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CONSIDERAGOES INICIAIS

Esta dissertacdo de mestrado teve como objetivo avaliar dois derivados de
cardenolideos, digitoxigenina e B-acetil-digitoxina, por meio de experimentos in vitro e
in vivo contra a espécie Leishmania infantum, principal espécie do parasito
Leishmania, causador da leishmaniose visceral nas Américas. O estudo faz parte da
linha de pesquisa “Leishmanioses” que venho desenvolvendo no laboratério e a
escolha desse tema se deu devido a necessidade da melhoria das condi¢cdes de
tratamento contra a doenca, uma vez que os farmacos atuais utilizados apresentam
toxicidade elevada, alto custo, administracdo dolorosa e/ou falha terapéutica.

Outro ponto importante na escolha do tema se deve ao fato do orientador desse
trabalho atuar em pesquisas a respeito das leishmanioses desde o ano de 2000 por
meio do desenvolvimento de projetos nas linhas de vacina, diagnodstico e
tratamentos/desenvolvimento de novos produtos terapéuticos. O trabalho possibilitou
a geracgao de resultados que, por definigdo do grupo de pesquisa, foram divididos em
dois artigos cientificos que foram submetidos para publicagdo em revistas de elevado
impacto internacional. Tais documentos serdo apresentados nesta dissertagao de
mestrado.

A apresentacdo deste documento foi realizada de acordo com a Resolugao
n°02/2013, de 18 de setembro de 2013; que regulamenta o formato dos trabalhos
finais de qualificacdo, estabelecendo condi¢cdes para a marcacdo das defesas de
teses e de dissertacbes do Programa de Pds-Graduagdo em Ciéncias da Saude:

Infectologia e Medicina Tropical da Faculdade de Medicina da UFMG.
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RESUMO

As leishmanioses sao um complexo de doengas causadas por parasitos protozoarios do
género Leishmania, e podem ser divididas em dois grandes grupos, a leishmaniose
tegumentar e a leishmaniose visceral. O tratamento atual da leishmaniose visceral (LV)
apresenta limitagdes devido a toxicidade das drogas e/ou alto custo, juntamente com o
surgimento de resisténcia dos parasitos. O desenvolvimento de medicamentos € um
processo longo e caro e, portanto, o reposicionamento de farmacos pode representar uma
alternativa. Cardenolideos s&o wusados no tratamento de doencgas cardiacas,
especialmente, aqueles obtidos em espécies do género Digitalis. No presente estudo, os
cardenolideos [(-acetil-digitoxina (b-AD) e digitoxigenina (DIGI), obtidos do extrato
metandlico de folhas de Digitalis lanata, foram avaliados in vitro e in vivo contra
Leishmania infantum. Os resultados mostraram acgao direta de b-AD e DIGI contra os
parasitos, bem como eficacia no tratamento de macréfagos infectados. A investigagao do
mecanismo de agdao mostrou que b-AD e DIGI induziram alteragdes no potencial da
membrana mitocondrial, aumentaram os niveis de espécies reativas de oxigénio e
causaram o acumulo de corpos lipidicos nos parasitos. DIGI e b-AD foram incorporados
em um sistema de micelas poliméricas a base de Pluronic® F127 (DIGI/Mic e b-AD/Mic,
respectivamente) e foram usados para tratar camundongos infectados com L. infantum. A
miltefosina foi usada como controle. Os animais tratados com miltefosina, b-AD ou b-
AD/Mic e DIGI ou DIGI/Mic apresentaram redugdes significativas da carga parasitaria no
baco, figado, medula 6ssea (BM) e linfonodos drenantes (dLN), além do desenvolvimento
de uma resposta especifica do tipo Th1, atestada pelos altos niveis de IFN-y, IL-12, TNF-
a, GM-CSF, nitrito e anticorpos dos isotipos IgG2a, além de baixos niveis de IL-4 e IL-10,
juntamente com maior frequéncia de células T CD4* e CD8* produtoras de IFN-y, quando
comparados aos controles. Os resultados obtidos um dia apds o tratamento foram
corroborados com os dados encontrados 15 dias apés o mesmo. Em conclusédo, os
resultados sugerem que b-AD/Mic e DIGI/Mic poderiam ser considerados para a

realizagao de novos estudos para o tratamento contra a LV.

Palavras-chave: Tratamento; [3-acetil-digitoxina; digitoxigenina; reposicionamento de

farmacos; leishmaniose visceral; cardenolideos; miltefosina.
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ABSTRACT

Leishmaniasis is a complex of diseases caused by protozoan parasites of the genus
Leishmania, and can be divided into two major groups, cutaneous leishmaniasis and
visceral leishmaniasis. The current treatment of visceral leishmaniasis (VL) has
limitations due to drug toxicity and/or high cost, along with the emergence of parasite
resistance. Drug development is a long and expensive process and, therefore, drug
repositioning may represent an alternative. Cardenolides are used in the treatment of
heart disease, especially those obtained from species of the genus Digitalis. In the
present study, B-acetyl-digitoxin (b-AD) and digitoxigenin (DIGI), obtained from the
methanolic extract of leaves of Digitalis lanata, were evaluated in vitro and in vivo
against Leishmania infantum. The results showed direct action of b-AD and DIGI
against the parasites, as well as efficacy in the treatment of infected macrophages.
The investigation of the mechanism of action showed that b-AD and DIGI induced
changes in the potential of the mitochondrial membrane, increased the levels of
reactive oxygen species and caused the accumulation of lipid bodies in the parasites.
DIGI and b-AD were incorporated into a polymeric micelle system based on Pluronic®
F127 (DIGI/Mic and b-AD/Mic, respectively) and were used to treat mice infected with
L. infantum. Miltefosine was used as a control. Animals treated with miltefosine, b-AD
or b-AD/Mic and DIGI or DIGI/Mic showed significant reductions in parasitic load on
the spleen, liver, bone marrow (BM) and draining lymph nodes (dLN), as well as the
development of a specific Th1-type response, attested by the high levels of IFN-y, IL-
12, TNF-a, GM-CSF, nitrite and IgG2a isotype antibodies, in addition to low IL-4 and
IL-10 contents, along with higher IFN-y-producing CD4* and CD8" T-cell frequency,
when compared to controls. The results obtained one day after the treatment were
corroborated with the data found 15 days after the treatment. In conclusion, the results
suggest that b-AD/Mic and DIGI/Mic could be considered for additional studies for the

treatment against VL.

Keywords: Treatment; B-acetyl-digitoxin; digitoxigenin; drug repositioning; visceral

leishmaniasis; cardenolides; miltefosine.
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1.  INTRODUGAO

Doencgas tropicais negligenciadas (DTNs) sdo, em sua maioria, doencgas
infecciosas que afetam milhares de pessoas ao redor do mundo, atingindo
principalmente, paises subdesenvolvidos ou em desenvolvimento (CROFT,;
COOMBS, 2003). Apesar de haver um grande volume de trabalhos cientificos
dedicados a biologia, imunologia e genética dos parasitos causadores dessas
doencas, nao se consegue reverter o conhecimento adquirido em novas ferramentas
terapéuticas contra as mesmas (MIRANDA-VERASTEGUI et al., 2005).

As leishmanioses sdo doengas que integram o grupo das DTNs, uma vez que
ocorrem nos paises mais pobres e atingem as populagbes mais vulneraveis e com
dificil acesso aos servigcos de saude (PAHO, 2019). Sdo causadas por parasitos
protozoarios do género Leishmania, sendo consideradas endémicas em 98 paises no
mundo, incluindo o Brasil (DUJARDIN, 2006; AMEEN, 2010;).

No Brasil, cerca de sete espécies do parasito podem causar a doenga no
homem, sendo que seis destas (L. braziliensis, L. amazonensis, L. guyanensis, L.
lansoni, L. shawii e L. naiffi) sdo responsaveis pelos casos de leishmaniose
tegumentar (LT) e a espécie L. infantum é responsavel pelos casos de leishmaniose
visceral (LV) (ALVAR et al., 2012). As manifestagdes clinicas da doenga dependem
principalmente da espécie infectante do parasito e da resposta imunoldgica do
hospedeiro infectado (NAKAMURA et al., 2006).

O tratamento das leishmanioses deve ser realizado para se evitar a mortalidade
causada pela LV e reduzir a morbidade provocada pelas lesées desfigurantes na LT.
Normalmente, o mesmo consiste na aplicagdo de compostos antimoniais
pentavalentes, dos quais o estibogluconato de sodio (Pentostam®) e o N-metil
antimoniato de meglumina (Glucantime®) sdo os mais utilizados (FRANKE et al., 1990;
HERWALDT, 1999; CARVALHO et al., 2000; MIRANDA-VERASTEGUI et al., 2005).

O Glucantime® tem sido utilizado, no Brasil, como farmaco de primeira escolha,
entretanto, ele é capaz de interagir com proteinas celulares, tornando a acédo do
produto inespecifica em relagdo as células infectadas e as nao infectadas
(CARVALHO et al., 2000). Outros farmacos, tais como a anfotericina B livre e
lipossomal, pentamidina e miltefosina (Unico farmaco de uso oral, mas ainda pouco

usado no mundo), tém sido recomendados nos casos de intolerancia e/ou resisténcia
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ao tratamento convencional, porém, tais produtos apresentam também limitagdes
devido aos efeitos colaterais causados, a necessidade de administragao parenteral
e/ou endovenosa, além do custo elevado dos farmacos aos pacientes (SUNDAR et
al., 2009; GOTO et al., 2010). Em consequéncia, € comum a descontinuidade do
tratamento dos pacientes, o que, ocasionalmente, pode levar a um aumento da
resisténcia dos parasitos aos farmacos utilizados. Ha de se destacar ainda o aumento
do numero de casos de recidiva a doencga, fato atualmente observado em diversas
regides do Brasil e do mundo (VELEZ et al. , 2009).

Algumas das limitacées ao uso de determinados farmacos incluem: resisténcia
generalizada do paciente a medicamentos, efeitos adversos graves, duracgao
prolongada do tratamento, perfis de toxicidade desfavoraveis e procedimentos
complicados de administracdo do medicamento, além do custo elevado - o que pode
ser um desafio nas comunidades carentes de recursos afetadas pelas DTNs. O uso
de alguns farmacos também €& comprometido por sua disponibilidade limitada
(CHEUKA et al., 2017).

Diante das limitagdes citadas, a identificacdo de novos produtos e/ou moléculas
que possam ser utilizadas como farmacos, que sejam efetivos no combate ao parasito
nos hospedeiros mamiferos, que nao apresentem toxicidade aos pacientes, sejam
economicamente viaveis e possam ser administrados por vias menos dolorosas e
onerosas, torna-se necessaria. Os desafios associados as atuais intervencoes
quimioterapéuticas para leishmaniose justificam esforgos intensos de pesquisa em
novas terapias antileishmaniais.

Nos ultimos anos, um dos focos de pesquisa das industrias farmacéuticas tem
sido o estabelecimento de métodos eficientes para detecgdo de compostos bioativos,
de forma a acelerar a descoberta de novas moléculas protétipos para obtencao de
farmacos, bem como associando farmacos ja existentes a sistemas de delivery para
reduzir a toxicidade e aumentar a efetividade dos mesmos, mas sem perda de agao (
RIBEIRO et al., 2014; DUARTE et al., 2016; MENDONCA et al., 2016). Tais sistemas
incluem o desenvolvimento de formulagbes mais seguras, baseados no uso de
farmacos utilizados originalmente para tratar outras doencas, chamado de
reposicionamento, além de novas combinacgdes de protocolos terapéuticos.

O desenvolvimento de metodologias que propiciem uma investigagdo mais

racional e objetiva de produtos naturais bioativos oriundos de espécies nativas de
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biomas brasileiros torna-se estratégico para uso sustentavel da biodiversidade
(YADAV et al., 2013). A investigacdo de moléculas purificadas que apresentam acgoes
bioldgicas pode ser realizada para avaliar seu potencial uso contra a doenga, sendo
considerado um campo de pesquisa promissor para identificar novos alvos
farmacéuticos (CHEUKA et al., 2017).

Os cardenolideos compdem uma classe de metabdlitos especiais que podem
ser encontrados no reino vegetal, em familias pertencentes aos grupos das
angiospermas, e alguns deles ja foram usados na clinica para o tratamento de
insuficiéncia cardiaca congestiva (GHEORGHIADE et al, 2009). Além disso, algumas
aplicagdes bioldgicas vém sendo descritas para os cardenolideos, tais como atividade
antiviral (SU et al., 2008; BERTOL et al., 2011) e citotdxica ( ELBAZ et al., 2012;
DIEDERICH et al. , 2016; MUNKERT et al., 2017).

Nesse contexto e diante das dificuldades inerentes ao tratamento das
leishmanioses, o propoésito deste projeto € o de avaliar a atividade de derivados de
cardenolideos, no caso, as moléculas digitoxigenina e B-acetil-digitoxina, com vistas
a avaliar sua atividade antileishmanial contra a espécie L. infantum, além da toxicidade
em macréfagos murinos e em hemacias humanas e o tratamento de macréfagos
infectados. As moléculas, por apresentarem bom indice de seletividade,
caracterizando acao antileishmanial e baixa toxicidade em células de mamiferos,
tiveram seu mecanismo de acdo avaliado e sua eficacia in vivo investigada em
camundongos BALB/c, sendo incorporadas a sistemas de delivery contendo

Poloxamero P407, para o tratamento contraa LV.
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2. REVISAO DE LITERATURA

2.1.Epidemiologia das leishmanioses

As leishmanioses sdao doencas antropozoondéticas que causam uma série de
sindromes clinicas em seres humanos que podem comprometer a pele, mucosa e
visceras, dependendo do tropismo do parasito. Sdo causadas por diferentes espécies
de protozoarios do género Leishmania, pertencentes a familia Trypanosomatidae e
transmitidas a animais e humanos através de insetos da familia Psychodidae (OPAS,
2019).

