
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TC treatment has been tested for hemolytic capacity, an important analysis to
assess whether treatments can cause adverse effects, such as anemia. Blood from sheep (Ethics
Committee for Animal Experimentation of the State University of Londrina: 82862016.60) was
collected into a heparinized vacuum tube, and the erythrocytes were washed 3 times with PBS
(1000 rpm for 10 minutes). A 2%-red cell suspension was prepared in PBS. The TC-treatment
(10 - 10000 pM) was incubated 1: 1 in a total volume of 200 puL, with the suspension of 2% red
cells in 96-well plate for 3 hours at 37°C. DMSO 0.02% vehicle was used as negative control
and distilled water as the positive control for hemolysis. The plates were centrifuged at 1000
rpm for 10 minutes, and the supernatants collected and analyzed by reading the absorbance at
550 nm.

2.16 Antiamastigote assay

The peritoneal macrophages (5x10° cells/mL) were cultured in 24-well plates containing
13 mm-glass coverslips and submitted to a two-hour incubation with a 200uL-RPMI 1640
medium at 37°C and 5% CO2. The adherent macrophages were submitted to a two-hour
infection with L. amazonensis promastigotes (1x10°); subsequently, the non-internalized
promastigotes were removed through a PBS washing and the cells submitted to a 24-hour
treatment using TC (10, 20 and 30 uM) or DMSO 0.02% vehicle (control) (37°C, 5% COz).
Then, the cells were stained with Giemsa (Laborclin, Pines-PR Brazil) and 20 fields analyzed
through increased soaking using an optical microscope (Olympus BX41, Olympus Optical Co.,
Ltd., Tokyo, Japan) (1000x magnification) in order to determine the % of infected macrophages
as well as the number of amastigotes per cell after a 24-hour with TC treatment. The supernatant

was stored at -80° in order to measure the cytokines and nitric oxide.
2.17 Promastigote recovery test

The promastigotes recovery assay was performed according to the description Da Silva
et al., (2013). In brief, peritoneal macrophages were infected with L. amazonensis
promastigotes and treated with TC under the same conditions of the antiamastigote assay
protocol. After the 24-hour treatment, the cell culture was washed with PBS and incubated with
a 199-culture medium at 24°C in order to induce the differentiation of intracellular amastigotes
in promastigote forms. The recovered promastigotes were counted in a Neubauer chamber after
48, 72 and 96 hours.
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2.18 Cytokines measurement

The supernatants obtained in section 2.16 were used to determine the levels of IL-18,
IL-12, TNF-a, TGF-g, and IL-10 using eBioscience commercial Kits capture enzyme-linked
immune sorbent assay (ELISA) (San Diego, CA, USA). According to the manufacturer’s
instructions, absorbance was read at 450 nm using a spectrophotometer and the results were
expressed in pg/mL based on a standard curve. The sensitivity of the test was 8 pg/mL for IL-
1-B, TNF-a and TGF-g, 15 pg/mL for IL-12 p70 and 32 pg/mL for IL-10.

2.19 Determination of nitrite as estimative of NO levels

Nitric oxide (NO) was determined by the Griess method. Briefly, supernatant aliquots
(60 uL) obtained in section 2.16 were centrifuged at 5000 rpm for 2 min and a volume of 50
uL the supernatant was recovered, placed in 96-well microplates and added 50 pL of Griess
reagent (1% sulfanilamide and 0.1% of naftiletilenodiamino-bicloridrato in orthophosphoric
acid (HsPO4) 5%). After 10 min incubation at room temperature, the samples were read at
550nm on a microplate reader (Thermo Scientific, Multiskan GO). A calibration curve was

made using serial dilutions of NaNO:x.

2.20 Reactive Oxygen Species (ROS) generation by macrophages

To evaluate the ROS generation, peritoneal macrophages (5x10° cells/mL - infected and
treated under the same conditions described in the section 2.16) were washed in PBS (pH 7.4)
and loaded with 2uM of H2DCFDA diluted in DMSO, incubated in the dark for 30 min, 37°C,
5% CO:a2. Reactive oxygen species (ROS) were measured as an increase in fluorescence caused
by the conversion of non-fluorescent dye to highly fluorescent 20,70-dichlorofluorescein, with
an excitation wavelength of 488 nm and an emission wavelength of 530 nm in a fluorescence

microplate reader (Victor X3, PerkinElmer, Finland).

