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Alves, Alex Barbosa. Efeito sinérgico do 6leo essencial de orégano com
nanoparticulas de prata sobre Leishmania amazonensis. 2020. 70 f. Dissertagao
(Mestrado em Fisiopatologia Clinica e Laboratorial) — Universidade Estadual de
Londrina, Londrina, 2020.

RESUMO

A Leishmaniose Tegumentar Americana (LTA) € uma zoonose causada por
protozoarios do género Leishmania. O tratamento atual apresenta varios problemas
como a dificuldade de administracdo, baixa eficiéncia, toxicidade e resisténcia dos
parasitos, levando a busca de novas substancias ou associacdes como terapias
alternativas. Produtos naturais como o 6leo essencial de orégano (OEO), extraido da
planta selvagem Origanum vulgare, possui uma gama de efeitos ja estudados, como
acao antiparasitaria, antibacteriana e antifingica. A associacdo do OEO com
nanoparticulas de prata (AgNp), que também possuem ac¢bes antimicrobianas,
apresentaram efeitos sinérgicos em bactérias. Entretanto, ndo havia estudos desta
associacao em Leishmania. Portanto, o presente estudo investigou o efeito sinérgico
leishmanicida da associacdo do OEO com AgNp sobre L. amazonensis. Para isso,
foram utilizadas diferentes propor¢cbes de associacdo do OEO com AgNp para
obtencdo de uma dose que eliminasse 50% dos parasitos. Os dados obtidos das
doses das combinacbes de OEO+AgNp foram avaliadas matematicamente
verificando o efeito sinérgico entre elas. O ensaio antipromastigota foi realizado
através da contagem em camara de Neubauer, onde verificamos o efeito
antileishmania do tratamento. Apds isso, por microscopia eletronica de varredura
(MEV) e microscopia eletronica de transmissédo (MET), foram observadas alteracfes
morfolégicas e ultraestruturais em promastigotas tratadas com a associacao
OEO+AgNp, como rugosidade da superficie celular, arredondamento e reducdo do
corpo celular, flagelo reduzido, extravazamento de conteudo citoplasmatico, inchaco
mitocondrial, acumulo de corpos lipidicos e de vacuolos autofagicos no citoplasma,
desorganizacdo do DNA nuclear e danos a membrana plasmética. Além disso, o
tratamento com a associacdo induziu em promastigotas um aumento de espécies
oxidantes, despolarizacdo mitocondrial e exposicdo da fosfatidilserina, que
acarretaram na morte celular por apoptose tardia. Em seguida, verificamos o efeito
anti-amastigota da associacdo em macrofagos infectados com L. amazonensis e a
formacado de marcadores microbicidas como 6xido nitrico (NO) e espécies reativas de
oxigénio (EROs). Ao final, conclui-se que a associacdo de OEO+AgNp possui um
efeito sinérgico em sua acéao leishmanicida e induz a morte de promastigotas por um
processo de apoptose tardia e apresenta um efeito anti-amastigota através da
producédo de EROs e NO por macréfagos infectados. Assim, a associacdo OEO+AgNp
se apresenta como uma potencial alternativa de tratamento em uma realidade onde
farmacos toxicos e de baixa eficiéncia séo utilizados no tratamento de LTA.

Palavras-chave: leishmaniose; efeito leishmanicida; associagdo de compostos; morte
celular; apoptose-like.



Alves, Alex Barbosa. Synergistic effect of oregano essential oil with silver
nanoparticles on Leishmania amazonensis. 2020. 70 f. Dissertation (Master’s
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ABSTRACT

American Cutaneous Leishmaniasis (ATL) is a zoonosis caused by protozoa of the
genus Leishmania. The current treatment presents several problems such as the
difficulty of administration, low efficiency, toxicity and resistance of the parasites,
leading to the search for new substances or associations as alternative therapies.
Natural products such as oregano essential oil (OEQO), extracted from the wild plant
Origanum vulgare, have a range of effects already studied, such as antiparasitic,
antibacterial and antifungal action. The association of OEO with silver nanoparticles
(AgNp), which also have antimicrobial actions, showed synergistic effects in bacteria.
However, there were no studies of this association in Leishmania. Therefore, the
present study investigated the leishmanicidal synergistic effect of the association of
OEO with AgNp on L. amazonensis. For that, different proportions of association of
OEO with AgNp were used to obtain a dose that eliminated 50% of the parasites. The
data obtained from the doses of the combinations of OEO+AgNp were evaluated
mathematically, verifying the synergistic effect between them. The antipromastigote
assay was performed by counting in a Neubauer chamber, where we verified the
antileishmania effect of the treatment. Thereafter, by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), morphological and ultrastructural
changes were observed in promastigotes treated with the association OEO+AgNp,
such as cell surface roughness, rounded shape and reduction of cell body size,
reduced flagellum, leakage of cytoplasmatic contents, mitochondrial swelling,
accumulation of lipid-storage bodies and autophagic vacuoles in the cytoplasm, DNA
disorganization in nuclei and damage to the plasma membrane. In addition, treatment
with the association induced in promastigotes an increase in oxidant species,
mitochondrial depolarization and exposure of phosphatidylserine, which resulted in cell
death by late apoptosis. Then, we verified the anti-amastigote effect of the association
in macrophages infected with L. amazonensis and the formation of microbicidal
markers such as nitric oxide (NO) and reactive oxygen species (ROS). Finally, it is
concluded that the association of OEO+AgNp has a synergistic effect in its
leishmanicidal action and induces the death of promastigotes by a process of late
apoptosis and presents an anti-amastigote effect through the production of ROS and
NO by infected macrophages. Thus, the association OEO+AgNp presents itself as a
potential treatment alternative in a reality where toxic and low-efficiency drugs are used
in the treatment of ATL.

Keywords: leishmaniasis; leishmanicidal effect; association of compounds; cell death;
apoptosis-like.



LISTA DE ABREVIATURAS E SIGLAS

AIDS Acquired Immune Deficiency Syndrome
ATP Adenosina trifosfato

B.O.D. Bioquimic Oxygen Demand

Cl Combination Index

DMSO Dimetilsulféxido

GP63 metaloproteinase gp63 kDa

EROs Espécies reativas de oxigénio

ERNs Espécies reativas de nitrogénio

FDA Food and Drug Administration

H20:2 Peroxido de hidrogénio

IL Interleucina

IFN-y Interferon gama

LC Leishmaniose cutanea

LCD Leishmaniose cutanea difusa

LCM Leishmaniose cutdneomucosa

LPG Lipofosfoglicana

LT Leishmaniose tegumentar

LTA Leishmaniose tegumentar americana
LV Leishmaniose visceral

MEV Microscopia eletrénica de varredura
MET Microscopia eletrbnica de transmissao
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NO Nitric oxide

AgNp Nanoparticula de prata

OEO Oleo essencial de orégano



OMS Organizacdo Mundial da Saude

PBS Tampéao fosfato-salino

pH Potencial hidrogenidnico

RPMI Roswell Park Memorial Institute Medium
SBF Soro Bovino Fetal

Thl Linfocito T auxiliar tipo 1

Th2 Linfocito T auxiliar tipo 2

TNF-a Fator de necrose tumoral alfa

UEL Universidade Estadual de Londrina



11
1.2
1.3
1.4
15
1.6
1.7
1.8

3.1
3.2

4.1
4.2
4.3
4.4
4.5

4.6
4.7

4.8
4.9

4.10

SUMARIO

INTRODUGAO ...t 14
LEISNMANIOSES ....coeeeeeiiiic e 14
Ciclo Bioldgico do ProtOZOArio..........cccuuvveiiiiiieeeiiiiiiieeeee e 15
Interagc&o Parasito Hospedeiro Na LTA .....oooviiiiiiiiiiiiiieeeeeeeeeeeeeeeee 17
MOTtE CelUIAN... ..o e 17
Trat@mMENTOS . .ceeeee e 18
Oleo Essencial de Orégano............ccceueeveeueeeeeeeeeeeeeeeeeeeeeeeeenen, 19
Nanoparticula Biogénica de Prata.............cccceuuveemiiiiiiiiiiiinnnns 20
ASSOCIACA0 d€ COMPOSIOS.....cevviiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeees 22
JUSTIFICATIV A e e 24
OBUIETIVOS ...ttt ettt e e e e e e e nnneeees 25
(@] 0] 1=3 1AV 0 T 1= - | S RSRPRPRR 25
Objetivos ESPECITICOS .....cccviiiiiiiiie e 25
MATERIAIS E METODOS .......coiiiiiieeieciece e ee et 26
ANIMAIS € ASPECIOS ELICOS ......cvveviieeeiiieeeie st 26
Manutencédo de Promastigotas de Leishmania amazonensis............ 26
Oleo Essencial de OrEQaN0.............covieeeiieeeeeeeeeee e eee e 26
Nanoparticulas Biogénicas de Prata..........ccccccceeeeeiiieeiiieeiiicicee e, 30

Atividade do OEO, AgNp e da Associacao sobre Promastigotas
de L. aMAzZONENSIS ....cooeeeieeeeeee e 26
Viabilidade de Macréfagos Peritoniais ..........c.cooevvvviiiiieieeeccviiiinn. 27
Constru¢do dos Isobologramas Utilizando o Método de
Proporcdes Fixas das Combinaces de AgNp e OEO .........cccc........ 28
Célculo do indice de COMDINAGAD...........cceoveeeeieeeeeeeee e eeeee s 28
Andlise Morfolégica e Ultraestrutural de Promastigotas por
Microscopia Eletrdnica de Varredura e Microscopia Eletronica de
TrANSIMISSAO . ...uuuuiiiie ettt e et e e e e e e eeera s 28

Deteccao de Espécies Reativas de Oxigénio Total..........ccccceevnnnnnnns 29



411
4.12
4.13
4.14
4.15
4.16
4.17

4.18

4.19

DetecGio de OXido NItrCO ......ccveevreveieeeieeiccece e 29

Determinacgéo do Potencial de Membrana Mitocondrial.................... 30
Avaliacao de Corpos LIipidiCOS ......ccuvieeiiiiiiiiiiiiiiiee e 30
Avaliacao de Vaclolos AULOfAGICOS ........cccvvveeiiiieeeeiiiiiieiieee e 31
Determinacgéo da Exposicao de Fosfatidilserina............cccccceeeeneeeennne. 31
ENsaio ANtiamastigota.........uuuuuueueiiiiiiiiiiiiiiiiii e 31

Determinacdo de Nitrito como Estimativa dos Niveis de Oxido
Nitrico em Macrofagos Infectados com L. amazonensis.................... 32

Producdo de Espécies Reativas de Oxigénio em Macréfagos

Infectados COM L. @MaAZONECNSIS .. ..v.eeeeeee et eaann 32
ANALISES EStatiStiCaS ...onevieie e e 32
RESULTADOS ..ot 33
PRODUGCAO CIENTIFICA . cvteiteit et ettt e e e et e e s e eea e e s s e eeanes 33
CONCLUSOES ...ttt e e e e e 61
CONSIDERAGCOES FINAIS ...ttt 62
REFERENCIAS BIBLIOGRAFICAS .....cco oot aeeiinaan 63
ANEXO oo et 69



© 0 N O o b W N P

W W W W wWwRNDNNNNDNRNDRNDNNDNIERERIRRR PR PR R R p
N W NP O O© 0 N0 00 WNIPO O 0N O O N WIDN P O

14

1 INTRODUCAO

1.1 LEISHMANIOSES

As leishmanioses sdo um grupo doencas parasitarias consideradas uma das
seis doencas infecto-parasitarias de maior importancia pela Organizacdo Mundial da
Saude (OMS), constituindo um grave problema de saude publica, com registros na
maioria dos estados brasileiros (BURZA; CROFT; BOELAERT, 2018).

Os protozodrios causadores da leishmaniose pertencem a familia
Trypanosomatidae, ordem Kinetoplastida e género Leishmania. Nas Américas 11
espécies de Leishmania ja foram identificadas, dentre essas, sete no Brasil. Estas
espécies sao pertencentes aos subgéneros Viannia e Leishmania: L. (V.) guyanensis,
L. (V.) lainsoni, L. (V.) naiffi, L. (V.) lindenberg, L. (V.) shawi e L. (V.) braziliensis e L.
(L.) amazonensis (SCORZA; CARVALHO; WILSON, 2017). O protozoario é
transmitido ao ser humano durante o repasto sanguineo de flebotomineos fémeas
infectadas, pertencentes a familia Psychodidae, sub-familia Psychodinae, género
Lutzomyia, com o envolvimento de varias espécies, sendo conhecidos no Brasil como
mosquito palha, birigui e tatuquira (BRASIL, 2015; DE BRITO et al., 2012).

