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RESUMO

As leishmanioses sé@o doencas infectoparasitarias causadas por parasitos do género
Leishmania sp. e endémicas em diversos paises, incluindo o Brasil, onde representam
um grave problema de saude publica. A necessidade de hospitalizacdo e as reacdes
adversas provocadas pelos medicamentos trazem limitagdes a adeséo ao tratamento
e ao sucesso terapéutico, resultando em numerosas reincidéncias e até mesmo
Obitos. As espécies causadoras das leishmanioses estdo associadas a um amplo
espectro de formas clinicas, o que impacta no tempo de diagnostico. Leishmania (L.)
amazonensis é uma das principais espécies encontradas nas Américas. Ela apresenta
diferentes fendtipos de infecciosidade, podendo ocasionar desde lesdo cutanea
localizada (Leishmaniose Cuténea, LC), até lesdes disseminadas e, em casos mais
graves, visceralizacdo. Estudos anteriores utilizando o &cido Usnico mostraram
resultados eficazes e promissores contra espécies de Leishmania sp. Este trabalho
teve como obijetivo avaliar a acdo antileishmania do usnato de sédio (forma solavel do
acido usnico - SAU) complexado aos ions lantanideos Lantanio- La(lll), Neodimio-
Nd(lll), Gadolinio- Gd(lll), Térbio- Tb(lll), Eurépio- Eu(lll) e Samario- Sa(lll) e
esclarecer seus possiveis mecanismos de acdo leishmanicida. Adicionalmente,
objetivou-se analisar o comportamento “in vitro” de trés cepas de L. amazonensis
frente aos farmacos de referéncia utilizados na prética clinica, sendo duas cepas
isoladas de pacientes - uma de um caso de LC e outra de um caso clinico de
leishmaniose visceral (LV) - e uma cepa de referéncia. Os complexos de lantanideos
foram altamente ativos contra as formas promastigotas (Clso < 1,50 uM) e amastigotas
intracelulares (Clso < 7,52 puM). Os complexos EulL3-3H20 (Cls0=2,98 uM; indice de
seletividade, 1S=6,73) e NdL3-3H20 (Cls0=2,83 uM; I1S=6,97) apresentaram as maiores
atividades, com maior seletividade sobre a forma amastigota. Na investigacdo do
mecanismo leishmanicida, foi detectado o aumento da liberacéo de éxido nitrico (NO)
pelas células infectadas com L. amazonensis e tratadas com EulLs-3H20 (6,25 pg/mL),
podendo este ser um dos mecanismos envolvidos. Foram detectadas alteracdes no
potencial de membrana mitocondrial nos parasitos tratados com SmL3-4H20 e
GdLs-2H20, sugerindo que os lantanideos complexados com o ushato de sodio podem
potencializar sua agéo antileishmania, tendo como principal alvo as mitocondrias do
parasito. Em relacdo a eficacia dos medicamentos de referéncia sobre as diferentes
cepas de L. amazonensis, destaca-se a alta atividade da Anfotericina B sobre ambas
as formas evolutivas dos parasitos. A atividade da pentamidina se destacou sobre a
cepa MHOM/BR/2022/LV045_22 (Clso= 0,0429 pM), isolada do individuo com LV,
evidenciando o potencial da pentamidina na investigacao de tecnologias voltadas a
reducado dos efeitos adversos, a fim de otimizar o tratamento.

Palavras-chave: Complexos lantanideos, Leishmania amazonensis, acido usnico,
potencial de membrana mitocondrial, cepas isoladas de pacientes, drogas de
referéncia.



ABSTRACT

Leishmaniases are a group of infectious, parasitic diseases caused by parasites of the
genus Leishmania sp. These diseases are endemic in several countries, including
Brazil, where they pose a significant public health threat. The complexity of the
disease, characterized by its diverse clinical manifestations, poses a substantial
challenge in the diagnosis and treatment of leishmaniasis. Adherence to treatment
regimens is hindered by adverse reactions to medications, which can lead to
therapeutic failure, recurrent infections, and even fatal outcomes. Leishmania (L.)
amazonensis, a prominent species in the American continent, exhibits diverse
infectivity phenotypes, manifesting as anything from localised cutaneous lesions
(Cutaneous Leishmaniasis, CL) to disseminated lesions, and, in more severe cases,
visceralization. Previous studies using usnic acid have shown effective and promising
results against species of Leishmania sp. The aim of this study was to evaluate the
anti-leishmanial action of sodium usnate (soluble form of usnic acid - SAU) complexed
with the lanthanide ions lanthanum - La(lll), neodymium - Nd(lIl), gadolinium - Gd(lll),
terbium - Th(lll), europium - Eu(lll) and samarium - Sa(lll) and to clarify their possible
mechanisms of leishmanicidal action. In addition, the aim was to analyse the in vitro
behaviour of three strains of L. amazonensis against the reference drugs used in
clinical practice, two strains isolated from patients - one from a case of CL and the
other from a clinical case of visceral leishmaniasis (VL) - and one reference strain. The
lanthanide complexes were highly active against promastigote forms (ICso < 1.50 uM)
and intracellular amastigotes (ICso < 7.52 pM). The EuL3-3H20 (ICso =2.98 pM;
selectivity index, SI=6.73) and NdLs3-3H20 (ICso =2.83 uM; SI=6.97) complexes
showed the highest activities, with greater selectivity in amastigote forms. In the course
of investigating the mechanism of leishmanicidal action, an increase in the release of
nitric oxide (NO) was detected in cells infected with L. amazonensis and treated with
EuLs3-3H20 (6.25 pg/mL). This finding suggests that this may be one of the
mechanisms involved. Furthermore, alterations in mitochondrial membrane potential
were evident in parasites exposed to SmL3-4H20 and GdLs3-2H20, suggesting that
lanthanides complexed with sodium usnate can enhance their anti-leishmania activity,
with the parasite's mitochondria serving as the primary target. With respect to the
efficacy of the reference drugs on the various strains of L. amazonensis, it is
noteworthy that Amphotericin B exhibited high activity against both evolutionary forms
of the parasites. Pentamidine demonstrated notable activity against the
MHOM/BR/2022/LV045_22 strain (ICso = 0.0429 pM), which was isolated from a
patient with visceral leishmaniasis (VL), underscoring the potential of pentamidine in
the development of technologies aimed at mitigating adverse effects to enhance
treatment efficacy.

Keywords: Lanthanide complexes, Leishmania amazonensis, usnic acid, membrane
potential, apoptosis, reference drugs.
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CAPITULO I: Fundamentac&o teorica

1. Introducéo

As doencas tropicais negligenciadas (DTNSs) representam um grupo de
enfermidades com alta prevaléncia em paises tropicais, atingindo 1,7 bilhGes de
pessoas em 150 paises, onde afetam principalmente pessoas mais vulneraveis
economicamente. Essas doencas possuem sintomatologia aguda e crodnica,
muitas sdo zoondticas e potencialmente fatais (Gyorkos et al., 2023). Segundo
a Organizacdo Pan-Americana de Saude (OPAS), no periodo de 2000-2019, o
Brasil registrou uma elevada taxa de mortalidade por DTNs, com a regido Centro-
Oeste apresentando a maior taxa letalidade, alcancando 8,68 6bitos a cada 100
mil habitantes. Dentre as DTNs, a leishmaniose foi a 4° doenca com maior
letalidade no Brasil, atingindo principalmente criancas e jovens de 0-19 anos
(46,4%) (Rocha et al., 2023).

Desde 2016, a OPAS apoia medidas de controle contra as DTNs, porém,
em 2019, o programa sofreu intercorréncias devido a pandemia da COVID-19,
como o impedimento de pesquisas e da administracdo de tratamentos em massa
(OPAS, 2024). Com o apoio da OPAS, a Organizacdo Mundial de Saude (OMS)
lancou novo plano de agdo, tendo como meta até 2030 eliminar as leishmanioses
como problema de salde publica. Para isso, € necessario a implementacao de
medidas voltadas a contencao da disseminacdo da doenca, tais como o controle
vetorial, diagnéstico rapido e eficiente, além da melhora no tratamento clinico e
maior acesso aos medicamentos (WHO, 2020; OPAS, 2024).

As leishmanioses sdo DTNs causadas por diferentes espécies de
protozoarios parasitas do género Leishmania, tendo como manifestacdes
clinicas principais a forma cutanea, de maior prevaléncia, e a forma visceral,
sistémica e de maior letalidade (OPAS, 2022). Os medicamentos disponiveis
para o tratamento sao, principalmente, os antimoniais pentavalentes, a
anfotericina B, a pentamidina e a miltefosina. Com excecéao da miltefosina, esses
medicamentos dependem de administracdo ambulatorial, e que, aliado as
possiveis reacdes adversas, dificulta ainda mais a adeséo ao tratamento. Além
de todas as op¢bes apresentarem um alto custo para o Sistema Unico de Satde
(SUS) (OPAS, 2022; Santiago; Pita; Guimaréaes, 2021). Desta forma, a pesquisa
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de novas opcOes terapéuticas com menor toxicidade, menor custo e com
administracdo simplificada é de extrema importancia para otimizar o tratamento
das leishmanioses

O &cido usnico € um composto metabdlito sintetizado pelos liquens, que
sdo organismos de origem simbidtica (interacdo entre fungo e alga ou
cianobactéria). Os liqguens sdo encontrados em varias regiées do mundo, onde
possibilitou a pesquisa de seus metabdlicos secundarios, como o acido usnico
que apresentou atividades farmacologicas, como a acgéo antiproliferativa sobre
células tumorais e a antiprotozoaria contra Leishmania sp. e Trypanosoma cruzi
(De Carvalho et al., 2005; Da Luz et al., 2015; Krajka-Kuzniak et al., 2021; Wang
et al., 2022). A acdo antiprotozoaria também foi atribuida a ions lantanideos
(Lantanio, Eurdpio, Térbio e Erbio) complexados & triazolopirimidina, com
resultados significativos e alta seletividade contra L. infantum, L. braziliensis e
Trypanosoma cruzi (Caballero et al., 2014).

Os ions lantanideos sdo elementos de transicdo interna com
caracteristicas eletrénicas e fisico-quimicas exclusivas, como a fluorescéncia,
condutividade elétrica e magnetismo, além de importantes propriedades
farmacoldgicas ja descobertas. A fim de permitir melhor biodisponibilidade de
suas aplicacBes bioldgicas, sua complexacdo a outras moléculas se torna
necessaria (Joseph e Cotruvo, 2019).

Nesse contexto, Nunes e colaboradores (2020) realizaram a complexacao
entre ions lantanideos e o &cido uUsnico a fim de potencializar as funcdes
farmacoldgicas de ambas as moléculas, obtendo resultados promissores contra
células tumorais responsaveis pelo cancer de mama (0162-MCF7). Desta forma
surgiu o interesse em novos testes utilizando esses complexos lantanideos,
principalmente em relacéo a atividade antileishmania.

Além da verificacdo da atividade, é fundamental o esclarecimento do
mecanismo de acao sobre os parasitos estudados. Os principais mecanismos de
acao leishmanicida analisados em testes “in vitro” s&o relacionados ao estresse
oxidativo e alteracbes na estrutura do parasito, como a da permeabilidade de
membrana e funcionalidade mitocondrial (Carneiro et al.,, 2016; Arruda et al.
2020).

Leishmania (Leishmania) amazonensis possui a capacidade de causar

diferentes manifestagbes clinicas, como leishmaniose cutanea, difusa e
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disseminada, além de alguns casos de leishmaniose visceral (PAHO, 2019;
Porto et al., 2022).

Mediante o exposto, a investigacdo exaustiva da atuacdo das drogas ja
utilizadas na rotina do tratamento contra as leishmanioses é fundamental para
subsidiar novas pesquisas com futuras moléculas promissoras (Zulfigar; Shelper;
Avery, 2017).

1.2 Leishmanioses

As leishmanioses sdo um grupo de doencas infectoparasitarias
ocasionadas por 22 espécies de protozoarios do género Leishmania spp.
pertencentes a Familia Trypanosomatidae e agrupadas nos subgéneros Viannia
e Leishmania. O ciclo biolégico desse protozoério envolve a participacdo de um
inseto vetor (flebotomineo), com a presenca de duas formas evolutivas distintas:
a promastigota, que é extracelular, fusiforme (20-30um) e flagelada, permitindo
sua mobilidade no intestino do vetor; e a forma amastigota, que é intracelular,
oval ou esférica (2-5 um), desprovida de flagelo livre. Ambas as formas
apresentam o0 cinetoplasto evidente, uma caracteristica da familia dos
tripanossomatideos, que contém material genético mitocondrial (Burza; Croft;
Boelaert, 2018; PAHO, 2024).

Os vetores responsaveis pela transmissdo de Leishmania sp. sdo os
flebotomineos fémeas, hemato6fagos, devido a necessidade de maturacdo dos
ovos. Pertencem a Ordem Diptera, Familia Psychodidae e Subfamilia
Phlebotominae, sendo popularmente chamados de “tatuquira”, “asa branca”,
“birigui” ou “mosquito-palha” (Burza; Croft; Boelaert, 2018). O género Lutzomyia
sp. é o principal responsavel pela transmissdo desse parasito nas Américas,
sendo a espécie Lu. longipalpis a mais prevalente no Brasil (Costa et al., 2019;
De Souza Fernandes et al., 2022).

A forma promastigota é a encontrada no intestino do vetor, onde depois
de alguns estagios de diferenciagéo, torna-se metaciclica, forma infectante para
o hospedeiro vertebrado. Durante o repasto sanguineo do vetor, as formas
promastigotas penetram na pele do hospedeiro vertebrado (mamifero) e
rapidamente infectam os macrofagos no sitio de infeccao, diferenciando-se em

formas amastigotas dentro do vacuolo parasitéforo (figura-1). A multiplicacdo do
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parasito ocorre por divisdo binaria até haver o rompimento celular e a infec¢ao
de novas células, ocorrendo a continuidade do ciclo biolégico. Com o avanco da
carga parasitaria no hospedeiro ha possibilidade de novos vetores serem
infectados, através da ingestdo do sangue periférico contendo as células
parasitadas durante um novo repasto sanguineo. No intestino do vetor, as formas
amastigotas sao diferenciadas novamente em promastigotas, onde também se
multiplicam por divisdo binaria até se tornarem metaciclicas, com maior
infectividade e mobilidade para migrar até a probdscide do vetor e haver uma
nova transmisséao (Burza; Croft; Boelaert, 2018; PAHO, 2024).

As caracteristicas zoonoéticas do Novo Mundo dificultam a implantacéo de
medidas eficazes contra a transmissdo do parasito. A alimentacdo dos
flebotomineos néo é restritiva, portanto, temos a possivel infeccdo de varios
mamiferos além dos humanos. Animais silvestres e domeésticos como os cées,
gatos e roedores sdo chamados de hospedeiros/reservatorios na Ameéricas, ou
seja, sdo o0s responsaveis pela infeccdo dos vetores, por serem mais acessiveis
(Baneth e Solano-Gallego, 2022; Maia et al., 2022; Sapatera et al., 2022).