2.21 Immunocytochemistry

We performed immunocytochemical assays for Nrf2 on TC treated L. amazonensis-
infected macrophages (as described at 2.16 section) following the streptavidin-biotin method
(Dako Universal LSAB® + kit; DAKO Japan, Kyoto, Japan) with no pre-treatment microwave.
Slides were submitted to one-hour incubation with 10%-Triton X-100, washed three times with

PBS and replenished with 10%-FBS for 40 min at room temperature. Subsequently, the slides
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were incubated overnight at 4°C with primary antibody (anti-NRF2 diluted 1:500, Santa Cruz
Biotechnology). Thereupon, with the universal secondary biotinylated antibody (anti-rabbit
immunoglobulin anti-mouse and anti-goat LSAB + System-HRP, Dako, Kyoto, Japan) for two
hours at room temperature, the peroxidase activity was visualized through a 40”- incubation
with H202 and 3,3'-diaminobenzidine (DAB). Finally, the cells were stained with Harry
hematoxylin (Merck, Darmstadt, Germany). The intensity and localization of immunoreactivity
against the primary antibody used were determined in all blades via a light microscope
(Olympus BX41, Olympus Optical Co., Ltd., Tokyo, Japan). For image analysis, color areas
representing photomicrographs (400x magnification) were digitally acquired. For the semi-
quantitative score, images were assessed using the IHC profiler plugin in ImageJ software
(NIH, USA). The positive immunostained area was calculated as positive labeled area. For all

analyses, we used at least 10 representative images per treatment/experiment.

2.22 Determination of iron concentration and total bound iron

The determination of iron concentration in the supernatants obtained in section 2.16 was
performed utilizing the Dimension® automated system. The method is an adaptation of the
direct assay for iron, developed by Smith et al., (1984) and is required the Flex® reagent
cartridge for implementing the test. The dispensation, shaking and processing of the samples
was automatically performed by the Dimension® system. Briefly, in acidic conditions (pH 4.5)
and in the presence of a reducing agent (ascorbic acid) occurs the release of iron bound to
transferrin. The resulting product (Fe?*) forms a blue complex with 3-(2-pyridyl)-5,6-bis-2- (5-
furyl sulfonic acid)-1,2,4-triazine (Ferene®). The absorbance of the complex is measured using
a biochromatic endpoint technique (600, 700nm). The test principle for the total bound iron is
similar the sMBles are automatically mixed with a serum iron solution to saturate all available
sites of iron binding in transferrin. In non-acidic conditions (pH 8.6), only saturated iron in
excess, unbound, is available to be reduced to ferric iron by ascorbic acid forming the blue
complex with Ferene®. The subsequent addition of acid (pH 4.5) releases the iron bound to
transferrin, this supplemental iron is reduced to ferric iron by ascorbic acid, forming an
increased amount of blue complex with Ferene®. The increase in absorbance during the change

of pH 8.6 to pH 4.5 is proportional to the concentration of iron bound to transferrin.

2.23 Statistical analysis
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Data were expressed as a mean + standard error of the mean. At least three independent
experiments were performed, each with duplicate datasets. Data were analyzed using the
GraphPad Prism statistical software (GraphPad Software, Inc., USA, 500.288). Significant
differences between the groups were determined by Student’s t-test or one-way ANOVA,
followed by Tukey’s test for multiple comparisons. Differences were considered statistically

significant when p < 0.05.

3. RESULTS
3.1 Drug-likeness assessment of trans-Chalcone

In order to promote the discovery of safe, efficacious and orally acting of TC, we
performed a theoretical analysis of the drug-likeness through in silico study. TC satisfied
Lipinski’s rule of five and presented a high probability of human intestinal absorption,

suggesting a good chance of drug-likeness and oral bioavailability (Table 1).

ADMET properties were analyzed through admetSAR and reported in Table 2. The
result predicts TC non-carcinogenic, non-mutagenic, weak hERG blockers, aqueous soluble,
high human intestinal absorption and Caco2 cell permeability. Otherwise, TC showed some
unfavorable properties, such as blood-brain barrier penetration, high promiscuity with the main
five CYP isoforms (CYP1A2, CYP2C19, CYP2C9, CYP2D6 and CYP3A4).