A epidemiologia da leishmaniose depende das caracteristicas das espécies
de parasitos, dos flebotomineos, caracteristicas ecoldgicas dos locais de transmissao,
exposicado atual e passada da populacdo humana ao parasito e comportamento
humano. Cerca de 70 espécies animais, incluindo seres humanos, foram encontradas
como hospedeiros naturais e reservatérios de parasitos do género Leishmania
(WHO/PAHO, 2019; BURZA; CROFT; BOELAERT, 2018; ARENAS et al., 2017).

As diversas manifestacdes clinicas da leishmaniose sdo resultado da
interacdo entra a espécie do parasito infectante e a resposta imune do hospedeiro,
podendo ser classificada em relacdo ao local acometido como: leishmaniose cutanea
(LC), leishmaniose cutaneomucosa (LCM), leishmaniose cutanea difusa (LCD) e
leishmaniose visceral (LV) (BURZA; CROFT; BOELAERT, 2018). No Brasil, as
manifestacdes clinicas que envolvem a pele e mucosas, sdo denominadas
leishmaniose tegumentar americana (LTA) (SCORZA; CARVALHO; WILSON, 2017).

A LC é a forma mais comum de leishmaniose, abrangendo em torno de 95%
dos casos. As principais manifesta¢gdes clinicas sdo lesdes de pele, principalmente
Ulceras, nas partes expostas do corpo, deixando cicatrizes ao longo da vida e

incapacidade ou estigma graves (BRASIL, 2015).



© 0 N O o b W N P

W W W W wWwRNDNNNNDNRNDRNDNNDNIERERIRRR PR PR R R p
N W NP O O© 0 N0 00 WNIPO O 0N O O N WIDN P O

15

A LCM inicialmente apresenta lesdes semelhantes a LC, evoluindo
posteriormente a destruigdo parcial ou total das membranas mucosas do nariz, boca
e garganta. Mais de 90% dos casos de LCM no mundo ocorre na Bolivia, Brasil,
Etiopia e Peru (WHO/PAHO, 2019; BRASIL, 2015).

A LCD é caracterizada por lesdes difusas ndo ulceradas, distribuidas
amplamente na pele, contem grande numero de formas amastigotas, com a
disseminacdo do parasito por meio de vasos linfaticos ou migracdo de macréfagos
vacuolizados repletos de parasitos, assumindo a evolu¢do de carater crénico e
progressivo que persiste por toda a vida do paciente (BRASIL, 2015).

A LV pode afetar varios érgaos internos, geralmente baco, figado, medula
6ssea e rins. E uma infeccdo caracterizada pela perda de peso, febre irregular,
esplenomegalia, hepatomegalia, linfadenopatia e anemia. E causada pelas espécies
do complexo L. donovani [L. (L.) donovani, L. (L.) infantum infantum e L. (L.) infantum
chagasi (BEZERRA et al., 2019). Embora L. amazonensis cause LTA em sua maioria
dos casos, um amplo espectro de manifestacdes clinicas que vao desde infeccéo
assintomatica até mesmo a forma visceral ja foram relatadas (BARRAL et al., 1991).

Nas Américas, um total de 940.396 casos novos de LC e LM foram
reportados em 17 dos 18 paises endémicos no periodo de 2001-2017, com uma média
anual de 55.317 casos. A série historica de 17 anos mostra que em 2015 registrou-se
0 menor numero de casos novos (46.074) nas Américas, principalmente devido a
reducdo de 45%, 42% e 35% dos casos em Costa Rica, Panama e Coléombia,
respectivamente. Entretanto, a partir de 2016 foi relatado um aumento dos casos nas
Américas, apesar do Brasil apresentar uma reducao de 35% (WHO/PAHO, 2019). No
norte do Parana, a LTA é considerada endémica, apresentando um total de 108 casos
no periodo de 2010 a 2015 (DETONI et al., 2019).

1.2 CicLO BIOLOGICO DO PROTOZOARIO

O ciclo biolégico de Leishmania spp. envolve duas formas
morfoldgicas principais: promastigota e amastigota. O inseto fémea infectado, no
momento do repasto sanguineo regurgita juntamente com a saliva formas infectantes
promastigotas metaciclicas, estas entram em contato com 0s macréfagos. Estas
células fagociticas apresentam uma variedade de receptores que se ligam a padrdes
moleculares presentes na superficie do parasito, como moléculas de lipofosfoglicanos

(LPG) e metaloproteinase gp63 kDa (GP63), iniciando o processo de fagocitose. Apos
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a internalizagéo, ocorre a formacéo do fagolisossomo, onde formas promastigotas se
transformam em formas replicativas nao flageladas denominadas amastigotas. Estas
por sua vez se proliferam por divisdo binaria simples, rompem os macrofagos, e sédo

liberadas, podendo ser novamente fagocitadas (ARENAS et al., 2017).

Sandfly stages Human stages

Sandﬂy takes a blood meal and/\

regurgitates promastigotes Promashgoles are phagocytosed

into skin by macrophages
e Divide ingut
and migrate

to probiscis @

Promasngotes transform into
amastigotes inside macrophages

Amastlgoles transform into
promastigote stage in gut

B

lngestlon of parasitised cell
\_}dﬂy takes a blood meal

Figura 1. Ciclo biolégico do protozoario Leishmania spp. (1) Durante o repasto
sanguineo flebotomineos fémeas regurgitam formas promastigotas metaciclicas na
pele do hospedeiro; (2) na derme do hospedeiro vertebrado, 0s parasitos Sao
fagocitados por macroéfagos; (3) no interior dos macrofagos, formas promastigotas se
diferenciam em amastigotas, que se multiplicam por divisdo binaria; (4) apos
multiplicacdo, as amastigotas sdo liberadas apds a lise celular; (5, 6) o ciclo se
completa quando outro flebotomineo ingere fagoécitos infectados durante o repasto
sanguineo; (7) no interior do seu intestino, as formas amastigotas se diferenciam e
promastigotas; (8) os parasitos se multiplicam e diferenciam-se em promastigotas
metaciclicas, que migram para a probdéscide do inseto. Fonte: REITHINGER, 2007

Amastigotes multiply in cells,
including macrophages, of
various tissues

Ambas a formas parasitarias apresentam caracteristicas como sequéncias de
DNA extra nuclear condensados em uma Unica organela, o cinetoplasto, que se
encontra na porcdo anterior do corpo celular, sendo muito estudadas para o

desenvolvimento de novos alvos farmacolégicos (FRANTZ; WIPF, 2010).
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1.3 INTERAGAO PARASITO HOSPEDEIRO NA LTA

A evolucdo da doenca é dependente tanto dos fatores de viruléncia do
parasito como da resposta imune do hospedeiro com o envolvimento de neutrofilos,
macrofagos, quimiocinas e citocinas, influenciando diretamente a resposta imune
durante a infecg&o por Leishmania spp. (SCOTT; NOVAIS, 2016).

O modelo experimental mais utilizado na interacao entre resposta imune e
padroes de resisténcia ou susceptibilidade tem sido por meio de infeccOes
experimentais com L. major, resultando em diferentes evolugbes, dependendo do
modelo utilizado, camundongos das linhagens C57BL/6, CBA/J, C3H, B10D2 séo
resistentes, enquanto a linhagem BALB/c apresenta-se suscetivel ao parasito
(CAMPOS-NETO, 2005). Neste ultimo, observa-se ativacdo preferencial da
subpopulacao de linfécitos T CD4+ do padrdo Th2 com producéo de interleucina IL-4
e IL-13. Nos animais resistentes ocorre a ativagao de linfocitos T CD4+ do padréo Thl
com producéo de IFN-y e TNF-a (ARENAS et al., 2017).

No entanto, esta resposta polarizada ndo é observada para todas as
espécies de Leishmania. Em L. amazonensis camundongos isogénicos (C57BL/6,
CBA/J, C3H, B10D2 e BALB/c) desenvolvem lesGes progressivas com vacuolos
parasitoforos repletos de parasitos existe um gradiente de gravidade da doenca
variando de camundongos BALB/c, que desenvolvem uma lesdo muito rapida, que
ulceram, gerando extensas areas de tecido necrotico, a camundongos C3H.HeN que
desenvolvem lesGes nao cicatrizantes, esta susceptibilidade generalizada observada
nao parece estar diretamente relacionada a resposta preferencial do tipo Th2, mas
sim a ativacdo de células T CD4+ de ambos os padrbes que produzem niveis
relativamente baixos de diversas citocinas(ARENAS et al., 2017).

A ativacdo da resposta Thl é um importante processo para a eliminacédo do
parasito, pois sob a influéncia do IFN-y os macréfagos exercem sua atividade
microbicida aumentada, como a secrec¢ao de altos niveis de citocinas pré-inflamatorias
como TNFa e IL-6, producéo de espécies reativas de oxigénio (EROs) e de nitrogénio
(ERNSs), alta atividade de apresentacdo de antigenos, aumento da producao de IL-12
e consequente morte do parasito (MURAILLE; LEO; MOSER, 2014).

1.4 MORTE CELULAR
A morte celular manifesta-se com altera¢cdes morfolégicas e de acordo com

0S mecanismos pelos quais as células mortas descartam seus fragmentos pode-se
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classificar a morte celular em trés formas principais: necrose, apoptose e autofagia
(GALLUZZI et al., 2012).

A necrose é caracterizada morfologicamente por um ganho no volume
celular, inchaco de organelas, perda da integridade da membrana plasmatica e,
consequentemente, perda do conteudo intracelular. A apoptose, por sua vez, é
caracterizada pelo arredondamento celular, encolhimento celular, condensacéao de
cromatina, fragmentacéo nuclear, formacéo de corpos apoptéticos e modificacées na
membrana plasmatica com manutencdo de sua integridade. A autofagia é um
processo catabdlico intracelular que sequestra citosol e organelas em vesiculas de
membrana dupla chamadas autofagossomos para fusdo e degradacdo em
lisossomos, este € um processo de sobrevivéncia celular que permite que a célula
sobreviva a privacao de nutrientes ou fator de crescimento, sendo que quando a via
autofagica € ativada acima de niveis basais pode ser correspondida a um processo
de morte autofagica. Sendo que 0 processo autofagico pode estar presente em outros
tipos de morte celular como necrose e apoptose (BASMACIYAN; CASANOVA, 2019;
GALLUZZ] et al., 2012).

1.5 TRATAMENTOS

O tratamento de primeira escolha de portadores de leishmaniose se baseia
na eliminacdo das formas amastigotas intramacrofagicas, com o uso de antimoniais
pentavalentes, antimoniato de meglumina (Glucantime®) e estibogluconato de sédio
(Pentostam®), utilizados desde 1920 (PONTE-SUCRE et al., 2017). Contudo, estes
farmacos apresentam alta toxicidade, dificuldade de administracdo e relatos de
resisténcia (PONTE-SUCRE et al., 2017; DE BRITO et al., 2012; RODRIGUES et al.,
2006).

Os principais efeitos adversos desencadeados pela administracdo dos
antimoniais incluem: mialgia, artralgia, inapeténcia, nauseas, vomitos, sensacao de
plenitude gastrica, pirose, dor abdominal, prurido, febre, fraqueza, cefaleia, tontura,
insdnia, edema, aumento sérico das enzimas hepaticas, insuficiéncia renal aguda,
pancreatite e cardiotoxicidade. Devido a estes efeitos toxicos, o antimonial
pentavalente (Glucantime®) nao € aprovado pelo FDA nos EUA (ARONSON; JOYA,
2019, CROFT; BARRETT; URBINA, 2005; BERMAN, 1997).