O aumento do numero de cées infectados serve como um indicador do
avanco de casos em humanos. Entretanto, o tratamento de cdes domésticos ndo
€ considerado uma medida eficaz de controle de saude publica, uma vez que
nao se pode garantir o impedimento da infeccédo pelo vetor. Portanto, acbes de
educacdo em saude para o controle do vetor e medidas preventivas sdo de

extrema urgéncia para o controle da infec¢do (MS, 2023).
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Figura 1- Ciclo de vida dos parasitos do género Leishmania sp.
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Fonte: Manual de procedimentos para vigilancia e controle da leishmaniose na Regido das
Américas (PAHO, 2024).

1.2.1 Leishmaniose Visceral

A Leishmaniose Visceral (LV) ou calazar € a forma mais grave e sistémica
da doenca. Nas Américas, no Oriente Médio, na Bacia do Mediterraneo e na
China é causada pela espécie Leishmania (Leishmania) infantum; ja na Africa
Oriental, india e Nepal, a L. donovani é a espécie prevalente. Na LV, a
disseminacdo € hematogénica, afetando ceélulas do sistema mononuclear
fagocitario dos linfonodos, medula 6ssea, bago e figado, dentre outros 6rgéos
(Burza; Croft; Boelaert, 2018; Van Griensven e Diro, 2019).

O periodo de incubacgéo na LV varia de duas semanas a dois meses, com
manifestacdes clinicas que podem ser leves, moderadas ou graves. No inicio,

os sintomas sao facilmente confundidos com outros processos infecciosos,

amastigotas e se multiplicam
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devido a presenca de febre constante ou irregular e esplenomegalia discreta. Na
maioria dos casos, observa-se hepatomegalia, linfadenopatia com nodulos
firmes e moveis geralmente disseminados, porém indolores ao toque, além de
palidez mucocutanea, anemia severa e perda de peso gradual e progressiva
(PAHO, 2024).

Muitos hospedeiros permanecem assintomaticos ou subclinicos, porém
alguns indicadores estdo associados aos casos mais graves. Como pacientes
menores de 5 anos e maiores que 50 anos, com comorbidades e principalmente
coinfeccdo com o virus da imunodeficiéncia humana (HIV) (OPAS, 2022).

Os pacientes imunocomprometidos nao apresentam sintomatologia
classica, raramente apresentam hepatoesplenomegalia e febre, enquanto
sintomas gastrointestinais sdo mais comuns e intensos. No Brasil, a coinfecgéo
do virus HIV e espécies de Leishmania sp. representa 17% dos casos de LV. A
susceptibilidade desses pacientes a infeccdes oportunistas dificulta ainda mais
o diagnostico precoce da leishmaniose, tornando o progndstico desses pacientes
mais desafiador (OPAS, 2024; Lindoso et al., 2018).

O exame clinico geralmente é complementado por exames laboratoriais
para a confirmacdo diagndstica. A técnica padrdo-ouro € a visualizacdo das
formas amastigotas, na andlise direta do tecido, ou na observacdo de formas
promastigotas, em cultivo axénico. No entanto, o material analisado é obtido por
meio de procedimentos invasivos que requerem mao de obra especializada,
como aspiracdo de medula 6ssea, aspirados de linfonodos e biépsias de baco
ou figado (Van Griensven e Diro, 2019).

Os métodos soroldgicos também sdo utilizados na prética diagnostica,
como os ensaios de ELISA (Enzyme Linked Imnuno Sorbent Assay) e RIFI
(Reacdo de Imunofluorescéncia Indireta); entretanto, dependem da resposta
humoral especifica do hospedeiro. Ja os testes moleculares possuem maior
sensibilidade e exatidao, porém sao mais onerosos, tornando a busca por testes
rapidos com maior sensibilidade e baixo custo ainda mais intensa (Van

Griensven e Diro, 2019; Kumar; Pandey; Samant, 2020).

1.2.2. Leishmaniose Cutanea e Mucocutanea
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A Leishmaniose Cutanea (LC) se desenvolve clinicamente na pele do
hospedeiro a partir do local da picada do flebotomineo, iniciando-se como uma
papula e evoluindo na forma de nddulos ou feridas ulceradas (Burza; Croft;
Boelaert, 2018). No Brasil, sete espécies do parasito podem causar LC: L.
(Viannia) guyanensis, L. (Leishmania) amazonensis, L. (V.) braziliensis, L. (V.)
lainsoni, L. (V.) shawi, L. (V.) naiffi e L. (V.) lindenbergi). Entre elas, L.
braziliensis, L. guyanensis e L. amazonensis sdo as espécies mais comuns e
identificadas em casos de disseminacdo metastatica, seja via linfatica ou
sanguinea, caracteristica encontrada na Leishmaniose Mucosa (LM) ou
Mucocutanea (LMC) e na forma disseminada e difusa (PAHO, 2024).

O surgimento dos sinais clinicos da LC pode levar de duas semanas a
dois meses apoOs a picada do flebotomineo, iniciando com um pequeno
granuloma dérmico e evoluindo para nédulo circular e indolor, com a formacgéao
de uma crosta, que quando retirada, frequentemente sangra, e ao cair forma a
Ulcera classica. Essa lesao classica possui margens elevadas e circulares, com
base endurecida e fundo granuloso, podendo haver secre¢fes devido a
infec¢des secundarias. Quando a infecc¢ao atinge a regido auricular, a lesdo pode
causar mutilacdes das extremidades (Burza; Croft; Boelaert, 2018; PAHO,2024).

Na LM ou LMC, quando o parasito (notadamente L. braziliensis) possui
tropismo para mucosas da face ou ha picada diretamente na regido do septo
nasal, a leséo evolui rapidamente para casos graves, com perda da arquitetura
e da funcdo do tecido da nasofaringe. Este processo pode levar a amputacao
parcial da garganta e/ou sinequias no palato mole e rinofaringe, causando
deformidades que trazem transtornos psicoldgicos e sociais ao paciente (Burza;
Croft; Boelaert, 2018; PAHO,2024).

A forma disseminada, onde ha multiplas lesbes, se inicia com lesdes
classicas e provavelmente por mecanismos metastaticos se espalha por toda a
extensdo da pele do hospedeiro, podendo chegar a centenas de lesbes. Ja a
difusa, encontrada no Brasil (causada principalmente por L. amazonensis) e
paises préoximos, se manifesta com numerosas lesbes na forma nodular,
estendendo-se para todas as partes do sistema tegumentar. Essa forma clinica
€ grave e envolve o estado anérgico do hospedeiro, que impede a resposta
adequada a infeccdo, podendo estar relacionada ao efeito do parasito e/ou a
uma condi¢c&o imunoldgica subjacente (PAHO,2024).
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1.2.3 Imunopatogenia da leishmaniose cutanea

A imunopatogenia da leishmaniose cutanea possui uma enorme influéncia
na resposta clinica da infecgdo. A origem das diferentes formas clinicas € o
resultado da relac&o entre o sistema imunoldgico do hospedeiro e a espécie do
parasito (Carneiro e Peters, 2021).

As citocinas pro-inflamatorias desenvolvem um papel importante na
imunoprotegao e imunopatologia da leishmaniose cutanea (LC). Secretado pelos
linfécitos T citotdéxicos Thl, o interferon gama (IFN-y) € a principal citocina
envolvida no estimulo a producéo de oxido nitrico (NO). Ja a falta de IFN-y esta
associada ao aumento da carga parasitaria, lesdes maiores e o desenvolvimento
de resposta do tipo Th2 em infecgbes por L. amazonensis (Maspi; Abdoli;
Ghaffarifar, 2016).

Em infeccéo por L. major, o IFN-y e o TNF-a (fator de necrose tumoral)
possuem um efeito sinérgico no estimulo da producdo de NO no macrofago.
Porém sua predominancia esta associada ao aumento do dano tecidual no local
da infeccéo, encontrados em casos de LC por L. braziliensis (Maspi; Abdoli;
Ghaffarifar, 2016).

Ja as citocinas anti-inflamatérias como a IL-6 (interleucina-6) e TGF-I3
(fator de crescimento transformador beta-1) estimulam a resposta Th17 (célula
T Helper 17) que produzem IL-17 (interleucina-17) e IL-10 (interleucina-10). A IL-
10 inibe a ativacdo do macrofago e a maturagéo de células dendriticas, estando
associada a persisténcia do parasito no local da infeccdo. Porém, por outro lado,
inibe a imunopatologia exacerbada e dano tecidual apds a producéo de citocinas
inflamatérias, facilitando a cicatrizacdo da lesdo (Maspi; Abdoli; Ghaffarifar,
2016). Portanto, o equilibrio dessas citocinas € de extrema importancia para o
controle do parasito e de distUrbios imunopatologicos.

Ja em casos de leishmaniose cutanea difusa, a infeccdo por L.
amazonensis possui algumas particularidades na expresséo do IFN-y que, por
sua vez, produz quimiocinas que recrutam um numero maior de mondocitos para
a éarea infectada, favorecendo o avanco da doenga. Outro ponto distinto é a
capacidade de adaptacdo do parasito aos fagolisossomos, porque enquanto
outras espeécies retardam a formacdo de enzimas lisossémicas e causam a

acidificacdo do meio para facilitar a infeccdo, os parasitos de L. amazonensis
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nao possuem essa capacidade, infectando e sobrevivendo em fagolisossomos
maduros (Carneiro e Peters, 2021). Deste modo, a investigacdo desses
mecanismos imunoldgicos especificos se torna extremamente importante para a

investigacdo de novos tratamentos.

1.2.4 Fatores de viruléncia de L. (L.) amazonensis

A Leishmania amazonensis € uma das principais espécies responsaveis
pela leishmaniose cutanea nas Ameéricas. Esta espécie se destaca entre as mais
desafiadoras de se tratar, devido a elevada incidéncia de recidivas. Possui
potencial metastatico, sendo capaz de invadir os vasos sanguineos e linfaticos,
0 que resulta na disseminacao da doenca e na manifestacéo das formas clinicas
atipicas como a disseminada e difusa (PAHO, 2019).

L. (L.) amazonensis pertence ao subgénero Leishmania, assim como L.
(L.) infantum, espécie responsavel pela forma visceral da leishmaniose no Novo
e no Velho Mundo. Estudos investigam e destacam a composi¢cédo de algumas
proteinas comuns entre as espécies. No qual, essas caracteristicas semelhantes
além da resposta imune do hospedeiro resultam nos casos descritos de
leishmaniose visceral, causado pela espécie L. amazonensis. Como 0 caso
reportado por Porto e colaboradores (2022), onde um paciente foi diagnosticado
simultaneamente com LV e linfoma de Hodgkin. E apds isolamento e cultivo do
parasito foi descoberto que se tratava L. amazonensis.

A arginase é uma enzima que desenvolve um papel essencial na
replicacdo e sobrevivéncia do parasito, uma vez que converte L-arginina em
ureia e L-ornitina. Por outro lado, a L-arginina é substrato para a producédo de
oxido nitrico (NO) pelo macrofago. A producédo de NO é considerada a principal
resposta do macréfago contra o parasito, induzindo a apoptose celular e
desencadeando a resposta imune contra a leishmaniose. Portanto a abundancia
de arginase no parasito torna a competicdo por L-arginina decisiva para a
manutenc¢ao da infecgéo e sobrevivéncia do parasito, interferindo diretamente no
oxido nitrico sintase (Acufia et al., 2017; Aoki et al., 2019; Lima et al., 2020).

A glicoproteina de superficie GP63 é considerada um dos principais

fatores de viruléncia da infeccdo por Leishmania sp. Predominante na forma
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promastigota, essa glicoproteina tem a capacidade de inibir a producdo de NO,
retardar a maturacao dos fagolisossomo, induzir a proteina quinase que aumenta
0 crescimento do parasito, além de potencializar a adeséo e a infeccdo dos
macréfagos. Também influencia na resisténcia do parasito, favorecendo a
sobrevivéncia e a replicagao intracelular (de Rezende et al., 2017).

A proteina Linj.303360 (XP-001467184.1) foi detectada em abundancia
semelhante em ambas as espécies, L. amazonensis e L. infantum, podendo
estar associada a caracteristicas comuns entre elas. Embora a funcao especifica
dessa proteina no parasito ainda nédo tenha sido descrita, ela se torna um alvo
de interesse para a investigacao de farmacos e vacinas (Souza et al., 2021).

Na procura de genes também envolvidos no potencial de viruléncia da L.
amazonensis foram identificados genes relacionados ao metabolismo da heme
e do ferro, presentes em espécies causadoras de leishmaniose visceral. Esses
genes, que estao envolvidos na producao de proteinas A2, foram encontrados
no genoma de L. amazonensis, apresentando semelhancas com aqueles
encontrados em espécies causadoras de LV, o que pode constituir a base
genética da viruléncia dessa espécie (Goes et al., 2023).

Outros genes analisados, sMeta 1 e Meta 2, encontrados em formas
promastigotas metaciclicas, produzem aminoacidos chamados de LalLRR17,
que interagem com os macrofagos GRP78 e aumentam a fagocitose das
promastigotas pelas células. Essa interacao foi citada anteriormente em casos
de infec¢éo fangica e viral (Pefa et al., 2023).

Assim, a investigacao desses fatores fornece informacdes valiosas sobre
as diferencas entre as cepas, contribuindo para a pesquisa de novos farmacos,
além de favorecer a compreensao da eficacia dos medicamentos utilizados em

casos de resisténcias, para o0 manejo adequado das infec¢des por Leishmania.

1.3 Epidemiologia das Leishmanioses

A epidemiologia das leishmanioses estd diretamente ligada aos fatores
sociais e ambientais, atingindo principalmente populagbes com maior
vulnerabilidade. Sendo infeccbes com participacdo vetorial, as condi¢cdes

climaticas e ecoldgicas contribuem para sua disseminacdo, tendo maior



22

ocorréncia em paises tropicais, como o Brasil. Mundialmente, as leishmanioses
sdo endémicas em 98 paises (PAHO, 2024) e encontradas em quatro regides:
Africa do Sul, Norte da Africa e Oeste e Sudeste Asiatico; mas principalmente
nas Ameéricas (OPAS, 2022).

Nas Américas, no periodo de 2001-2021, foram registrados 69.665 casos
novos de LV e 1.105.50 casos entre LC e LM (OPAS, 2022). J4 em 2022, foram
registrados 37.890 casos da forma cutanea, enquanto para LV foram 1.834
novos casos, sendo registrados no Brasil 92% desses casos (OPAS, 2024).

Houve uma reducao na notificagdo dos casos de LV entre 2019 e 2020,
entretanto a taxa de letalidade foi a mais alta desde 2012, 9,45% (OPAS/OMS,
2022), podendo ser consequéncia da pandemia da COVID-19, que interferiu
diretamente nos servigos de saude e vigilancia vetorial (OPAS, 2024). No Brasil,
isto se refletiu na maior letalidade (9,7%) e na maior taxa de transmisséo, sendo
considerada intensa e presente em todas as regides territoriais (OPAS, 2022).