3.2 trans-Chalcone exerts leishmanicidal effect against promastigote forms of L. amazonensis

in vitro.

Initially, the direct effect of TC on L. amazonensis promastigote forms was investigated
by determining the proliferation of parasites. We incubated the parasites with varying TC
concentrations ranging from 2-12 uM for 48 h. TC treatment decreased L. amazonensis
promastigote viability in all tested concentrations at 24 h (p<0.0001) (Figure 2) being
determined the ICso 10.3 uM. At 48 h of treatment, only the parasites treated with TC 12 uM,
have continued the inhibitory effect, reducing 75% of promastigotes, similarly as AmB
treatment (Figure 2). DMSO 0.02% showed no leishmanicidal effect.
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3.3 trans-Chalcone induces morphological changes and reduction in the cell volume of
promastigote forms

Scanning electron microscopy (SEM) was employed to assess morphological alterations
in the Leishmania promastigotes induced by TC-I1Cso treatment for 24h. SEM analysis of the
control cells revealed healthy parasites with typical long flagella and slender bodies with
unharmed cell surfaces (Figure 3A). At the ICso, TC-treated promastigotes revealed
morphological alterations. The cells showed rounding and reduction of the body size of the
parasite with multiseptations along the length of the plasma membrane with significant
extravasation of the cellular content (Figure 3B). Additional experiments were performed to
evaluate cell shrinkage, as shown in Figure 3C, TC-treatment decreased 46.8% of cell volume
after 24 h when compared to control.

3.4 trans-Chalcone treatment promotes late apoptotic-like death process in L. amazonensis

promastigote forms

In order to elucidate the mechanism by which the parasites were being eliminated, we
evaluate mitochondrial membrane potential (A¥m) using the TMRE, a fluorescent marker that
complexes with active mitochondria, to since the significant loss of A¥Ym renders cells
exhausted with subsequent death. We found that the TC-treatment (10.3 uM, 24h) decreased
the total TMRE fluorescence intensity compared to the control (p<0.001), indicating loss of

organelle integrity (Figure 4A).

Considering the mitochondrial alterations observed, we evaluated the ROS production
to confirm the existence of altered mitochondrial function profile after the promastigotes TC-
treatment. We used the H.DCFDA molecular probe, a good indicator for ROS as it is well
retained in the cells and recognizes several oxidant species, such as peroxides, superoxides, and
nitric oxide (Gunasekar et al., 2002). The result confirmed the increase on the total ROS
production on TC-treated promastigotes when compared with control (Figure 4B). NAC was

used as ROS scavengers to confirm the involvement of ROS in H2DCFDA results.

In addition, we investigated whether the cell death mechanism triggered by the TC-
treatment involved apoptosis-like death by marking the externalization of PS, and the
involvement of plasma membrane integrity, staining the TC-treated parasites with PI, which
diffuses across permeable membranes and binds to nucleic acids (Figure 4C-F). We
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differentiated the cell death mechanism in necrotic (Pl +), apoptotic (annexin V+) or late-
apoptotic (double mark for annexin V+/ P1+) process (Scariot et al., 2017). Our data showed
that TC-treated parasites increased PS externalization and Pl labeling when compared to the
control group (Figure 4C-F). Co-staining of TC-treated promastigotes with Pl and annexin V
by flow cytometry showed that the percentage of promastigotes annexin V+ was 9.1%, Pl+
4.4% and the annexin V+/ Pl+ was 12.2% indicating a predominance of late apoptotic-like

death process resulting from TC-treatment (Figure 4E and F).

3.5 trans-Chalcone treatment raises the microbicidal activity of L. amazonensis-infected

macrophages

In an attempt to verify the effect of TC-treatment against amastigote forms of L.
amazonensis, we firstly verified whether the treatment has no toxic effect on murine
macrophage and sheep erythrocytes. Assessing the possibility of TC-treatment induces
hemolysis, the hemolytic activity was evaluated in vitro and only the 10000 puM of
concentration caused 2.78 % of erythrocytes lysis (data not shown), not being able to determine
the CC50 of erythrocytes. We performed the MTT assay on peritoneal macrophages verifying
that concentrations above 1000 UM compromise the viability of this cell type (p<0.0001)
(Figure 5A), being determined the CCso 555.0 uM which allowed us to determine that TC-
treatment has high in vitro selectivity index of 53.8.