Atualmente, mais de 1 bilhdo de pessoas vivem em areas endémicas para
leishmaniose e estido sob risco de infecgao. Estima-se que 30.000 novos casos de LV
e mais de 1 milhdo de novos casos de LT ocorram anualmente (WHO, 2018). Cerca
de 90% dos casos de leishmaniose visceral no mundo estdo concentrados entre
Brasil, india, Suddo, Sud&o do Sul, Etidpia e Quénia. Trés quartos dos novos casos
mundiais de leishmaniose cutanea (LC) ocorrem em apenas cinco paises:
Afeganistdo, Brasil, Ird, lraque e Siria. A leishmaniose mucosa (LM) ocorre
principalmente na regido das Américas, sendo a Bolivia, o Brasil e o Peru os paises
com os maiores registros dessa forma clinica (OPAS, 2019).

No Brasil, o cenario de transmissao de LV se encontra em expansao (Figura
1) (PAHO, 2019).
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Figura 1. Cenarios de transmissao de leishmaniose visceral por paises e indice composto de
leishmaniose cutanea triénio, Américas, 2017. Fonte: SisLeish-OPA0OS/OMS: Dados

reportados pelos Programas Nacionais de Leishmanioses / Servigos de vigilancia. Acesso
em: novembro, 2018.

A leishmaniose visceral (LV) € uma doencga sistémica grave que se nao
diagnosticada e tratada pode ser fatal em mais de 95% dos pacientes (WHO, 2017).
Nas Américas, a LV é endémica em 12 paises e no periodo de 2001-2017 foram
registrados 59.769 casos novos, resultando em uma média de 3.516 casos por ano.

Cerca de 96% (57.582) dos casos foram reportados pelo Brasil (Figura 2) (PAHO,
2019).
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Figura 2. Casos de leishmaniose visceral nos paises com maior nimero de casos, Américas,
2001 -2017. Fonte: SisLeish-OPAS/OMS: Dados reportados pelos Programas Nacionais de

Leishmanioses / Servicos de vigilancia. Acesso em: novembro, 2018.

Na série histérica de 2012 a 2019 (Figura 3) pode-se observar a taxa de

letalidade de LV que houve um aumento a partir de 2014 na Regi&o, e, apesar de

haver uma redugédo no numero de mortes causadas por LV entre 2017 e 2019, a taxa

de letalidade se mantém alta (PAHO, 2019).
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Figura 3. Numero de mortes e taxa de letalidade por leishmaniose visceral, Américas, 2012 -
2019. Fonte: SisLeish - OPAS / OMS - Dados notificados pelos Programas/Servigos Nacionais

de vigilancia das leishmanioses. Acesso em: novembro de 2020
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2.2 Etiologia e ciclo biolégico do parasito Leishmania sp.

O género Leishmania compreende 22 espécies patogénicas para o homem.
Durante seu ciclo de vida, o parasito € encontrado em duas formas ou estagios: uma
forma promastigota, que é extracelular, alongada e possui um flagelo que permite a
mobilidade no intestino do inseto vetor; e a forma amastigota, que é arredondado,
intracelular e se multiplica nas células do sistema fagocitico mononuclear,
principalmente macréfagos. Ambas as formas do parasito se reproduzem por fissdo
binaria e possuem uma unica mitocéndria modificada, conhecida como cinetoplasto
(DEBRAY et al., 2015).

A forma promastigota € transmitida a mamiferos suscetiveis, inclusive
humanos, através da picada das fémeas de flebotomineos, que sé&o pequenos
dipteros da familia Psychodidae que se alimentam de sangue e que sado de grande
importancia na saude publica devido ao seu papel como vetores dessas doengas
(OPAS, 2019). Dentre esses mamiferos, nas américas, o cao € o reservatorio
doméstico mais importante, sendo que reservatérios sdo aqueles mamiferos que
mantém o parasito em estado selvagem e, portanto, permitem que os vetores sejam
infectados e que o ciclo de transmissao possa persistir (OPAS, 2019).

O ciclo biolégico do parasito Leishmania sp. compreende as etapas observadas
na Figura 4. Durante o repasto sanguineo do flebotomineo em humanos ou outros
animais mamiferos infectados, o parasito € ingerido e se transforma na forma
paramastigota no intestino médio do vetor. Posteriormente, ocorre a diferenciagao do
parasito em forma promastigota metaciclica, que pode ser transferido para a derme
do hospedeiro mamifero em um préoximo repasto. Os parasitos, entdo, perdem seus
flagelos a medida que se transformam em amastigotas intracelulares apoés
internalizagdo em macréfagos, células dendriticas ou neutréfilos. Uma vez nos
fagolisossomos, as amastigotas podem persistir € se reproduzir por fissao binaria. As
formas amastigotas liberadas pela lise celular podem invadir ou ser fagocitadas por

outros macrofagos locais e disseminar a infeccao (CHEUKA et al., 2017).
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Figura 4 - Ciclo biolégico do parasito Leishmania. Fonte: adaptado de

https://www.cdc.gov/dpdx/leishmaniasis/index.html. Acesso em: 23 de julho de 2020.

2.3.Manifestagoes clinicas das leishmanioses

A LT pode se manifestar sob trés formas clinicas principais: a leishmaniose
cutanea (LC), a leishmaniose mucosa (LM) e a leishmaniose cutaneo-difusa (LCD)
(WHO, 2015).

A LC é caracterizada pela presenga de uma lesdo cutdnea unica que se
desenvolve no local da picada do flebotomineo. A doencga tende a evoluir a cura
espontdnea em alguns meses; porém, ha casos em que pode permanecer ativa por
varios anos, e coexistir com lesdes mucosas que surgem posteriormente (GONTIJO;
CARVALHO, 2003). A LC pode se apresentar sob as formas clinicas cutanea
localizada, responsavel por 85% dos casos e que tem tendéncia a cicatrizacao
espontanea, com boa resposta terapéutica; cutdnea disseminada, mais rara,
caracterizada pelo aparecimento de lesbes papulares multiplas que acometem
diversas partes do corpo; e a forma recidiva cutis, caracterizada por lesées nodulares

em torno ou no interior da cicatriz de uma lesdo prévia causada por Leishmania spp.
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No Brasil, a LCD é causada pela espécie L. amazonensis e constitui-se em uma forma
clinica grave da doencga, além do parasito apresentar resisténcia ao tratamento
(MENDONCA et al., 2004).

Cerca de 1 a 5% dos pacientes podem desenvolver LM, pela capacidade que
algumas espécies do parasito tém em migrar para mucosas e causar extensa
destruicao tecidual (SCHUBACH et al., 1998). A doenca se caracteriza por apresentar
aspectos de cronicidade e laténcia, além de desenvolver metastases em mucosas que
conduzem a quadros clinicos desfigurantes (MARSDEN, 1986). Este quadro é de
dificil diagnostico parasitoléogico e apresenta resisténcia elevada do parasito ao
tratamento. E comum que a doenca se manifeste apés o aparecimento das lesdes
cutdneas e a incidéncia e o diagndstico do comprometimento da mucosa é
estabelecido ap6s meses a anos depois da cura clinica da lesédo primaria (MARSDEN,
1994; BOAVENTURA et al., 2006.). As lesdes podem ser de diversas formas e podem
causar a destruicdo parcial ou total da regido naso-oro-faringeana dos pacientes
(DESJEUX, 2004).

As espécies L. major e L. tropica sao as principais causas de LC no velho
mundo, enquanto L. braziliensis e L. mexicana sao responsaveis por infeccées por LC
no novo mundo. A LM é causada principalmente por L. braziliensis, embora espécies
adicionais (L. amazonensis, L. panamensis e L. guyanensis) também tenham sido
descritas. No subcontinente indiano, Asia e Africa Oriental, a LV é causada por L.
donovani, enquanto L. infantum é responsavel por infeccdes na Europa, Norte da
Africa e América Latina (CHEUKA et al., 2017).

As principais formas clinicas de LV sdo as assintomaticas, oligossintomaticas
e sintomaticas. A forma assintomatica, também chamada de silenciosa, pode regredir
em individuos imunocompetentes ou evoluir a oligossintomatica ou subclinica e,
posteriormente, a sintomatica; sendo essa forma, subdividida em aguda, subaguda e
cronica. A forma sintomatica aguda é rara, de inicio abrupto, dura de 1 a 2 meses e
pode levar ao ébito. A forma sintomatica subaguda manifesta-se, principalmente, em
criangas, € grave e, quando nao tratada, pode levar a 6bito no prazo de 5 meses a 1
ano. A forma sintomatica crbnica, também chamada de kalazar, tem evolugao
prolongada, de 2 a 3 anos e, em alguns casos, pode n&o responder ao tratamento
quimioterapico e evoluir a forma clinica de maior gravidade (MARZOCHI et al., 1994;
SILVEIRA et al., 1996; LAINSON et al., 2004; DESJEUX, 2004;).
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A evolugao clinica da doencga ¢é influenciada pelas espécies patogénicas, bem
como pelo estado de imunidade do hospedeiro. Se a resposta imune tiver a
capacidade de combater a infecgdo, um perfil de resisténcia a reinfeccao pode ser
gerado e mantido ao longo da vida (SACKS et al., 2002). No caso de falha da
imunidade, a doenca torna-se crénica, com progressdo da infeccdo. E importante
observar que algumas espécies de parasitos ainda podem ser responsaveis por

causar lesbes e infec¢des visceralizantes (CHEUKA et al., 2017).

2.4.Imunologia das leishmanioses

A progressao da infeccédo pelo parasito Leishmania spp esta classicamente
associada a uma depressao das células T helper tipo 1 (Th1) e expanséao preferencial
das células T helper tipo 2 (Th2) e, por esse motivo, inclinar as células T helper para
uma resposta Th1 pode ser considerado uma estratégia terapéutica promissora,
especialmente nos casos de LV (RODRIGUES et al., 2016). Na resposta Th1, as
células T ativam macréfagos através da via classica, estimulando a secregdo de
interferon-y (IFN-y) e interleucina (IL)-2. Na resposta Th2, as células T liberam
citocinas IL-4, IL-5, IL-10 e fator de crescimento transformador (TGF)- que inibem os
macrofagos de matarem os parasitos (STEBUT & UDEY, 2004; RODRIGUES et al.,
2016).

Embora o macréfago possua mecanismos efetivos para dizimar patégenos
intracelulares através de metabdlitos toxicos, como 6xido nitrico e espécies reativas
de oxigénio, os quais sao ativados pelo IFN-y liberado pelas células Th1, o parasito
Leishmania é um patdgeno que tende a evadir a resposta imune, atenuando
seletivamente as vias de sinalizag&o pro-inflamatérias (VELEZ et al., 2009).

Como citado, os pacientes infectados devem desenvolver uma resposta
inflamatoria do tipo Th1 para eliminar o parasito. Por outro lado, a indugdo de um viés
de IL-4 (resposta Th2) antagoniza a protecdo de Th1 e inibe o controle imunolégico
do parasito Leishmania spp in vivo, levando a formas disseminadas graves da doenca.
O excesso de producao de IL-4 em hospedeiros suscetiveis provavelmente causa a
falta de resposta a medicamentos especificos (VELEZ et al., 2009).
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A infeccdo progressiva parece mais provavel de indicar uma resposta
polarizada do tipo supressora (por exemplo, Th2 > Th1) em vez de uma resposta Th1
inerte (VELEZ et al., 2009). A importancia do paradigma Th1/Th2 na patogénese da
leishmaniose tem sido uma area de intensa investigacdo. A suscetibilidade,
resisténcia e imunopatogénese da infecgao por Leishmania spp. depende em grande
parte dos perfis de citocinas suscitados apés a infecgdo, que varia a depender da
espécie do parasito e do sistema imune do hospedeiro (VON STEBUT; UDEY, 2004).

2.5.Tratamento das leishmanioses

Os medicamentos contendo antimdnio, conhecidos como antimoniais
pentavalentes, sdo os medicamentos de primeira escolha para o tratamento das
leishmanioses (CROFT; COOMBS, 2003; CHEUKA et al., 2017). O tratamento com
esses farmacos possui diversas limitacdes que reduzem a adesao do paciente, tais
como a longa duracdo do tratamento, as vias de aplicacdo dos farmacos
(intramuscular ou endovenosa) e os graves efeitos colaterais provocados pelo uso
diario dos produtos, como fadiga, artralgias, mialgias, além de toxicidade renal,
hepatica e cardiaca. Podemos citar ainda a dificuldade de transporte dos pacientes,
que normalmente residem em areas rurais, até os centros mais especializados de
saude, além do custo elevado para esse transporte e manutencao do paciente nesses
centros durante todo o periodo de tratamento (KYLE et al., 1991; TAVARES et al.,
2003; SUNDAR et al., 2009).