Outros medicamentos podem ser utilizados como alternativa em pacientes

impedidos de utilizar os antimoniais ou em casos de resisténcia, como: pentamidina,
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anfotericina B, miltefosina e alguns compostos azolicos (itraconazol e cetoconazol).
Atualmente, novas drogas estdo sendo avaliadas, como paromicina e sitamaquina,
gue se encontram na fase 2 de estudo (CHAKRAVARTY; SUNDAR, 2019). Contudo,
os tratamentos de segunda escolha também apresentam muitos efeitos adversos,
baixa eficiéncia, uso restrito a apenas algumas espécies de Leishmania e relatos
recentes de resisténcia (CHAKRAVARTY; SUNDAR, 2019; PONTE-SUCRE et al.,
2017). Somando-se a isso, ainda nédo foi possivel o desenvolvimento de uma vacina
efetiva para portadores de leishmanioses (GHORBANI; FARHOUDI, 2018).

Deste modo, torna-se urgente a busca por alternativas quimioterapicas com
maior eficiéncia e menos efeitos adversos. Nesse sentido, a medicina natural pode
fornecer alternativas de tratamento para diversas doencas. Diversos estudos
demonstraram a atividade antileishmania de varios compostos, como por exemplo, o
oleo essencial de Chenopodium ambrosioides, extratos de Caryocar coriaceum, acido
grandiflorenico, um dos principais componentes da Sphagneticola trilobata (L.) e 0
acido diidroabiético do Pinus elliotti (ARONSON; JOYA, 2019; BORTOLETI et al.,
2018;GONCALVES et al., 2018; TOMIOTTO-PELLISSIER et al., 2018; MONZOTE et
al., 2014).

1.6 OLEO ESSENCIAL DE OREGANO
O oleo essencial de orégano (OEO), extraido de Origanum vulgare, possui
uma gama de efeitos demostrados na literatura, como acdo antiparasitaria,
antibacteriana e antifungica (BISMARCK et al., 2019; PAVLI et al., 2019; GAUR et al.,
2018; LU et al., 2018; SAKKAS; PAPADOPOULOU, 2017). Os compostos
monoterpenos lipofilicos, presentes no OEO, como o carvacrol e o timol, sédo 0s mais
conhecidos por possuir acdo antibacteriana, antiviral, antifingica, antiparasitaria e
antioxidante (DE SOUZA et al.,, 2010; BURT, 2004). Estudos que avaliaram os
mecanismo de acdo antibacteriana de 0Oleos essenciais, incluindo o OEO, sugerem
aumento da permeabilidade e danos a membrana celular, alteracao dos niveis de ATP
e na sintese de proteinas, disturbios no pH celular e alteracbes citoplasmaticas
(HYLDGAARD; MYGIND; MEYER, 2012; DE SOUZA et al., 2010).
Em relagdo a atividade do OEO em protozoarios, Gaur e
colaboradores (2018) demonstraram que Cryptosporidium parvum tratados com OEO
exibiram uma diminuicdo da sua infectividade. Com relacdo aos tripanosomatideos,

estudos tem demonstrado a atividade de diferentes compostos de 6leos essenciais
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como o carvacrol e timol. ROBLEDO et al., 2005 j4 haviam demonstrado a atividade
do timol e seus derivados contra L. panamensis in vitro e in vivo. Os autores
observaram que tanto o timol quanto seus derivados apresentaram atividade contra
formas promastigotas que era substancialmente maior do que para as formas
amastigotas in vitro. Com relagdo aos experimentos in vivo ndo houve a cura completa
dos animais infectados, contudo o tratamento néo foi toxico para os animais.

MORALES-YUSTE et al., 2010 estudaram o efeito de diferentes
componentes de 6leos essenciais em formas promastigotas de L. infantum, os autores
verificaram que o carvacrol foi 0 composto mais efetivo contra as formas testadas. Por
outro lado, ESCOBAR et al., 2010 demonstraram que o timol extraido de Lippia spp
foi eficaz contra formas promastigotas tanto de T. cruzi como de L. chagasi, contudo
foi eficiente sobre formas amastigotas apenas para T. cruzi. Ainda sobre a atividade
do timol em formas promastigotas de Leishmania DE MEDEIROS et al.,, 2011
verificaram que o timol apresenta atividade significativa contra as formas
promastigotas de L. amazonensis, contudo os autores relatam que neste estudo o
timol mostrou toxicidade contra macréfagos peritoneais, com baixa seletividade contra
0S promastigotas.

Por outro lado, FARIAS-JUNIOR et al., 2012 avaliaram o efeito
inibitorio de um 6leo essencial rico em carvacrol, obtido de folhas de L. sidoides, em
promastigotas de L. chagasi, os autores verificaram que o 6leo era mais eficaz, com
IC50/72 h de 54,8 ug / mL em comparagao com 74,1 ug / mL para d6leo rico em timol.

Recentemente YOUSSEFI et al, 2019 descreve o efeito
leishmanicida do carvacrol e do timol sobre L. infantum in vitro e in vivo. Os autores
verificaram que ambos 0s compostos apresentaram efeito inibitério no crescimento de
formas promastigotas sendo que o timol apresentou um efeito inibitério maior. Nos
experimentos in vivo os autores concluiram que o timol foi o tratamento mais seguro
com menores efeitos secundarios no figado em comparag¢do com 0s outros compostos

testados.

1.7 NANOPARTICULA BIOGENICA DE PRATA

A nanociéncia foi estabelecida como uma nova ciéncia interdisciplinar, sendo
considerada como o conhecimento sobre propriedades fundamentais de objetos de
tamanho nano, sendo que esta unidade indica um bilionésimo ou 10° (ABBASI et al.,
2016).
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Diferentes tipos de nanoparticulas vém sendo estudas como alternativa no
tratamento de diversas doencgas graves ou cronicas, por apresentarem propriedades
guimicas e fisicas Unicas como alta estabilidade em solu¢cbes aquosas e tamanho
reduzido (ZDROJEWICZ et al., 2015, BAIOCCO et al., 2011).

A prata é uma substéancia utilizada pela medicina ha pelo menos seis milénios
para prevenir infecgbes bacterianas e tem sido eficaz na maioria dos organismos
testados (ALEXANDER, WESLEY, 2009). Desse modo, a producéo de nanoparticulas
de prata (AgNp), por ser menos toxicas que seus ions, tém se destacado por
apresentar outras diversas aplicacdes, tais como: aplicacbes antimicrobianas,
materiais de biossensores, nanocompostos, fibras, materiais supercondutores,
criogénicos, produtos cosméticos e componentes eletrénicos (ABBASI et al., 2016;
DE LIMA; SEABRA; DURAN, 2012). A sintese de AgNp pode ser realizada através de
meétodos quimicos ou biologicos (BEHRA et al., 2013), sendo que no método biolégico
pode-se utilizar bactérias e fungos, entre eles o fungo filamentoso Fusarium
oxysporum, cujas vantagens incluem, processo confiavel e ecologicamente correto e
de relativa facilidade de manipulacdo (ABBASI et al., 2016, DURAN et al., 2005).

Com relacdo a atividade de NpAg sobre espécies de Leishmania
ALLAHVERDIYEV et al., 2011 demonstraram que houve reducdo no numero das
formas promastigotas de Leishmania tropica quanto tratadas com NpAg além de
alteracoes morfolégicas, infectividade, atividade metabdlica e efeito inibitério nas
formas amastigotas interiorizadas.

Do mesmo modo, BAIOCCO et al., 2011 observaram que nanoparticula de
prata apresentaram um efeito antiproliferativo sobre as formas promastigotas de
Leishmania infantum, e diminuicAo do numero de amastigotas intracelular em
macrofagos de camundongos BALB/c.

Devido efeitos toxicos decorrentes da sintese quimica, quanto das proprias
nanoparticulas sobre o organismo humano e sobre o meio-ambiente, (BEHRA et
al., 2013), surgiram alternativas para a producao de nanoparticulas mais ecoldgico, a
chamada sintese “verde”. Esta sintese pode ser realizada pelos processos
metabdlicos de plantas, bactérias e, dentre estes o fungo filamentoso Fusarium
0Xysporum, cujas vantagens consistem no processo confiavel, ecologicamente correto
e de relativa facilidade de manipulacdo (ABBASI et al., 2016,DURAN et al., 2005).

ROSSI-BERGMANN et al., 2012 demonstraram que nanoparticulas de prata

biogénica apresentam atividade antipromastigota em L. amazonensis in vitro, além
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disso, os autores comparam a eficiéncia das nanoparticulas produzidas quimicamente
e biologicamente e constatou-se que o tratamento com NpAgBio resultou na reducéo
no tamanho da lesdo enquanto animais tratados com nanoparticulas gquimicamente
produzidas tiveram aumento de lesdo apOs a terceira semana de tratamento.
Observou-se também reducdo da carga parasitaria nos animais tratados com
NpAgBio, além de ndo apresentarem efeitos tbxicos em 6rgdo como rins, coracao e
figado.

Posteriormente, Fanti e colaboradores, 2018 também verificaram
acdo antipromastigota do tratamento com NpAg biolégica sobre formas promastigotas
de L. amazonensis, 0s autores observaram ainda que o provavel mecanismo de acao
foi a perda da integridade da membrana mitocondrial devido ao aumento na producao
de ROS, e consequente morte por apoptose-like. Os autores confirmaram dados da
literatura que a NpAg é capaz de atuar nas formas intracelulares diminuindo as formas
amastigotas interiorizadas por acao direta ou por maximizar 0S mecanismos

microbicidas dos macroéfagos.

1.8 ASSOCIAGAO DE COMPOSTOS

A associacdo de compostos tém se destacado por melhorar a eficacia,
diminuir resisténcia e efeitos colaterais (FISCHBACH, 2011). A dinamica da
associacao pode ser realizada através do método de proporcdes fixas em relacéo a
um efeito conhecido, para calcular sua eficiéncia em conjunto (SEIFERT; CROFT,
2006).

O valor e eficiéncia desta associacdo pode ser demostrada através de
célculos matematicos utilizando-se de ferramentas como o indice de combinacéo (IC)
(HALL; MIDDLETON; WESTMACOTT, 1983) e expressos graficamente como
isobologramas (ZHAO; WIENTJES; AU, 2004). O efeito sinérgico pode ser devido a
varios fatores, como: alteracdo da biodisponibilidade, um composto aumentar a
permeabilidade celular do outro composto, atuacdo em diferentes sitios, tempo de
meia-vida e a solubilidade (BOLLENBACH, 2015). Varias associacfes ja foram
testadas para o tratamento de leishmaniose, e apresentaram efeitos sinérgicos,
indicando assim que o efeito das substancias em conjunto € melhor do que elas
isoladas (PASTOR et al., 2015; TOLOUEI et al., 2011; SEIFERT; CROFT, 2006).

A associacdo do OEO e AgNp-bio ja foi avaliada em bactérias

multirresistentes e apresentou um efeito aditivo ou sinérgico dependendo da cepa
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1 avaliada, contudo até o momento ndo ha estudos que tenham avaliado o efeito desta
2 associacao em Leishmania spp. (SCANDORIEIRO et al., 2016).
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2 JUSTIFICATIVA

O tratamento de primeira escolha atualmente utilizado para a LTA tem
apresentado algumas dificuldades como efeitos toxicos e o surgimento de cepas
resistentes. Aliados a isso os farmacos de segunda escolha, como anfotericina B e
pentamidina, também apresentam efeitos colaterais indesejaveis e baixa eficiéncia na
eliminacgéo do parasito, dificultando o tratamento.

Dessa forma, estudos tém demonstrado que a utilizagdo de extratos
naturais e de AgNp pode ser uma alternativa no tratamento por apresentar efeitos
antileishmania, justificando a associagédo de ambas, visando maior eficiéncia e menor
toxicidade para o hospedeiro. Visto que a associacdo do OEO com AgNp apresenta
uma acao sinérgica em bactérias e a mesma nao foi estudada em leishmaniose, este

estudo propde-se alcancar os objetivos a seguir.
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3 OBJETIVOS

3.1 OBJETIVO GERAL
Avaliar o efeito in vitro da associacdo de OEO e AgNp-bio sobre L.

amazonensis e 0s possiveis mecanismos envolvidos na morte do parasito.