We performed the antiamastigote assay to evaluate the leishmanicidal effect of TC on
L. amazonensis-infected macrophages through the percentage of infected macrophages and the
number of amastigotes after 24 h of treatment. The results showed that the DMSO 0.02%
vehicle did not change the infection parameters of the control macrophages, remaining 70% of
the infection rate, as well the number of amastigote/macrophage. All concentrations of TC
significantly reduced 74.9%, 82.1 and 95.6% the percentage of infected macrophages for 10,
20 and 30 pM, respectively when compared to the control (p<0.0001). Furthermore, TC
concentrations significantly decreased the mean number of amastigotes per macrophage (10,
20 and 30 puM reduced 36.3%, 58.7%, 72.8%, respectively) (p<0.0001) (Figure 5C). AmB, the
standard drug, was used as the positive control reducing 95.5% of the infection rate and 71.4%

the number of amastigote/macrophage, similarly as 30 uM TC concentration.
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To confirm the reduction of infection by TC-treatment on L. amazonensis-
infected macrophages, we performed a promastigote recovery assay in which the culture of
infected macrophages was submitted to ideal conditions to the differentiation of viable
amastigotes in free promastigote forms. It was verified that all tested concentrations promoted
at least 60% of reduction in recovery promastigotes forms, after 48, 72 and 96h of culture when
compared to the control (p<0.0001) (Figure 5D).

3.6 trans-Chalcone treatment down modulates cytokines, NO and ROS levels in L.

amazonensis-infected macrophages

In an attempt to determine if TC acted as an immunomodulator to enhance macrophage
microbicidal activity, we evaluated the cytokine profile of L. amazonensis-infected
macrophages treated with TC for 24h. Our results showed that L. amazonensis-infection
increased up-regulated the TNF-o, IL-10 and TGF-B levels and when these infected
macrophages were treated with all TC-concentrations there was a reduction in the synthesis of
these cytokines when compared to control group (Figure 6A, B and C). The level of IL-1B and

IL-12p70 were below the limit of detection (data not shown).

When evaluated the NO and ROS production, we found the nitrite levels and ROS
measurement corroborating with cytokine profile. The TC-treatment of infected macrophages
for 24 h reduced the levels of NO at 10 uM (p<0.01), 20 uM (p<0.001) and 30 pM (p<0.001)
when compared to control group (Figure 6D) and also reduced the ROS production at 20 uM
(p<0.05) and 30 uM (p<0.05) when compared to the control (Figure 6F).

3.7 trans-Chalcone treatment upregulates Nrf2 expression enhancing the total bound iron

capacity in L. amazonensis- infected macrophages

Although the “classic” immune system’s battle against intracellular pathogens death
includes the “respiratory burst” via ROS and NO production, Paiva and col. (Paiva et al., 2012)
demonstrated the effect of Nrf2, a key regulator of the antioxidant response, suppressing
Trypanosoma cruzi infection through the up-regulation of multiple genes, including ferritin and

HO-1 involved in iron metabolism.

The results showed that TC-treatment of L. amazonensis-infected macrophages
significantly upregulated the labeling of Nrf2 in all tested concentrations (Figure 7A). Although

has been a slight increase on labile iron at 30 uM (Figure 7B), there was an increase in iron
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bound to transferrin in all tested concentrations when compared to control (Figure 7C),

decreasing the labile bioavailability of this metal.

4. DISCUSSION

The leishmaniasis is classified as neglected tropical diseases (NTDs), and thus not
arousing the interest of pharmaceutical groups in relation to research and development of new
drugs (Eder et al., 2014; WHO, 2016). The available drugs for the treatment of leishmaniasis
are unsatisfactory, possibly because they only target the parasite, which may not alleviate the
immunopathological responses that drive disease forms of leishmaniasis (Scott and Novais,
2016). Thus, besides the developing of new drugs to target the parasite, the drug-research
should also consider the immunomodulatory action in order to reduce the severity of

leishmaniasis-pathology.

In this context, the present study provided new perspectives of the trans-chalcone
mechanism of action in in vitro experimental leishmaniasis model. Our data demonstrated that
TC-treatment meets the main in silico drug-likeness requirements being effective at low
micromolar concentrations against both promastigote and amastigote forms of L. amazonensis,
modulating the inflammatory response and enhancing the total bound iron capacity through the

activation of transcription factor Nrf2 in L. amazonensis-infected macrophages.