Os medicamentos de segunda linha incluem a anfotericina B (AmpB), que € um
produto antifungico altamente hidrofébico com atividade antileishmanial eficaz, mas
seu uso clinico é limitado devido a alta toxicidade. Para melhorar a eficacia terapéutica
da AmpB e reduzir sua citotoxicidade, foram desenvolvidas formulagbes baseadas em
lipidios para administragdo parenteral, como AmBisome® (Gilead Sciences, Inc.,
Foster City, CA, EUA), Amphocil® (Kadmon Pharmaceuticals, New York, NY, EUA) e
Abelcet® (Sigma-Tau Pharmaceuticals, Inc., Gaithersburg, MD, EUA). A Organizagao
Mundial da Saude recomendou o uso de AmpB lipossomal (L-AmpB) com base em
sua elevada eficacia e seguranca (BERN et al., 2006). As formulagdes lipidicas

apresentam vantagens em relacdo a formulagdo convencional, incluindo maior
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concentracdo nos orgaos primarios, tais como baco, figado e pulmdes; menor
concentracao nos rins, com marcante redugao da nefrotoxicidade, além da diminuicao
dos efeitos adversos relacionados a infuséo (VYAS et al., 2006). Apesar da melhoria
do indice terapéutico para as formulacdes lipidicas, a sua utilizacdo permanece
limitada, principalmente, pelo alto custo de venda dos produtos (EGGER et al., 2010;
RIBEIRO et al., 2014).

Dentre outros farmacos antileishmaniais de segunda linha encontra-se a
Miltefosina, originalmente desenvolvida como um agente anticancer, sendo o primeiro
medicamento administrado por via oral para o tratamento da LV. Tendo provado sua
notavel eficacia em ensaios clinicos, a miltefosina foi considerada um grande avango
na terapia antileishmanial. No entanto, sérias preocupac¢des com sua teratogenicidade
podem limitar seu uso, além de indicios de que sua meia-vida longa (152h) poderia
incentivar o surgimento de resisténcia ao medicamento (SUNDAR et al., 2006). A
pentamidina também foi usada para tratar pacientes com LV refratarios a antimoniais,
embora sua eficacia em declinio tenha levado a sua retirada do mercado (DAS et al.,
2001).

Em adigdo, cerca de 10 a 25% dos pacientes com LV tratados podem
apresentar resisténcia ao tratamento, falha terapéutica ou casos de recidiva. Para
estes casos, a pentamidina e AmpB séo utilizadas, apesar da toxicidade elevada e/ou
do custo elevado desses farmacos (CUNNINGHAM, 2002).

2.6.Produtos naturais

Durante séculos, substancias naturais, principalmente plantas, foram usadas
para controlar e tratar doencgas e isso resultou na descoberta da maioria dos agentes
farmacéuticos modernos. Estima-se que, aproximadamente, metade dos produtos
farmacéuticos atualmente em uso clinico sejam provenientes de produtos naturais.
Alguns medicamentos derivados de produtos naturais que sdo muito utilizados nos
cuidados farmacéuticos modernos incluem quinino, teofilina, penicilina G, morfina,
paclitaxel, digoxina, vincristina, doxorrubicina, ciclosporina e vitamina A, entre muitos
outros exemplos (CHEUKA et al., 2017).
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Embora os vegetais ndo sejam mais usados em sua forma bruta como
preparagdes de medicamentos, eles continuam sendo fontes importantes de
principios ativos purificados que se tornaram essenciais na terapia moderna
(NEWMAN et al., 2007). As moléculas quimicas de interesse que sdo identificadas
nesses produtos sdo possivelmente derivadas do fenbmeno da biodiversidade, no
qual as interagbes entre organismos e seus ambientes formulam as diversas
entidades quimicas, permitindo sua sobrevivéncia e competitividade (LEE, 2010). As
areas terapéuticas das doencas infecciosas se beneficiam dessas classes de
medicamentos, sendo capazes de interagir com alvos especificos dentro das células
hospedeiras (MISHRA et al., 2011).

2.7.Cardenolideos

Os cardenolideos compdem uma classe de metabdlitos especiais que podem
ser encontrados no reino vegetal em familias pertencentes aos grupos das
angiospermas. Mais de 100 diferentes cardenolideos ja foram isolados de espécies
do género Digitalis, sendo as espécies D. lanata e D. purpurea as principais fontes de
cardenolideos usadas em terapias. Farmacos, tais como a digitoxina (glicosideo
secundario) e o lanatosideo C (glicosideo primario), ja foram usados na clinica para o
tratamento da insuficiéncia cardiaca congestiva (KREIS et al., 1998; GHEORGHIADE
et al., 2009). No entanto, apenas a digoxina continua descrita na Relagao Nacional de
Medicamentos Essenciais (RENAME, 2020), e permanece sendo empregada no
tratamento dessa enfermidade, embora n&o seja o farmaco de primeira escolha devido
ao seu baixo indice terapéutico.

A digoxina € o medicamento cardiaco mais antigo usado na medicina
contemporanea, mas apresenta um perfil farmacocinético complexo e indice
terapéutico estreito. Seu uso no tratamento de pacientes com arritmias atriais ou
insuficiéncia cardiaca pode representar um desafio para os médicos de hoje e
compreender este medicamento é essencial para garantir que seja usada com
seguranga e eficacia na pratica (EHLE et al., 2011).

Apesar de alguns cardenolideos terem sido citados como compostos tdxicos
(HAUPTMAN et al., 2016; ARBABIAN et al., 2018) algumas aplicagbes biolégicas vém
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sendo descritas, tais como atividade antiviral (SU et al., 2008; BERTOL et al., 2011;)
e citotoxica (ELBAZ et al., 2012; DIEDERICH et al., 2016; MUNKERT et al., 2017),
além de acdes antitumorais (SLINGERLAND et al., 2013), antimalarica (CHAN et al.,
2016), e antioxidante (XU et al., 2017), entre outras (GUREL et al., 2017). Mais
recentemente foi publicado um estudo que fornece novos insights sobre os efeitos
farmacolégicos dos cardenolideos naturais que suprimem a replicagdo coronaviral e
que podem constituir a base para futuros agentes antivirais (YANG et al., 2020).
Visando expandir a aplicacdo terapéutica de derivados cardenolideos, a
avaliagado biolégica de suas atividades antileishmaniais sado interessantes. As
moléculas digitoxigenina (DIGI) e p-acetil-digitoxina (b-AD), derivadas de
cardenolideos naturais, foram selecionados para serem testados contra os parasitos

no tratamento da leishmaniose visceral.

2.8.Reposicionamento de farmacos

A descoberta e o desenvolvimento de medicamentos para DTNs enfrentam
uma série de desafios. Um ponto importante € que o investimento nessas areas
terapéuticas por grandes empresas farmacéuticas nao € financeiramente atraente
devido a perspectiva de baixos retornos financeiros (CHEUKA et al., 2017).

Portanto, diante de toda a problematica em torno dos farmacos disponiveis no
mercado para o tratamento desse complexo de doencas, a estratégia conhecida como
reposicionamento de medicamentos pode representar uma forma de desenvolvimento mais
barato e rapido de novos tratamentos. O reposicionamento de farmacos consiste em averiguar
e comprovar a possibilidade de novas indica¢gdes para medicamentos ja existentes, ainda
disponiveis ou ndo no mercado, que tenham indicagdo para outras doengas e/ou alvos
terapéuticos ja descobertos (ASHBURN; THOR, 2004).

O reposicionamento tornou-se uma estratégia popular para o desenvolvimento
de farmacos nos ultimos anos devido ao fato de, diferentemente do processo
tradicional mais demorado, que envolve grandes riscos e requer altos investimentos,
¢ eficiente, mais econémico e sem grandes riscos, oferecendo uma oportunidade para
muitos paises desenvolverem farmacos com menores custos (XUE et al., 2018).
Recentemente, existe um interesse consideravel no reposicionamento de

medicamentos para doengas tropicais negligenciadas. Alguns exemplos aplicados no
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tratamento contra LV sdo conhecidos, como AmpB (antifungico), miltefosina
(anticancer) e paramomicina (antibiético) (CHAVEZ-FUMAGALLI et al., 2019).

Dentre os cardenolideos naturais, o reposicionamento ja vem sendo estudado
em diversos casos. Novas descobertas sugerem um reposicionamento potencial da
digitoxina como uma droga antiangiogénica de amplo espectro para doengas em que
a angiogénese patoldgica esta envolvida (TRENTI et al., 2017). Além disso, existem
evidéncias de que a digitoxina neutraliza as caracteristicas salientes do
microambiente inflamatério do cancer de ovario, indicando o reposicionamento
potencial desse composto como uma droga anticancer (TRENTI et al., 2018). Em
adicao, os cardenolideos foram ainda identificados como uma nova classe de agentes
antitumorais para o tratamento do retinoblastoma, podendo ser reposicionado quando
administrados localmente por meio de infusdo intra-arterial direta (ANTCZAK et al.,
2009).

2.9.Sistemas de delivery

Em paralelo ao reposicionamento de farmacos, a veiculagao de tais produtos
em carreadores capazes de prolongar a sua estabilidade, promoverem sua liberagao
controlada e gradual e aumentarem a biodisponibilidade, tém tornado também
importante objeto de estudo.

Nesse sentido, sistemas micelares a base de Poléxamero 407 (P407) tém sido
usados na veiculagao de diferentes produtos (CABANA et al., 1997; PISAL et al., 2004;
CHAVEZ-FUMAGALLI et al., 2015; MENDONCA et al., 2016). Entretanto, nenhuma
das composi¢cdes farmacéuticas empregadas para o tratamento das leishmanioses
utiliza P407 como agente formador de micelas para a veiculacao e estabilizagao de
farmacos. Ao contrario das formulagdes disponiveis no mercado, que sao baseadas
em lipideos, o P407 € um agente formador de micelas que permite a liberagéo gradual
de produtos a ele agregados. E formado por 6xido de etileno (OE) nas extremidades
e Oxido de propileno (OP) na parte central da molécula (OE95-105-OP54-60—-OE95-
105), sendo comercializado sob os nomes Pluronic® F-127, Lutrol® F127,
Synperonic™ PE/F127, Tetronic® 908, dentre outros.
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Ja foi demonstrado que micelas contendo AmpB a base de P407 sao eficazes
no tratamento de camundongos BALB/c infectados com L. amazonensis (MARTINS
et al., 2016; MENDONCA et al., 2016; TAVARES et al., 2019). Portanto, a associagéo
de sistemas de administragao de medicamentos para o tratamento das leishmanioses
pode ser considerada relevante. A este respeito, micelas compostas por P407 podem

ser consideradas como uma opgao interessante (RIBEIRO et al., 2014).
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3. OBJETIVOS

3.1.0bjetivo geral

Avaliar a atividade antileishmanial de dois derivados de cardenolideos,
digitoxigenina e B-acetil-digitoxina, contra a espécie L. infantum in vitro e in vivo, tanto

na sua forma livre quanto associados a sistema de delivery.

3.2.0bjetivos especificos

o Avaliar a atividade antileishmanial dos cardenolideos contra as formas
promastigotas e amastigotas-like de L. infantum.

o Avaliar a toxicidade em macréfagos murinos e hemacias humanas.

o Realizar o tratamento in vitro de macrofagos infectados com L. infantum

utilizando as moléculas e verificar a inibicdo da infeccdo com parasitos pré-expostos.

o Avaliar o mecanismo de acao das moléculas frente a L. infantum.

o Desenvolver formulagées micelares incorporando as moléculas DIGI e
b-AD.

o Avaliar o uso, tanto das formula¢des quanto de suas formas livres, para

o tratamento da infeccdo experimental em camundongos BALB/c causada pela
espécie L. infantum.
J Quantificar carga parasitaria no bago, figado, medula 6ssea (BM) e

linfonodos drenantes (dLN) dos animais infectados e tratados.

o Avaliar a resposta imune celular pela producédo das citocinas IFN-y, IL-
4, 1L-10, IL-12 e GM-CSF.
o Avaliar a resposta imune humoral pela determinagao dos niveis de IgG1

e lgG2a especificos aos parasitos apds protocolo de tratamento.
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4. METODOLOGIA

4.1.Animais de experimentacao e parasitos

O projeto foi aprovado pelo Comité de Etica em Pesquisa Animal da UFMG
(protocolo 085/2017). Foram utilizados camundongos BALB/c fémeas, de 8 semanas
de idade, adquiridos junto ao Biotério Central do Instituto de Ciéncias Biologicas e
mantidos no Biotério do Departamento de Patologia Clinica do COLTEC, sob as
devidas condicbes de manejo. A cepa MHOM/BR/1970/BH46 de L. infantum foi
utilizada nos ensaios in vitro e para a infecg¢ao in vivo. Os parasitos foram cultivados
em meio Schneider's completo (Sigma-Aldrich, EUA), composto por meio mais 20%
de soro fetal bovino inativado pelo calor (FBS; Sigma-Aldrich, EUA) e L-glutamina 20
mM pH 7,4, a 24 ° C, de acordo com o protocolo descrito previamente (COELHO et
al., 2003).

4.2.0btenc¢ao dos cardenolideos

Os cardenolideos DIGI e b-AD foram extraidos do extrato metandlico de folhas
de Digitalis lanata. As moléculas foram entregues ja purificadas (grau de pureza maior
que 98%) pelo grupo coordenado pelos professores Rodrigo Maia de Padua e Fernao
Braga, ambos da Faculdade de Farmacia da UFMG, em quantidade suficiente para a

realizacao de todos os experimentos in vitro e in vivo.