3.2 OBJETIVOS ESPECIFICOS

a) Determinar o efeito leishmanicida da associagdo de OEO e AgNp-bio
sobre formas promastigotas e amastigotas de L. amazonensis;

b) Verificar a citotoxicidade da associacdo de OEO e AgNp-bio sobre
macrofagos peritoniais;

c) Demonstrar por microscopia eletronica de varredura (MEV) e
microscopia eletronica de transmissdao (MET) as alteracdes morfoldgicas e
ultraestruturais de formas promastigotas de L. amazonensis tratadas com a
associacao de OEO e AgNp-bio;

d) Caracterizar os mecanismos de morte induzidos pelo tratamento da

associacao de OEO e AgNp-bio sobre formas promastigotas de L. amazonensis.
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4 MATERIAIS E METODOS

4.1 ANIMAIS E ASPECTOS ETICOS

Camundongos BALB/c foram gentilmente fornecidos pelo Instituto Carlos
Chagas/Fiocruz-PR, Curitiba, Brasil. Os animais foram mantidos em condigbes
estéreis no Biotério do Departamento de Ciéncias Patologicas da Universidade
Estadual de Londrina até atingirem o peso aproximado de 25-30 gramas e idade entre
6-8 semanas, com luminosidade e temperatura controlada. O estudo foi aprovado e
os animais foram utilizados de acordo com as normas do Comité de Etica em
Experimentacdo Animal da Universidade Estadual de Londrina (UEL) n°
8595.2018.89.

4.2 MANUTENCAO DE PROMASTIGOTAS DE LEISHMANIA AMAZONENSIS

Formas promastigotas de L. amazonensis (MHOM/BR/1989/166MJO) foram
mantidas em meio de cultura 199 (GIBCO Invitrogen, New York, EUA) suplementado
com 10% de soro bovino fetal (SBF) (GIBCO Invitrogen, New York, EUA), meio
HEPES 1M, urina humana 1%, L-glutamina 1%, estreptomicina com penicilina (GIBCO
Invitrogen) e 10% bicarbonato de sédio. O cultivo celular foi mantido em estufa tipo
B.O.D a 25 °C, em frasco de cultura de 25 cm?. Foram utilizadas em todos os

experimentos formas promastigotas na fase estacionaria de crescimento.

4.3 OLEO ESSENCIAL DE OREGANO

O OEO foi obtido na Ferquima Industria e Comércio de Oleos Essenciais
(Séo Paulo, Brasil). Este 6leo (lote 224) foi extraido por destilacdo a vapor e sua
densidade (0,954 g/mL) e composicdo (componentes principais: 71% carvacrol, 3%
timol, 4,5% gama terpineno, 3,5% para-cimeno e 4% beta- cariofileno) foram descritos
em um relatério técnico. Uma solucédo estoque de 50% de OEO foi preparada em
dimetilsulféxido (DMSO) (Sigma-Aldrich, St. Louis, MO, EUA). A concentracéo

maxima de DMSO nos ensaios foi de 1%.

4.4 ATIVIDADE DO OEO, AGNP E DA ASSOCIACAO SOBRE PROMASTIGOTAS DE L.
AMAZONENSIS

Formas promastigotas de L. amazonensis (10% foram tratadas com
diferentes concentra¢gfes de OEO (3,12; 6,25; 12,5; 50 e 100 pg/mL) , AgNp-bio (0,1;



© 0 N O o b W N P

W W W W wWwRNDNNNNDNRNDRNDNNDNIERERIRRR PR PR R R p
N W NP O O© 0 N0 00 WNIPO O 0N O O N WIDN P O

27

0,5; 1; 5 e 10 pg/mL) e das proporcdes da associacdo OEO+AgNp: 80%/20%
(3,2/0,01; 6,4/0,02; 12,8/0,04 e 25,6/0,08 ug/mL OEO/AgNp); 60%/40% (2,4/0,02;
4,8/0,04; 9,6/0,08 e 19,2/0,16 pg/mL OEO/AgNp); 50%/50% (2/0,02; 4/0,05; 8/0,1 e
16/0,2 ug/mL OEO/AgNp); 40%/60% (1,6/0,03; 3,2/0,06; 6,4/0,12 e 12,8/0,24 pug/mL
OEO/AgNp) e 20%/80% (0,8/0,04; 1,6/0,08; 3,2/0,16 e 6,4/0,32 ug/mL OEO/AgNp).
Os parasitos foram avaliados em camara de Neubauer apés 24 h de tratamento. Como
controle negativo, utilizou-se promastigotas de L. amazonensis mantidas em meio de

cultura sem tratamento e como controle do veiculo utilizou-se DMSO 0,1%.

4.5 VIABILIDADE DE MACROFAGOS PERITONIAIS

Para avaliar um possivel efeito citotoxico do OEO, AgNp-bio e da associacéo
de ambas em macrdéfagos peritoniais, foi realizado o teste de MTT (brometo de 3-(4,5-
dimetiltiazol-2-il)-2,5-difeniltetrazodlio), que mensura a atividade metabdlica da
mitocéndria como descrito por MOSMANN (1983). Macréfagos (5x10° células/mL)
foram recuperados da cavidade peritoneal com tampao fosfato-salino (PBS) gelado
suplementado com 3% de SBF e entdo cultivados em placas de 24 po¢os com 500 pL
de meio RPMI 1640 e 10% SBF por 24 h a 37 °C e 5% de CO.. As células aderentes
foram incubadas com diferentes concentracdes do OEO (16, 32, 64, 128 e 256 ug/mL),
AgNp-bio (0,2; 0,4; 0,8; 1,6 e 3,2 ug/mL) e das propor¢cdes da associacado: 80%/20%
(12,8/0,04; 25,6/0,08; 51,2/0,16; 102,4/0,32 e 204,8/0,64 pg/mL OEO/AgNp-bio);
60%/40% (9,6/0,08; 19,2/0,16; 38,4/0,32; 76,8/0,64 e 153,6/1,28 pg/mL OEO/AgNp-
bio); 50%/50% (8/0,1; 16/0,2; 32/0,4; 64/0,8 e 128/1,6 ug/mL OEO/AgNp-bio);
40%/60% (6,4/0,12; 12,8/0,24; 25,6/0,48; 51,2/0,96 e 102,4/1,92 ug/mL OEO/AgNp-
bio) e 20%/80% (3,2/0,16; 6,4/0,32; 12,8/0,64; 25,6/1,28 e 51,2/2,56 ug/mL
OEO/AgNp-bio) cultivadas por 24 h nas mesmas condicfes. Posteriormente, as
células foram lavadas com PBS e foi adicionado aos po¢cos MTT (5 mg/mL), seguido
de nova incubacéo por 4 h. O produto do MTT (cristais de formazan) foi diluido com
300 pL de DMSO, transferido para uma placa de 96 pocos e lido em espectrofotdbmetro
(Thermo Scientific, Multiskan GO) a 550 nm. Como controle negativo, utilizou-se
macrofagos nao tratados, enquanto o controle positivo foram células tratadas com
peréxido de hidrogénio (H202) 4% (Anidrol, SP, BR). Os resultados foram expressos
como porcentagem de viabilidade em comparagao com o grupo controle e calculado
com a seguinte férmula: % (macréfagos viaveis) = amostra do grupo tratado / média

do controle n&o tratado) x 100.
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4.6 CONSTRUGAO DOS ISOBOLOGRAMAS UTILIZANDO O METODO DE PROPORCOES FIXAS
DAS COMBINACOES DE AGNP E OEO

A dindmica da interacdo da AgNp e do OEO foi estudada pelo método de
proporcdes fixas descrita por (SEIFERT; CROFT, 2006) para a obtencdo do ICso
(concentracao inibitéria de 50% dos parasitos) e CCso (concentragéo citotdxica de
50% dos macrofagos peritoneais) de cada proporcao da associacdo OEO/AgNp. Para
isso, foi avaliado a associacdo de OEO/AgNp nas seguintes proporcgoes:
(P1=80%/20%; P2=60%/40%; P3=50%/50%; P4=40%/60% e P5=20%/80%) que
correspondem as doses de (P1=12,8/0,04; P2=9,6/0,08; P3=8/0,1; P4=6,4/0,12 e
P5=3,2/0,16 pg/mL OEO/AgNp). Assim, foi construido um isobolograma para a
atividade antileishmania e um para a viabilidade dos macrofagos, onde no eixo x do
grafico foi colocado a dose de AgNp e no eixo y a dose do OEO, tracando entre os
valores das substancias isoladas uma linha de aditividade, sendo que pontos abaixo
da linha indicam efeito sinérgico, pontos na linha indicam efeito aditivo e pontos acima
da linha indicam efeito antagénico (ZHAO; WIENTJES; AU, 2004).

4.7 CALCULO DO INDICE DE COMBINAGAO

O valor e a eficiéncia dessa associacdo podem ser demonstrados através de
célculos matematicos, utilizando ferramentas como o indice de combinacdo (ClI)
(HALL; MIDDLETON; WESTMACOTT, 1983). O CI pode ser calculado usando a
formula em que: Cl = (ICso combinado OEO / ICso OEO sozinho) + (ICso combinado
AgNp / ICso AgNp sozinho) para atividade sobre promastigotas e, Cl = (CCsp OEO
combinado / CCso OEO sozinho) + (CCso AgNp combinado / CCso AgNp sozinho) para
citotoxicidade sobre macrofagos peritoneais, onde Cl <1, =1 ou >1 indicam efeito

sinérgico, aditivo e antagonista, respectivamente (CHOU; TALALAY, 1984).

4.8 ANALISE MORFOLOGICA E ULTRAESTRUTURAL DE PROMASTIGOTAS POR MICROSCOPIA
ELETRONICA DE VARREDURA E MICROSCOPIA ELETRONICA DE TRANSMISSAO

Formas promastigotas de L. amazonensis (10°) foram tratadas com a
associacdo na dose escolhida (OEO 9,6 ug/mL e AgNp 0,08 pg/mL) e incubadas
durante 24 h. Apés, os parasitos foram coletados por centrifugacédo, lavados em PBS
0,01 M pH 7,2 e fixados por imersdo em glutaraldeido 2,5% em tampao cacodilato de
sodio 0,1 M.
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Para avaliacdo das alteracdes morfoldgicas por MEV, promastigotas fixadas
com glutaraldeido foram aderidas em laminulas recobertas com poli-L-lisina por 60
min. Apés, foram lavadas com tampéao cacodilato de sodio 0,1 M, desidratadas em
concentragdes crescentes de etanol (30 — 100%), submetidas a secagem em ponto
critico através da substituicdo de etanol por CO», metalizadas com ouro e analisadas
em microscopio eletrénico de duplo feixe de alta resolucdo FEI SCIOS (DA SILVA et
al., 2013).

Para avaliacdo das alteracOes ultraestruturais por MET, promastigotas
fixadas com glutaraldeido foram transferidas para microtubos, lavadas trés vezes com
tampdo cacodilato de sédio 0,1 M e pés-fixadas em tetroxido de Gsmio 1%,
ferrocianeto de potassio 0,8% e 10.0 mM CaCl, a temperatura ambiente e ao abrigo
da luz. Apos, foram lavadas com tampéao cacodilato de sédio 0,1 M, desidratadas em
concentragcbes crescentes de acetona (50 — 100%), incluidas em resina EPON e
polimerizadas em estufa a 60 °C durante 72 h. Cortes ultrafinos foram feitos em
ultramicrétomo, depositados sobre grid de cobre, contrastados com acetato de uranila
e citrato de chumbo, durante 20 e 10 min, respectivamente. A analise foi realizada em
microscoépio eletrénico de transmissdo JEOL JEM 1400 (SANTOS, 2011).

4.9 DETECGAO DE ESPECIES REATIVAS DE OXIGENIO TOTAL

A deteccao de EROs total foi realizada utilizando o marcador diacetato de 2’-
7’-diclorodiidrofluoresceina (H.DCFDA) (Sigma-Aldrich, St. Louis, MO, EUA). Para
isso, formas promastigotas (10°8) foram tratadas com associacdo na dose escolhida
(OEO 9,6 pg/mL e AgNp 0,08 pg/mL) por 24 h. Apés, parasitos foram lavados com
PBS e incubados com 10 pM do marcador H.DCFDA e incubados no escuro por 30
min a 25 °C. Como controle positivo, foi utilizado H202 4% por 30 min. EROs foram
mensurados como um aumento na fluorescéncia causada pela conversdo do corante
nao fluorescente para o altamente fluorescente 2’,7’-diclorofluoresceina (DCF), em
espectrofluorimetro (Victor X3, PerkinElmer, Finland), nos comprimentos de onda de

excitacdo e emissao de 488 nm e 530 nm, respectivamente.