Em relacdo a LC e LMC, em 2021, nas Américas, foram registrados
37.786 casos novos, o menor valor no periodo de 20 anos. No Brasil, foram
identificados 15.023 casos em 2021 e 12.878 casos em 2022, sendo a maior
incidéncia das Américas em ambos 0s anos. A coinfec¢cdo Leishmania/HIV
também é uma realidade no pais, representando 17% dos casos de LV em 2022
e 161 casos em 2021 com LC/HIV, tornando ainda mais problemético o
diagndstico e o tratamento (OPAS, 2022; OPAS, 2024).

Em 2022, 10,5% das notificacdes realizadas pelo Centro de Vigilancia de
Zoonoses do Brasil, foram de leishmaniose ndo especificada, com 1684 casos
durante este ano, sendo que 105 casos foram notificados na regido Centro-Oeste
no pais (MS, 2023). No estado de Mato Grosso do Sul, segundo a Secretaria de
Saude, foram notificados 152 casos de LV em humanos, com 12,5% de
letalidade, representando 50% quando comparados ao ano de 2021. Sendo a
maioria (60%) dos casos em individuos do sexo masculino e 28% associados
com a infec¢cdo do virus HIV (MS, 2022). Estima-se que para cada humano
infectado tenha-se 200 caes com a doenca (OPAS, 2022). Esse cenario se torna
sinal importante para a urgéncia de saude publica em medidas eficazes contra

essa doenca negligenciada.

1.4 Tratamentos
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Em 2021, a OMS, com o apoio do OPAS, lancou um novo plano com o
objetivo de eliminar as DTNs até 2030. Em relacdo as leishmanioses, 0s
principais objetivos foram: eliminar a LV como problema de saude publica, com
menos de 1% de letalidade, e controlar os indices de LC com 85% de todos os
casos diagnosticados e com 95% tratados (WHO, 2020). Como ha uma
concentracdo de casos nas Américas com caracteristicas clinicas especificas, a
OPAS, em parceria com a OMS (2022), langcou uma publicagéo com as diretrizes
para o tratamento das leishmanioses na regiéo.

A tomada de deciséo entre os tratamentos disponiveis depende nao s6 da
patogenia existente, mas também dos fatores associados aos medicamentos,
para possibilitar a adesé@o do paciente e reduzir efeitos adversos e toxicos que
influenciam no progndstico da doenca. A forma medicamentosa, 0 esquema
terapéutico, a toxicidade e o custo ao paciente ou sistema de saude tornam o
tratamento das leishmanioses complexo, necessitando ainda de
acompanhamento clinico durante e depois do manejo medicamentoso (OPAS,
2022).

Os medicamentos disponiveis sdo 0s antimoniais pentavalentes (ShY),
Anfotericina B desoxicolato (AnfoB-D), Anfotericina B lipossomal (L-AnfoB),
Anfotericina B em formulag6es lipidicas (AnfoB-FL), pentamidina, paromomicina
e miltefosina (OPAS, 2022). O ShY esta disponivel desde 1940 para o tratamento
das leishmanioses, sendo o antimoniato de N-metil glucamina o Unico permitido
no Brasil (Carvalho et al., 2019). Ja a miltefosina (hexadecilfosfocolina) foi
recomendada para o tratamento da LC em 2018, pela Comisséao de Incorporacao
de Tecnologias no SUS -CONITEC (CONITEC, 2018), e apenas em 2020 foi
incorporada a relacdo nacional de medicamentos essenciais (RENAME) como
primeira linha de tratamento (Brasil, 2020).

A miltefosina € disponibilizada na apresentacéo de 10 e 50 mg em forma
de capsula como tratamento estratégico para combater os casos de LC em
regioes de dificil acesso, uma vez que é o Unico medicamento com administracao
oral (CONITEC, 2018; Carvalho et al.,, 2019). Com base nas diretrizes
estabelecidas pela OMS para o tratamento de LC, LM e LV na regiao das
Américas (OPAS, 2022), a Tabela 1 traz as principais recomendacfes de

condutas no tratamento.
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A estratégica terapéutica deve ser comunicada de forma clara ao
paciente, sendo essencial sua colaboracdo na manutencédo da assepsia da(s)
lesdo(Bes) em LC e no controle das manifestacdes clinicas associadas a LV. A
identificacdo da espécie do parasito ndo € obrigatdria para se iniciar o esquema
terapéutico, porém a andlise posterior garante o tratamento correto e reduz as
recidivas (OPAS, 2022).

Tabela 1- Principais recomendagdes da OMS para o tratamento das leishmanioses nas
Américas baseado nas diretrizes publicadas em 2022 (OPAS, 2022).

Espécies Tratamento
L. braziliensis e L. amazonensis SbY (Intralesional)
L. panamensis, L mexicana, L : .
. I Miltefosina (oral)
guyanensis e L. braziliensis.
L. guyanensis Pentamidina (IM/1V)
Adulto L. braziliensis, L._ panamensis e L. Termoterapia (local)
mexicana
L. panamensis, L. braziliensis e L. .- -
) Paromomicina (topico)
mexicana
L. braziliensis, L. panamensis,
L. amazonensis, L. peruviana e L. ShY (IM/IV)
mexicana
L. panamensis, L guyanensis, e Miltefosina (oral)
L. braziliensis
Pediétrico L. panamensis, L braziliensis e L. Paromomicina (topico)
mexicana
O
>~ LC qua_ndo n(_anhunja outra ShY (IM/IV)
alternativa estiver disponivel
Tratamento Contraindicacdes/OBS
Gestantes Termoterapia SbY e miltefosina séo
L-AnfoB/ AnfoB-D contraindicados
Lactantes ShVintralesional/ Contracepcéao
termoterapia/ AnfoB-D necessaria

Termoterapia/ miltefosina/ ShY e Pentamidina

Alteragdes cardiacas

L-AnfoB Contraindicado
Cardiacos/ renais Tratamentos locais e L- ShYintralesional
crénicos/hepatopatas AnfoB monitorado
. HIVI- L-AnfoB/ AnfoB-D Em ambiente
imunocomprometidos ambulatorial

Anfo B lipossomal/
miltefosina/ SbY
Difusa ShY/pentamidina/miltefosina No centro de referéncia

>50anos - Evitar SbhY
I —

Disseminada No centro de referéncia

% Tratamento Contraindicacdes/OBS
=0 . iaca

= Adultos/Pediétricos SbY Com/sem assoclacao
4 de pentoxifilina oral
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SbY,
miltefosina e
pentamidina sao
contraindicados
Contracepcao
necessaria
SbY e Pentamidina sao
contraindicados

Gestantes L-AnfoB/ AnfoB-D

Lactantes L-AnfoB/ SbY

Alteracdes cardiacas Miltefosina/ L-AnfoB

Cardiacos/ renais

o L-AnfoB --
cronicos/hepatopatas
HIV/ L-AnfoB/ AnfoB-FL/ AnfoB-
imunocomprometidos D B
>50ano0s -- Evitar SbY
Tratamento Contraindicacdes/OBS
Adultos/Pediatricos L-AnfoB como 1° escolha Miltefosina nao é
> SbY/ AnfoB-D 2°escolha recomendado
- HIv/ L-AnfoB 1° escolha
. . AnfoB-FL/ AnfoB-D 2° SbYnéo recomendado
imunocomprometidos escolha

Antimoniais pentavalentes — SbY; Anfotericina B desoxicolato- AnfoB-D; Anfotericina B lipossomal- L-AnfoB;
Anfotericina B em formulagdes lipidicas - AnfoB-FL; (--) sem recomendacgdes; pacientes portadores do virus da
imunodeficiéncia humana- HIV; Observacdes- OBS.

Em pacientes imunocomprometidos, a LV requer medidas de suporte
especificas, devido a sua rapida evolucao clinica. Além do tratamento ser em
ambiente ambulatorial, recomenda-se o acompanhamento das fungdes renais
quando utilizadas todas as formulacdes de AnfoB. A profilaxia é recomendada
com ressalvas, mas é uma maneira de evitar recidivas (OPAS, 2022).

Em casos de falha terapéutica, € recomendado administrar farmacos
diferentes e associar tratamentos, principalmente em LC e LM, a fim de evitar
possiveis resisténcias e garantir a eficacia terapéutica (Chakravarty e Sundar,
2019; OPAS, 2022). Em pacientes idosos, 0 Unico medicamento contraindicado
€ o0 ShY, devido aos efeitos colaterais cardiacos, que sdo identificados mais
comumente em idosos. A associacao da pentoxifilina em casos de LM/LMC é
recomendada por haver evidéncias, mesmo que pequenas, de que o efeito

sinérgico com o Sb' reduz os efeitos adversos (OPAS, 2022).

1.4.1 Antimoniato de N-metil glucamina
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Os antimoniais pentavalentes foram os primeiros farmacos descritos para
o tratamento da Leishmaniose, em duas marcas comerciais: o Pentostan® e o
Glucantime®. No Brasil, o Unico permitido pelo ministério da saude € o
Glucantime® produzido pelo laboratério Sanofi, disponibilizado na forma
intramuscular (IM) e intravenosa (IV). Sua apresentacdo em ampolas de 5 mL,
contendo 300 mg/mL do farmaco, disponibiliza ao organismo 81 mg/mL do
antiménio pentavalente (SbY). Sdo administrados cerca de 10-20 mg/kg de SbY
durante 20-30 dias em aplicacdes sistémicas e, em alguns casos clinicos,
podendo ser também utilizado em aplicacdes intralesionais (Carvalho et al.,
2019).

A toxicidade relacionada aos ShY mais conhecida é a cardiaca, trazendo
transtornos como arritmias, batimentos irregulares, taquicardia e/ou fibrilacé&o
ventricular, mas outras reac¢des colaterais sao observadas, como dor, prurido e
eritema no local da aplicacao (Chakravarty e Sundar, 2029).

Os antimoniais pentavalentes sdo pro-farmacos, possuindo duas
moléculas com valéncias diferentes e, por isso, mecanismos de acdo
complementares: forma pentavalente (SbY) e trivalente (Sb"'), apés
metabolizacdo. Sua funcdo SbY é responsavel por formar grupos ribossomais
gue inibem a topoisomerase, alterando a homeostase topolégica do DNA,
interrompendo o ciclo celular do parasito. Apés sua oxidacéo, se torna Sb'!
dentro do parasito, inibindo a tripanotiona redutase. A inibicdo dessa enzima,
encontrada nos tripanossomatideos, torna a sobrevivéncia do parasito inviavel
devido ao transtorno oxidativo, desencadeando mecanismos de apoptose
(Moreira et al., 2017; Carvalho et al., 2019).

O antiménio, na sua forma trivalente, interage com outras biomoléculas
como a glutationa e a cisteina, presente em nosso organismo, provocando 0S
efeitos adversos ja citados e tornando-o contraindicado durante a gestacao,
lactacdo, em casos de cardiopatia e insuficiéncia renal cronica (Carvalho et al.,
2019).

Na farmacocinética do SbY destacamos dois pontos importantes: a
absorcdo e a eliminacdo. Na absorcdo, sua administragcdo parenteral
potencializa a perfusdo do farmaco nos tecidos, com maior dificuldade em
regides periféricas justamente onde a infeccdo se encontra na LC, sendo

necessarias varias aplicagdes. Ja na eliminacdo do farmaco na fase lenta, tem
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como meia vida 24-76 horas em adultos, podendo estar associada a converséo
entre as valéncias possibilitando a maior deposicdo desse farmaco
principalmente no figado, tiredide e coracao (Carvalho et al., 2019).

Os antimoniais pentavalentes sdo considerados como farmacos de
primeira escolha para LC e LM e a segunda escolha para a LV, sendo utilizado
em todas as regides endémicas, com excecdo da india, onde foi comprovada a
resisténcia do parasito (Van Griensven e Viro, 2019; OPAS, 2022).

Figura 2- Estrutura quimica do Antimoniato de N-metil glucamina.
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Fonte: Propria autoria.

1.4.2 Anfotericina B

A anfotericina B (AnfoB) € um antifingico utilizado no tratamento das
leishmanioses, sendo considerado o farmaco mais eficaz disponivel contra essa
doenca. Descoberto a partir da secrecéo produzida pela bactéria Streptomyces
nodosus, a AnfoB tem como principal mecanismo de agédo a interacdo com
ergosterol presente na parede celular dos fungos ou do parasito. Sua molécula
€ composta por uma porc¢ao hidrofilica (poli hidroxila) e uma parte hidrofébica
(polieno-hidrocarboneto), sendo esta a responsavel pela interacdo com 8

moléculas de ergosterol. Essa ligagdo forma poros na membrana celular do
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parasito, resultando na perda de protons e cations monovalentes e,
conseguentemente, iniciando o mecanismo de apoptose (Hamill, 2013; Kip et al.,
2018).

A interacdo da Anfotericina B desoxicolato (AnfoB-D) com o ergosterol
tem uma forga de ligagdo 10 vezes maior do que com o colesterol encontrado
nas células do hospedeiro, porém ha dose dependéncia nessa interacdo. Essa
falta de seletividade da AnfoB-D é responsavel pelos efeitos colaterais e reacdes
adversas apresentadas como a febre, diminuicdo da funcdo renal e até mesmo
parada cardiaca ou cardiorrespiratéria, podendo ser fatal (Briiggemann; Jensen;
Lass-Florl, 2022). Dessa forma, as aplicacdes séo preferencialmente realizadas
em pacientes hospitalizados e obrigatoriamente em casos com outras
morbidades associadas, para melhor acompanhamento dos sintomas e melhor
prognostico terapéutico (OPAS, 2022).

A anfotericina B lipossomal (L-AnfoB) € uma tecnologia que utiliza
lipossomas unilamelares, com a presenca de colesterol, para proporcionar
estabilidade a AnfoB - que fica dentro dessa bicamada lipossomal, sendo
liberada apenas dentro da célula-alvo infectada, aumentando consideravelmente
a seletividade do farmaco. Apo6s o surgimento da L-AnfoB, outras formulacdes
lipidicas foram realizadas, como os complexos lipidicos e as dispersdes
coloidais. Ambas essas formulagdes com a anfotericina B possuem maior
afinidade pelo HDL (lipoproteina de alta densidade), promovendo a captacdo
pelo sistema reticuloendotelial e reduzindo a concentracdo renal, assim
reduzindo os efeitos nefrotéxicos (Stone et al., 2016; Kip et al., 2018).

Com o emprego de formulacdes lipossomais (AnfoB-FL), como a
anfotericina B envolvida por bicamada fosfolipidica (AmBisome®) aumentando a
seletividade do farmaco, os efeitos toxicos e colaterais como cefaleia, nduseas,
hipotensao e febre reduziram drasticamente, tornando a utilizacdo mais segura
em populagbes que ndo podem utilizar os antimdnios como a de gestantes e
cardiopatas (Kip et al., 2018).