According to Drugs for Neglected Diseases Initiative (DNDi), ideal leishmaniasis
treatment needs to be an oral, safe, effective, low-cost and short-course treatment (Don and
loset, 2014; Katsuno et al., 2015). A lead drug candidate should be in vitro non-cytotoxic

(S1>10) and present parasite potency: I1Cso <10 uM against intracellular Leishmania spp.

The prediction of the chemical structure (Figure 1) influence on the oral absorption of a
compound through the analysis of pharmacokinetic parameters at the beginning of a research
is of extreme importance for the development of a drug candidate (Lipinski, 2004). In relation
to orally bioavailable and safe parameters, we performed in silico study to evaluate theoretical
drug-likeness parameters. Poor ADMET properties are the major reasons for the failure of drug
candidates during clinical trials (van de Waterbeemd and Gifford, 2003). TC structure showed
to be favorable to the most calculated ADMET properties and presented high oral
bioavailability. Since most clinical forms of leishmaniasis present cutaneous symptoms, it is
worth mentioning the work of Martinez et al., (2017b), who showed the effectiveness of the

TC-application, as a topical formulation through the skin route, showing a further advantage of
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using this compound in this important route to the rational design of cutaneous leishmaniasis-
treatment. Taken together, these results could be useful to the development of more potent

compounds against Leishmania-parasites.

Pifiero et al., (2006) demonstrated the direct effect of TC against promastigote forms of
different Leishmania spp. with L. amazonensis-1Cso determined around 9.84 uM. Our findings
were very similarly of this study and beyond the direct reduction in the number of viable
parasites we showed physiological and morphological alterations on promastigote forms
analyses of the TC-treated parasites, showing loss of volume and cell shrinkage, a hallmarks of
apoptotic death.

Apoptosis is a cascade process involving physical and biochemical changes in the cell
where mitochondria play a central role in supplying energy through the generation of cellular
adenosine triphosphate by oxidative phosphorylation being an easy target for induction of
apoptosis under stress conditions (Saudagar and Dubey, 2014). The apoptosis death-induction
by TC has already been demonstrated in tumor cell lines MCF-7 through induction of the
intrinsic apoptotic by mitochondrial pathway, inducing cytochrome c release. TC enhancing the
expression of the adapter protein apoptotic protease-activating factor-1 (APAF-1), Bcl-2-
associated X protein (BAX) and strong induction of cell death-inducing DNA fragmentation
factor alpha-like effector- A (CIDEA) promoter gene and protein, which is related to DNA
fragmentation during apoptosis (Bortolotto et al., 2017).

In trypanosomatids, although apoptotic regulators from the Bcl-2 family and the role of
metacaspases were not well documented, the release of cytochrome c has been related in many
species of Leishmania in response to several apoptotic stimuli (Gannavaram et al., 2008;
Jimeénez-Ruiz et al., 2010; Menna-Barreto and de Castro, 2015). For organisms with a single
mitochondrion, such as Leishmania, the survival depends on the proper functioning of this
organelle (Sen et al., 2004). TC-treatment may exert its anti-leishmanial activity by affecting
mitochondrial function in the parasite, demonstrated by a decrease in A¥m, and an increase in
ROS production.

Together, our results showed that TC-treatment resulted in late apoptotic-like death
mechanism characterized by cell shrinkage, phosphatidylserine exposure, damage in the plasma
membrane of the protozoan with significant extravasation of the cellular content after 24h TC-

treatment.
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Among the major challenges of the search for new drugs for leishmaniasis is the
intracellular location of the amastigote forms within macrophages, resulting in additional
membranes and pH gradients that drugs must cross before reaching their target (Croft and
Olliaro, 2011). Once the effect of the TC on promastigote forms had been proven, we aimed to
understand the action of this treatment against intracellular amastigote forms, and we decided
to test in this set of experiments concentrations above the ICso. The TC concentrations tested
did not show hemolytic effects and deleterious activity to the macrophages, the main host cells
of Leishmania spp., presenting high selectivity index to protozoan and killing L. amazonensis
amastigote forms.