4.3.Ensaios de atividade leishmanicida

O protocolo utilizado é baseado naquele descrito previamente (VALADARES et
al., 2011), com modifica¢des de acordo com Mendonga e colaboradores (MENDONCA
et al., 2016). Para tal, em uma placa de cultura celular de 96 pogos (Nunc, Nunclon®),
1x10® formas promastigotas estacionarias de Leishmania foram incubadas com
diferentes concentragbes de DIGI e b-AD (0 a 50.0 yg/mL). Amp B (0 a 1.0 ug/mL) foi
usada como controle. As amostras foram diluidas em meio RPMI-PR- em volume final
de 100 pL, por 48h a 24°C. Apds, 10 pyL do reagente MTT (brometo de [3-(4,5-
dimetiltiazol-2yl)-2,5-difenil tetrazolium]) (5 mg/mL) foram adicionados e incubados por
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4h a 24°C. As células foram analisadas em microscopio 6tico para a verificagdo da
formacao de cristais de formazan. Logo apés, 60 yL de SDS 10%-HCL 0.1M foram
adicionadas para a solubilizagao dos cristais de formazan, e a placa foi incubada por
18h. As leituras das absorbancias foram realizadas em comprimento de onda de 570
nandmetros(nm). A determinagdo dos valores de ICso, ou seja, a concentracédo da
amostra necessaria para inviabilizar 50% dos parasitos, foi obtida por analise de

regressao nao-linear dos pontos plotados graficamente.

4.4_Ensaios de citotoxicidade

Um ensaio foi realizado para a avaliagdo da citotoxicidade em macrofagos
murinos. Para tal, camundongos foram inoculados por via peritoneal com 3 mL de uma
solugao de tioglicolato a 3%. Apds cinco dias, foi realizada a eutanasia dos animais
com a posterior extracdo dos macrofagos, que foram centrifugados a 1.200x rpm por
20 min a 4°C, sendo ressuspendidos em 1 mL de meio RPMI completo (meio RPMI
acrescido com 20% de soro fetal bovino inativado). Os macréfagos foram
quantificados em cadmara de Neubauer e 5 x 10° células foram plaqueadas em placas
de cultura celular de 96 pocos por 2h. Apds esse tempo, foram incubados com
diferentes concentracdes das moléculas (0 a 100.0 pg/mL), por 48h e a 37°C. Amp B
(0 a 10.0 pug/mL) foi usada como controle. Posteriormente, 50 uyL de MTT foram
acrescentados e uma nova incubacéo foi realizada por 4 h e a 37°C. As células foram
solubilizadas em solugao de SDS 10%/HCI 0.1M por 18h, e as absorbancias foram
determinadas a 570nm.

A determinagao da CCso, ou seja, a concentragdo da amostra necessaria para
inviabilizar 50% dos macrofagos foi obtida por analise de regressao nao-linear dos
pontos plotados graficamente. O indice de seletividade (IS) foi calculado pela razao
entre os valores de CCso e ICs0. Esse indice demonstra a relacao entre citotoxicidade
e atividade bioldgica, ou seja, representa o potencial efetivo das substancias sobre o
parasito em relacdo a sua citotoxicidade. Quanto maior o valor, mais toxico para os
parasitos e menos téxico para as células de mamiferos, entdo, demonstrando maior

viabilidade do produto.
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4.5.Determinacgao da atividade hemolitica

Como parametro adicional de citotoxicidade, a atividade hemolitica foi
investigada pela incubagdo das duas moléculas (0 a 100.0 pg/mL) com uma
suspensao de 5% de hemacias humanas de individuos do grupo sanguineo O por 1h
e a 37°C. Amp B (0 a 10.0 pg/mL) foi usada como controle. A suspensao foi
centrifugada a 1.000 x g por 10min e a lise celular foi determinada
espectrofotometricamente (540nm), conforme descrito previamente (LOFGREN et al.,
2008). A auséncia (branco) ou a presencga de 100% (controle positivo) de hemdlise foi
determinada substituindo os produtos por igual volume de PBS 1x ou agua destilada,
respectivamente. A concentracdo dos compostos necessarios para causar 50% de
lise em hemacias humanas (RBCso) foi determinada aplicando uma curva de

regressao sigmoidal utilizando as diferentes concentracdes dos produtos.

4.6.Tratamento de macréfagos infectados

Macrofagos peritoneais foram extraidos, quantificados e plaqueados na
concentragdo de 5 x 10° células por pogo em placas de cultura celular de 24 pogos
(Nunc). As células foram incubadas por 2h a 37°C e 5% de CO2. Em seguida, as
mesmas foram lavadas em meio RPMI completo para a retirada daquelas nao-
aderidas. Entéo, formas promastigotas estacionarias de Leishmania foram incubadas
com os macroéfagos (proporcao de 10 parasitos para cada macréfago), durante 24h a
37°C e 5% de CO2. As células foram lavadas para a retirada dos parasitos néo-
aderidos e nao-fagocitados e, em seguida, os macrofagos infectados foram tratados
com DIGI e b-AD (0, 2.5, 5.0 e 10.0 pg/mL) por 48h a 37°C. AmpB foi utilizada como
controle do experimento (0, 0.25, 0.5 e 1.0 uyg/mL). Apés as 48h de incubagéao, as
células foram coradas pelo método pandtico e, posteriormente, quantificadas em
microscopio 6tico, quando a porcentagem de macréfagos infectados e o numero de
amastigotas intra-macréfagos nos grupos experimentais foram determinados por meio

da contagem de 200 células, em ftriplicata.
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4.7.Inibicao de infec¢cao usando parasitos pré-tratados

As promastigotas (5 x 10% células) foram incubados com cada um dos
compostos por 1h a 24°C. As células foram lavadas e adicionadas com macrofagos
(proporgao de 10 parasitos por célula), durante 24h a 37°C em 5% de CO2. As células
infectadas foram lavadas trés vezes em meio RPMI e coradas com Giemsa. A
porcentagem de infeccdo por parasitos pré-tratados e o numero de amastigotas
recuperadas foram determinadas pela contagem de 200 células, em triplicata, em um
microscopio optico (MENDONCA et al., 2018).

4.8.Avaliagcao dos mecanismos de agao das moléculas

Para avaliar o potencial de membrana mitocondrial, promastigotas
estacionarias (107 células) foram cultivadas na auséncia ou presencga de b-AD (33,80
pg/mL, correspondendo a 2 vezes o valor de seu ICso) ou DIGI (13,8 pg/mL,
correspondendo a 2 vezes o valor de seu ICso) por 24 horas e a 25°C. Os parasitos
foram lavados em PBS e incubados com 500 nM de MitoTracker Red CM-H2XROS
(Invitrogen, EUA) por 30 min no escuro e em temperatura ambiente. Depois de lavar
duas vezes com PBS, as amostras foram adicionadas a uma placa preta de 96 pogos
e a intensidade da fluorescéncia foi medida usando um fluorémetro (FLx800, BioTek
Instruments, Inc., Winooski, VT, EUA) com comprimentos de onda de excitagdo e
emissado de 528 nm e 600 nm, respectivamente. Parasitos incubados com carbonil
cianeto-4-(trifluorometoxi) fenil-hidrazon (FCCP, 5,0 uM; Sigma-Aldrich, EUA) por 10
min foram usados como controle (SOUSA et al., 2019).

A fim de avaliar a integridade da membrana mitocondrial, promastigotas
estacionarios (107 células) foram cultivadas na auséncia ou presenga de DIGI (13,8
Mg/mL) durante 24 horas a 25°C. Os parasitas foram lavados com PBS e incubados
com iodeto de propidio (1,0 pug/mL; Sigma-Aldrich) por 15 min, no escuro e em
temperatura ambiente. Apds duas lavagens com PBS, as amostras foram adicionadas
a uma placa preta de 96 pogos e a intensidade da fluorescéncia foi medida usando
em fluorébmetro, com comprimentos de onda de excitagdo e emissao de 540 nm e 600
nm, respectivamente. Parasitos pré-aquecidos por 10 min a 65°C foram usados como
controle (SOUSA et al., 2019).
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Para analisar o producdo de espécies reativas de oxigénio (ROS),
promastigotas estacionarias (107 células) foram cultivadas na auséncia ou presenca
de b-AD (33,80 pg/mL) ou DIGI (13,8 pg/mL) por 24 h a 25°C. Os parasitos foram
lavados com PBS e incubados com 20 yM de permeante celular 2',7'-diacetato de
diclorodihidrofluoresceina (H2DCFDA; Sigma-Aldrich, EUA) por 30 min no escuro e
em temperatura ambiente. A intensidade da fluorescéncia foi medida em
espectrofluorémetro (Varioskan® Flash, Thermo Scientific, EUA), com comprimentos
de onda de excitacdo e emissédo de 485 nm e 528 nm, respectivamente. Parasitos
tratados com H202 (4,0 mM; Sigma-Aldrich, EUA) foram usados como controle nos
experimentos (SOUSA et al., 2019).

4.9.Desenvolvimento das formulagdes micelares

O processo para a obtencao do sistema micelar foi desenvolvido conforme
descrito previamente (BARICHELLO et al.,, 1999), compreendendo as seguintes
etapas:

(a) adicionar o P407, para uma concentragao final de 10 a 20% p/p, a uma
solugao tampao pH 7.4, sob agitagao e em temperatura entre 4 a 8°C;

(b) manter a solugao a 4°C por um periodo de 12 a 24 horas;

(c) solubilizar a molécula de interesse (1 mg/mL) a ser incorporada nas micelas
usando diclorometano PA;

(d) adicionar essa solugao diluida aquela preparada na etapa “b” e manter sob
agitacdo moderada até a formagao de um gel limpido e em temperatura entre 4 a 8°C;

(e) eliminar o solvente organico da mistura preparada na etapa “d” por
evaporagao rotatoria sob vacuo, utilizando banho de agua em temperatura entre 40 e
45°C.
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4.10. Avaliagao da eficacia in vivo contra a infecgao experimental

Camundongos BALB/c foram infectados pela via subcutéanea no dorso com 107
formas promastigotas estacionarias de L. infantum. Apés o desenvolvimento da
infeccdo (cerca de 60 dias), o tratamento foi iniciado. Os animais receberam o
tratamento uma vez ao dia a cada 2 dias, durante 10 dias, recebendo inje¢des na base
da cauda ou via oral (miltefosina) utilizando:

i) Grupo salina - 50 uL de PBS.

ii) Grupo controle de tratamento (miltefosina) — 2mg de miltefosina por kg
de peso corporal.

iii) Grupo digitoxigenina (DIGI) - 50uL de DIGI (5 mg/kg de peso corporal).

iv) Grupo digitoxigenina micelar (DIGI/Mic) - 50uL de micelas contendo DIGI
(5 mg/kg de peso corporal).

V) Grupo B-acetil-digitoxina (b-AD) - 50uL de DIGI (6 mg/kg de peso
corporal).

Vi) Grupo B-acetil-digitoxina micelar (b-AD/Mic) - 50uL de micelas contendo
b-AD (5 mg/kg de peso corporal).

vii)  Grupo micelas vazias (B/Mic) - 50uL de micelas vazias (10mg/kg de peso
corporal).

Os animais foram sacrificados um e quinze dias ap6s o fim do tratamento.

4.11. Avaliacao da carga parasitaria

Uma técnica de diluigdo-limitante desenvolvida previamente (TITUS et al.,
1985) e modificada por Martins e colaboradores (MARTINS et al., 2013) foi utilizada
para avaliar a carga parasitaria nos animais infectados e tratados. Para isso, 0s
fragmentos de bacgo, figado e dLN dos animais foram recolhidos, pesados e
homogeneizados em PBS 1x estéril utilizando um macerador de tecido. Os detritos de
tecido foram removidos por centrifugacao a 150 x g e as células foram concentradas
por centrifugacao a 2.000 x g. O sedimento foi ressuspenso em 1 mL de solugéo
completa de Schneider e 200 uL da ressuspensao foram plaqueados em placas de

microtitulagado de fundo plano de 96 pogos (Nunc). As diluigdes foram realizadas de
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forma seriada em meio Schneider completo comegando de 10" até 10-'2. As pontas
das pipetas foram descartadas apds cada diluicdo para evitar o transporte de parasitos
aderidos de um poco para outro. Cada amostra foi plaqueada em triplicata e incubada
a 24°C, sendo analisadas 7 dias apds o inicio da cultura. Os resultados foram
expressos como o log negativo do titulo (i.e., a diluicdo correspondente ao ultimo pogo
positivo) ajustado por miligrama de tecido ou 6rgao infectado.

O parasitismo no bago dos animais foi também avaliado pela técnica de PCR
quantitativo (qPCR), conforme descrito (DUARTE et al., 2016). Resumidamente, o
DNA do baco foi extraido usando o kit Wizard Genomic DNA Purification (Promega
Corporation) e ressuspenso em agua milli-Q. A carga parasitaria foi estimada
utilizando os primers para amplificar o kDNA de L. infantum: Forward
(CCTATTTTACACCAACCCCCAGT) e Reverse (GGGTAGGGGCGTTCTGCGAAA).
O gene da B-actina de camundongo (Forward: CAGAGCAAGAGAGGTATCC;
Reverse: TCATTGTAGAAGGTGTGGTGC) foi usado como controle. Curvas-padrao
foram obtidas a partir de DNA extraido de 108 parasitos para kDNA e 108 macrofagos
peritoneais para 3-actina, nas mesmas condi¢des utilizadas para extrair as amostras
do presente estudo. As reagdes foram processadas e analisadas em um ABI Prism
7500 Sequence Detection System (placa de 96 pocos; Applied Biosystems) usando
2x SYBRTM Select Master Mix (5 uL; Applied Biosystems), com 2 mM de cada primer
(1 uL) e 4uL de DNA (25 ng/pL). As amostras foram incubadas a 95°C por 10min, e
submetidas a 40 ciclos de 95°C por 15 s e 60°C por 1min. Durante cada tempo, os
dados de fluorescéncia foram coletados. Os resultados foram calculados por
interpolagao de uma curva padrao incluida na mesma execugao, que foi realizada em

duplicata e expressa como o numero de organismos L. infantum por DNA total.