A anfotericina B desoxicolato e lipossomal é disponibilizada em poé
liofilizado em frasco ampola de 50 mg cada. A dose varia 0,7-1 mg/kg/dia,
dependendo do porte fisico do paciente e do caso clinico. Ja a forma lipossomal
varia em torno de 2-5mg/kg/dia, também dependendo do paciente e da resposta
clinica (Kip et al., 2018; OPAS, 2022).
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Sendo a AnfoB o principal tratamento para LV e para alguns casos de LC
e LM, deve-se sempre considerar a toxicidade e o risco de morte associado a
doenca. Recomenda-se a administracdo de L-AnfoB como primeira escolha e,
quando houver impossibilidade, utilizar outras formulacdes lipidicas, com
monitoramento renal. E apenas em situagfes especificas utilizar a AnfoB-D, com
acompanhamento clinico rigoroso e administracdo em ambiente hospitalar
(OPAS, 2022).

Figura 3- Estrutura quimica da Anfotericina B.
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Fonte: Prépria autoria.

1.4.3 Paromomicina

A paromomicina é um antibiético aminoglicosideo adjuvante no
tratamento das leishmanioses, sendo utilizada a via parenteral para LV e topica
para a LC (Daga; Rohatgi; Mishra, 2021). Sua acao parasitolégica foi descoberta
aleatoriamente, quando foi utilizada contra infec¢des secundarias em pacientes
com leishmaniose, observando-se a melhora clinica no quadro da leishmaniose
(Chakravarty e Sundar, 2019). A acao leishmanicida acontece pela inibicdo da
sintese proteica ribossomal, causada pela interagdo do farmaco com a
subunidade ribossémica 30S-50S, formando complexos peptidicos (Kip et al.,
2018).
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As reacgOes adversas apresentadas em pacientes com LV séo alteracdes
hepaticas e renais, além da ototoxicidade. A associacdo da paromomicina IM
com o0s antimoniais é realizada na Africa Ocidental, com aplicacdes
intramusculares de 15 mg/kg de paromomicina. Alguns estudos ja relatam casos
de resisténcia dos parasitos com tratamentos isolados com paromomicina, que
pode estar relacionada a reducdo da captacdo dos medicamentos. Sua acéo é
exclusivamente intracelular, portanto, € recomendado a associacao terapéutica
com outros farmacos (Kip et al., 2018).

J& nas Américas, a paromomicina € preferencialmente utilizada para o
tratamento de LC, em formulacfes topicas contendo 15% do farmaco. Para
aumentar sua absorcao e eficicia, € recomendada a utilizacdo associada com
tratamentos térmicos, como a crioterapia e a termoterapia (Kip et al., 2018;
OPAS, 2022).

1.4.4 Pentamidina

A pentamidina inicialmente foi utilizada na India como tratamento
alternativo ao ShY em pacientes refratarios ou com alguma contraindicacéo para
0 uso dos antimoniais. Sendo uma diamidina aromatica com acao antibacteriana,
sua indicacdo leishmanicida é recomendada para pacientes com LC, com uma
dose de 2-4 mg/kg administrados por via IM em dias alternados. Sua eficacia
pode variar entre 35 a 90% na reducado parasitaria dos hospedeiros (Kip et al.,
2018; Daga; Rohatgi; Mishra, 2021).

O mecanismo de acédo associado a pentamidina € a inibicdo da producao
de ATP (adenosina trifosfato) pela mitocondria do parasito, assim reduzindo as
atividades metabdlicas, interferindo diretamente na sua multiplicagdo. Seu uso €
restringido pelos efeitos adversos e colaterais associados, como diabete
mellitus, miocardite e toxicidade renal, além de ser contraindicada para
gestantes e cardiacos (Chakravarty e Sundar, 2019; Daga; Rohatgi; Mishra,
2021).

1.4.5 Miltefosina
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A miltefosina, diferentemente dos outros farmacos, possui origem
farmacologica antiproliferativa contra metastases cutaneas. E um derivado
fosfolipidico da classe das alquilfosfocolinas, e até hoje € o Unico farmaco oral
disponivel para o tratamento das leishmanioses (Carvalho et al., 2019). Utilizada
no Brasil para tratar LC ou LM, o farmaco apresenta formula¢des de 10 e 50 mg,
sendo encontrado do SUS, apds recomendacédo da CONITEC, para auxiliar no
tratamento principalmente em regides em que o servi¢co de saude ambulatorial é
escasso (CONITEC, 2018; OPAS, 2022).

A utilizagdo em casos de LV, no Brasil, logo foi contraindicada devido a
presenca de casos de resisténcia em outros paises e por ndo haver ter eficacia
comprovada sobre L. infantum, com 40% de recidivas em estudos clinicos
(Chakravarty e Sundar, 2019). Na LC por L. braziliensis, a miltefosina apresentou
88% de eficcia contra 94% do SbY em estudo realizado na Bolivia. J& no Brasil,
foi registrado 75% de eficacia da miltefosina contra 53% do SbY (CONITEC,
2018).

O esquema terapéutico aconselhado é de 2,5 mg/kg/dia (adultos) e 1,5-
2,5 mg/kg/dia (pediatrico), com dose maxima de 150 mg/dia, divididas em 2 ou
3 doses durante 28 dias. Os efeitos adversos sdo brandos, como incobmodos
gastrointestinais que podem ser reduzidos com a ingestao do medicamento junto
com alimentos, assim ndo impedindo a continuagao do tratamento (CONITEC,
2018; OPAS, 2022).

As contraindicacdes mais severas sdo em mulheres gestantes, por ser
teratogénico, cardiacos e renais crbnicos, porém em pacientes apenas com
alteracbes cardiacas a miltefosina pode ser utilizada com cautela e
monitoramento (CONITEC, 2018; OPAS, 2022).

Entre as hipéteses do mecanismo de acao da miltefosina, foram descritos
a inducdo a apoptose, inibicdo de vias de sinalizacdo e efeitos
imunomoduladores (Kip et al., 2018; Roatt et al., 2020). Com a utilizagéo de
cepas deficientes em metacaspases de L. major, foi possivel comprovar em
testes “in vitro”, em que a miltefosina induziu a producdo dessa protease,
responsavel pela morte celular programada (apoptose) (Basmaciyan; Azas;
Casanova, 2018).

Muitas vantagens sao atribuidas a utilizacdo da miltefosina no tratamento

das leishmanioses, como a adesao do paciente e a acessibilidade ao tratamento.
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Por ser administrado por via oral, a distribuicdo em regides de dificil acesso € um
grande avanc¢o no tratamento e no controle da infeccdo (CONITEC, 2028). Em
comparacao com os demais tratamentos, o custo de hospitalizacdes é reduzido,

contribuindo para sua utilizac&o.

Figura 4- Estrutura quimica da miltefosina.
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Fonte: Prépria autoria.

2.0 Acido Usnico

Os liquens sdo constituidos de uma relagdo simbidtica entre um
fotobionte, podendo ser uma alga ou uma cianobactéria, e um micobionte, que
sao filamentos de fungos. Sdo abundantes e de grande importancia para os
ecossistemas, resistindo a condi¢des climéticas e geograficas extremas. Estes
organismos sintetizam compostos primarios e aproximadamente 630 compostos
secundarios, como as antraguinonas, atranorinas, liguexantona e derivados do
acido pulvinico e acido usnico (Honda e Vilegas, 1999; Schmeda-Hirschmann et
al., 2008).

Entre esses componentes, o acido Usnico (2,6-diacetilico-7,9-dihidroxi-
8,9-dimetil-1,3(2H,9bH) se destaca, pelas multiplas atividades atribuidas a ele,
como antiprotozodrio, antibiotico, antiviral, antiproliferativo entre outras. Desde
seu isolamento, ha mais de duas décadas, sua primeira utilizacdo em grande
escala foi como conservante em formulagbes cosméticas, como cremes e
desodorantes, devido a sua acdo antimicrobiana (Ingolfsdottir et al., 2002).

O acido usnico (figura-3) € um composto fendlico amarelo, hidrofébico e
com duas férmulas enantioméricas, encontrado em varios géneros liquénicos
com extenso potencial farmacéutico. Na cosmética, além de conservante, foi
identificada acéo fotoprotetora, com absorcéo de luz ultravioleta (UV) na mesma
faixa do octocrileno (substancia comum utilizada em filtros solares), tornando
possivel a formulacdo de fotoprotetores com maior estabilidade e eficacia
(Galanty et al., 2021).
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A acdo antiproliferativa do acido usnico foi pesquisada em diferentes
células tumorais. Uma das acOes identificadas foi o0 aumento da transcricao
proteica Nrf2 (fator nuclear eritréide) através do aumento das espécies reativas
de oxigénio (ERO) (Qi et al., 2020; Krajka-Kuzniak et al., 2021).

A acdo antibacteriana do acido usnico foi potencializada apos
encapsulamento em lipossomas, tendo resultados promissores em cepas
resistentes de Mycobacterium tuberculosis, em uma associacdo com a
rifampicina e a isoniazida (Ferraz-Carvalho et al.,, 2016). A ac¢ao antiviral
previamente mencionada contra o virus influenza (H1N1) foi recentemente
corroborada em testes utilizando o virus SARS-CoV-2. O 4&cido Usnico
demonstrou eficacia contra trés cepas virais, a Wuhan, Delta e a Omicron, tendo
um valor de Cls0=3,7 uM contra a cepa Omicron, onde foi observada a maior
eficacia (Sokolov, 2012; Filimonov, 2022).

JA a acado antiprotozoaria do acido usnico foi identificada contra
Toxoplasma gondii, Trypanosoma cruzi e espécies diferentes de Leishmania.
(De Carvalho et al., 2005; Si et al., 2016; Derici; Cansaran-Duman; Taylan-
Ozkan, 2018). O composto mostrou atividade, com Clso de 18,30 pg/mL em
testes “in vitro” sobre L. infantum (Da Luz et al., 2015). Posteriormente, foi
observada atividade contra as espécies L. major (Clso=10.76 pg/mL), L. tropica
(Cl50=21.06 pg/mL) e novamente em L. infantum (Cls0=13.34 pug/mL), onde foi
discutido o mecanismo apoptético sobre o parasito (Derici; Cansaran-Duman;
Taylan-Ozkan, 2018).

Suas acdes terapéuticas sdo promissoras em diversas areas médicas,
precisando apenas de estudos mais eficazes em relacao sua toxicidade. Alguns
estudos citam a hepatotoxicidade e alergias associadas ao uso do acido Usnico
(Si et al., 2016), porém sao analises limitadas. Por outro lado, outros estudos de
toxicidade identificaram toxicidade hepatica apenas nas maiores concentracoes,

podendo ser um efeito dose-dependente (Wang et al., 2022).
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Figura 5- Liquens de Usnea longissima e acido Usnico.
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Fonte: Wang et al. (2022).

3.0 Lantanideos

Os lantanideos sdo metais pertencentes ao sexto periodo da tabela
periddica (lantanio ao lutécio), possuindo caracteristicas Unicas em relacéo a seu
potencial eletrénico e magnético. Sua proximidade atbmica com as demais
substancias tornou seu isolamento raro e, por serem encontrados na forma de
oxido, foram originalmente denominados como elementos de terras raras
(Galvdo e Menezes, 2016). Porém, sua abundancia no ambiente logo foi
observada e os estudos de suas aplicagcbes eletronicas e bioldgicas
prosseguiram.

Primeiramente, sua utilizacdo foi em equipamentos eletrénicos, como
marcadores 6pticos, LEDs, monitores, lampadas e agentes de contraste para
ressonancia magnética (Pallares e Abergel, 2020; Vuojola e Soukka, 2014). Sua
conformacao eletrbnica com sete elétrons 4f desemparelhados, proporcionando
caracteristica paramagnética com propriedades luminescentes, impulsionou as
aplicacGes em terapias por imagens, para o diagnéstico e futuro tratamento para
o cancer (Teo; Termini; Gray, 2016).

Os lantanideos séo ions que em sua maioria prevalecem na forma
trivalente, sendo de dificil estabilidade na forma isolada, tendo a necessidade de
complexacdo ou encapsulamento em outras moléculas. Utilizando os
lantanideos complexados com estruturas analogas as purinas, foram obtidos
resultados promissores contra os agentes das leishmanioses e da doenca de
Chagas, onde o composto com lantanio foi 0 mais ativo contra L. braziliensis e

L. infantum, em ambas as formas evolutivas (promastigotas e amastigotas),
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apresentando atividade seis vezes maior que o Glucantime® (Caballero et al.,
2014).

Em trabalho semelhante, os ions lantanideos agora complexados a
moléculas de usnato de sddio (figura-5), sal sintetizado a partir do acido usnico
para aumentar sua solubilidade, também apresentou bons resultados em células
tumorais. Estes compostos foram consideravelmente seletivos sobre células
tumorais MCF-7, causadoras do cancer de mama, com menor acao em células
nao tumorais (MCF-10A) (Nunes et al., 2020).

Figura 6- ions lantanideos complexados com o usnato de sédio.

Fonte: Nunes et al. (2020).

4.0- Técnicas para deteccdo da morte celular

A andlise para identificacdo do mecanismo de morte celular nos
protozoarios é fundamental para se estabelecer os alvos farmacologicos para o
desenvolvimento de novos farmacos e para a elaboracdo de esquemas
terapéuticos apropriados para eliminar cepas suscetiveis e resistentes dos
parasitos (Payel; Saradindi; Somdeb, 2021).

De modo geral a morte celular pode se dar de forma programada ou nao
programada. Na morte programada, 0os mecanismos bioldgicos intrinsecos
desempenham um papel central, com a ativacdo de vias de sinalizacdo

especificas que desencadeiam fun¢des bioquimicas ordenadas a fim de destruir
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células defeituosas, processo necessario a manutencdo da homeostase e da
integridade do organismo. Por outro lado, na morte celular ndo programada ou
acidental, os fatores externos desempenham papel significativo, ocorrendo a
morte de forma descoordenada devido a alteracdes fisico-quimicas como
variacdo de temperatura, pH desfavoravel e pressdo osmoética, exemplos de
fatores que podem ser modulados por acbes farmacoldgicas (Galluzzi et al.,
2018).

A apoptose é considerada uma forma programada de morte celular, onde
perturbacdes intrinsecas ou extrinsecas, como estresse do reticulo
endoplasmatico (ER), aumento de espécies reativas de oxigénio (ROS) e danos
ao DNA levam a morte celular. As células apoptéticas mantém a membrana
plasmatica e atividade metabdlica até fases avancadas do processo, nos quais
ocorre a fragmentacao do ndcleo e formacao de corpos apoptoticos, logo essas
células sédo removidas pelo sistema fagocitico sem induzir resposta inflamatéria.
Ja em estagios avancados da célula apoptética, ha perda da integridade celular,
com destruicdo da membrana plasmética e formagdo de uma morfologia
necrotica (Galluzzi et al., 2018).

JA a apoptose em protozoarios esta associada a ativacdo das
metacaspases, que Sao enzimas responsaveis pelo processo, semelhantes as
caspases em células humanas. Em Leishmania sp. a as metacaspases foram
identificadas nas duas formas evolutivas do parasito, nas promastigotas (em fase
logaritmica e estacionaria de crescimento) e na amastigota intracelular
(Basmaciyan e Casanova, 2019).