4.10 DETECGAO DE OXIDO NiTRICO
Oxido nitrico foi determinado pelo método de Griess. Para isso, em aliquotas
de 60 pyL do ensaio direto sobre as formas promastigotas, foi adicionado 60 pL de

reagente de Griess (sulfanilamida a 1% e 0,1% de natftiltilodiamino-bicloridrato em
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ortofosforico (H3PO4) 5%) e incubados por 10 minutos, a temperatura ambiente. Apos
a incubacéo, as amostras foram colocadas em microplacas de 96 pocos. Uma curva
padrao foi feita usando diluicdes seriadas de NaNO>, e a absorbancia foi determinada
a 550 nm em um leitor de microplacas (Thermo Scientific, Multiskan GO).

4.11 DETERMINACAO DO POTENCIAL DE MEMBRANA MITOCONDRIAL

Formas promastigotas (10°) foram tratadas com associacdo na dose
escolhida (OEO 9,6 ug/mL e AgNp 0,08 ug/mL) por 24 h com a finalidade de se avaliar
o potencial de membrana mitocondrial (AWm), por meio da marcacdo com éster etil
tetrametilrodamina (TMRE) (Sigma-Aldrich, St. Louis, MO, EUA). Os parasitos
tratados foram lavados e incubados com 2,5 yM de TMRE por 30 min a 25 °C e
analisados em espectrofluorimetro (Victor X3, PerkinElmer, Finland) nos
comprimentos de onda de excitacdo de 480 nm e emissao de 580 nm.

4.12 NANOPARTICULAS BIOGENICAS DE PRATA

As nanoparticulas biogénicas de prata (AgNp-bio) foram obtidas de acordo
com DURAN et al (2005). Brevemente, o fungo filamentoso F. oxysporum foi cultivado
em um meio contendo extrato de malte (2%) e extrato de levedura (0,5%) a 28 °C
durante 6 dias consecutivos. A biomassa crescida foi filtrada e ressuspendida em agua
esterilizada. Aproximadamente 10 g da suspenséao fungica foi transferida para um
frasco conico contendo 100 mL de agua destilada, mantida por 72 h a 28 °C. A esta
solucéo sera adicionada AgNOs (na concentracao final de 10 mM) e mantida por varias

horas a 28 °C para a sintese das nanoparticulas.

4.13 AVALIAGAO DE CORPOS LIPIDICOS

Formas promastigotas (108) foram tratadas com associacdo na dose
escolhida (OEO 9,6 ug/mL e AgNp 0,08 ug/mL) por 24 h. Os parasitos foram colhidos
e lavados duas vezes em PBS e marcados com 10 pg/mL de vermelho do Nilo (Sigma-
Aldrich, St. Louis, MO, EUA) por 30 min a 25 °C. Os corpos lipidicos citoplasmaticos
dos parasitos foram detectados em espectrofluorimetro (Victor X3, Perkin-Elmer,
Finland) nos comprimentos de onda de excitacdo e emissdo de 530 nm e 635 nm,

respectivamente.
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4.14 AVALIAGAO DE VACUOLOS AUTOFAGICOS

Para avaliacdo da presenca de vacuolos autofagicos, formas promastigotas
foram tratadas por 24 h com associagéo na dose escolhida (OEO 9,6 yg/mL e AgNp
0,08 ug/mL). Os parasitos foram lavados duas vezes em PBS, incubados com 5 uL de
monodansilcadaverina (MDC) (Sigma-Aldrich, St. Louis, MO, EUA) por 1ha 25°C e
analisados em espectrofluorimetro (Victor X3, Perkin-Elmer, Finland) nos
comprimentos de onda de excitagdo e emissao de 380 nm e 525 nm, respectivamente.

4.15 DETERMINACAO DA EXPOSICAO DE FOSFATIDILSERINA

Formas promastigotas (108) foram tratadas com a associacdo na dose
escolhida (OeO 9,6 ug/mL e AgNp 0,08 pg/mL) por 24 h, lavadas e resuspendidas em
100 uL de tampao de ensaio 1x (Santa cruz Biotechnology), seguido pela adigdo de
uma mistura contendo 1 pyL de anexina-V/FITC (Invitrogen, Eugene, USA) e 5 uL de
iodeto de propidio (PI) (Santa cruz Biotechnology). A analise dos dados foi realizada
em citbmetro de fluxo BD Accuri™ C6 Plus. Um total de 10.000 eventos foram
adquiridos. As células marcadas com anexina-V (positivas ou negativas para PI) foram
consideradas apoptéticas e as células positivas para Pl (e negativas para anexina-V)
foram classificadas como necroticas (DOROODGAR et al., 2016; GHAFFARIFAR et
al., 2015).

4.16 ENSAIO ANTIAMASTIGOTA

Macréfagos peritoneais de camundongos BALB/c (5x10°) foram cultivados
em placas de 24 pocos contendo laminulas de vidro de 13 mm, incubados com 500
ML de meio RPMI 1640 por 24 h a 37°C e 5% CO». Os macrofagos aderentes foram
infectados com formas promastigotas de L. amazonensis (2.5x10°) por 2 h. Apés a
infeccdo, formas promastigotas nao internalizadas foram removidas por lavagem com
PBS e as células aderentes foram tratadas com a associacdo dos compostos na
proporcao escolhida (OEO 9,6 yg/mL e AgNp 0,08 ug/mL), meio RPMI 1640 (controle
negativo), DMSO 0,1% (veiculo), anfotericina B (controle positivo) por 24 h (37 °C e
5% CO3). Em seguida, as células foram coradas com solucédo eosina-azul de metileno
segundo Leishman (Corante de Leishman) (Inlab -SP Brazil). Um total de 20 campos
foram analisados por imersdo no aumento de 1000x, usando um microscoépio 6ptico

(Olympus BX41, Olympus Optical Co., Ltd., Tokyo, Japan).
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4.17 DETERMINACAO DE NITRITO COMO ESTIMATIVA DOS NIiVEIS DE OXIDO NIiTRICO EM
MACROFAGOS INFECTADOS COM L. AMAZONENSIS

O NO foi determinado pelo método de Griess. Aliquotas de sobrenadantes
do ensaio de anti-amastigota (60 pL) foram centrifugadas a 5.000 rpm durante 2 min
e um volume de 50 UL de sobrenadante foi recuperado. Apds, adicionou-se 50 uL de
reagente de Griess. Apds 10 min de incubacgéo a temperatura ambiente, as amostras
foram colocadas em microplacas de 96 pocos. Uma curva padrao foi feita usando
diluicdes seriadas de NaNO3, e a absorbancia foi determinada a 550 nm em leitor de
microplacas (Thermo Scientific, Multiskan GO).

4.18 PRODUCAO DE ESPECIES REATIVAS DE OXIGENIO EM MACROFAGOS INFECTADOS COM L.
AMAZONENSIS

Macroéfagos infectados com formas amastigotas foram tratados com a dose
da proporgao escolhida (OEO 9,6 ug/mL e AgNp 0,08 ug/mL) por 24 horas. Apds este
periodo, as células foram lavadas com PBS e incubadas com 10 uM de H.DCFDA por
30 min a 37 °C. Como controle positivo, foi utilizado H202 4% por 30 min. EROs foram
mensurados como um aumento na fluorescéncia causada pela conversao do corante
nao fluorescente para o altamente fluorescente DCF, em espectrofluorimetro (Victor
X3, PerkinElmer, Finland), nos comprimentos de onda de excitacao e emissao de 488

nm e 530 nm, respectivamente.

4.19 ANALISES ESTATISTICAS

As analises estatisticas foram determinadas por ANOVA, seguido pelo teste
de Tukey para comparacfes multiplas. Trés experimentos independentes foram
realizados, cada um com conjuntos de dados em triplicata. Os dados foram expressos
como média * erro padrdo da média. Os dados foram analisados usando o software
estatistico GraphPad Prism (GraphPad Software, Inc., EUA, 500-288). Valores de p<

0,05 foram considerados estatisticamente significativo.
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5 RESULTADOS

Os resultados obtidos neste trabalho foram apresentados e discutidos em um
artigo cientifico que seré submetido a revista Acta tropica, com fator de impacto 2.270.
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Abstract

American Tegmental Leishmaniasis (ATL) is a zoonosis caused by protozoa of the
genus Leishmania. The current treatment presents several problems such as the
difficulty of administration, low efficiency, toxicity and resistance of the parasites,
leading to the search for new substances or associations as alternative therapies.
Natural products such as oregano essential oil (OEO) extracted from the wild plant
Origanum vulgare, have a range of effects already studied, such as their antiparasitic,
antibacterial and antifungal action, associated with silver nanoparticles (AgNp) that
have antimicrobial and antiparasitic action since the effect of this association showed
synergistic effects in bacteria. We show that the association of OEO and AgNp in vitro
has a synergistic antileishmanial effect on L. amazonensis promastigotes forms and
antileishmanial activity on L. amazonensis-infected macrophages. This association
presented morphological and ultrastructural changes in promastigotes. Afterwards, we
investigated the mechanisms involved in the death of the parasite, as increase of
oxidant species, mitochondrial depolarization, accumulation of lipid-storage bodies
and autophagic vacuoles in the cytoplasm, phosphatidylserine exposure and damage
of the plasma membrane. In addition, we observed that the treatment caused a
reduction in the percentage of infected cells and the number of amastigotes per
macrophages. Our results demonstrated that the association OEO+AgNp acts on
promastigote forms through a late apoptosis-like mechanism and on intracellular
amastigote forms increase the production of reactive oxygen species (ROS) and nitric

oxide (NO) by infected macrophages.
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1. Introduction

Leishmania amazonensis is one of the main causative agents of American
Tegumentary Leishmaniasis (ATL), which is a zoonotic disease that affects humans
and several species of wild and domestic animals and characterized by chronic
inflammation of the skin and mucous membranes (ARENAS et al.,, 2017). ATL is
transmitted to humans by female sandflies of Lutzomyia spp. and its pathogenesis
depends on factors such as the virulence of the parasite and the host's immune
response (ARENAS et al., 2017).

The current treatment of ATL is based on the elimination of amastigote forms,
with the antimonials pentavalent (Glucantime® and Pentostam®), which have been
used since 1920. As a second choice in cases of therapeutic failure, other drugs, such
as pentamidine, amphotericin B, miltefosine and some azole compounds (PONTE-
SUCRE et al., 2017). However, the available drugs present have low efficiency, side
effects and difficulty in administration (PONTE-SUCRE et al., 2017; ALVAR et al.,
2012). In addition, the administration of a single drug has led to the development of
strains resistant to the available drugs. Thus, the combination of compounds have
become good alternatives and has shown advantages over monotherapy
(BOLLENBACH, 2015).

Natural medicine can provide important treatment alternatives for various
diseases, such as the anti-leishmanial activity the essential oil of Chenopodium
ambrosioides, extracts of Caryocar coriaceum and grandiflorenic acid, one of the main
components of Sphagneticola trilobata and dihydroabietic acid of Pinus elliottii
(BORTOLETI et al., 2018;GONGCALVES et al., 2018; TOMIOTTO-PELLISSIER et al.,
2018; MONZOTE et al., 2014). Among the natural products, the oregano essential oil
oregano (OEO) that is extracted from the wild plant Origanum vulgare with a range of
effects already studied such as its antiparasitic and antibacterial action (BISMARCK et
al., 2019; PAVLI et al., 2019; GAUR et al., 2018; LU et al., 2018).

Furthermore, with the advent of nanotechnology, silver, which that is used in
medicine for at least six millennia to prevent bacterial infections and effective against
almost all, tested organisms. Thus, the production of silver nanopatrticles (AgNp), being
less toxic than their ions, has recently gained prominence, as it presents several
advantages (DE LIMA; SEABRA; DURAN, 2012; ALEXANDER, WESLEY, 2009).

In this way, different therapeutic strategies for the treatment of leishmaniasis

patients have been explored, including new natural and synthetic compounds,
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combination of compounds and nanotechnology. Thus, the objective of this work was
to evaluate the anti-leishmania activity of the association of OEO and AgNp, as well as
to evaluate the possible morphological, ultrastructural and biochemical changes
induced by the treatment on L. amazonensis promastigote forms.