4.12. Avaliacao da resposta celular e humoral

O perfil da resposta celular foi avaliado pela producéo das citocinas IFN-y, IL-
4, 1L-10, IL-12, TNF-a (Fator de necrose tumoral a) e GM-CSF nos sobrenadantes de
cultura dos esplendcitos, apds estimulo especifico. As dosagens foram realizadas
utilizando os kits Intertest Mouse (Pharmingen®), de acordo com as instrugdes do

fabricante e por citometria de fluxo. Foi também realizada a dosagem de 6xido nitrico
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(NO) nos sobrenadantes da cultura celular, no momento da coleta dos sobrenadantes,
utilizando-se, para tal, o método de Griess (GREEN et al., 1982). O perfil da resposta
humoral nos animais infectados e tratados foi avaliado por meio de técnica descrita
previamente (COELHO et al., 2003).

Para avaliar a resposta celular desenvolvida no final do tratamento, culturas de
esplendcitos e ensaios de dosagem de citocinas foram realizados como descrito
previamente (MARTINS et al., 2015). Para isto, suspensdes de células esplénicas
(5x10° células por pogo) foram plaqueadas em duplicata em placas de 24 pogos
(Nunc) e incubadas em DMEM (Dulbecco's Modified Eagle Medium, Sigma-Aldrich)
suplementado com FBS a 20% e L-glutamina 20 uM, pH 7,4, ou estimuladas com SLA
de L. infantum (25 pug / mL), durante 48 h a 37°C e 5% de COa. Os niveis de IFN-y, IL-
4, IL-10, IL-12p70 e GM-CSF foram avaliados nos sobrenadantes das culturas pela
metodologia de analise de imunoabsorg¢ao por ligagdo enzimatica (ELISA) sanduiche
fornecido em kits comerciais (BD OptEIA TM set mouse o IFN-y, IL-4, IL-10 e IL-12p70
e GM-CSF, Pharmingen®, San Diego, CA, EUA), seguindo as instrugdes do fabricante.

O envolvimento das células T CD4* e CD8* na produgédo de IFN-y nos
esplendcitos dos camundongos infectados e tratados foi avaliado apds a estimulagao
in vitro com SLA (25 pg/mL), na presenga ou auséncia de anticorpos monoclonais anti-
IL-12 murino (C17,8), anti-CD4 (GK 1) ou anti-CD8 (53-6.7), a uma concentracao de
5 ug/mL. Foram utilizados controles adequados para avaliar a integridade dos testes
[lgG2a de rato (R35-95) e IgG2s de rato (95-1)]. Todos os anticorpos utilizados (sem
azida/endotoxina baixa) foram adquiridos da BD (Pharmingen).

A producao de nitrito foi também avaliada usando os sobrenadantes celulares,
por meio do método de Griess. Em adicdo, a técnica de citometria de fluxo foi
desenvolvida para avaliar a frequéncia de células T CD4+ e CD8+ produtoras de IFN-
Y, TNF-a e IL-10 nos grupos experimentais (salina, B/Mic, miltefosina, b-AD, b-AD/Mic,
DIGI e DIGI/Mic), quando as células esplénicas foram coletadas 15 dias apds o
tratamento. Para tal, as analises foram realizadas com base em graficos de tamanho
de citometria de fluxo relativo (dispersao direta de laser) e granularidade (disperséo
de laser lateral). Apds a selegao da regiao de interesse R1 contendo células de
fendtipo FSCLow e SSCLow, graficos de distribuicido de densidade de células
CD4/FL1 ou CD8/FL1 versus IFN-y/FL2+, TNF-a/FL2+ e células IL-10/FL2+ foram

construidos, em ordem para determinar a frequéncia de células T produtoras de IFN-
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Y, TNFa e IL-10. Os resultados foram expressos como indices, que foram calculados
pelas razbes entre a porcentagem de células T CD4+ e CD8+ nas culturas estimuladas
versus nao estimuladas (controle).

A produgédo de anticorpos foi avaliada um dia apds o término dos tratamentos.
Para isso, os niveis de anticorpos de isotipo IgG1 ou IgG2a especificos contra o
parasito foram medidos pela técnica de ELISA direta, como descrito previamente
(COELHO et al., 2003). Resumidamente, ap0s titulagéo, utilizou-se SLA de L. infantum
a uma concentragdo de 1,0 ug por por pogo, como antigeno de sensibilizagéo,
enquanto as amostras de soro foram diluidas a 1: 100 em tampao PBS-T (PBS 1x
mais 0,05% Tween 20). Anticorpos anti-mouse 1gG1 e IgG2a marcados com peroxidase
(Sigma-Aldrich) foram todos utilizados numa diluicdo de 1: 10.000 (também diluida em
PBS-T). As reagdes colorimétricas foram desenvolvidas por incubagdo com uma
solugao composta por 2 uL de H202, 2 mg de orto-fenilenodiamina e 10 mL de tampéo
citrato-fosfato a pH 5,0, durante 30 min no escuro e paradas pela adigao de 20 uL de
H2SO4 2 N. A densidade 6tica foi determinada utilizando-se um espectrofotometro

(Molecular Devices, Spectra Max Plus, Canada), a 492 nm.

4.13. Avaliagao da toxicidade in vivo

Foram colhidas amostras de soro dos animais infectados e tratados para
realizagao de dosagens bioquimicas. Utilizou-se amostras de camundongos naive
(ndo tratados e nao infectados) como controle. A fungao hepatica foi analisada por
dosagem de aspartato aminotransferase (AST) e alanina aminotransferase (ALT),
enquanto que a cardiotoxicidade foi avaliada através do exame dos niveis do
marcador cardiaco creatine kinase-MB (CK-MB). As analises bioquimicas foram
desenvolvidas por meio de kits comerciais (Labtest Diagnostica®, Belo Horizonte,
Minas Gerais, Brasil) e um aparelho auto-analisador (analisador Thermo Plate TP), de

acordo com as instrug¢des do fabricante.
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4.14. Analise estatistica

As analises estatisticas foram realizadas por meio da analise de variancia
(ANOVA), seguida pelo teste de comparagédo multipla utilizando-se o método de Dunn
ou teste de Tukey. Valores de P < 0.05 foram considerados como indicativos de

significancia.
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5. RESULTADOS E DISCUSSAO

Os topicos de Resultados e Discussao dessa dissertagao serao apresentados
sob a forma de dois artigos cientificos, que foram submetidos para publicagédo, sendo
que um deles ja foi aceito para publicagdo. Cabe ressaltar que a divisdo do trabalho
avaliando dois cardenolideos em dois artigos ocorreu por decisdo do grupo de
pesquisa e de seus colaboradores. As legendas das figuras e tabelas dos artigos
foram inseridas nas respectivas listas no presente documento, bem como a
metodologia descrita anteriormente se enquadra naquela que foi desenvolvida e é
apresentada nos dois artigos, sendo o primeiro tratando do uso da b-AD e o segundo

sobre a DIGI contra a infec¢ao por L. infantum.

5.1.Artigo 1: estudo envolvendo a B-acetil-digitoxina contra L. infantum

Este artigo foi submetido para publicagdo no periddico Parasite na data de 20 de

agosto de 2020 e aceito para publicagao em 01 de abril de 2021.

In vitro and in vivo antileishmanial activity of B-acetyl-digitoxin, a cardenolide of

Digitalis lanata potentially useful to treat visceral leishmaniasis

Authors

Camila S. Freitas', Daniela P. Lage', Jodo A. Oliveira-da-Silva', Rafaella R. Costa’,
Débora V.C. Mendonga', Vivian T. Martins', Thiago A.R. Reis'!, Luciana M.R.
Antinarelli’, Amanda S. Machado', Grasiele S.V. Tavares', Fernanda F. Ramos’, Rory
C.F. Brito®, Fernanda Ludolf', Miguel A. Chavez-Fumagalli*, Bruno M. Roatt3, Gabriela

S. Ramos®, Jennifer Munkert®, Flaviano M. Ottoni®, Priscilla R.V. Campana®, Mariana
C. Duarte'’, Denise U. Gongalves', Elaine S. Coimbra?, Fernéo C. Braga®, Rodrigo M.
Padua®, Eduardo A.F. Coelho'""

41



Affiliations

' Programa de Pds-Graduagdo em Ciéncias da Saude: Infectologia e Medicina
Tropical, Faculdade de Medicina, Universidade Federal de Minas Gerais, Belo
Horizonte, Minas Gerais, Brazil.

2 Departamento de Parasitologia, Microbiologia e Imunologia, Instituto de Ciéncias
Bioldgicas, Universidade Federal de Juiz de Fora, Juiz de Fora, Minas Gerais, Brazil.
3 Laboratério de Imunopatologia, Nucleo de Pesquisas em Ciéncias Biologicas,
Departamento de Ciéncias Bioldgicas, Insituto de Ciéncias Exatas e Bioldgicas,
Universidade Federal de Ouro Preto, Ouro Preto, Minas Gerais, Brazil.

4 Universidad Catolica de Santa Maria, Urb. San José S/N, Umacollo, Arequipa, Peru.
5 Departamento de Produtos Farmacéuticos, Faculdade de Farmacia, Universidade
Federal de Minas Gerais, Belo Horizonte, Minas Gerais, Brazil.

6 Departament Biologie, LS Pharmazeutische Biologie, Universitat Erlangen-Nurnberg,
Erlangen, Germany.

" Departamento de Patologia Clinica, COLTEC, Universidade Federal de Minas

Gerais, Belo Horizonte, Minas Gerais, Brazil.

*Corresponding author

Address: Prof. Dr. Eduardo Antonio Ferraz Coelho. Laboratério de Pesquisa do
Programa de P6s-Graduagao em Ciéncias da Saude: Infectologia e Medicina Tropical,
Faculdade de Medicina, Universidade Federal de Minas Gerais, Avenida Prof. Alfredo
Balena, 190, 30.130-100, Belo Horizonte, Minas Gerais, Brazil.

Phone and fax number: +55 31 3409 4983

E-mail address: eduardoferrazcoelho@yahoo.com.br

42



Abstract

Current treatments of visceral leishmaniasis (VL) face limitations due to drug side
effects and/or high cost, along with the emergence of parasite resistance. Novel and
low-cost antileishmanial agents are therefore demanded. We herein report the
antileishmanial activity of B-acetyl-digitoxin (b-AD), a cardenolide isolated from
Digitalis lanata leaves, assayed in vitro and in vivo against Leishmania infantum.
Results showed direct action of b-AD against parasites, as well as an efficacy for the
treatment of Leishmania-infected macrophages. In vivo experiments using b-AD-
containing Pluronic® F127 polymeric micelles (b-AD/Mic) to treat L. infantum-infected
mice showed that this composition reduced in more significant levels the parasite load
in distinct organs, as well as induced to the development of anti-parasite Th1-type
immunity, attested by the high levels of IFN-y, IL-12, TNF-a, GM-CSF, nitrite and
specific IgG2a antibodies, in addition to low IL-4 and IL-10 contents, along with higher
IFN-y-producing CD4* and CD8" T-cell frequency. Furthermore, low toxicity was found
in the organs of the treated animals. Comparing the therapeutic effect between the
treatments, b-AD/Mic was the most effective in protect animals against infection, when
compared to the other groups including miltefosine used as a drug control. Data found
15 days after treatment were similar to those obtained one day post-therapy. In
conclusion, the obtained results suggest that b-AD/Mic is a promising antileishmanial

agent and deserve further studies to investigate its potential to treat VL.

Keywords: Treatment; 3-acetyl-digitoxin; visceral leishmaniasis; drug repositioning;

toxicity; miltefosine.
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Introduction

Leishmaniases are vector-borne diseases caused by distinct species of protozoan
parasites of the genus Leishmania. This disease complex is endemic in several
countries in the world, where approximately 380 million people are at risk and 2.0
million new cases are registered per year [67]. Leishmaniases comprise distinct clinical
manifestations, including tegumentary leishmaniasis (TL), which involves the
cutaneous, mucosal and diffuse-cutaneous clinical forms, and visceral leishmaniasis
(VL), which can be fatal if acute and untreated [33]. Disease control methods are not
effective; the current treatment of the human cases causes toxicity and/or presents
high cost, in addition to the emergence of resistant parasite strains [62].