As caracteristicas morfoldgicas iniciais de apoptose nas formas de
Leishmania sp sdo o arredondamento e o encolhimento celular, além de
apresentarem internamente alteracdes mitocondriais, condensacdo de
cromatina e fragmentacédo do DNA nuclear (Galluzzi et al., 2018).

Podemos observar essas alteracdes apoptoéticas por meio de citometria
de fluxo, utilizando substancias especificas como a Anexina-V, calceina, iodeto
de propidio ou 7-AAD. A Anexina-V € uma proteina que possui afinidade pela
fosfatidilserina gerando um sinal de fluorescéncia detectavel pelo citbmetro. A
fosfatidilserina (PS) é encontrada da camada interna da membrana plasmatica
de células saudaveis. Sua principal funcéo é contribuir para a estrutura celular

além de estar envolvida em processos de sinalizacdo. Quando uma célula morre
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por apoptose, a PS deixa de estar restrita ao lado interno da membrana e passa
a estar exposta na superficie da célula. Portanto, uma vez que se detecta a
presenca de fosfatidilserina significa que ha um dano estrutural celular,
associado ao inicio do apoptose (Jiménez-Ruiz et al., 2010; Basmaciyan e
Casanova, 2019).

A combinacéo da calceina com o iodeto de propidio permite identificar
células saudaveis, apoptoticas precoces e tardias. A permeabilidade do iodeto
de propidio através da membrana celular ocorre somente quando ha degradacéo
ou perda total da estrutura. Por outro lado, a calceina se liga a estruturas
citoplasmaticas ricas em calcio, ou seja, a permeabilidade dela e ndo a do iodeto
de propidio € capaz de detectar modificacdes na membrana, mas mantendo sua
integridade estrutural (caracteristica do apoptose precoce). Na apoptose tardia,
h& sinalizacdo de ambas as substancias, indicando a degradacédo avancada da
membrana (Basmaciyan; Azas; Casanova, 2017).

O 7-AAD (7-amino-actinomicina D) também & um corante de vitalidade
celular que se liga a fragmentos de DNA. No entanto, o 7-AAD é impermeével
em membranas intactas, tornando-se possivel a utilizacdo do 7-AAD em
associacdo com a Anexina-V para obter sinais de todos os estagios da apoptose.
Na apoptose precoce: a membrana permanece presente, impedindo a entrada
do 7-AAD, enquanto a fosfatidilserina é identificada pela Anexina-V (Anexina-V
positiva e 7-AAD negativa), jA na apoptose tardia ou necrose: ha permeabilidade
ao 7-AAD devido a perda estrutural da membrana (Gadelha et al., 2020).

A alteracdo do potencial de membrana mitocondrial da célula também é
um marcador significativo de apoptose celular, pois as alteracdes mitocondriais
desencadeiam a liberacdo de proteinas pré-apoptéticas para o citoplasma. O
TMRE (esterpercolato de tetrametilrodamina) € um corante lipofilico que se
deposita nas mitocéndrias metabolicamente ativas e viaveis, sendo que a
redugdo da intensidade do sinal de fluorescéncia indica uma possivel
interferéncia no potencial de membrana, associado a apoptose (Gadelha et al.,
2020).

A pesquisa de novos protétipos a farmacos antileishmania requer analises
detalhadas para compreender a forma de atuagéo sobre o parasito e identificar
possiveis mecanismos de acdo. A conducao de estudos robustos utilizando as

drogas de referéncia também €& necessaria para a compreensdo dos
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mecanismos de ac¢éo leishmanicida espécie-especificos. Dessa forma, torna-se
possivel observar alteracdes na eficacia da atividade dos farmacos, permitindo

a identificacéo precoce de possivel resisténcia medicamentosa.
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5.0bjetivos

5.1 Objetivo geral

Investigar a a¢do antileishmania in vitro de complexos de usnato de sédio
com ions lantanideos, bem como avaliar a atividade antileishmania de
farmacos de referéncia utilizadas na pratica clinica sobre cepas de
Leishmania (Leishmania) amazonensis isoladas de pacientes

diagnosticados com leishmaniose cutanea e visceral.

5.2 Objetivos especificos

Analisar a atividade antileishmania in vitro dos complexos de usnato de
sédio com ions lantanideos samario - Sm(lll), gadolinio - Gd(lIl), eurépio
- Eu(lll), neodimio - Nd(lIl), lantanio - La(lll) e térbio - Th(lll);

Investigar possiveis mecanismos de acdo leishmanicida, verificando
alteracbes na permeabilidade celular e no potencial de membrana
mitocondrial ocasionada pelo tratamento in vitro com os farmacos de
referéncia e dos complexos com ions lantanideos, por meio de citometria

de fluxo.

Avaliar a atividade antileishmania de farmacos de referéncia para
leishmaniose sobre trés cepas de L. amazonensis (formas promastigotas
e amastigotas intracelulares), sendo duas cepas isoladas de pacientes e

uma cepa ja padronizada isolada de flebotomineo.
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Abstract: Leishmaniases are neglected diseases with limited therapeutic
options. Diffuse cutaneous leishmaniasis can occur in Brazil due to
Leishmania amazonensis. This study details the antileishmanial activity
and cytotoxicity of complexes of sodium usnate (SAU) with lanthanide ions
([lLnLs (H20)x] (Ln=La(lll), Nd(lIl), Gd(), Thdn), Eu(ll) and Sm(lll);
L=SAU). All lanthanide complexes were found highly active and more
potent than SAU against L. amazonensis promastigotes and intracellular
amastigotes (Pro: ICso < 1.50 uyM; Ama: ICso < 7.52 yM). EuL3.3H20 and
NdLs.3H20 were the most selective and effective on intracellular
amastigotes, with selectivity index of approximately 7.0. In silico predictions
showed no evidence of mutagenicity, tumorigenicity or irritation for all
complexes. Treatment with EuLs.3H20 triggered NO release even at the
lowest concentration, indicating NO production as a mechanism of action
against the parasite. Incubating promastigotes with the lanthanide
complexes, particularly with SmL3.4H20 and GdLs.3H20, led to a change
in the mitochondrial membrane potential, indicating the ability of these
complexes to target this essential organelle. The same complexes caused
cell death through cell membrane disruption, but their relationship with
early or late apoptotic processes remains unclear. Thus, the inclusion of
lanthanide ions in SAU improves selectivity with a promising mechanism of
action targeting the mitochondria.

Keywords: lanthanide complexes; biological activity; Leishmania
amazonensis; cytotoxicity; selectivity; mechanism of action.
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1. Introduction

The World Health Organization (WHO) defines neglected
tropical diseases (NTDs) as a group of diseases that are prevalent
in the poorest regions of the world, where access to healthcare,
sanitation, and safe drinking water is inadequate [1]. During the
Covid-19 pandemic, there has been a rise in mortality rates from
NTDs due to insufficient support for affected individuals, who are
often among the most vulnerable populations [2]. This reinforces
what the Drugs for Neglected Diseases initiative (DNDi) has
confirmed: there are no neglected diseases, only neglected patients

[3].

Leishmaniases are among the top ten of NTDs. These are a
group of vector-borne infectious diseases that affect more than 12
million people worldwide, with 0.9-1.6 million new cases each year
[4]. The potentially fatal visceral manifestation or even the
potentially disfiguring and stigmatizing cutaneous and/or
mucocutaneous forms are caused by Leishmania protozoan
parasites. This broad spectrum of clinical manifestations is related
to the variety of parasite species: more than 20 species can cause
the disease, and these are transmitted by a diversity of
phlebotomine species in various epidemiological cycles [5].

Cutaneous leishmaniasis (CL) produces skin lesions with a
tendency to ulceration and can evolve into destructive lesions on
the mucous membranes (mucosal or mucocutaneous
leishmaniasis, ML). 95% of cases occur in the Americas, the
Mediterranean basin, the Middle East and Central Asia [4].
Leishmania (Leishmania) amazonensis Lainson and Shaw, 1972 is
one of the pathogens responsible for cutaneous leishmaniasis (CL)
in Brazil. It causes either localized lesions or the diffuse form of the
disease, in which the parasite spreads due to an impaired cell-
mediated immune response [6]. Consequently, lesions tend to be
more resistant to treatment and do not heal spontaneously [7].
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The antileishmanial drugs currently used include pentavalent
antimonials (N-methyl glucamine antimonate and sodium
stibogluconate), amphotericin B (deoxycholate and the less toxic
liposomal formulation), the antibiotic pentamidine and miltefosine,
an oral anticancer drug currently used to treat cutaneous and
visceral leishmaniasis [8]. In addition, controlled released drug
systems carried out by nanoparticles became an important tool to
improve the antileishmanial chemotherapy [9-11]. Therapeutic
options for leishmaniases are limited, toxic, and costly, in addition
to being poorly accessible to patients due to the repetitive
parenteral route of administration [8]. Thus, the development of
safer and shorter treatments is highly desirable. Mitochondria are
considered potential targets for
the development of antileishmanial drug candidates, as they are
important organelles with unique properties and proteins that differ
from those of the mammalian host [12]. As an example,
paromomycin  (paromomycin  sulfate, C23H47018S) is an
intramuscularly administered aminoglycoside antibiotic for the
treatment of leishmaniasis whose mechanism of action involves
mitochondria [13].

Lichens are organisms formed by the interspecific association
of a photobiont (algae or cyanobacteria) and a mycobiont (fungus).
This harmonious relationship results in more than 630 secondary
metabolites: aliphatic acids, meta- and paradepsides, depsidons,
benzyl esters, dibenzofurans, xanthones, anthraquinones, terpenes
and derivatives of pulvinic acid [14]. However, the lichenic
compound most studied is usnic acid (2,6-diacetyl-7,9-dihydroxy-
8,9-dimethyl-1,3(2H,9bH)-dibenzofurandione  (Figure 1), a
dibenzofuran derivative with several biological activities, including
antileishmanial [15-17].

The biological activities of usnic acid have been widely
described; among which we can highlight the antibacterial,
antiprotozoal, antiviral, anti-inflammatory, antipyretic and antitumor
activities [16,18]. To enhance these activities, several changes
have been made in the structure of the molecule, as its different
functional groups make it a good target for structural modification
[19]. Derivatization was also performed to overcome the low
solubility of usnic acid and optimize the production of the
compounds, as the acquisition of natural lichen biomass to supply
secondary metabolites on a large scale is neither practical nor
environmentally friendly [20].

Derici et al. [18] have shown that usnic acid has an apoptotic
effect on several species of Leishmania. In order to increase the
solubility of this compound in water, sodium usnate (SAU) 1 with
the general formula NalL2.5H20 (Figure 1) was synthesized and
complexed with metals to improve the activity [21]. The coordination
compounds containing lanthanide ions that we present in this study
have been obtained from the molecular modification of SAU 1.
Because of their high chemical reactivity, lanthanides never occur
as pure elements in nature, but only as sparsely distributed
compounds that form rare minerals. Lanthanide compounds often
have magnetic, catalytic, and optical properties, and therefore they
are currently widely used in industry and medicine, as chemical
markers, and optical sensors [22].

In this work, the lanthanides samarium - Sm(lll), gadolinium -
Gd(l11), europium - Eu(lll), neodymium - Nd(lll), lanthanum - La(lll)
and terbium - Tb(lll) were complexed with SAU 1 [21], resulting in
complexes that were tested for antileishmanial activity and
selectivity. In addition to elucidating their mechanisms of
leishmanicidal action, these promising results may contribute to
more viable and effective therapeutic options against cutaneous
leishmaniasis.
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Figure 1 — A. Structural formula of usnic acid (R= OH) and sodium usnate
1 (SAU, R=ONa) [12]. B. Complexes [Ln Ls (H20)x ] (Lh= Sm(ll1) 2, Gd(ll)
3, Eu(lll) 4, Nd(l11) 5, Th(lll) 6, La(lll) 7, and L= sodium usnate) [21].

2. Results and Discussion

2.1 Antileishmanial activity

Sodium ushate (SAU 1) was synthesized to increase the
solubility of usnic acid in water (Figure 1), looking for better
suitability for biological in vitro and in vivo assays.

Biological applications of lanthanides have recently increased
because they are abundant in the environment and exhibit
chemistry similar or superior to other biologically useful metals
because of their higher Lewis acidity. They have sufficient
coordination chemistry to allow selective uptake, transport, and
incorporation into enzymes. Their biological coordination chemistry
is analogous to that of other metals, most notably Ca" and Fe'', but
includes cooperative metal bonding to amplify the effects of small
differences in ionic radius and allow selectivity [23-28].

Complex
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In this work, SAU 1 and the lanthanide complexes 2-7 were
tested against L. (L.) amazonensis promastigote forms, and cell
viability was assessed by MTT metabolization, using the principle
of tetrazolium—formazan conversion by living cell mitochondrial
enzymes. All complexes were found to be highly active against
promastigote forms (Table 1), more potent than the original
compound SAU 1 (ICs0=2.09 yM) and even more effective than the
reference drug, pentamidine (ICs0=1.50 yM). EuL3.3H20 4 was
found more potent than the reference drug amphotericin B
(ICs0=0.20 versus 0.145 puM). The complex with Tb(lll) 6 showed
impressive activity (ICs0=0.0023 pM), 63 times higher than
amphotericin B and almost a thousand times higher than SAU 1
(Table 1). The optimization of the cytotoxic effect of the same
lanthanide complexes over SAU was observed by Nunes et al. on
MCF-7 tumor cells [21].

Derici et al. [18] observed a potent activity of usnic acid on
promastigotes of Leishmania major Yakimoff and Schokhor, 1914,
L. (L.) infantum Nicolle, 1908, and L. tropica Wright, 1903, with
ICso values/48h of 10.76 pg.mL?t, 13.34 pg.mL1, and 21.06 pg.mL-
1 respectively. Similarly, Luz et al. [16] have found an ICso/72h
=18.30 ug.mL? for L. (L.) infantum promastigotes treated with
ushic acid. In our work, sodium usnate SAU 1 was found to be
highly active against L. (L.) amazonensis promastigotes, with an
ICso/72h = 2.09 pM (=0.77 pg.mL?), showing that improved
solubility in aqueous medium may have resulted in optimized
antileishmanial activity.

Table 1. In vitro antileishmanial activity, cytotoxic effect on mammalian
cells, and selectivity index of SAU 1 and lanthanide complexes 2-7.

L. L.

amazonensis amazonensis Fibroblasts
Lanthanide complex promastigote intracellular NIH/3T3 SI4
P S amastigotes (Fib.) (Ama.)
(Pro.) (Ama.) ICs0° (MM)
ICso" (MM) ICs0” (MM)
SAU (sodium 2.09 19.97 68.20 3.41
usnate) 1
SmL3.4H,0 2 1.26 5.23 19.98 3.82
GdL3.3H,0 3 1.50 5.52 26.54 4.81
EulL3.3H,O 4 0.20 2.98 20.07 6.73
NdLs.3H.O 5 0.91 2.83 19.73 6.97
TbL3.2H,O 6 0.0023 7.52 17.49 2.32
LaLs.3H,O 7 1.49 4.58 10.89 2.38
Pentamidine 1.49 0.92 NT NC
Amphotericin B 0.145 0.198 NT NC

ICso: half-maximal inhibitory concentration on promastigotes; ?ICso: half-
maximal inhibitory concentration on intracellular amastigotes; 3ICso: half-
maximal inhibitory concentration on NIH/3T3 fibroblasts; *Sl (selectivity
index): ICso in NIH/3T3 fibroblasts/ICso on intracellular amastigotes; 5SI
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(selectivity index): ICso on NIH/3T3 fibroblasts/ICso on promastigotes;
positive control: pentamidine and amphotericin B; NC: not calculated; NT:
not tested. Data are representative of three independent experiments.