Cytokine secretion drives the innate immune response during the early stage of
experimental leishmaniasis (Nylén and Gautam, 2010). IL-1B, TNF-a and IL-12 are cytokines
which activate macrophages, leading to synthesis ROS and NO, which on the one hand trigger
the microbicidal action, but on the other, cause tissue damage and injury progression (Andrews,
2012; Cecilio et al., 2014). Our data showed an immunomodulation of TC on L. amazonensis-
infected macrophages restoring the levels of the cytokines TNF-a, IL-10 and TGF-f to similar
values of the uninfected group. The TC-treatment was also not able to induce the production of

ROS, NO and consequent increase in oxidative stress.

This reduction in the synthesis of these immunologic mediators may be due to TC-
leishmanicidal action resulting in parasite reduction and, consequently, less activation of the
immune response. Besides this, the downmodulation effect of TC on transcription factor NF-
kB, essential in inflammation and innate immunity, regulating the expression of
proinflammatory genes including IL-1B, TNF-a and iNOS was demonstrated on LPS (Lamoke
etal., 2011; Liuetal., 2007), on trinitrobenzenesulfonic acid colits (Park et al., 2012) and cancer
cell proliferation models (Shen et al., 2007). The suppression of many inflammatory mediators
as TNF-a, NO, lipid peroxidation were also demonstrated (Bortolotto et al., 2017; Hsu et al.,
2006; Karkhaneh et al., 2016; Lamoke et al., 2011; Shen et al., 2007; Sikander et al., 2011b;
Silva et al., 2016). In addition, TC treatment also reduces the levels of TGF- B in in vitro

hepatocellular carcinoma (HepG2) cells (Sikander et al., 2011a).

Recently, Martinez et al. (2017b) showed the role of TC in enhancing the levels of
MRNA expression of Nrf2 and HO-1 in a model of ultraviolet B radiation skin damage in
hairless mice. Nrf2 orchestrates antioxidant responses and cellular protective genes, primarily
in response to oxidative stress and genes that contain ARE motifs, upregulating the expression
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of ferroportin, ferritin and HO-1 (Alam et al., 1999; Hintze and Theil, 2005; Marro et al., 2010).
HO-1 is associated with regulation of labile iron pool, by increasing ferritin, a protective protein
that acts sequestering iron (Lin et al., 2008). Increased levels of ferroportin and ferritin are
expected to reduce the levels of iron available for intracellular pathogens (Andrews, 2012).
Taylor and Kelly (2010) qualified the iron uptake as an Achilles’heel of the Leishmania
parasites, suitable for targeting with chemotherapy. The intracellular stage of Leishmania are
equipped with an iron transport machinery on the surface of the amastigote forms and can also
subvert the host's iron uptake systems to their own advantage, utilizing various iron sources
within the parasitophorous vacuole such as labile iron or heme, essential for pathogenicity and

also for their survival (reviewed in Niu et al., 2016).

Although TC cannot act as iron chelator per se in vitro (Martinez et al., 2017a), in our
experimental model, TC treatment was also able to increase the expression of Nrf2 and,
consequently, modulates the levels of iron bound to transferrin being possible to infer that this

iron modulation directly affects the intracellular amastigote forms of L. amazonensis.

In conclusion, this work provided new perspectives of the in vitro antileishmanial TC-
activity acting directly on promastigote forms leading to death by late apoptosis-like process;
and in L. amazonensis-infected macrophages, modulating the inflammatory response and
enhancing the total bound iron capacity through the activation of transcription factor Nrf2.
These results associated with the theoretical predictions of drug-likeness suggested trans-
chalcone as a good scaffold for further studies and can become a lead molecule for the design

of new prototypes of antileishmanial drugs.
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1 Tables
2 Table 1- Molecular properties of Trans- Chalcone based on Lipinski’s and Veber’s criteria .

LIMITS TC
Lipinski’s Rules MW <500 208.3
Log P <5 3.8
H-Acc <10 1
H-Don <5 0
Veber’s Rules RB <10 3
tPSA <140°A2 17
H-Acc + H-Don <12 1
Number of Violations none
3 MW: molecular weight; Log P: Log of partition-coefficient; H-Acc: number of Hydrogen bond acceptor;
4 H-Don: number of Hydrogen bond donor; RB: number of rotatable bonds; tPSA: molecular polar surface area;
5
6