VL is caused by the Leishmania infantum species in Latin America, Central Asia and
Mediterranean region [3]. In the symptomatic disease, splenomegaly, fever, anemia,
weight loss and weakness are commonly observed in the patients [66]. Ideally, a
suitable treatment should be safe and non-toxic, effective against parasites and
presents shorten time. Since the late 1940s, treatment is based on the use of
pentavalent antimonials; however, these compounds are toxic, demand endovenous
or intramuscular administration, which is uncomfortable for the patients, and parasite
resistance has increased [13, 49]. Amphotericin B (AmpB) has been also used for such
therapeutic purpose. Although effective against Leishmania parasites, its toxicity is
high. Lipid formulations have reduced AmpB toxicity and showed high efficacy;
however, the high cost is still an impeditive factor [44]. Miltefosine has been also used
as a therapeutic option in several countries in the world, and it was the first oral drug
administered against human VL. However, miltefosine causes teratogenicity and
parasite resistance has been also registered [19]. Within this context, there is a current
demand for the research and development of novel and low-cost antileishmanial
agents.

The drug discovery is a long and expensive process. In this aspect, drug
repositioning could be considered and tests using compounds with other known
biological applications could be evaluated as antileishmanial agents [4]. Cardenolides
are glycosides clinically used for over 200 years, with the mechanism of action based
on the inhibition of Na*/K*-ATPase, involved in the Na*/K®* pump mechanism

dependent on these ions [41, 46]. Cardenolides have been used for the treatment
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against congestive heart failure [26], besides present antitumor [56], anti-inflammatory
[29], antimalarial [14], anti-oxidant and anti-aging [68] activities.

The chemical investigation of Digitalis species resulted in the isolation of over 80
cardenolides, ascribed as the main bioactive constituents of the genus [21, 27]. Aiming
to further explore new antileishmanial candidates, in the present work, the in vitro and
in vivo activity of B-acetyl-digitoxin (b-AD) cardenolide, which was isolated from the
leaves of D. lanata, was evaluated against L. infantum species. In vitro assays showed
that b-AD was effective against L. infanfum promastigotes and amastigotes, besides
present low toxicity in murine and human cells. Preliminary data showed that this
cardenolide derivative present its mechanism of action based on the parasite
mitochondria causing their cell death. Additionally, in vivo treatment performed in L.
infantum-infected mice showed that both free b-AD and a composition formed by the
molecule incorporated in polymeric micelles (b-AD/Mic) resulted in significant
reductions in the parasite load in the spleen, liver, bone marrow (BM) and draining
lymph nodes (dLN) of the animals, when analyses were performed one and 15 days
post-treatment. Results obtained using miltefosine were similar to those found using
the free molecule, but lower as compared to those found using b-AD/Mic. In addition,
an anti-parasite Th1-type immunity was observed in the treated and infected animals;

suggesting then the possibility to test this molecule as a therapeutic target against VL.

Materials and methods

Drugs and chemicals

Miltefosine, AmpB and Poloxamer 407 (Pluronic® F127) were commercially
acquired and present catalog number 58066-85-6, 1397-89-3 and 16758, respectively
(Sigma-Aldrich, St. Louis, USA). B-acetyl-digitoxin (C43HesO14; molecular weight 807
g/mol) was extracted and purified from leaves of Digitalis lanata species. After isolated
and purified, the structural elucidation of the compound was carried out using
ultraviolet spectrophotometry, mass spectrometry and nuclear magnetic resonance.
Data obtained were analyzed and the chemical structure was clarified and is shown
(Figura 5).
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Figura 5. Chemical structure of the p-acetyl-digitoxin.

Ethics statement, experimental animals and parasites

The work was submitted and approved by the Ethical Committee in Animal
Research (CEUA) from Federal University of Minas Gerais (UFMG; Belo Horizonte,
Minas Gerais, Brazil), with protocol number 085/2017. Female BALB/c mice (6 to 8
weeks old) were acquired from Institute of Biological Sciences (ICB) of UFMG and
were kept under pathogen-free conditions. Leishmania infantum
(MHOM/BR/1970/BH46) was grown in Schneider's medium (Sigma-Aldrich) added
with 20% heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich) and 20 mM L-
glutamine at pH 7.4, 24°C [15].

In vitro antileishmanial activity

The 50% Leishmania inhibitory concentration (ICs0) was evaluated in vitro by
incubating logarithmic phase promastigotes in the presence of b-AD (0 to 61.96 uM)
or AmpB (0 to 1.08 pM) in 96-well culture plates (Nunclon, Roskilde, Denmark) for 48
h at 24°C. Cell viability was assessed by MTT [3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyl
tetrazolium bromide; Sigma-Aldrich] method. The optical density (OD) values were
read in microplate spectrophotometer (Molecular Devices, Spectra Max Plus, CA,
USA), at 570 nm. Results were entered into Microsoft Excel (version 10.0)
spreadsheets and ICso values were calculated by sigmoidal regression of the dose-

response curve [63].
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Cytotoxicity assay

The cytotoxicity was evaluated in murine macrophages and human red cells, when
the inhibition 50% of macrophage (CCso0) and red cells (RBCso) viability was calculated.
For this, macrophages were obtained by peritoneal lavage of female BALB/c mice
(n=5) using 5 mL cold phosphate buffered saline (PBS 1x pH 7.4). Peritoneal exudate
cells were centrifuged at 1,000 x g for 10 min and resuspended in RPMI 1640 medium.
Macrophages (5 x 10° cells/mL) were then incubated with (0 to 123.92 uM) or AmpB
(0 to 10.82 pM) in RPMI 1640 medium for 48 h at 37°C in 5% COz2. The cell viability
was assayed by MTT method. To evaluate the hemolytic activity, a 5% human red cell
suspension was incubated with b-AD (0 to 123.92 uM) or AmpB (0 to 10.82 uM) for 1
h at 37°C in 5% CO2. The suspension was centrifuged by 1,000 x g for 10 min and the
lyses percentage was read in spectrophotometer, at 570 nm. The absence or presence
of hemolysis were evaluated by replacing b-AD for PBS or distilled water, respectively.
Results were entered into Microsoft Excel spreadsheets and CCso and RBCso values

were calculated using sigmoidal regression by means of dose-response curves [63].

Treatment of infected macrophages and inhibition of the infection

Stationary phase promastigotes (5 x 10°) were cultured in RPMI 1640 medium
added with 20% FBS and 20 mM L-glutamine pH 7.4, for 24 h at 37 °C in 5% COa.
Parasites were then included in the cultures, at a ratio of 10 parasites per macrophage,
and the incubation were developed for 48 h at 37°C in 5% CO:2. Free parasites were
removed by washing with medium and Leishmania-infected macrophages were
incubated with b-AD (0, 3.09, 6.19 and 12.39 uM) or AmpB (0, 0.27, 0.54 and 1.08 uM)
for 48 h at 24 °C in 5% COz2. In another experiment, stationary phase promastigotes (5
x 108 cells) were incubated with b-AD (0, 3.09, 6.19 and 12.39 uM) or AmpB (0, 0.27,
0.54 and 1.08 uM) for 4 h at 24°C. Parasites were washed in RPMI 1640, quantified
and added in cultures to infect murine macrophages, at a ratio of 10 parasites per
macrophage, for 48 h at 37°C in 5% CO2. After cell fixation using 4%
paraformaldehyde, cells were washed and stained with Giemsa, when the infection

percentage, the number of amastigotes per treated macrophage, and the reduction in
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the infection percentage were determined by counting 200 cells, in triplicate, using

optical microscope [39].

Evaluation of the mitochondrial membrane potential

Leishmania infantum promastigotes (107 cells) were cultured in the absence or
presence of b-AD (41.93 uM, corresponding to 2x the ICso value) for 24 h at 25°C.
Parasites were washed in PBS and incubated with 500 nM MitoTracker Red CM-
H2XROS (Invitrogen, USA), for 30 min in the dark and at room temperature. After
washing twice with PBS, cells were added to a black 96-well plate and fluorescence
intensity was measured in a fluorometer (FLx800, BioTek Instruments, Inc., VT, USA),
with excitation and emission wavelengths of 528 nm and 600 nm, respectively.
Parasites treated with carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazon (FCCP;
5.0 uM) for 10 min were used as positive control, while untreated parasites were used

as negative control [25].

Reactive oxygen species (ROS) production

Leishmania infantum promastigotes (107 cells) were cultured in the absence or
presence of b-AD (41.93 uM, corresponding to two times the ICso value) for 24 h at
25°C. After, parasites were incubated with 20 puM cell-permeant 2'7'-
dichlorodihydrofluorescein diacetate (H.DCFDA; Sigma-Aldrich, USA) for 30 min in the
dark and at room temperature. Fluorescence intensity was measured in a
spectrofluorometer (Varioskan® Flash, Thermo Scientific, USA), with excitation and
emission wavelengths of 485 and 528 nm, respectively. H202-treated parasites (4000
MM; Sigma-Aldrich, USA) were used as positive control, while untreated parasites were
used as negative control [25].

Prepare of b-AD-containing micelles

The b-AD-containing micelles (b-AD/Mic) were prepared according described
elsewhere [54]. Briefly, Poloxamer 407 (18% w/w) was diluted in PBS under magnetic

agitation for 18 h at 4°C. Eight milligrams of b-AD were added to dichloromethane (500

48



ML) and solubilized using vortex. The mixture was added to the prepared solution under
vigorous agitation and in ice bath, until a viscous emulsion has been obtained. The
alcohol was evaporated using a rotary evaporate (Buchi, Flawil, Switzerland), and the
b-AD/Mic composition was obtained as a transparent yellow gel at 22°C. Empty
micelles were prepared (18% w/w) using the protocol described above but without
addition of b-AD.

Mice infection and treatment regimens

Mice (n=12 per group) were infected subcutaneously with L. infantum stationary-
phase promastigotes (107 parasites) and, 60 days after, they were grouped and
received one of the following regimens, which was administered by subcutaneous
route: saline group: mice received PBS (50 uL); empty micelles (B/Mic) group: mice
received empty micelles (10 mg/kg body weight diluted in 50 uL of PBS); miltefosine
group: mice received miltefosine by oral route (2 mg/kg body weight); b-AD group: mice
received b-AD (5 mg/kg body weight diluted in 50 uL of PBS) and b-AD/micelle (b-
AD/Mic) group: mice received b-AD-containing micelles (5 mg/kg body weight diluted
in 50 uL of PBS). Treatments were performed each two days and during 10 days. One
and 15 days after treatment, respectively, half of the animals of each group were

euthanized, when parasitological and immunological analyses were developed.

Evaluation of parasite load

The organ parasitism was evaluated in spleen, liver, BM and dLN of the treated
and infected animals, which were collected one and 15 days post-treatment, by a
limiting dilution technique [64]. For this, organs were macerated in a glass tissue
grinder using sterile PBS, and tissue debris were removed by centrifugation at 150 x
g. Cells were centrifuged at 2,000 x g and pellets were resuspended in 1 mL of
complete Schneider's medium, when a log-fold serial dilution was performed in
complete Schneider's medium. Each sample was plated in triplicate and read 7 days
after the beginning of the cultures at 24°C. Results were expressed as the negative
log of the titer (the dilution corresponding to the last positive well) adjusted per

milligram of organ. The spleen parasitism was also evaluated by a quantitative PCR
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(gPCR) [5, 20]. For this, DNA was extracted using commercial kit (Wizard Genomic
DNA Purification Kit, Promega Corporation, USA) and resuspended in milli-Q water.
The following primers were used to amplify L. infantum kDNA: Forward
(CCTATTTTACACCAACCCCCAGT) and Reverse
(GGGTAGGGGCGTTCTGCGAAA), while B-actin gene (Forward:
CAGAGCAAGAGAGGTATCC; Reverse: TCATTGTAGAAGGTGTGGTGC) was used
as a control. Standard curves were obtained from DNA extracted from 108 parasites
for KDNA and 10® macrophages for B-actin, using the same technical conditions.
Reactions were developed and analyzed in an ABI Prism 7500 Sequence Detection
System (96 wells-plate; Applied Biosystems), using 2x SYBR™ Select Master Mix
(Applied Biosystems), 2 mM of each primer and 25 ng/uyL DNA. Samples were
incubated at 95°C for 10 min and submitted to 40 cycles of 95°C for 15 s and 60°C for
1 min. Fluorescence data were obtained in each time and results were determined by
interpolation from standard curve used in the same run, in duplicate, and expressed

as the parasite number per total DNA.

Cellular response

Mice spleens were collected one and 15 days after treatment, when they (5 x 108
cells per mL) were incubated in 24-well plates (Nunc) cultured in DMEM plus 20% FBS
and 20 mM L-glutamine at pH 7.4. Cells were unstimulated (medium) or stimulated
with L. infantum SLA (50.0 pg/mL) for 48 h at 37°C in 5% COa2. Levels of IFN-y, IL-12,
GM-CSF, IL-4 and IL-10 were measured in the culture supernatant by commercial kits
obtained from BD Pharmingen® (San Diego, CA, USA), according to the
manufacturer’s instructions. The nitrite production was also evaluated in the cell
supernatant by Griess reaction. In addition, in some culture wells, anti-CD4 (GK 1.5)
and anti-CD8 (53-6.7) monoclonal antibodies (5.0 ug each; Pharmingen®, USA) were
also added and processed according described above, aiming to evaluate the IFN-y-
producing T-cell profile in the miltefosine, b-AD or b-AD/Mic-treated mice groups. For
this experiment, appropriate isotype-matched controls [rat IgG2a (R35-95) and rat
IgG2b (95-1)] were also used. A flow cytometry assay was developed in the stimulated
cultures to evaluate the IFN-y and IL-10-producing CD4* and CD8" T cell frequency.