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

Promastigotes of L. (L.) amazonensis (MHOM/BR/1989/166MJO) were
maintained in culture medium 199 (GIBCO, Invitrogen, New York, USA) supplemented
with 10%-fetal bovine serum (FBS) (GIBCO, Invitrogen, New York, USA), 1IM-HEPES
buffer, 1%-human urine, 1%-L-glutamine, streptomycin and penicillin (GIBCO,
Invitrogen) and 10%- sodium bicarbonate. The cell culture was maintained in a B.O.D
at 25 °C in 25 cm? culture flask. In all experiments, promastigote forms in the stationary

growth phase were used (5-day culture).

2.2 Animals and ethics committee

The BALB/c mice were kindly supplied by the Carlos Chagas Institute/Fiocruz-
PR, Curitiba, Brazil. The animals were kept under sterile conditions in the Vivarium of
the Department of Pathological Sciences of the State University of Londrina until they
reached an approximate weight of 25-30 grams and age between 6-8 weeks, with
controlled light and temperature. The study was approved and the animals were used
according to the rules of the Animal Experimentation Ethics Committee of the State
University of Londrina (UEL) n° 8595.2018.89.

2.3 Oregano essential oil

The OEO was obtained from Ferquima Industria e Comércio de Essential Oils
(Sao Paulo, Brazil). This oil (batch 224) was extracted by steam distillation and its
density (0.954 g/mL) and composition (main components: 71% carvacrol, 3% thymol,
4.5% terpinene range, 3.5% para-cymene and 4% beta-caryophyllene) were described
in a technical report. A 50% OEO stock solution was prepared in dimethylsulfoxide
(DMSO) (Sigma-Aldrich, St. Louis, MO, EUA). The maximum concentration of DMSO

in the tests was 1%.
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2.4 Silver nanoparticles

The biogenic silver nanoparticles (AgNp-bio) were obtained according to
DURAN et al (2005). Briefly, the filamentous fungus Fusarium oxysporum was grown
in a medium containing malt extract (2%) and yeast extract (0,5%) at 28 °C for 6
consecutive days. The grown biomass was filtered and resuspended in sterile water.
Approximately 10 g of the fungal suspension was transferred to a conical flask
containing 100 mL of distilled water, maintained for 72 h at 28 °C. To this solution will
be added AgNOs (at the final concentration of 10 mM) and maintained for several hours

at 28 °C for the synthesis of the nanoparticles.

2.5 OEO, AgNp and association activity on promastigote forms of L.
amazonensis

The promastigote forms of L. amazonensis (10°) were treated with different
concentrations of OEO (3.12, 6.25, 12.5, 50, 100 pg/mL), AgNp-bio (0.1, 0.5, 1, 5, 10
pMg/mL) and the proportions of the OEO+AgNp associations: 80%/20% (3.2/0.01,
6.4/0.02, 12.8/0.04, 25.6/0.08 pg/mL OEO/AgNp), 60%/40% (2.4/0.02, 4.8/0.04,
9.6/0.08, 19.2/0.16 ug/mL OEO/AgNp), 50%/50% (2/0.02, 4/0.05, 8/0.1, 16/0.2 ug/mL
OEO/AgNp), 40%/60% (1.6/0.03, 3.2/0.06, 6.4/0.12, 12.8/0.24 pg/mL OEO/AgNp) and
20%/80% (0.8/0.04, 1.6/0.08, 3.2/0.16, 6.4/0.32 yg/mL OEO/AgNp). The parasites
were evaluated in a Neubauer chamber after 24 h of treatment. As a negative control,
L. amazonensis promastigotes kept in untreated culture medium were used, and as a

vehicle control, was used DMSO 0.1%.

2.6 Peritoneal macrophage viability

To evaluate a possible cytotoxic effect of OEO, AgNp-bio and the associations
of both, the MTT assay (3- (4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide)
(Sigma-Aldrich) was performed, which measures the metabolic activity of the
mitochondria, as described by MOSMANN (1983). Macrophages (5x10°cells/mL) were
recovered from the peritoneal cavity with ice-cold PBS supplemented with 3% FBS and
then cultured in 24-well plates with 500 pL of RPMI 1640 medium and 10% FBS for 24
h at 37 °C and 5% CO.. The adherent cells were incubated with different
concentrations of OEO (16, 32, 64, 128, 256 ug/mL), AgNp-bio (0.2, 0.4, 0.8, 1.6, 3.2
pMg/mL) and the proportions of the association: 80%/20% (12.8/0.04, 25./0.08,
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51.2/0.16, 102.4/0.32, 204.8/0.64 ug/mL OEO/AgNp-bio), 60%/40% (9.6/0.08,
19.2/0.16, 38.4/0.32, 76.8/0.64, 153.6/1.28 pyg/mL OEO/AgNp-bio), 50%/50% (8/0.1,
16/0.2, 32/0.4, 64/0.8, 128/1.6 uyg/mL OEO/AgNp-bio), 40%/60% (6.4/0.12, 12.8/0.24,
25.6/0.48, 51.2/0.96, 102.4/1.92 ug/mL OEO/AgNp-bio) and 20%/80% (3.2/0.16,
6.4/0.32, 12.8/0.64, 25.6/1.28, 51.2/2.56 ug/mL OEO/AgNp-bio) for 24 h in the same
conditions. Subsequently, the cells were washed with PBS and MTT (5 mg/mL) was
added to the wells, followed by further incubation for 4 h. The MTT product (formazan
crystals) was diluted with 300 uL of DMSO, transferred to a 96-well plate and read on
a spectrophotometer (Thermo Scientific, Multiskan GO) at 550 nm. As a negative
control, untreated macrophages were used, while the positive control was cells treated
with 4% H>O> (Anhydrol, SP, BR). The results were expressed as a percentage of
viability compared to the control group and calculated using the following formula: %
(viable macrophages) = sample from the treated group / mean from the untreated
control) x 100.

2.7 Isobologram construction using the fixed-ratio method from OEO and AgNp
combination

The interaction dynamics of AgNp and OEO was studied by the method of
fixed proportions described by (SEIFERT; CROFT, 2006) to obtain the ICso (inhibitory
concentration of 50% of the parasites) and CCsp (cytotoxicity concentration of 50% of
the peritoneal macrophages) of each proportion of the OEO/ AgNp association. For
this, the association of OEO/ AgNp was evaluated in the following proportions: (P1 =
80%/20%, P2 = 60%/40%, P3 = 50%/50%, P4 = 40%/60% and P5 = 20%/80%) that
correspond to the doses of (P1 = 12.8/0.04, P2 = 9. 6/0.08, P3 = 8/0.1/ P4 = 6.4/0.12
and P5 =3.2/0.16 uyg/mL OEO/ AgNp). Thus, was constructed an isobologram for anti-
leishmania activity and one for the viability of macrophages, where on the x-axis of the
graph the AgNp dose was placed and on the y-axis the OEO dose, drawing an
additivity line between the values of the isolated substances, wherein points below the
line indicating synergistic effect, points on the line indicating additive effect and points
above the line they indicate antagonistic effect (ZHAO; WIENTJES; AU, 2004).

2.8 Calculation of combination index
The value and efficiency of this association can be demonstrated through

mathematical calculations using tools such as the CI (combination index) (HALL;
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MIDDLETON; WESTMACOTT, 1983). The Cl can be calculated using the formula: ClI
= (ICs0 combined OEO / ICsg OEO alone) + (ICso combined AgNp / ICso AgNp alone)
for activity in promastigotes and, Cl = (CCso OEO combined / CCso OEO alone) + (CCso
AgNp combined / CCso AgNp alone) for cytotoxicity on peritoneal macrophages, where
Cl <1, = 1 or> 1 indicates synergistic, additive and antagonistic effect, respectively
(CHOU; TALALAY, 1984).

2.9 Morphological and ultrastructural analysis of promastigotes by scanning
electron microscopy and transmission electron microscopy

Promastigote forms of L. amazonensis (10°) were treated with the association
in the chosen dose (OEO 9.6 ug/mL and AgNp 0.08 ug/mL) and incubated for 24 h.
Afterwards, the parasites were collected by centrifugation, washed in PBS 0.01 M pH
7.2 and fixed by immersion in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer.

For evaluation of morphological changes by SEM, promastigotes fixed with
glutaraldehyde were adhered to coverslips covered with poly-L-lysine for 60 min.
Afterwards, they were washed with 0.1 M sodium cacodylate buffer, dehydrated in
increasing concentrations of ethanol (30 - 100%), dried at a critical point by replacing
ethanol with CO», coated with gold, and analyzed using a high-resolution double beam
electron microscope FEI SCIOS (DA SILVA et al., 2013).

For evaluation of ultrastructural changes by MET, promastigotes fixed with
glutaraldehyde were transferred to microtubes, washed three times with 0.1 M sodium
cacodylate buffer and post-fixed in a solution of 1% osmium tetroxide, 0.8% potassium
ferrocyanide, and 10.0 mM CaCl> in 0.1 M sodium cacodylate buffer at room
temperature and protected from light. After, the samples were washed with 0.1 M
sodium cacodylate buffer, dehydrated in increasing concentrations of acetone (50 -
100%), included in EPON resin and polymerized at 60 °C for 72 h. Ultrathin sections
were made in ultramicrotome, deposited on a copper grid, contrasted with uranyl
acetate and lead citrate, for 20 and 10 min, respectively. The analysis was performed
using a transmission electron microscope JEOL JEM 1400 (SANTOS, 2011).

2.10 Detection of reactive oxygen species

Promastigote forms (10°) were treated with an association at the chosen dose
(OEO 9.6 pg/mL + AgNp 0.08 ug/mL) for 24 h. After, the parasites were washed with
PBS and loaded with 10 uM of the probe 2',7'-dichlorodihydrofluorescein diacetate
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(H.DCFDA) (Sigma St. Louis, MO, USA) and incubated in the dark for 30 minutes at
25 °C. As a positive control, was used 4% H20> for 30 minutes. ROS were measured
as an increase in fluorescence caused by the conversion of the non-fluorescent dye to
the highly fluorescent 2’,7’-dichlorofluorescein (DCF), in spectrofluorimeter (Victor X3,
PerkinElmer, Finland), at excitation and emission wavelengths of 488 nm and 530 nm,

respectively.

2.11 Detection of nitric oxide

Nitric oxide (NO) was determined by the Griess method. For this, in 60 uL
aliquots for direct assay on promastigotes forms was added 60 uL of Griess reagent
(1% sulfanilamide and 0.1% of naphthyltylamidine amino acid in orthophosphoric
hydrochloride (H3sPO4) 5%) and incubated for 10 min, at room temperature. After
incubation, the samples were placed in 96-well microplates. A standard curve made
using serial dilutions of NaNO2, and the absorbance was determined at 550 nm in a

microplate reader (Thermo Scientific, Multiskan GO).

2.12 Determination of mitochondrial membrane potential

Promastigote forms (10°) treated with an association at the chosen dose (OEO
9.6 pg/mL and AgNp 0.08 pg/mL) for 24 h in order to assess the potential of the internal
mitochondrial membrane (A¥Wm). The treated parasites were washed and incubated
with 2.5 uM tetramethylrhodamine ethyl ester (TMRE) (Sigma-Aldrich, St. Louis, MO,
USA) for 30 min at 25 °C and analyzed in a spectrofluorimeter (Victor X3, PerkinElmer,

Finland) at excitation wavelengths of 480 nm and emission of 580 nm.

2.13 Evaluation of lipid bodies

Promastigote forms (10°) treated with an association at the chosen dose (OEO
9.6 ug/mL + AgNp 0.08 pg/mL) were harvested and washed twice in PBS and stained
with 10 ug/mL of Nile red (Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 25 °C. The
presence of cytoplasmic lipid bodies was detected in spectrofluorimeter (Victor X3,
Perkin-Elmer, Finland) at excitation and emission wavelengths of 530 nm and 635 nm,

respectively.
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2.14 Evaluation of autophagic vacuoles

The presence of autophagic vacuoles was evaluated in promastigote forms
treated for 24 hours with association in the chosen dose (OEO 9.6 yg/mL + AgNp 0.08
ug/mL). The parasites were washed twice in PBS, incubated with 5 pL of
monodansilcadaverine (MDC) (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 25 °C
and analyzed using a spectrofluorimeter (Victor X3, Perkin-Elmer, Finland) at
excitation and emission wavelengths of 380 nm and 525 nm, respectively.