All compounds were found to be more active against
promastigotes than against amastigote forms. To understand this
pharmacological behavior, it is important to emphasize that
amastigotes are the intracellular stage of Leishmania parasites.
Therefore, a drug candidate must be able to cross the macrophage
cell membrane to reach these forms. In this context,
biopharmaceutical aspects are crucial for predicting the biological
tendencies of a molecule. The Topological Polar Surface Area
(TPSA) is an important biopharmaceutical parameter considering
molecular complexes and is directly related to the number of polar
groups exposed to solvents. Complexes and peptoids with low
TPSA values are already known to have a higher permeability ratio
[29]. All complexes tested showed moderate TPSA values (Table
2). Considering that the in vitro activity on intracellular amastigotes
was demonstrated in RPMI 1640 medium, the intermolecular
interaction between the polar groups of the complexes and the
aqueous medium may have reduced their permeability across the
membrane, which explain the inferior results.

Table 2. In silico Absorption, Distribution, Metabolism, Excretion, and
Toxicity (ADMET) predictions of lanthanide complexes. No mutagenic,
tumorigenic, or irritating effects were observed for any of the complexes.

Lanthanide logP logS TPSA _ Drug Drug-
Complex likeness score
S’leérgztog)ilim l.:31 3.:%2 123.9 -0.34 0.36
SmL3.4H,0 2 0.76 3_:%2 121.1 -0.09 0.37
GdL3.3HO0 3  0.76 3_;32 121.1 -0.09 0.37
EuLs.3H.0 4 0.76 3._52 121.1 -0.09 0.37
NdL3.3H.O 5 0.76 3.:%2 121.1 -0.09 0.37
TbL3.2H,O 6  0.76 3_:%2 121.1 -0.09 0.37
LaLs.3H0 7 0.76 3_'52 121.1 -0.09 0.37
Pentamidine 1.75 2.'23 118.2 -5.35 0.45
Amphotericin B 0.32 5.68 319.6 -0.14 0.27

LogP = partition coefficient; LogS = water solubility; TPSA = topological
polar surface area; Druglikeness = similarity of the properties between
compounds and existing drugs; Drug-score = compilation of ADMET
parameters to judge the compound's overall potential to qualify for a drug.



53

In addition, biopharmaceutical parameters are useful to
indicate whether a compound may have oral viability. This route of
administration is desirable for the treatment of most diseases such
as leishmaniasis. Advantages include ease of administration, cost-
effective manufacturing, easy storage conditions, high patient
compliance, and more accurate self-administered dose [33]. In
particular, the logP value has been widely discussed in the
postulation of the rule of five and is still considered an important
parameter of a prototype. This parameter can be used to predict
whether a compound will penetrate the cell membrane or be easily
soluble in an agueous medium such as blood [31]. According to
Lipinski et al [32], a logP < 5 is considered necessary for an ideal
prototype. Meanwhile, logS values are directly related to the water
solubility of a compound and values close to -4 have been defined
as the standard for a drug candidate [33]. All tested compounds
exhibited logS values close to -4 and logP < 5, following the
postulated characteristics and indicating that the complexes can be
administered orally (Table 2).

Intracellular amastigote activity was evaluated according to the
following arbitrary scale: compounds were considered active when
ICs0 < 20 pM; moderately active when 20< ICso <50 uM; and
potentially inactive when ICso > 50 puM [34]. Therefore, all
lanthanide complexes were active against L. (L.) amazonensis
amastigotes (Table 1), with a greater effect than SAU 1. Two-way
analysis of variance (ANOVA) followed by the Turkey test has
confirmed NdLs.3H:0 5 was statistically different from SAU 1
(p<0.0001) at all concentrations tested. EuLs.3H.0 4 was more
potent than SAU at the lowest concentrations (p<0.0001); and
TbLs.2H20 6 only at the higher concentration (50 pg/mL; p<0.0001);
all the other complexes were more potent than SAU 1 at all the
concentrations tested excepting 6.25 pg/mL (p<0.0001).

These results lead to the conclusion that the insertion of the
lanthanide ion led to optimization of the antileishmanial activity.
Because of their high chemical reactivity, it is not possible to
analyze the activity of isolated lanthanides. This is the case with
other drugs in medicine, such as the use of cyclodextrin to promote
the stability of gold nanoparticles and the programmed release of
antitumor drugs [35,36]. For example, the stability of trivalent
antimonials (Sblll) is possible when linked to meglumine and
gluconate, as in the antileishmanial drugs Glucantime® and
Pentostam® [37].

Among the complexes tested, those with Eu(lll) 4 and Nd(lIl) 5
were the most active in intracellular amastigotes (ICs0=2.98 and
2.83 uM, respectively; Figure 2), while the compound with Tb(lll)
was the least active (ICs0=7.52 pM). Studies with other lanthanide
complexes on other parasite species have shown similar results.
Caballero et al. [38] observed that the complexes with Eu(lll) and
Nd(lll) had the same effect as the reference drug Glucantime®; on
the other hand, the complex with La(lll) was the most active on L.
(L.) infantum and on L. (L.) braziliensis amastigotes. In the present
study, LalLs3.3H20 7 was active on L. (L.) amazonensis (ICs0=4.58
MM), opening a promising perspective for application against
several species of Leishmania.
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Figure 2 - In vitro antileishmanial activity on Leishmania (Leishmania)
amazonensis intracellular amastigotes. A. Nontreated infected peritoneal
cells. B. Cells treated with NdLs.3H20 at a concentration of 6.5 ug.mL%; C.
Cells treated with EuL3.3H20 at 12.5 pg.mL1.

2.2 Cytotoxicity and selectivity index in mammalian
cells

In silico predictions were used to estimate the risk of
mutagenicity, tumorigenicity, and irritation, and the complexes
showed no evidence of these side effects (Table 2). To demonstrate
host cell safety, SAU 1 and lanthanide complexes 2-7 were tested
on NIH/3T3 fibroblasts to assess their cytotoxicity and estimate their
selectivity, as recommended by the Organisation for Economic Co-
operation and Development (OECD) [39].

A compound is considered to have low cytotoxicity when SI
210 [40]. The most active complexes on intracellular amastigotes
were Eul3.3H20 4 (1C50=2.98 pM; SI=6.73) and NdL3.3H20 5 (ICso=
2.83 uM; SI=6.97). Although they did not meet the SI=10 criteria,
both showed a potent effect on L. (L.) amazonensis amastigotes.
Slarez et al obtained similar results [41] working with synthetic
analogs of quinolones and alkaloids (1,2,3,4-tetra-hidro(benzo)-3-
quinolin-ol and 2-amino-8-hidroxiquinoline), with SI ~ 5.0. Indeed,
the application of the Sl criterion is controversial for in vitro tests
used in drug research for infectious diseases [40], once in in vivo
tests these compounds induced a total reduction of lesions and no
cytotoxicity related clinical effects [41].

2.3 Nitric Oxide (NO) production

The induction of a strong oxidative response by lanthanides on
human cells has already been described, with the release of
reactive oxygen species (ROS) that interfere with the signaling that
regulates the immune response to an infection [42]. Macrophages
are the host cells of Leishmania sp. and also play a role in the action
against the parasite. The beneficial function of the ROS oxidative
burst and NO is associated with the eradication of the parasite, in
addition to the clinical improvement of the patient [43].

Intracellular parasites rely on the ability to undergo replication
cycles within host cells. Once the cellular environment of
macrophages becomes inviable, the parasite cannot replicate. NO
production is one of the main mechanisms for the intracellular killing
of the parasite. In addition to more immediate effects, such as
reduced parasite metabolism and proliferation, it is associated with
immune regulation of infection [44,45]. Paradoxally, NO alone may
not be sufficient to control the infection and may contribute to the
tissue damage observed in human CL [46].

20



NO; uM

NO; uM

NOz uM

55

Treatment with lanthanide complexes at some concentrations
induced an increase in NO release from infected macrophages
(Figure 3). EuLs.3H20 4 had the strongest effect at the very lowest
concentration (6.25 pg.mL-1). This concentration is close to the half-
maximal inhibitory concentration on the intracellular amastigotes
(ICs0= 2.98 uM or 3.687 pg.mL1), suggesting NO production as a
mechanism of action of this complex against L. (L.) amazonensis.

== Control 20 == Control
XX 6,25pg/mL XX 6,25ug/mL
®R 12,5pg/mL 15 ®X 12,5u9/mL
R 25ug/mL = ®R 25ug/mL
=R 50pg/mL ) 10 R 50ug/mL
= 625ugiml = = 6,25ug/mL
£ 12,5ug/mlL 5 = £ 12,5ug/mL
0 B & 25ug/mL B B B = E B 25pg/mL
SAU SmL34Hz0 == 50ug/ml 0 SAU GdL33H20 BB 50ug/mL
mm Control mm Control
XX 6,25ug/mL X 6,25pg/mL
®® 12,5pg/mL X 12,5pg/mlL
=R 25ug/mL EX 25ug/mL
ER 50ug/mL R 50pg/mL
E= 6,25ug/mL £ 6,25pg/mL
B3 12,5ug/mL B3 12,5pg/mL
Sl E= 25ug/mL B3 25ug/mL
SAU Eul3.3H20 == S0ug/mL B 50ug/mL
mm Control mm Control
X 6,25ug/mL XX 6,25pug/mL
=X 12,5ug/mL 12,5pg/mL
R 25ug/ml EX 25pg/mL
== 50pg/ml R 50ug/mL
E=3 6,25pg/mL B 6,25ug/mL
E3 12,5pg/mL B3 12,5ug/mL
BE= 25pg/mlL B3 25pg/mL
B 50pg/mL SAU Lal3.3H20 B= 50pg/mL

Figure 3 - Release of nitric oxide by L. (L.) amazonensis infected
macrophages 24 h after treatment with sodium usnate (SAU 1) and
lanthanide complexes 2-7. Bars represent the mean + standard error of the
mean (SEM) of three replicates. * p < 0.05, ** p < 0.01 and *** p < 0.0001,
for the different concentrations compared to untreated cells (control);
ANOVA, followed by the Bonferroni test.

2.4 Flow cytometric analysis for detection of changes in
mitochondrial membrane potential (A¥Ym)

Promastigotes treated with SAU 1 and lanthanide complexes
2-7 were stained with TMRE to evaluate changes in mitochondrial
membrane potential (AWm). Figure 4 and Table 3 show the
histograms (%) of TMRE-labeled promastigotes after incubation
with 1-7 at the calculated ICso (Table 1). The complex with Sm(lll)
showed a marked effect on the mitochondrial membrane potential,
as we observed a reduction in labeling of 40.7% and 41.7% after 48
and 72 h of treatment, respectively. Similarly, the complex with
Gd(lll) was able to reduce the AWm in 36.2% and 24.5% after 48
and 72 h treatment, respectively. Complexes with La(lll) and Nd(lIl)
affected the AWm in 22.3% and 11.35%, respectively, after 72 h of
treatment. Thus, we can assume that the complexes with these
lanthanides cause mitochondrial dysfunction, an important and
recognized target of antileishmanial drugs.

SAU 1 had a mild effect on AWm 72h after treatment, with a
12% reduction in labeling at the concentration tested (ICso = 2.09
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uM). There are few reports on the effect of usnic acid on
trypanosomatid mitochondria. Carvalho et al. [47] showed damage
to mitochondria of Trypanosoma cruzi epimastigotes treated with
30-50 pg.mL* usnic acid, with marked swelling and branching, as
well as loss of organization of the mitochondrial cristae observed in
ultrastructural analysis. Similarly, Luz et al. [16] observed changes
in the mitochondrial morphology of L. (L.) infantum promastigotes
treated with 25 pg.mL"* usnic acid, with marked swelling.

Table 3. Flow cytometry ofL. (L) amazonensisto evaluate the
mitochondrial membrane potential (AYm) and apoptosis after treatment
with SAU 1 and lanthanide complexes 2-7. Promastigotes captured in the

gated region and representative histograms (% labeled cells) of
promastigotes incubated with TMRE, and PE Annexin V and 7-AAD.
Time after
Treatment Time after treatment PE Annexin V and 7-AAD
TMRE
Treatment 24 h 48 h 72h
48h 72h 7. An./ 7. An./ 7- An./
Unst. An. Unst. An. Unst. An.
AAD 7 aAAD AAD 7 aAD AAD 7. AAD
Nontreated
733 784 981 10 03 0.6 954 10 25 1.1 803 19 6.4 11.4
parasites
Heatkilled o, 45 14 14 115 853 64 20 290 625 133 34 388 445
parasnes
SAU 1 69.3 69.0 985 0.6 0.4 0.5 960 1.4 0.8 1.9 857 23 38 8.2
SmL32'4H20 435 457 812 31 102 55 921 17 28 34 858 25 40 76
Gd"3'33H20 468 592 984 07 04 0.6 788 24 127 6.0 868 26 3.2 7.4
E“Lf’HZO 799 806 982 0.6 05 0.7 954 13 1.0 2.3 840 19 6.0 8.1
NdL3'53H20 70.1 609 984 0.7 0.3 0.5 938 14 16 3.3 798 25 7.7 10.0
TbLfHZO 702 695 983 08 0.2 0.6 945 13 1.2 3.0 809 26 6.4 10.1
LaL3'73H20 760 820 983 07 04 05 933 18 16 33 820 24 56 100

Unst. = unstained parasites; An. = PE Annexin V stained parasites; 7-AAD
= 7-AAD stained parasites; An./7-AAD = double stained parasites.
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Figure 4 - Flow cytometry of L. (L.) amazonensis to evaluate the
mitochondrial membrane potential (AWm) after 48 and 72 h of treatment
with lanthanide complexes [Ln Ls (H20)x ] (Ln= Gd(lll) and Sm(lll) and L=
sodium usnate). Promastigotes captured in the gated region (dotplots) and

representative histograms (% labeled cells) of promastigotes incubated
with TMRE. (A) Non-treated promastigotes. (B) Heat-killed parasites. (C)
Promastigotes treated with GdL3.3H20 3 (1.50 uM). (D) Promastigotes
treated with SmL3.4H20 2 (1.26 yM).
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2.5 Flow cytometric analysis for detection of apoptosis
and membrane permeability

L. (L.) amazonensis promastigote forms were treated
with SAU 1 and the lanthanide complexes 2-7 at the
calculated ICso (Table 1) for 24, 48 and 72 hours, and then
stained with PE Annexin V and 7-AAD for FACS analysis.
This measurement can track cells over time from PE Annexin
V and 7-AAD negative (viable, or without measurable
apoptosis), to PE Annexin V and 7-AAD positive (early
apoptosis, membrane integrity present), and finally to PE
Annexin V and 7-AAD positive (terminal apoptosis and
death). The movement of parasites through these three
stages is indicative of apoptosis. On the other hand, cells that
are both PE Annexin V and 7-AAD positive may have
undergone apoptotic death or died by a necrotic pathway.