7  Table 2- ADME/TOX and pharmacological parameter assessment of trans-chalcone predicted
8 using admetSAR toolbox

ADMET Properties TC Reference
Carcinogenicity Non-carcinogenic Lagunin et al., 2009
AMES toxicity Non-mutagenic Hansen et al., 2009
Human intestinal absortion High Shenetal., 2010
Caco-2 permeability High Pham The et al., 2011
Blood-brain barrier penetration Penetrate Shen etal., 2010
Predicted aqueous solubility Soluble Wang et al., 2007
hERG inhibition Weak inhibitor Marchese Robinson et al., 2011
« [ CYP3A4 Non-Inhibitor Cheng et al., 2011
‘E CYP2D6 Non-inhibitor Cheng et al., 2011
3 CYP2C19 Inhibitor Cheng et al., 2011
2| cypaco Non-Inhibitor Cheng et al., 2011
%  CYP1A2 Inhibitor Cheng et al., 2011
CYP inhibitory promiscuity High Cheng et al., 2011

9  Predictions based on: admetSAR online database developed by Cheng et al., 2012
10
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Figure 1- Molecular structure of trans-chalcone.
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Figure 2 — Antipromastigote effect of trans-chalcone. L. amazonensis promastigotes forms
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were subjected to TC treatment (2-12 uM). The parasite viability was assessed at 0, 24 and 48h
by CASY model TT cell counter. As control was used non-treated parasites, as vehicle control

was used DMSO 0.02% and as a positive control was used amphotericin B (AmB) 1 uM. The

values represent the mean £ SEM of three independent experiments performed in duplicate. *
Significant difference compared to control group (p < 0.0001).
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Figure 3 - Morphological changes of trans-chalcone-treated promastigote forms. Scanning
electron microscopy of L. amazonensis promastigote forms of control promastigotes (DMSO
0.02%-vehicle) (A) and promastigotes treated for 24 h at 25°C with TC concentration
corresponded to the ICso (10.3 uM) (B). (A) The protozoan presented typical characteristics,
with an elongated shape and free flagellum. (B) TC treatment induced alterations in the shape
and size of the protozoan. Scale bar=10 um. Cell volume in TC-treated promastigote forms
(C). FSC-H was considered a function of cell size. The gray area corresponds to the control
group (i.e., untreated parasites) and the white area corresponds to the treated group. Typical
histograms of at least three independent experiments are shown.
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Figure 4 — Trans-chalcone induces late apoptotic-like death process in L. amazonensis
promastigote forms. L. amazonensis promastigote forms of control (DMSO 0.02% vehicle)
and TC-treated with 1Cso (10.3 uM) for 24 h at 25°C were analyzed by the following methods:
(A) TMRE assay for fluorimetric analysis of the mitochondrial membrane potential, (B)
H2DCFDA molecular probe for reactive species of oxygen measurement, (C) Annexin V
labeling for phosphatidylserine exposition and (D) propidium iodide staining for the analyses
of plasma membrane integrity. Co-staining of Pl and annexin V-FitC analyzed by flow
cytometry in (E) Control (untreated parasites) and (F) TC-treated promastigotes. Typical dot
plots of at least three independent experiments are shown. Data represent the mean + SEM of
three independent experiments performed in duplicate. ** Significant difference compared to
control (p <0.01), *** (p <0.001), **** (p <0.0001).
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Figure 5 - Effect of trans-chalcone on L. amazonensis-infected macrophages. (A) Peritoneal
macrophages (5 x 10%well) of BALB/c mouse were plated in 24-well plates, treated with TC
(10,-10000 pM) or DMSO 0.02%-vehicle, incubated for 24h at 37°C/5% CO:2 and viability
analyzed through MTT assay. RPMI 1640 medium and 0.4%-H202 were used as negative and
positive controls, respectively. (B) L. amazonensis-infected macrophages submitted to 10, 20
or 30 uM of TC- treatment or DMSO 0.02%-vehicle for 24h at 37°C/5% CO2 were assessed as
the percentage of infected macrophages and (C) amount of amastigotes per macrophage. RPMI
1640 medium and 1 pM-AmB were used as negative and positive controls, respectively. (D)
48, 72 and 96-hour incubation of the L. amazonensis-infected macrophages using medium 199
in B.O.D. A number of recovered parasites was measured in Neubauer chamber and the values
converted as %. The dashed line indicates the control group (100%). The values represent the
mean + SEM of three independent experiments performed in duplicate. * Significant difference
compared to control (p < 0.0001).
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Figure 6 - Intra-macrophage L. amazonensis death by trans- chalcone treatment is not
dependent on NO and ROS. The following methods were used to assess the L. amazonensis-
infected macrophages submitted TC-treatment for 24h at concentrations of 10, 20 and 30 uM:
(A) ELISA assay to measure the TNF-a, (B) TGF- and (C) IL-10; (D) Griess method for nitrite
levels; (E) fluorescent probe H.DCFDA for reactive oxygen species measurement. The values
represent the mean + SEM of three independent experiments performed in duplicate. *
Significant difference compared to control (p <0.05), ** (p <0.01) *** (p <0.001)
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Figure 7 - Trans-chalcone treatment upregulates Nrf2 expression enhancing the total
bound iron capacity in L. amazonensis- infected macrophages. (A) Immunocytochemical
labeling for Nrf-2 in peritoneal macrophages infected with L. amazonensis and treated with TC
(10, 20, and 30 uM) for 24 h. Positive immunolabeling area was calculated as percentage of
positive labeled area compared to the total area. The culture recovery supernatants were used
to determinate the (B) labile iron concentration and (C) total iron bound capacity utilizing the
Dimension® automated system. Data represent mean + SEM of three independent experiments.
* Significant difference compared to control (p <0.05), ** (p <0.01) *** (p <0.001).
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CONCLUSAO GERAL