2.15 Detection of phosphatidylserine exposure

Promastigote forms (10°) treated with the combination at the chosen dose
(OeO 9.6 yg/mL + AgNp 0.08 pug/mL) for 24 h, were washed and resuspended in 100
ML of 1x assay buffer (Santa Cruz Biotechnology), followed by adding a mixture
containing 1 pL of annexin-V/FITC (Invitrogen, Eugene, USA) and 5 pL of propidium
iodide (PI) (Santa Cruz Biotechnology). Data analysis was performed using a BD
Accuri™ C6 Plus flow cytometer. A total of 10,000 events were acquired. Cells
negative for annexin-V and PI are considered viable, cells stained with annexin-V
(positive or negative for Pl) were considered apoptotic and cells positive for Pl (and
negative for annexin-V) were classified as necrotic (DOROODGAR et al., 2016;
GHAFFARIFAR et al., 2015).

2.16 Antiamastigote assay

Peritoneal macrophages from BALB/c mice (5x10°) were cultured in 24-well
plates containing glass coverslips, incubated with 500 uL of RPMI 1640 medium for 24
h at 37 °C and 5% CO.. The adhering macrophages were infected with promastigote
forms of L. amazonensis (2.5x108) for 2 h. After infection, the non-internalized
promastigote forms were removed by washing with PBS and the adherent cells were
treated with the combination of the compounds of the chosen proportion (OEO 9.6
pug/mL and AgNp 0.08 pug/mL), RPMI 1640 medium (negative control), 0.1% DMSO
(vehicle), amphotericin B 1 uM (positive control) for 24 h at 37 °C and 5% CO.. Then,
the cells were stained with methylene blue-eosin solution according to Leishman
(Leishman's dye) (Inlab -SP Brazil). A total of 20 fields were analyzed by immersion at
1000x magnification, using an optical microscope (Olympus BX41, Olympus Optical
Co., Ltd., Tokyo, Japan).
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2.17 Determination of nitrite as estimate levels of NO in peritoneal macrophages
infected with L. amazonensis

NO was determined using the Griess method. Briefly, aliquots of supernatants
from the anti-amastigote assay (60 uL) were centrifuged at 5,000 rpm for 2 min and a
volume of 50 uL of supernatant was recovered and 50 uL of Griess reagent. After 10
min of incubation at room temperature, the samples placed in 96-well microplates. A
standard curve made using serial dilutions of NaNO», and the absorbance was

determined at 550 nm in a microplate reader (Thermo Scientific, Multiskan GO).

2.18 Production of ROS in macrophages infected with L. amazonensis
Macrophages infected with amastigote forms were treated with the dose of
the chosen proportion (OEO 9.6 ug/mL + AgNp 0.08 ug/mL) for 24 h. After this period,
the cells were washed with PBS and loaded with 10 uM of H.DCFDA and incubated
for 30 min at 37 °C. As a positive control, was used 4% H>O- for 30 minutes. ROS were
measured by increase in fluorescence caused by the conversion of the non-fluorescent
dye to the highly fluorescent, DCF, in spectrofluorimeter (Victor X3, PerkinElmer,

Finland), at excitation and emission wavelengths of 488 nm and 530 nm, respectively.

2.19 Statistical analysis

The statistical analyzes were determined by ANOVA, followed by the Tukey
test for multiple comparisons. Three independent experiments were carried out, each
with data sets in triplicate. The data were expressed as mean * standard error of the
mean. The data were analyzed using the GraphPad Prism statistical software
(GraphPad Software, Inc., USA, 500-288). p-value < 0.05 was considered statistically

significant.
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3. Results
3.1 OEO and AgNp activity isolated and in combination on promastigote forms
of L. amazonensis and peritoneal macrophages

The values of ICso of the separate compounds were 16.0£0.05 ug/mL to OEO
and 0.2+0.06 pg/mL to AgNp (Fig. 1A, B).
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Figure 1: Effect of OEO and AgNp on L. amazonensis promastigotes treated for 24 h
with (A) OEO (3.125, 6.25, 12.5, 25, 50, 100 yg/mL) and (B) AgNp (0.1, 0.5, 1, 5, 10
pMg/mL) and evaluated the percentage of viable promastigotes. DMSO 0.1% (diluent
control). The values represent the mean + SEM of three independent experiments.
Asterisks indicate significant difference compared to control ****p< 0.0001.

From these values was calculated the proportions of the association,
obtaining the values of ICso of each proportion (P1=12.7/0.04 (+0.03), P2=7.4/0.06
(x0.04), P3=8.0/0.10 (x0.02), P4=5.1/0.09 (+0.03), P5=2.5/0.13 (+0.03) OEO/AgNp
pug/mL) (Table 1). Then the ICso values of the proportions were used to calculate the
Cl and the results showed that the proportions P2=60%/40%, P4=40%/60% e
P5=20%/80% of OEO and AgNp presented an CI>1 (Table 2), demonstrating a
synergistic effect. These results have also been demonstrated through the
isobologram, which showed that these proportions are below the line of additivity (Fig.
2A). On the other hand, the proportions P1=80%/20% and P3=50%/50% of OEO and

AgNp presented a CI=1, indicating an additive effect. The treatment of isolated
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compounds on peritoneal macrophages showed CCso of 116.50+£0.04 pg/mL and
2.25+0.09 pg/mL for OEO and AgNp, respectively.

Tablel: Proportion between the amounts of OEO/AgNp using the ICso values of the
substances alone

Fixed Ratio (%) ICso (Mg/mL) CCso (Hg/mL)
OEO/AgNp

OEO 100/0 16 (0.05) 116.50 (+ 0.04)
P1 80/20 12.7/0.04 (x0.03) 105.60/0.33 (x0.08)
P2 60/40 7.4/0.06 (+0.04) 90.48/0.75 (+0.02)
P3 50/50 8/0.10 (+0.02) 105.90/1.32 (+0.03)
P4 40/60 5.15/0.09 (+0.03) 82.01/1.53 (x0.02)
P5 20/80 2.52/0.13 (+0.03) 41.06/2.05 (+0.03)
AgNp 0/100 0.2 (+0.06) 2.25 (+0.09)

ICs0 dose required to eliminate 50% of promastigote forms, CCso dose needed to
eliminate 50% of macrophages in the cytotoxicity assay

Table2: ClI Combination index

Fixed Ratio (%) Cl |C50 Cl CC50
OEO/AgNp
P1 80/20 0.99 1.05
P2 60/40 0.76 1.11
P3 50/50 1 1.49
P4 40/60 0.77 1.38
P5 20/80 0.80 1.26

ClI=1, the combination is additive, when Cl<1, the combination is synergistic and when
CI>1 the combination is antagonistic.

Subsequently, all proportions were assessed by obtaining the CCso values
(P1=105.6/0.33 (+0.08), P2=90.48/0.75 (+0.02), P3=105.90/1.32 (£0.03),
P4=82.01/1.53 (+0.02), P5=41.06/2.05 (+0.03) ug/mL OEO/AgNp) and the CI value
was calculated, with antagonistic results showing CI>1 (Table 2). The antagonistic
characteristic of the association was also observed in the isobologram, where all

proportions with 50% of toxicity are above the tendency line of the graph (Fig. 2B).
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Figure 2: Representative isobologram of in vitro interactions between OEO and AgNp
using the method of fixed ratios. Numbers on the axes represent doses calculated from
ICso and CCso values of each compound. (A) activity on promastigotes of L.
amazonensis; (B) cytotoxicity on peritoneal macrophages from BALB/c.

In the host cell, the treatment proved to be less toxic, since higher doses were
necessary to obtain CCso. From these results, we selected the fixed ratio P2=60%/40%
of OEO/AgNp dose 9.6/0.08 ug/mL, since this combination presented the lowest CI:
0.76.

3.2 Combination of OEO and AgNp induces morphological and ultrastructural
alterations in L. amazonensis promastigotes

After determining the best proportion (P2), SEM and TEM was performed to
determine the morphological and ultrastructural changes induced by the treatment in
promastigotes. Untreated parasites showed normal characteristics compatible with
elongated body, flagellum proportional to body size, smooth and intact cell surface and
well-preserved structures (Fig. 3A,E). Meanwhile, parasites treated with the
association showed morphological and ultrastructural changes, such as cell surface
roughness, rounded shape and reduction of cell body size, reduced flagellum, leakage
of cytoplasmatic contents (Fig. 3B-D), mitochondrial swelling, accumulation of lipid-
storage bodies and autophagic vacuoles in the cytoplasm, DNA disorganization in

nuclei and damage to the plasma membrane (Fig. 3F-H).
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Figure 3: Morphological and ultrastructural changes on promastigotes of L.
amazonensis treated with 9.6/0.08 ug/mL OEO/AgNp for 24 h. (A-D) SEM images: (A)
untreated promastigotes; (B-D) OEO/AgNp treated-promastigotes. (E-H) TEM images:
(E) untreated promastigotes; (F-H) OEO/AgNp treated-promastigotes. fp, flagellar
pocket; k, kinetoplast; m, mitochondrion; n, nucleus; *, autophagic vacuole; m, swelling
mitochondrial; A, lipid-storage bodies; », DNA disorganization in nuclei; —, alteration
of the plasma membrane. Scale bars =5 ym (A-D), 1 ym (E), 0.5 pym (F-H).
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3.3 Combination of OEO and AgNp exerts an antipromastigote effect by altering
mitochondrial integrity thus forming lipid bodies and autophagy vacuoles

SEM and TEM analysis showed that the association induced morphological
and ultrastructural changes in the parasites (Fig. 3). Thus, different markers were used
to assess biochemical targets that could be affected by treatment with this association.

Based on analysis by TEM, that showed the effect of association of OEO/AgNp
on mitochondrion of promastigotes, we initially decided to evaluated the ROS and NO
production and A¥Ym in OEO-AgNp treated-parasites and marked with H.DCFDA,
Griess reagent and TMRE, respectively. The mitochondria are a major site of ROS
production. Mitochondria provide the majority of ATP through a process known as
oxidative phosphorylation, that involve the active transfer of positively charged protons
across the inner mitochondrial membrane, resulting in a mitochondrial transmembrane
potential (AWYm), that can be detected by staining cells with positively charged dyes,
such as TMRE (CROWLEY; CHRISTENSEN; WATERHOUSE, 2016). Increases in
production of oxidant species result in mitochondrial dysfunction, such as alterations
in the AWYm. A significant loss of AWYm depletes cells of energy, with subsequent death
(JOSHI; BAKOWSHA, 2011). Our results demonstrated that the association induced
an increased in ROS and NO in promastigotes when compared with control (Fig. 4).
Moreover, the treatment induced a decreased the total fluorescence by 21.7% of the
TMRE in relation to the control group, indicating loss of mitochondrial integrity (Fig.
5A).

Analysis by TEM also showed an accumulation of lipid-storage bodies in the
cytoplasm. Furthermore, since mitochondrial dysfunctions, such as mitochondrial
depolarization, induces an increase in lipid bodies, we investigated their presence in
parasites treated with the association by staining with Nile red, a fluorescent dye with
a high affinity to neutral lipids (LEE et al., 2013). Our results exhibited increase in
fluorescence by 76.68% in relation to the control, showed the increase of the formation
of lipid bodies (Fig. 5B).

Additionally, was observed by TEM that treatment with association triggered
intense formation of autophagic vacuoles in promastigotes. Moreover, the formation of
autophagic vacuoles can be activated in situations of cellular stress, such as an
increased in cellular ROS levels (FILOMENI; ZIO; CECCONI, 2014). Thus, we also
evaluated whether the treatment induced an increase in autophagic vacuoles, once

MDC accumulates as a selective fluorescent marker for autophagic vacuoles. Thus,
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increased presence of these organelles may precede cell death (MUNAFO;
COLOMBO, 2001). Parasites treated and marked with MDC presented increase by
180% in fluorescence in relation to the control, suggesting the formation of autophagy

vacuoles (Fig. 5C).