Figure 5 and Table 3 show the percentage of cell labeling
after incubation with PE annexin and 7-AAD. Again, the effect
of the complexes with the lanthanides Sm(lIl) and Gd(lll) on
the parasites can be highlighted. SmL3.4H20 2 caused an
earlier cell death effect, since 24 h after treatment there was
a 17.2% reduction in viability, with 10.2% 7-AAD staining and
5.5% double labeling. On the other hand, GdL3;.3H20 3 had
its greatest effect 48 h after treatment, also reducing cell
viability by 17.4%, with 12.7% 7-AAD staining and 6% double
labeling. Despite the disruption of cell membrane integrity in
both cases, it was not possible to establish a relationship with
either early or late apoptotic processes, as PE Annexin V
labeling was low at all times studied.

2.6. Study limitations

The complexity of understanding the mechanisms of leishmanicidal
action, namely the induction of apoptosis, may be related to the use of ICso
as the inhibitory concentration for promastigote forms. The use of ICgo Or
ICqg, oOr higher concentrations, would improve these analyses by promoting
complete parasitic inhibition. Likewise, investigating the mechanisms of
action of the complexes on the intracellular amastigote forms could greatly
enhance our understanding, despite the current methodology's challenging
nature.
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Figure 5 - Flow cytometry of L. (L.) amazonensis to detect apoptosis or
plasma membrane permeability after 24, 48 and 72 h of treatment with
lanthanide complexes [Ln Ls (H20)x ] (Lh= Gd(lll) and Sm(lll) and L=
sodium usnate). Promastigotes captured in the gated region and
representative histograms of promastigotes incubated with PE Annexin V
and 7-AAD. (A) Non-treated promastigotes. (B) Heat-killed parasites. (C)
Promastigotes treated with GdL3.3H20 3 (1.50 pM). (D) Promastigotes
treated with SmL3.4H20 2 (1.26 pM).

3. Materials and Methods

3.1 Lanthanide complexes

Compounds 1-7 (Figure 1) were synthesized in the Institute of
Chemistry of the Federal University of Mato Grosso do Sul [19].
Sodium usnate (SAU) 1 was prepared as described in the literature
[46], from the reaction of the ethanolic suspension of usnic acid (3
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mmol) with a sodium carbonate solution (1.5 mmol) with stirring at
40 ° C for 4 h, followed by filtration and evaporation of the solvent
to obtain a yellow solid. Lanthanide complexes were then
synthesized and characterized [19]. Briefly, sodium usnate (0.3
mmol) was dissolved in water and ethanol (3:1); 0.1 mmol of
lanthanide ions: Sm(lll), Gd(Il), Eu(lll), Nd(l1), Th(lll) and La(lll)
were added to this solution and kept under stirring for 8 h at 50°C.
The resulting yellow precipitate was washed with ice water and
dried in a vacuum desiccator (Figure 1). The general coordination
formula was used: [LnL3(H20)x], where L= C1sH1507, Ln = Tb(lll), x
= 2; Ln = Gd(lI), Eu(lll), Nd(11), La(lll), x=3 and Ln = Sm(lll), x =4.

3.2 Parasites

A standard strain of Leishmania (Leishmania) amazonensis
(IFLA/BR/1967/PH8) was used for in vitro antileishmanial activity
assays. Promastigote forms were grown in Schneider’s insect
medium (Sigma-Aldrich®, SP/Brazil) supplemented with 20% fetal
bovine serum (Sigma-Aldrich®, SP/Brazil), 10,000 U.mL-* penicillin
and 10 mg.mL?! streptomycin (Sigma-Aldrich®, SP/Brazil).
Parasites were routinely isolated from skin lesions previously
induced in BALB/c mice and maintained in axenic culture until
passage 20 [34].

3.3 Animals

Four-week-old female BALB/c mice were obtained from the
Central Animal Facility of the Federal University of Mato Grosso do
Sul (UFMS). The animals were housed in mini-isolators connected
to a ventilated rack, fed a balanced diet (Nuvital®, Nuvilab®), and
given ad libitum access to filtered water. This study received
approval from the local Animal Experimentation Ethical Committee
(CEUA/UFMS) under protocol 1,172/2021.

3.4 In vitro antileishmanial activity on L. (L.) amazonensis
promastigote forms

Promastigote forms of L. (L.) amazonensis in the logarithmic
growth phase (106 parasites/mL) were added to 96-well plates, and
incubated with SAU 1 and the lanthanide complexes 2-7 (0.78-50.0
png.mL1) in six replicates. The microplates were incubated at 26°C
for 72 hours. Cell viability was assessed by adding 1 mg.mL"* /well
of MTT  ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] (Sigma-Aldrich® SP/Brazil) [49]. Results were expressed
as the half-maximal inhibitory concentration (ICsp) calculated from
a nonlinear dose-response regression curve using the GraphPad
PRISM 5.0 statistical program. Pentamidine (Sigma-Aldrich ®
SP/Brazil; 0.19-12,5 pg.mLt) and AMB (Amphotericin B, Sigma-
Aldrich ® SP/Brazil; 0.15-1ug.mL1) were used as positive controls
and pure Schneider® culture medium as negative control.

3.5 In vitro antileishmanial activity on L. (L.) amazonensis
intracellular amastigotes

Peritoneal macrophages were obtained from BALB/c mice in
RPMI 1640 culture medium (Sigma-Aldrich® SP/Brazil). After
exclusion of inviable cells with trypan blue staining (Sigma-Aldrich®
SP/Brazil), cells were transferred to 24-well plates with 13-mm
round glass coverslips (108 cells/well) and kept at 37°C/5% CO..
After adhesion for one hour, cells were infected with promastigote
forms of L. (L.) amazonensis in the stationary phase (4x10°
cells/well). After 4 h of incubation, samples (complexes 1-7) were
added in six replicates (6.25-50.0 ug.mL1). Non-treated infected
cells were used as the negative control and AMB (0.125-1.0 pg.mL-
1) and Pentamidine (6.25-50.0 pg.mL- 1) were used as the positive
controls. Coverslips were removed after 24 hours, subjected to a
dehydration battery with increasing concentrations of acetone: xylol



61

and stained with Giemsa (Sigma-Aldrich® SP/Brazil) diluted 1:10 in
distilled water [34]. After mounting on slides, 200 cells per coverslip
were analyzed by light microscopy and the average number of
amastigotes/cells was calculated. ICso was determined using a non-
linear dose-response regression curve as described above. The
concentrations of complexes were compared by Two-way ANOVA
followed by the Turkey test.

3.6. In silico ADMET predictions

All compounds were subjected to the OSIRIS Property
Explorer program to estimate the risk of side effects such as
mutagenicity, tumorigenicity, and irritation. Furthermore, drug-
related properties were measured, including clogP, logS, MW, drug
similarity, and overall drug score [33].

3.7 Cytotoxicity in mammalian cells

The cytotoxic effect of compounds 1-7 was evaluated on
NIH/3T3 fibroblasts [50] obtained from the Rio de Janeiro Cell Bank
(Brazil). Fibroblasts were seeded at 5x10° cells/well in 96-well
plates. After 24 h of fixation, cells were incubated for 48 hours with
1-7 at 2.5-250 pg.mL?, in three replicates. Cell growth was
evaluated using the sulforhodamine B colorimetric method [50], with
absorbances read on the PT-READER microplate instrument
(Thermoplate®) at 540 nm. DMSO (dimethyl sulfoxide, Sigma-
Aldrich® SP/Brazil) was used as a negative control at a
concentration necessary to solubilize the highest concentration of
the test sample and did not interfere with cell viability. The growth
inhibition percentage - Gl (%) of each test sample was calculated in
Microsoft Office Excel 2007 software [51]. ICso was determined
graphically in the Microcal Origin Version 6.00 program [52]. The
selectivity index (SI) was calculated as the ratio between the
cytotoxicity on cells (ICso) and the activity on the parasite forms
(ICs0).

3.8 NO production by infected cells

Nitric oxide (NO) production by infected and treated peritoneal
macrophages was estimated in the supernatants from the
intracellular amastigotes assay by the Griess reaction [53]. Aliquots
of the supernatants (50 mL) were incubated with Griess reagent
(1:1) for 10 minutes at room temperature. Absorbance was read on
a microplate reader (SpectraMax®) at 550nm. Conversion of nitrite
(NO?) to micromolar (uM) was performed by comparing the
samples to a standard curve obtained with known concentrations
(1-10 pM) of sodium nitrite diluted in RPMI 1640 medium (Sigma-
Aldrich® SP/Brazil). The average and standard error of the mean
(SEM) were calculated from three replicates. The data were
analyzed using ANOVA and subsequently subjected to the
Bonferroni test.

3.9 Flow cytometric analysis to detect changes in
mitochondrial membrane potential (A¥Ym)

The mitochondrial membrane potential (AWYm) can change in
cells undergoing apoptosis, oxidative stress, necrosis, and other
cellular processes. Cationic and lipophilic AWm-sensitive dyes
accumulate within the mitochondria of healthy cells, but not in
mitochondria that have lost AWm. In this work, L. (L.) amazonensis
promastigote forms (1x108.mL1) were treated for 48 and 72h with
SAU 1 and the lanthanide complexes 2-7 at the calculated ICso
(Table 1), in Schneider's insect medium (Sigma-Aldrich®)
supplemented with 20% FCS (Cultilab®), 10,000 U.mL"! penicillin,
and 10 mg.mL?! streptomycin (Sigma-Aldrich®). Heat-killed
parasites (60°C bath/10 min.) were used as positive control and
non-treated parasites were used as negative control [54].
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Promastigotes were stained with 50 nM tetramethylrhodamine,
ethylester (TMRE) (MitoStatus TMRE, BD Pharmingen™) for
15min at room temperature, and subjected to flow cytometric
analysis (BD FACSCanto™ II). 10,000 events were acquired in the
region previously determined to correspond to the parasites.
Fluorescence was quantified, and histograms were generated.

3.10 Flow cytometry analysis for detection of apoptosis

PE Annexin V staining precedes the loss of membrane integrity
observed in the final stages of cell death, resulting from either
apoptotic or necrotic processes. PE Annexin V is used in
conjunction with the vital dye 7-Amino-Actinomycin (7-AAD) to
identify early apoptotic cells (7-AAD negative, PE Annexin V
positive). Viable cells with intact membranes exclude 7-AAD, but
the membranes of dead and damaged cells are permeable to 7-
AAD. Cells that are in late apoptosis or already dead are both PE
Annexin V and 7-AAD positive. In this work, L. (L.) amazonensis
promastigote forms (1x108.mL) were treated for 24, 48, and 72h
with 1-7 at the calculated ICso (Table 1), in Schneider’s insect
medium  (Sigma-Aldrich®) supplemented with 20% FCS
(Cultilab®), 10,000 U.mL™* penicillin, and 10 mg.mL* streptomycin
(Sigma-Aldrich®). Heat-killed parasites (60°C bath/10 min.) were
used as positive control and untreated parasites were used as
negative control [54]. Promastigotes were stained with 5 pL of PE
Annexin V and 5 UL 7-AAD (PE Annexin V Apoptosis Detection Kit
I, BD Biosciences™) and immediately subjected to flow cytometric
analysis (BD FACSCanto™ [l). 10,000 events were captured in the
region previously determined to correspond to the parasites.
Fluorescence was quantified, and histograms were generated.

4, Conclusions

All lanthanide complexes 2-7 were found highly active and
more potent than SAU 1 against both parasite forms (Pro: ICso <
1.50 pM; Ama: ICso < 7.52 pM). The most effective complexes on
promastigotes were TbL3.2H20 6 and EulL3.3H20 4. EulL3.3H20 4
and NdLs.3H:0 5 were the most selective and effective on
intracellular amastigotes, with Sl of approximately 7.0. Treatment
with EuLs.3H20 4 triggered NO release even at the lowest
concentration (6.25 pg.mL?), indicating NO production as a
mechanism of action against L. (L.) amazonensis. Incubation of
promastigotes with the lanthanide complexes at the calculated ICsp,
especially with SmL3.4H20 2 and GdLs3.3H20 3, was found to
modulate the mitochondrial membrane potential, suggesting that
these complexes are able to target this crucial organelle. The
aforementioned complexes caused cell death through cell
membrane disruption, but their relationship with early or late
apoptotic processes remains unclear. Further research is being
conducted to understand the mechanisms of leishmanicidal action
at different concentrations.
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ABSTRACT

Leishmaniasis persists as an endemic public health concern in numerous countries,
including Brazil, where cutaneous leishmaniasis (CL) predominates among the various
forms of the disease in the Americas. One species that contributes to the prevalence of
CL is Leishmania amazonensis, a protozoan that can manifest in various clinical forms,
including cutaneous, disseminated cutaneous, and diffuse cutaneous. In addition to the
cutaneous form, cases involving visceral involvement have been documented. The
objective of this study was to evaluate the in vitro biological behavior of three strains of
L. amazonensis in antileishmania tests using reference drugs, on both promastigote and
amastigote forms. The first strain was isolated from a patient with simple cutaneous
leishmaniasis, the second from a patient presenting clinical signs of visceral
leishmaniasis, and the third is a strain already standardized for antileishmania testing,
isolated from a sand fly vector. In the antipromastigote analysis with the reference drugs
on the strains, it was possible to identify significant differences between the 1C50 found.
AmB continues to demonstrate high efficacy in all strains tested. Pent showed an increase
in activity on the MHOM/BR/2022/LT013_22 strain, being 10 times more effective than
the reference strain. In the intracellular form, amastigote, it was possible to observe the
high activity in AmB and Penta on all strains, agreeing with other studies that point to
pentamidine as a potential drug for research into new technologies the drug delivery.
AmB continues to be the drug with the greatest activity, but due to its high toxicity,
research into new antileishmanial drugs continues to be a priority.
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INTRODUCTION

Leishmaniasis is a vector-borne parasitic group of diseases classified into three
main clinical forms: cutaneous, mucocutaneous, and visceral. The differentiation of these
forms is primarily based on clinical manifestations developed by the host and related to
species and virulence factors of the parasite (1, 2). Cutaneous leishmaniasis (CL) has the
highest epidemiological prevalence in the Americas. In 2022, the number of documented
cases in the Americas amounted to approximately 37,890, with 92% of these cases
occurring in Brazil (1,3).

Leishmania (Leishmania) amazonensis is a species that has been associated with
severe cutaneous leishmaniasis cases in the Americas. This species has the capacity to
metastasize and disseminate, inducing an inadequate immune response, thereby enabling
the occurrence of forms of cutaneous leishmaniasis that are disseminated, diffuse, and
atypical (1).