Experiments were based on the cell relative flow cytometry size (forward laser scatter
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— FSC) and granularity (side laser scatter — SSC) graphs. After the selection of the
interest region R1 containing FSCLow and SSCLow phenotype cells, graphs of density
plot distribution of CD4/FL1 or CD8/FL1 versus IFN-y/FL2*, TNF-a/FL2* and IL-
10/FL2* cells were constructed to determine the IFN-y*, TNF-a and IL-10*-producing
T cell frequency. Values were calculated by ratio between the CD4* and CD8* T-cell
percentage in the SLA-stimulated versus unstimulated cultures, and they were

expressed as indexes in the graphs [64].

Antibody production

Levels of anti-Leishmania 1gG1 and IgG2a isotype antibodies were measured in
sera samples of the treated animals, which were obtained one and 15 days after
treatment, according described [25]. Briefly, SLA was added as an antigen in the
plates, at a concentration of 1.0 ug per well, for 16 h at 4°C. Free binding sites were
then blocked with PBS and Tween 20 0.05% (PBS-T) plus 5% casein, for 1 h at 37°C,
when plates were washed five times with PBS-T and incubated with mouse sera (1:100
diluted in PBS-T), for 1 h at 37°C. After, plates were washed five times and incubated
with anti-mouse IgG1 and IgG2a horseradish-peroxidase conjugated antibodies (both
1:10,000 diluted in PBS-T), for 1 h at 37°C. They were again washed and reactions
were developed using a solution composed by H202, ortho-phenylenediamine and
citrate-phosphate buffer pH 5.0, for 30 min in the dark. After, reactions were stopped

by adding 2 N H2SO4 and OD values were read in a spectrophotometer, at 492 nm.

In vivo toxicity

The in vivo cytotoxicity was evaluated in serum samples of the treated and infected
animals, one and 15 days post-treatment. For this, levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT) and creatine kinase muscle
brain fraction (CK-MB) were evaluated in the samples, by using commercial kits

(Labtest Diagnostica®, Belo Horizonte) according to the manufacturer” instructions.
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Statistical analysis

ICs0, CCs0 and RBCso values were entered into Microsoft Excel (version 10.0)
spreadsheets and calculated by dose-response curves, which were plotted in
GraphPad Prism 5.03. Results were evaluated by the one-way analysis of variance
(ANOVA) followed by Bonferroni’s post-test. Data were expressed as mean * standard
deviation of the groups. Two independent experiments presenting similar results were

performed and differences were significant when P < 0.05.

Results

In vitro biological assays

The in vitro antileishmanial effect of the compounds was evaluated against L.
infantum species, where the 1Cso values of 20.94+2.60 and 0.11£0.03 uM were,
respectively, obtained for b-AD and AmpB (Tabela 1). In its turn, the CCso and RBCso
values determined for b-AD were of 453.04+23.29 and 334.95+24.90 uM, respectively,
and from 0.86+0.11 and 12.66+£1.52 uM for AmpB, respectively. The calculated
selectivity indexes were 21.64 and 7.82 for b-AD and AmpB, respectively (Tabela 1).
Treatment of infected macrophages reduced the infection percentage by 89.0% and
71.2%, when b-AD and AmpB were tested at 12.39 and 1.08 uM, respectively (Tabela
2). The inhibition of infection using pre-treated parasites was also evaluated, and
results showed reductions in the infection percentage by 84.8% and 68.2%, when b-
AD and AmpB were assayed at 12.39 and 1.08 uM, respectively (Tabela 3).
Preliminary investigations of the effects of b-AD in L. infantum suggested that the
molecule cause alterations in the parasites” mitochondria, by altering their membrane

potential (Figura 6) and causing increase in the ROS production (Figura 7).
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Tabela 1. In vitro biological activity. L. infantum logarithmic phase promastigotes were
incubated with b-AD (0 to 61.96 uM) or AmpB (0 to 1.08 uM) for 48 h at 24°C. Cell viability was
analyzed by MTT method and the 50% Leishmania inhibitory concentration (ICso) was calculated
by applying sigmoidal regression of dose-response curve. Murine macrophages were also
incubated with b-AD (0 to 123.92 uM) or AmpB (0 to 10.82 uM) for 48 h at 37°C in 5% COz2, and
the 50% cell inhibitory concentration (CCso) was also evaluated by a dose-response curve. The
selectivity index (Sl) was calculated by ratio between the CCso and ICso values. The 50% human
red cells inhibitory concentration (RBCso) was determined by incubating the 5% red cell
suspension with b-AD (0 to 123.92 yM) or AmpB (0 to 10.82 uM) for 1 h at 37°C in 5% CO:2. The
lyse percentage was evaluated spectrophotometrically, and the absence or presence of
hemolysis were determined by replacing b-AD for PBS or distilled water, respectively. Results are

showed as mean * standard deviation of the groups.

Compound [Cso (UM) CCso (LM) Sl RBCso (LM)
B-acetyl-digitoxin 20.94+2.60 453.04+23.29 21.6 334.951+24.90
Amphotericin B 0.11+0.03 0.8610.11 8.0 12.66+1.52

Tabela 2. Treatment of infected macrophages. Murine macrophages (5 x 10° cells) were
cultured in complete RPMI 1640 medium for 24 h at 37°C in 5% CO.. After, cells were washed
twice with PBS and L. infantum stationary promastigotes were added in the cultures at a ratio of
10 parasites per macrophage, for 48 h at 37°C in 5% CO:2. Free parasites were removed by
washing with RPMI 1640 medium, and infected macrophages were treated with b-AD (0, 3.09,
6.19 and 12.39 pM) or AmpB (0, 0.27, 0.54 and 1.08 uM) for 48 h at 24°C in 5% CO2. The
percentage of infected cells, the infectiveness reduction and the number of recovered
amastigotes per cell were determined by counting 200 macrophages in triplicate. Results are

showed as mean * standard deviation of the groups.

Concentration Percentage of infected Infectiveness Number of
Compound macrophages after reduction (%) amastigotes per
(uM) treatment macrophage
12.39 7.6+1.2 89.0 0.1+0
6.19 14.3+2.5 79.2 0.410.2
B-acetyl-digitoxin
3.09 24.3+3.3 64.6 1.2+0.4
0 68.7+4.0 (-) 3.9+0.5
1.08 19.8+2.4 71.2 0.8£0.4
0.54 32.1+3.8 53.3 1.3+0.3
Amphotericin B
0.27 42.5+5.2 38.1 2.110.4
0 68.714.0 (-) 3.9+0.5
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Tabela 3. Inhibition of infection using pre-treated parasites. The inhibition of infection of
murine macrophages using pre-treated parasites was performed by incubating L. infantum
stationary promastigotes (5 x 108 cells) with b-AD (0, 3.09, 6.19 and 12.39 uM) or AmpB (0, 0.27,
0.54 and 1.08 uM) for 4 h at 24°C. Parasites were then washed in RPMI 1640 and used to infect
murine cells at a ratio of 10 parasites per macrophage, for 48 h at 37°C in 5% CO2. The
percentage of infected macrophages, the infectiveness reduction and the number of amastigotes
per treated macrophage were evaluated by counting 200 macrophages in triplicate. Results are

showed as mean * standard deviation of the groups.

Concentration Infectiveness Number of
Compound Infection percentage using reduction amastigotes per
M pre-treated parasites macrophage
(LM) (%) phag
12.39 8.812.0 84.8 0.210.1
6.19 13.312.4 77.0 0.710.3
B-acetyl-digitoxin
3.09 27.414.0 52.6 1.6+0.5
0 57.845.2 (-) 3.310.6
1.08 18.4+2.6 68.2 0.710.3
0.54 26.5£2.7 54.2 1.21+0.3
Amphotericin B
0.27 38.7+4.3 33.0 2.210.4
0 57.8+5.2 (-) 3.310.6
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Figura 6. Evaluation of the mitochondrial membrane potential. L. infantum stationary
promastigotes (107 cells) were cultured in the absence (control) or presence of b-AD (41,93 uM,
corresponding to two times the ICso value) for 24 h at 25°C. Cells were incubated for 30 min in
the dark with 500 nM MitoTracker Red CM-H2XROS. After washing twice with PBS, treated

promastigotes were transferred to a black 96-well plate and fluorescence intensity was measured
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using a fluorometer, with excitation and emission wavelengths of 540 and 600 nm, respectively.
Carbony! cyanide-4-(trifluoromethoxy)phenylhydrazon (FCCP, 5.0 pM)-treated parasites were
used as positive control, while non-treated parasites were used as negative control (control). Bars
indicate the mean plus standard deviation of the groups. (7) indicates statistically significant

difference in relation to the control (P < 0.0001).
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Figura 7. Production of the reactive oxygen species. L. infantum (107 cells) were incubated
alone (control) or in the presence of b-AD (41.93 pM) for 24 h at 25°C. After, parasites were
washed twice in PBS and incubated with 20 uM cell-permeant 2',7'-dichlorodihydrofluorescein
diacetate (H.DCFDA), for 30 min and in the dark. The fluorescence was measured in a
fluorometer, with excitation and emission wavelengths of 485 and 528 nm, respectively. H20:2
(4000 uM; Sigma-Aldrich, USA)-treated parasites were used as positive control, while untreated
parasites were used as negative control (control). Bars represent the mean plus standard
deviation of the groups. (™) indicate statistically significant difference as compared to the control
(P < 0.0001).

Estimation of the parasite load

The organ parasitism was evaluated one and 15 days post-treatment in liver,
spleen, BM and dLNs of the treated animals. Results showed that miltefosine, free b-
AD or b-AD/Mic groups mice presented significant reductions in the parasite load as
compared to values encountered in the saline and B/Mic groups (Figura 8). One day
post-therapy, miltefosine, b-AD and b-AD/Mic groups mice presented lower parasitism
in their spleens (3.0, 3.7 and 4.6-log reductions, respectively), livers (2.3, 2.7 and 4.0-
log reductions, respectively), dLNs (3.7, 4.3 and 5.3-log reductions, respectively), and
BMs (1.7, 2.0 and 2.7-log reductions, respectively), when compared to the saline

group. Fifteen days after treatment, reductions in the parasite load in the miltefosine,
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b-AD and b-AD/Mic groups were in the order of 3.3, 4.0 and 5.7-log reductions,
respectively, in their spleens; of 2.7, 3.0 and 4.3-log reductions, respectively, in their

livers; of 4.0, 4.7 and 6.0-log reductions, respectively, in their dLNs; and of 2.0, 2.3 and

3.7-log reductions, respectively, in their BM; when compared to the saline group.

Comparison between the treated groups revealed that mice receiving b-AD/Mic

showed the highest reductions in the organ parasitism. The spleens of the animals

were also used to determine the parasite load by qPCR technique, and results showed

also that miltefosine, free b-AD or b-AD/Mic-treated mice presented significant

reductions in the splenic parasitism, when compared to values found in the control
groups. Additionally, b-AD/Mic induced also the highest reductions in the splenic

parasitism as compared to the others (Figura 9).
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Figura 8. Parasite load evaluated by limiting dilution technique. L. infantum-infected BALB/c
mice (n=12 per group) were treated and, one and 15 days post-therapy, animals (n=6 per group,
in each case) were euthanized, and their livers, spleens, bone marrows (BM) and draining lymph
nodes (dLN) were collected to evaluate the parasite load by limiting dilution technique. Bars
indicate the mean + standard deviation of the groups, one and 15 days post-treatment. (*) indicate
significant difference in relation to the saline and B/Mic groups (P < 0.05). (") indicate statistically

significant difference in relation to the miltefosine group (P < 0.05). (™) indicate statistically

significant difference in relation to the b-AD group (P < 0.05).
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Figura 9. Splenic parasite load evaluated by quantitative PCR technique. L. infantum-
infected BALB/c mice (n=12 per group) were treated and, 15 days post-treatment, animals (n=6
per group) were euthanized, their spleen collected and the parasite load was estimated by gPCR
technique. Results were expressed as the number of parasites per total DNA. Bars indicate the
mean + standard deviation of the groups. (") indicate significant difference in relation to the saline
and B/Mic groups (P < 0.05). (™) indicate statistically significant difference in relation to the
miltefosine group (P < 0.05). (") indicate statistically significant difference in relation to the b-AD
group (P < 0.05).