4000- 6- .
3500- sk
3000-
2500-

2000+
200

150+
100+
50+

£~y
1

DCF
(Arbitrary Units of Fluorescence)

NO, levels (uM)
N

>» N
& »
cﬁ&' 5

O
&

Figure 4. ROS and NO production in promastigotes treated with the association at the
chosen dose (9.6/0.08 pg/mL OEO/AgNp). (A) Total ROS were measured by increase
in fluorescence caused by the conversion of nonfluorescent dye, H2DCFDA, to
fluorescente, DCF; (B) Griess method for nitrite levels in supernatant. The values
represent the mean = SEM of three independent experiments performed in duplicate.
Asterisks indicate significant difference compared to control *(p< 0,05), ****(p< 0,0001).
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Figure 5: Biochemical targets affected by treatment with the association OEO/AgNp
in L. amazonensis promastigotes treated with the dose combination of 9.6/0.08 ug/mL
OEO/AgNp. (A) Mitochondrial membrane potential assay using TMRE labeling; (B)
Lipid storage bodies using Nile red labeling; (C) Autophagy vacuoles using MDC
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labeling. Data represent the mean + SEM of three independent experiments performed
in duplicate. Asterisks indicate significant difference compared to control *(p< 0.05), **
(p< 0.01), ****(p< 0.0001).

All of the morphological, ultrastructural and biochemical alterations induced by

association observed so far, suggest cell death by apoptosis-like. Thus,
phosphatidylserine exposure was assessed using annexin V/Pl. Phosphatidylserine is
a phospholipid naturally present in the inner plasma membrane leaflet that switches to
the outer leaflet during apoptosis, and annexin V is a marker that bind in phospholipid
classes (BASMACIYAN; CASANOVA, 2019). PI, a probe that binds to DNA only in
ruptured membrane cells (SHUKLA; PATRA; DUBEY, 2012). Our data showed that
the proportion of promastigotes that were annexin V+ was 9.4%, Pl+ was 4.6% and
double positive (annexin V+/ Pl+) was 34.4%, after 24 h treatment with the association,
indicating a predominance of the of double annexin V and PI marking (Fig. 6) indicating
late apoptosis.
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Figure 6: Phosphatidylserine exposure in promastigotes treated with the association
at the chosen dose (9.6/0.08 pg/mL OEO/AgNp) using annexin-V/FITC and PI. Data
acquisition and analysis flow cytometer with total of 10,000 events. (A) Typical dot plot
of three independent experiments. (B) Count of L. amazonensis promastigotes co-
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staining of annexin-V/FITC and Pl analyzed by flow cytometry. Asterisks indicate
significant difference compared to control *(p< 0.05), ** (p< 0.01).

3.4 Combination of OEO and AgNp induces NO and ROS increase in infected
macrophages e anti-amastigote activity

Since amastigotes are intracellular forms, we investigated the effect of the
association on infected macrophages. For this, the production of NO and ROS in these
cells was evaluated. The results showed a significant increase in NO and ROS
compared to the control (Fig. 7).

Consequently, amastigotes treated with the P2 ratio induced a significant
reduction of infected macrophages in 34% + 2.96 (p< 0.0001), while with the positive
control, AmB, induced a reduction of the 46% + 1.39 (p< 0.0001) in relation of control.
The treatment with the association showed no significant difference in relation to the
AmB. In relation of amount of amastigotes per macrophage, the association has
showing similar effect to the standard drug, AmB, presenting a reduction of 30.7% (p<
0.01) (Fig. 8).
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Figure 7: Intramacrophagic L. amazonensis death by association of OEO/AgNp is
dependent on NO and ROS. L. amazonensis-infected macrophages submitted to a 24
h of treatment with OEO/AgNp (A) fluorescent probe H2DCFDA for reactive oxygen
species measurement in culture cells, (B) Griess method for nitrite levels in culture
supernatant. The values represent the mean + SEM of three independent experiments
performed in duplicate. * (p<0,05), **** (p<0,0001).
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Figure 8: Effect with association OEO/AgNp on L. amazonensis infected
macrophages. L. amazonensis infected macrophages treated with association
OEO/AgNp for 24 h and evaluated the percentage of infected macrophages (A) and
number of amastigotes per macrophage (B). AmB 1uM (positive control). The values
represent the mean = SEM of three independent experiments performed in duplicate.
Significant difference compared to control ** (p < 0.01) **** (p < 0.0001) (C) images of
the phagocytic assay stained with Leishman dye photographed under an optical
microscope.

4. Discussion

The current treatment of leishmaniosis has some flaws such as, difficulty in
administration, toxicity leading to adverse effects and resistance of the parasites what
drives us to search new treatment strategies for leishmaniotic patients
(CHAKRAVARTY; SUNDAR, 2019). In this sense, the search for new active natural

compounds that are more effective against leishmaniosis, devoid of serious side

%
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effects is increasing. The use of nanotechnology also has shown to be a promising
strategy, since, it is a delivery system that carry drugs at specific targets (FAJARDO et
al., 2016, ESPUELAS; SCHWARTZ; MORENO, 2016). Moreover, the association of
drugs are also promising methods that have stood out in the study against Leishmania
sp. (GONCALVES-OLIVEIRA et al., 2019, PASTOR et al., 2015, TOLOUEI et al.,
2011, SEIFERT; CROFT, 2006).

In our study, an important synergistic leishmanicidal effect of the association of
AgNp with OEO was demonstrated, since some proportions showed CI values <1 and
in the isobologram some proportions were below the additivity line. Similar results
observed by Scandorieiro et al (2016), which showed the synergetic effect of the
association OEO+ AgNp in multi resistance bacteria. In addition, an antagonist effect
of the association was demonstrated in peritoneal macrophages, indicating a greater
safety in the administration of this association in relation to the isolated products.
Pastor et al (2015) also presented similar results using the combination of ascaridol
and carvacrol with Cl > 1 and combinations above the additivity line in isobolograms.

SEM and TEM showed that the association induced several morphological and
ultrastructural changes in promastigotes of L. amazonensis. Previous studies using
different natural or synthetic compounds on L. amazonensis promastigotes reported
similar changes to that observed in our study. (MIRANDA-SAPLA et al.,
2019, TOMIOTTO-PELLISSIER et al., 2018, BORTOLETI et al., 2018, DA SILVA et al.,
2013, SANTOS et al., 2011).

We also showed the likely mechanism by which this association exert their
antileishmanial effects. We initially focused our studies on investigating alterations in
mitochondrion. An notable characteristics of Leishmania spp. are its single
mitochondrion and the survival of this parasite depends on the perfect functioning of
this organelle (FIDALGO; GILLE, 2011,FRANTZ; WIPF, 2010).

We observed an increase in the production of ROS in treated promastigotes.
ROS are molecules derived from the incomplete one-electron reduction of molecular
oxygen, and high concentrations might induce oxidative damage (CADENAS; DAVIES,
2000). The association of OEO+AgNp also increase the NO, a short-lived free radical,
than can react with proteins and nucleic acids (ALI; HAMDY; MOHAMED, 2012).
Therefore, this association may be inducing an oxidative imbalance in promastigotes,

attributable to an increase in oxidant species. Similar results were obtained previously
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in trypanosomatids by using another actives compounds (SCARIOT et al., 2019;
LAZARIN-BIDOIA et al., 2015).

Increases in oxidant species induce mitochondrial dysfunction, such as
alterations in the AWYm (KANG; PERVAIZ, 2012). In this study, TMRE staining revealed
marked reductions in the AWYm. The AWm is essential for maintaining the physiological
function of the respiratory chain, and a significant loss of AWYm depletes cells of energy,
with subsequent death (CROWLEY; CHRISTENSEN; WATERHOUSE, 2016). Studies
of leishmanicidal compounds that target L. amazonensis mitochondrion have been
published, showing changes in AWm (INACIO et al., 2012, CORRAL et al., 2014).

The association of OEO+AgNp also increased of lipid bodies formation in the
cytoplasm, a hallmark of celullar stress resulting from mitochondrial dysfunction,
revealed here by Nile red (LEE et al., 2013). ANTINARELLI et al., (2018) also found
characteristics of mitochondrial dysfunction associated with an increase of lipid bodies
when promastigotes of L. amazonensis were exposed to 4-88 hydrazinoquinoline
analog, these results being compatible with those found in our study.

The mitochondrial depolarization associated with the accumulation of lipid
bodies in the cytoplasm, are events characteristic of the occurrence of apoptose-like
cell death. In fact, is well described in the literature that apoptosis is characterized by
several morphological features among which cell rounding, cell shrinkage, chromatin
condensation, nuclear fragmentation, few ultrastructural modifications of cytoplasmic
organelles, plasma membrane modifications with maintenance of its integrity
membrane (BASMACIYAN; CASANOVA, 2019). In our study, we observed that
OEO+AgNp induced similar changes in promastigotes of L. amazonensis, revealed by
electron microscopy. Furthermore, the treatment with the association demonstrated
positive parasites for Annexin V/FITC and PI co-staining, indicating late apoptosis.

In addition, the presence of autophagy vacuoles also was observed in our study,
by MDC labeling. The increase in the formation of autophagic vacuoles can be mainly
induced by the increases in cellular ROS levels (FILOMENI; ZIO; CECCONI, 2014).
Autophagy, can induce apoptosis, by degrading parts of the cell after sequestration in
autophagosomes and degradation within lysosomes, or by activating the apoptotic
pathway (MARINO et al. 2014).

Amastigotes is an obligatory intracellular parasite localized in parasitophorous
vacuoles of phagocytic cells of the host (ARENAS et al., 2017). In our study, we

observed the anti-amastigote effect of the association in macrophages infected by L.
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amazonensis, since a reduction in the percentage of infected macrophages and also
the number of intracellular parasites was observed. An increase of ROS and NO in
infected macrophages also observe after treatment with the association. Several
studies also describe similar results, demonstrating that the probable mechanism of
death of Leishmania spp. is through molecules such as ROS and NO released by
infected macrophages (MIRANDA-SAPLA et al., 2019, BORTOLETI et al., 2018,
GONCALVES et al., 2018). However, the increase in ROS and NO in infected
macrophages with amastigotes of L. amazonensis was not observed by FANTI et al.
(2018) which used only AgNp, which leads us to believe that this increase found in our
study is due to the presence of OEO and/or the synergistic effect produced by the
association of OEO+AgNp.

5. Conclusions

In conclusion, our results demonstrate that the association of OEO and AgNp
has a synergistic leishmanicidal effect in vitro on promastigote forms of L.
amazonensis, through metabolic events that cause cell death by late apoptosis. In
addition, the association exhibited a reduction in relation to toxicity in peritoneal
macrophages and a leishmanicidal effect in amastigotes probably due to the action of
ROS and NO. These results encourage us to continue the studies, seeking to elucidate

the mechanisms of action involved in the death of this parasite.
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6 CONCLUSOES

A associacdo do OEO com AgNp apresenta in vitro um efeito leishmanicida
sinérgico sobre formas promastigotas de L. amazonensis e um efeito anti-amastigota
através da producao de NO e ROS por macrofagos infectados.

A associacdo OEO+AgNp induz uma diminuicdo da citotoxicidade em
macréfagos peritoniais, em relacdo a utilizacdo das substancias isoladas.

A associacdo OEO+AgNp induz alteracdes morfolégicas e ultraestruturais
em promastigotas, observadas por MEV e MET, como rugosidade da superficie
celular, arredondamento e reducéo do corpo celular, flagelo reduzido, extravazamento
de conteudo citoplasmatico, inchagco mitocondrial, acumulo de corpos lipidicos e de
vacuolos autofagicos no citoplasma, desorganizacdo do DNA nuclear e danos a
membrana plasmatica.

A associacdo OEO+AgNp induz diversos eventos bioquimicos em
promastigotas, como aumento de espécies oxidantes, despolarizacdo mitocondrial,

exposicao da fosfatidilserina, que acarretam na morte celular por apoptose tardia.
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7 CONSIDERACOES FINAIS

O presente estudo apresentou indicios de uma possivel utilizacdo da
associacdo do OEO com AgNp como alternativa terapéutica para o tratamento de
portadores com leishmaniose. Estudos adicionais devem ser realizados para melhor

compreender esta associacao e também elucidar seus efeitos in vivo.
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