O é&cido caurenoico (AC) € um diterpeno do tipo caurano com muitas
propriedades bioldgicas. O efeito de AC no modelo in vitro de leishmaniose
experimental foi inibir a proliferacdo das formas promastigotas comprovadas
pelos ensaios de viabilidade mitocondrial e cinética de proliferacdo celular. O
AC promoveu uma reducdo significativa na porcentagem de macrofagos
infectados, bem como no nimero de amastigotas por macréfago. Além disso,
seu efeito foi associado ao aumentou nos niveis de 6xido nitrico (NO) em um
mecanismo dependente de cNOS. O tratamento induziu ainda o aumento da
da citocina pro-inflamatoria IL-1 ativa e expressdo do componente ativador de
inflammasoma NLRP12. Esses resultados demonstram a capacidade
leishmanicida de AC sobre amastigotas intracelulares por um mecanismo
NLRP12 / IL-18 / cNOS / NO. Desta forma, esta molécula apresenta potencial
terapéutico farmacologico contra a infecgdo por Leishmania.

A trans-chacona (TC) é um flavondide natural com alto indice de propriedades
biolégicas favorecendo seus parametros farmacoldgicos. As previsoes in silico
mostraram que TC apresenta bom potencial para farmaco com alta
biodisponibilidade oral e absorcdo intestinal. A TC apresentou efeito
antipromastigota, com alteracdes morfoldgicas significativas. A morte das
formas promastigotas de L. amazonensis desencadeada pelo tratamento com
a molécula foi por apoptose-like tardia, caracterizada pela producdo de
espécies reativas de oxigénio, despolarizacdo mitocondrial, permeabilizacao
da membrana do parasito, reducdo do volume celular e exposicdo de
fosfatidilserina. Nas concentracdes testadas nao foi observado citotoxicidade
em macréfagos murinos e eritrocitos ovinos, além disso a TC promoveu a
reducdo na porcentagem de macréfagos infectados e nimero de amastigotas
por macrofagos. Houve diminuicdo da sintese da citocina inflamatoéria (TNF-a)
e regulatérias (IL-10 e TGF-B) e reducdo nas moléculas microbicidas classicas
EROs e NO, possivelmente devido a redugdo dos parasitos e
consequentemente, uma menor ativacao da resposta imune. O tratamento com
TC aumentou a expresséo do fator nuclear eritréide 2 (Nrf2) que promove uma

protecao celular em relacdo ao estresse oxidativo, modulando os niveis de ferro
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ligado a transferrina colaborando para a eliminagdo do parasito.TC pode ser

uma nova alternativa terapéutica para o tratamento da leishmaniose.

Os compostos analisados AC e TC apresentaram um perfil pré-inflamatério e
anti-inflamatorio, respectivamente, os quais foram capazes de atuar inibindo as
formas promastigotas e amastigotas por diferentes mecanismos. Esses
compostos naturais demonstram ser uma importante abordagem terapéutica

para o tratamento da leishmaniose.