Visceral leishmaniasis (VL) is a clinical manifestation that is primarily associated
with Leishmania (L.) infantum in the Americas (1). However, there have been reports of
cases of VL caused by L. (L.) amazonensis, mainly in immunocompromised individuals
(4). In addition to the immunological status of the host, the genetic composition of the
host is a factor associated with the development of the visceral form in this species (5).

The investigation of such infections is imperative for the development of more
efficacious treatments. Cases of resistant leishmaniasis have been linked to
parasitological etiology. However, the identification of the parasite species is not a
standard procedure prior to the initiation of treatment. In a separate study conducted by
the group, strains of Leishmania spp. were isolated from samples of patients diagnosed
with cutaneous and visceral leishmaniasis at the Maria Aparecida Pedrossian University
Hospital (HUMAP) (6, 7). Two strains were selected for this analysis. They were both
identified as L. (L.) amazonensis through standardized MLEE methods by the Collection
of Leishmania from Oswaldo Cruz Institute (CLIOC/IOC/FIOCRUZ). One strain was
isolated from a patient with the typical clinical manifestation of CL, while the other was
obtained from a patient with VL.

In this context, the present study aims to analyze the “in vitro” behavior of these
strains of L. amazonensis isolated from patients and compare it to the standard L. (L.)
amazonensis strain, normally used for clinical and preclinical tests in the investigation of

new antileishmania drugs.
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MATERIALS AND METHODS
Parasites

The strains were isolated from patient samples diagnosed with CL and VL at the
Maria Aparecida Petrosian University Hospital (HUMAP) in Campo Grande, Mato
Grosso do Sul, Brazil. Following identification and cataloging by
CLIOC/IOC/FIOCRUZ, both strains were designated as Leishmania (Leishmania)
amazonensis, MHOM/BR/2022/LT013 22 and MHOM/BR/2022/L\VV045 22,
respectively (6, 7).

The MHOM/BR/2022/LT013 22 strain was isolated from a biopsy of an ulcerated
lesion with plaques from a female patient residing in the urban area of Campo Grande,
MS. Notably, the patient did not have concomitant HIV infection, and the therapeutic
regimen consisted of pentavalent antimoniate (6).

The MHOM/BR/2022/L.V045_22 strain was obtained from a bone marrow aspirate
of a male patient residing in Campo Grande, MS. The patient exhibited clinical symptoms
characteristic of VL, including severe anemia, hepatosplenomegaly, weakness, and
others. The patient was found to be HIV-positive but was in remission, having
discontinued antiretroviral treatment three months prior (7).

A third strain of L. (L.) amazonensis (8) was incorporated into the study. This strain
is the standard strain of (IFLA/BR/1967/PH8), which was originally isolated from sand
flies and has been traditionally utilized for antileishmania assays. All strains were
cultivated in Schneider's Insect Medium (Sigma-Aldrich®, SP/Brazil) with the following
supplements: 20% fetal bovine serum (Sigma-Aldrich®, SP/Brazil), 10,000 U/mL
penicillin, and 10 mg/mL streptomycin (Sigma-Aldrich®, SP/Brazil).

Animals

Four-week-old female BALB/c mice were acquired from the central animal facility
of the Federal University of Mato Grosso do Sul (UFMS). The animals were housed in
mini-isolators connected to a ventilated rack, provided with balanced food (Nuvital®,
Nuvilab®), and hydrated with filtered water ad libitum. The Ethics Committee on the Use
of Animals (CEUA/UFMS) approved the procedures under Protocol Number 1.172
12021.
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Reference drugs

The reference pharmaceuticals utilized in this study were Amphotericin B
deoxycholate (AmB, Cristalia®), Pentamidine (PENT, Sigma-Aldrich® SP/Brazil),
Meglumine antimoniate (GLU, Sanofi®, Medley®), and Miltefosine (MILT, Sigma-
Aldrich® SP/Brazil).

In vitro antileishmanial activity on L. (L.) amazonensis promastigote forms
Promastigote forms of L. (L.) amazonensis in log growth phase (10° parasites/mL)
were added to 96-well plates and incubated in six replicates with the reference drugs. The
drugs tested included AmB (0.15-1 pug.mL-1), PENT (0.19-12.5 pg.mL-1), GLU (0.78—
50 pg.mL-1), and MILT (0.78-50 pg.mL-1). A negative control comprised pure
Schneider culture medium. The microplates were then incubated at 26°C for 72 hours.
The assessment of cell viability was performed by adding 5 mg.mL-1 MTT ([3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma-Aldrich® SP/Brazil).
The results were expressed as the half-maximal inhibitory concentration (I1Cso) calculated
by nonlinear dose-response regression curve using the statistical program GraphPad
PRISM 5.0. Subsequently, a two-way analysis of variance (ANOVA) was employed,

followed by the Tukey test, to compare the ICso values.

In vitro antileishmanial activity on L. (L.) amazonensis intracellular amastigotes
Peritoneal macrophages were obtained from BALB/c mice in RPMI 1640 culture
medium (Sigma-Aldrich® SP/Brazil). In order to eliminate any potentially defective
cells, an exclusion step was performed using Trypan blue staining (Sigma-Aldrich®
SP/Brazil). Subsequently, the cells were transferred to 24-well plates that contained 13
mm-round glass coverslips (10° cells/well), and maintained at 37°C/5% CO. Following
a one-hour adhesion period, the cells were infected with promastigote forms of L. (L.)
amazonensis in stationary phase (4x10° cells/well). Following a 4-hour incubation period,
the cells were subjected to treatments with the reference drugs: AmB (0.125-1 pg.mL-
1), PENT (1.56-12.5 pg.mL-1), GLU (6.25-50 pug.mL-1), and MILT (6.25-50 pg.mL-
1). The cells were then exposed to these treatments for 24 hours, after which the medium
was replaced with pure Schneider culture medium, serving as a negative control.

Coverslips were then removed and submitted to a dehydration battery with increasing
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concentrations of acetone:xylol. The slides were subsequently stained with Giemsa
(Sigma-Aldrich® SP/Brazil), diluted 1:10 in distilled water (9). Following mounting on
slides, 200 cells per coverslip were meticulously analyzed under a light microscope, and
the average number of amastigotes per cell was calculated. ICso was determined using a
nonlinear dose-response regression curve as previously described. 1Csg values were then
subjected to a two-way analysis of variance (ANOVA) followed by the Tukey test for
post-hoc analysis.

RESULTS AND DISCUSSION

The host's metabolic processes and genetic composition exert substantial
influence on the progression of cutaneous lesions to visceralization of Leishmania
parasites. A substantial body of research has documented a correlation between this
progression and other diseases that compromise the host's immune system, including
cancer and AIDS (5,10).

The occurrence of VL caused by L. (L.) amazonensis has been documented in
several studies (5). A clinical case reported by Porto (2022) underscores the association
between this disease and lymphoma. The clinical manifestations associated with this
parasite are attributed to its virulence factors, including cysteine peptidase B and the
surface glycoprotein GP63 (10). These factors enhance the parasite's ability to bind to
macrophages and facilitate intracellular replication (11).

The in vitro infectivity of macrophages is a critical step in conducting
antileishmanial research aimed at identifying new effective treatments for the disease.
While most studies utilize the standard L. (L.) amazonensis PH8 strain, significant
differences in infectivity have been observed when analyzing other strains under the same
macrophage infectivity protocols.

In the present study, the strain derived from a patient with VL
(MHOM/BR/2022/L.VV045_22) exhibited the highest macrophage infectivity, with an
average of 7.31 amastigotes per macrophage, as shown in Table 1. On the other hand, the
strain obtained from a patient with CL (MHOM/BR/2022/LT013_22) exhibited the
lowest infectivity rate, averaging 4.58 amastigotes per macrophage. This disparity serves
to validate the heightened infectivity of the strain derived from the classical VL case, a
finding that aligns with the augmented binding of promastigotes to macrophages, as
previously postulated by Rezende (11).
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Table 1. Average of amastigotes identified per macrophage analyzed in the controls of
"in vitro" antileishmania activity.

L. amazonensis strains Average infectivity in macrophage
IFLA/BR/1967/PH8! 6.98
MHOM/BR/2022/L.\V045 222 7.31%*
MHOM/BR/2022/LT013_223 4. 54%%*

1- L. (L.) amazonensis (IFLA/BR/1967/PH8), 2- L. (L.) amazonensis (MHOM/BR/2022/LT013_22) and 3- L. (L.)
amazonensis (MHOM/BR/2022/LV045_22. * p < 0.05, *#* p < 0.01 and *** p < 0.0001, for the different
results compared to reference strain (IFLA/BR/1967/PH8); ordinary one-way ANOVA, followed by the Tukey’s
multiple comparisons test.

The present study examined the response of Leishmania strains to drugs
commonly utilized in clinical practice. Initially, the promastigote form of the selected
strains was analyzed, and AmB was found to exhibit varying levels of effectiveness across
the different strains (see Table 2). The analysis revealed that AmB demonstrated
approximately eightfold greater efficacy against the MHOM/BR/2022/LT013_22 strain
(IC50=0.0150uM) compared to the standard strain (IFLA/BR/1967/PHS)
(ICs0=0.1244uM), and exhibited 21-fold greater activity against the
MHOM/BR/2022/LVV045_22 strain (1C50=0.0064uM) than against the standard strain
(IFLA/BR/1967/PH8). These findings underscore the remarkable efficacy of AmB,
particularly in cases of VL.

The primary mechanism of action of AmB entails its interaction with ergosterol,
a constituent of the parasite's cell membrane. This binding results in the formation of
pores within the cell membrane, leading to the loss of protons and monovalent cations.
Ultimately, this triggers the process of apoptosis (12,13). The direct effect of AmB on the
parasite is associated with its broad efficacy against the different strains and clinical forms
of leishmaniasis.

The antileishmanial activity was evaluated using the arbitrary scale previously
mentioned in other works. The following classification was used: active when ICso < 20
HMM; moderately active when 20 < ICso < 50 uM; and potentially inactive when ICsp > 50
UM (14, 15).

PENT demonstrated heightened activity against the MHOM/BR/2022/LT013_22
strain (1C50=0.0079uM), exhibiting approximately tenfold enhanced efficacy compared
to the standard strain (1Cs0=0.0773uM). Conversely, on the MHOM/BR/2022/LV045 22

strain, pentamidine demonstrated approximately fourfold reduced efficacy
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(1C50=0.2949uM) compared to its activity against the IFLA/BR/1967/PHS strain (Table
1). As an aromatic diamidine, its mechanism of action involves the inhibition of ATP
(adenosine triphosphate) production by the parasite's mitochondria, thereby reducing
metabolic activities and directly interfering with its multiplication (16,17). However, its
use is restricted to cases of CL due to its adverse effects such as nephrotoxicity,

hepatotoxicity and cardiotoxicity (16).

The pentavalent antimonial GLU was demonstrated to be active exclusively on
the promastigote forms of the reference strain (ICs¢=0.3175uM). The reduced efficacy on
these forms can be attributed to the mechanism of action of pentavalent antimonials,
which necessitate metabolic conversion to their toxic trivalent form for optimal activity.
However, the pentavalent form can also function by forming ribosomal groups that inhibit
topoisomerase, disrupting the topological homeostasis of DNA, and interrupting the
parasite's cell cycle. Considering solely this pathway requires higher doses to achieve the
parasite. Consequently, doses above 50 pg.mL™? are necessary for antileishmania assays
next as observed in other works (18).

Miltefosine, a distinctive oral treatment option for CL, demonstrated activity
against MHOM/BR/2022/LT013 22 (ICso= 6.8762uM) and IFLA/BR/1967/PH8
(ICs0=1.3471uM) strains, exhibiting moderate activity against
MHOM/BR/2022/LVV045_22 (ICso= 8.5636uM) (Table 2). Its activity on
MHOM/BR/2022/LT013 22 was five times less potent than on the reference strain.
However, when analyzing the mechanism of action of MILT, it is important to note that
its induction of apoptosis is primarily due to the inhibition of signaling pathways and
immunomodulatory effects (12, 19). Consequently, its direct action on the parasite tends

to be less pronounced.
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Table 2. In vitro antileishmanial activity of the reference drugs on L. (L.) amazonensis
strains.

IFLA/BR/1967/PH8 2 MHOM/BR/2022/LT013 223 MHOM/BR/2022/LV045 22 *

AmB 0.1244 0.0150* 0.0059*
Promastig PENT 0.0773 0.0079* 0.2949*
ote forms
MILT 1.3471 6.8762* 8.5636*
Amastigot AmB 0.01687 £ 0.01 0.1172 +0.08* 0.0330 + 0.03*
e forms
ICso! (uM) PENT 0.1890 + 0.2 0.3897 + 0.05* 0.0429 +0.1*

1- half-maximal inhibitory concentration on promastigotes. 2- L. amazonensis (IFLA/BR/1967/PH8), 3- L.
amazonensis (MHOM/BR/2022/LT013_22) and 4- L. amazonensis (MHOM/BR/2022/L.\VV045_22). * p < 0.0001, for
the different results the 1Cso compared to reference strain (MHOM/BR/2022/L\V045_22); ordinary one-way ANOVA,

followed by the Tukey’s multiple comparisons test.

With respect to the intracellular amastigote forms, it is evident that AmB
demonstrates a high degree of activity across all strains examined. AmB exhibited the
highest activity (ICso= 0.0168uM) on the reference strain, IFLA/BR/1967/PH8, and it
was seven times more active than on MHOM/BR/2022/LT013_22 strain
(IC50=0.1172uM). Conversely, on MHOM/BR/2022/LV045 22 (IC50=0.033uM), AmB
demonstrated a twofold reduction in activity compared to the reference strain.

In a similar vein, pentamidine demonstrated notable efficacy against
MHOM/BR/2022/LT013_22 (IC5=0.3897uM), exhibiting ninefold activity against
LV45 (ICso= 0.0429uM) and twofold activity against PH8 (ICs50=0.1890uM). In
accordance with the findings reported by Khan (2022), analogous results were observed
for Leishmania tropica, with ICso values of 0.1375 pg.mL? and 0.1910 pg.mL*,
respectively, for promastigotes and amastigotes (20). The activity of pentamidine against
various Leishmania species, including the one isolated from the human LV case and
identified as MHOM/BR/2022/L\V045 22 strain, underscores the potential of
pentamidine for further investigation into technologies to reduce adverse effects and the
expectation of more effective treatments (21).

In summary, AmB continues to be regarded as one of the most effective
pharmaceuticals for the treatment of Leishmania spp. Nevertheless, its deleterious effects
and dosage limitations due to toxicity underscore the necessity for alternative molecules

with reduced toxicity profiles.
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Perspectivas finais.

Investigar os possiveis mecanismos de acao leishmanicida através de
alteracbes na permeabilidade celular e no potencial de membrana
mitocondrial, ocasionados pelo tratamento in vitro, com os farmacos de
referéncia sobre trés cepas de L. amazonensis. Os resultados seréo

incluidos do artigo 2 para a publicacao.