Investigating the immune response in the treated animals

Anti-parasite Th1 and Th2-type cytokines were evaluated in the cell supernatant
of splenocytes cultures of the treated animals. Results showed that spleen cells of
miltefosine, b-AD or b-AD/Mic groups mice produced significantly higher levels of IFN-
v, IL-12 and GM-CSF, as well as low levels of IL-4 and IL-10, when compared to data
found in the saline and B/Mic groups, when both periods of time were evaluated (Figura
10). Aiming to investigate the T cell subtype responsible by IFN-y production in the
treated and infected animals, anti-CD4 and anti-CD8 monoclonal antibodies were
added into the in vitro cultures, and results showed that both antibody subtypes
reduced in significant levels the production of this cytokine; suggesting then that CD4*
and CD8* T cells were important for immunological response against L. infantum
infection (Figura 11). A flow cytometry assay showed also that miltefosine, b-AD and
b-AD/Mic-treated mice presented higher IFN-y and TNF-a-producing T-cell subtype
frequency as compared to data obtained in the saline and B/Mic groups, which showed
higher IL-10-producing CD4* and CD8" T-cell levels (Figura 12). Between the
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therapeutics, b-AD/Mic induced higher presence of IFN-y and TNF-a-producing CD4*
and CD8" T cells. The nitrite production was evaluated by Griess reaction, and results
showed that miltefosine, b-AD or b-AD/Mic groups mice produced higher levels of this
cell activation marker, when compared to values found in the saline and B/Mic groups
(Figura 13). The evaluation of humoral response showed also that miltefosine, b-AD
or b-AD/Mic groups mice produced significantly higher levels of anti-Leishmania 1gG2a
antibody, as compared to IgG1 levels. Otherwise, saline and B/Mic groups mice
produced higher anti-parasite IgG1 isotype levels than IgG2a isotype, in both periods
of time post-treatment (Figura 14). The treatment using b-AD/Mic induced to the

highest levels of anti-parasite IlgG2a antibodies as compared to the other groups.
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Figura 10. Cellular response developed in the treated and infected animals. L. infantum-
infected BALB/c mice (n=12 per group) were treated and, one and 15 days post-treatment, their
spleens were collected, and spleen cells were non-stimulated (medium) or stimulated with L.
infantum SLA (50 pg/mL) for 48 h at 37°C in 5% COz. IFN-y, IL-4, IL-10, IL-12p70 and GM-CSF
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levels were measured in the cell supernatant, one (A) and 15 (B) days post-treatment, by using
commercial kits. Bars indicate the mean * standard deviation of the groups. (*) indicate significant
difference in relation to the saline and B/Mic groups (P < 0.05). (") indicate statistically significant
difference in relation to the miltefosine group (P < 0.05). (™) indicate statistically significant
difference in relation to the b-AD group (P < 0.05). (¥) indicate statistically significant difference in

relation to the miltefosine, b-AD and b-AD/Mic groups (P < 0.05).
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Figura 11. Involvement of T-cell subtypes in the IFN-y production. Splenocytes of the
miltefosine, b-AD or b-AD/Mic-treated and infected mice (n=6 per group) were cultured in DMEM
(medium) or stimulated with SLA (50 pg/mL) in the presence of anti-CD4 or anti-CD8 antibody,
for48 h at 37°C in 5% COs2. IFN-y levels were then measured in the cell supernatant. Bars indicate
the mean +* standard deviation of the groups. (°) indicate statistically significant difference in
relation to the use of anti-CD4 and anti-CD8 monoclonal antibodies (P < 0.05). (7) indicate

statistically significant difference in relation to the use of anti-CD8 monoclonal antibody (P < 0.05).
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Figura 12. Flow cytometry assay to investigate the intracytoplasmic cytokine-producing T
cell frequency. The IFN-y, TNF-a and IL-10-producing T CD4* and CD8* cell frequency in the
spleen cells of the treated and infected mice was evaluated 15 days post-treatment, by using a
flow cytometry technique. Results were calculated by the ratio between positive cell cultures after
SLA-stimulation divided by the control (unstimulated) cultures (SLA/CC ratio). Results were
reported as cytokine indexes (SLA/CC ratio) for CD4* and CD8* T cell subtypes. Bars represent
the mean plus standard deviation of the groups. (*) indicate significant difference in relation to the
saline and B/Mic groups (P < 0.05). (") indicate statistically significant difference in relation to the
miltefosine group (P < 0.05). (") indicate statistically significant difference in relation to the b-AD
group (P < 0.05).
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Figura 13. Nitrite secretion. The cell supernatant used to quantify cytokines was also employed
to evaluate the nitrite production. Bars indicate the mean + standard deviation of the groups. ()
indicate significant difference in relation to the saline and B/Mic groups (P < 0.05). (") indicate
statistically significant difference in relation to the miltefosine group (P < 0.05). (™) indicate
statistically significant difference in relation to the b-AD group (P < 0.05). (¥) indicate statistically

significant difference in relation to the miltefosine, b-AD and b-AD/Mic groups (P < 0.05).
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Figura 14. Humoral response developed in the treated and infected mice. Sera samples
were collected of treated and L. infantum-infected animals, one and 15 days post-therapy, when
levels of antileishmanial 1gG1 and 1gG2a isotype antibodies were estimated by an ELISA
technique. Bars indicate the mean * standard deviation of the groups. (*) indicate significant
difference in relation to the saline and B/Mic groups (P < 0.05). (") indicate statistically significant
difference in relation to the miltefosine group (P < 0.05). (") indicate statistically significant
difference in relation to the b-AD group (P < 0.05). (¥) indicate statistically significant difference in

relation to the miltefosine, b-AD and b-AD/Mic groups (P < 0.05).
Evaluating the in vivo toxicity

The hepatic and cardiac toxicity was evaluated in the treated and infected animals.
Results showed higher levels of ALT, AST and CK-MB enzymes in saline and B/Mic
groups mice, suggesting that organic alterations could occur in these animals caused
by infection and/or treatment. On the other hand, miltefosine, b-AD and b-AD/Mic
groups mice produced lower levels of these enzymatic markers, with animals treated
with b-AD/Mic being those presenting the lowest levels of AST, ALT and CK-MB
(Figura 15).

62



400 i
& 300 f 7 mm 15days
B 200 i
E _ =
.g -l 100 |
2
o= 50 -
T 40 S o o 4 B B &
E 300 f L, L om o T P P llE
E 20 B B . = b — 8 B B
w 104 .. = B AR = ' .« B B BTE =3 Y | ' B
0 = - - ") £ | | 2| | = - | | | | | |
Q [ (=] o 0O (=] (] @ (2] Q 0O (2] Q @ (=] Q 0O (2]
> c —] [ = = > C = c = > C = c =
s =25 32 s = =2 5 & 2 s =273 S 2
Z § o % 2 zZ § ad % 9‘ Z J o % 2
= 28 = s = -
= = =
ALT AST CK-MB

Figura 15. Evaluation of in vivo toxicity. Levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and creatine kinase muscle brain fraction (CK-MB) enzymes were
estimated using sera samples collected of treated and infected mice, one and 15 days post-
treatment. Sera of naive (non-infected and non-treated) mice were used as control. Bars
represent the mean * standard deviation of the groups. (*) indicate significant difference in relation
to the saline and B/Mic groups (P < 0.05). (") indicate statistically significant difference in relation
to the miltefosine group (P < 0.05). (") indicate statistically significant difference in relation to the
b-AD group (P < 0.05). (*) indicate statistically significant difference in relation to the miltefosine,

b-AD and b-AD/Mic groups (P < 0.05).

Discussion

Drugs currently used for VL treatment are toxic, costly, present long duration
time and/or variable efficacy [61]. In this context, novel antileishmanial agents are
needed and plant products may represent a valid strategy for drug development,
especially those compounds or derivatives in clinical use, such as cardenolide
derivatives. Cardiac glycosides such as digoxin are used to heart diseases, and
several compounds of this class have been described to induce a plethora of biological
responses, including anti-inflammatory and antiprotozoal activities [14, 29, 68].
Following the rationale to identify novel antileishmanial targets; in the present work, a
cardenolide derivative called B-acetyl-digitoxin, which was obtained from Digitalis

lanata leaves, was evaluated regarding its in vitro and in vivo activity against L.
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infantum. The obtained results disclosed the effectiveness of b-AD against the
parasites, especially when it was tested incorporated in Poloxamer 407-based
polymeric micelles. This composition was more efficient in reducing the parasite load
in the treated and infected animals, and also in inducing a more polarized and specific
antileishmanial Th1-type response.

The occurrence of active VL depends on the activation of T cell subsets, being
Th1-type cytokines, such as IFN-y, GM-CSF and IL-12, among others related to the
protective response, while IL-4, IL-5, IL-6, IL-10, among others related to the
development of the disease [16, 18, 42]. Usually, the protective immunity depends on
the induction of specific Th1-type response, which activates macrophages to Kill
intracellular parasites through nitric oxide-mediated mechanism [30]. In this study,
considering the analysis of T-cell populations and cytokine production, both CD4* and
CD8* T subtypes were showed to be origin of IFN-y in mice that were treated with
miltefosine, b-AD or b-AD/Mic. The Th1-type profile was related to the parasitism
control in distinct organs of the animals, when the parasite load was evaluated through
limiting dilution technique and gPCR. On the other hand, control groups mice showed
higher parasitism in these systemic organs, as well as the development of Th2-type
immune response. Parasitological and immunological evaluations performed one and
15 days post-treatment indicated the maintenance of the positive therapeutic response
in the treated animals, suggesting then a possible long-term efficacy of b-AD against
L. infantum.

In our study, b-AD showed higher therapeutic efficacy, when it was incorporated
in Poloxamer 407 (Pluronic® F127)-based polymeric micelles. The employ of micelles
as delivery for antileishmanial molecules has presented good therapeutic efficacy
against Leishmania spp. [20, 34, 37]. In a study developed, AmpB-containing
polymeric micelles were tested against L. donovani, and results showed that the
composition was 100 times more active against parasites as compared to the use of
free AmpB [23]. In other work, AmpB-containing and chitosan-coated Poloxamer 407-
based micelles were prepared and the composition was tested against Leishmania,
with results showing low toxicity of formulation in mammalian cells, higher uptake by
host’s macrophages and higher effectivity against infection by the parasites [54].

Our group has also used polymeric micelles as delivery systems for

antileishmanial candidates. In a study, AmpB-containing Poloxamer P407 micelles
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were prepared and tested against L. amazonensis. Results showed that the
composition induced significant reductions in the parasite load in infected BALB/c
mice, as compared to the other groups. The Th1-type immunity was developed in these
treated animals, which was also associated with the therapeutic response against
infection [37]. In another study, clioquinol-containing Pluronic® F127 polymeric micelles
(ICHQ/Mic) were developed and also tested against L. amazonensis. Results showed
that treated mice developed a Th1-type immune response, which was associated with
significant reductions in the parasitism in livers, spleens, BMs and dLNs of the animals,
when compared to data found in the control groups [64].

Cardenolides have been used to treat congestive heart failure and arrhythmias
[1, 11, 32, 52]. In the present study, preliminary data suggest that the mechanism of
action of our cardenolide derivative in L. infantum occurred in the parasite mitochondria
causing cell death, since b-AD altered the mitochondrial membrane potential and
stimulated the ROS production by the parasites. In fact, the presence of high levels of
ROS can cause increase in the levels of lipid peroxidation and reduction in the
membrane fluidity, leading to the loss of cell viability [55, 58]. Mitochondria has been
considered as a target when distinct antileishmanial agents are tested [7, 28, 35, 57,
63]; however, contrarily to observed in mammalian cells, where this organelle is
abundant in their content, Leishmania spp. and other Trypanosomatides present only
one mitochondria, which exhibits functional and morphological differences, such as the
presence of own genetic material, peculiarities in the functionality of the electron
transport chain and existence of a non-canonical antioxidant machinery [2, 24, 40]. In
this context, and based on the data presented here, b-AD induced was able to induce
the establishment of a stress environment in the parasites, which contributed to the
Leishmania death. Additionally, and due to the low toxicity found in murine and human
cells; one could speculate that this molecule will not be toxic to treat against human
VL, mainly when administered in low doses and/or incorporated in delivery system
such as polymeric micelles.

Miltefosine is used as an oral drug for the treatment against VL; however, its
effectiveness has been variable between the populations in the world [51, 60]. In
addition, due to its long half-life and long therapy duration, parasite resistance against
this drug has been also documented [45, 47]. Here, miltefosine induced significant

reductions in the parasitism in the treated animals, as compared to values found in the
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controls; however, data obtained in b-AD/Mic-treated mice showing more significant
reductions in the parasite load suggest that the micellar composition was more
effective in reduce the organ parasitism in treated and infected animals. Taken
together, these results suggest then that b-AD/Mic could be then considered effective
against L. infantum infection in our experimental mammalian model.

Infection by L. infantum usually causes primary parasitism in the liver of the
animals that tends to decrease, while the splenic parasitism tends to increase when
the infection becomes chronic [12, 43]. In this context, animals’ spleens could be
considered as a marker of chronic infection [22, 36]. In our study, parasitism in this
organ was evaluated by two distinct techniques and results showed that, when both
assays were performed, lower splenic parasitism was found in b-AD/Mic-treated mice,
as compared to the other groups, including the treatment using miltefosine. This fact
could be considered relevant and therapeutic schemes testing the association of this
cardenolide derivative with other antileishmanial drugs could be considered, with the
purpose to reduce the side effects, decrease parasite resistance and allow to the
prescription of lower drug doses to achieve satisfactory therapeutic results [30, 48, 59,
65].

Limitations of the study include the absence of other therapeutic schedules
employing lower number of doses and other antileishmanial agents, such as
amphotericin B, as well as the absence of parasitological and immunological
evaluations performed in longer periods of time post-treatment; aiming to verify a
possible long-term therapeutic efficacy induced by b-AD/Mic. In addition, the absence
of evaluation of the levels of urea and creatinine in the sera samples of treated and
infected animals could be considered as a limitation of the work, since antileishmanial
agents, such as amphotericin B [38, 50], cardenolide derivatives [9, 17], among others,
can cause renal toxicity, mainly if administered in high and/or inappropriately doses
[9]. In this context, additional studies are certainly necessaries to be performed, aiming
to solve such questions. However, preliminary data presented here, describing the
parasitological and immunological therapeutic response found in mice treated with b-
AD/Mic, as well as the low cardiac and hepatic toxicity, suggest that this molecule could
be considered in future studies as a therapeutic agent against VL.

66



Conflict of interest

The authors confirm that they have no conflicts of interest in relation to this work.

Acknowledgments: This work was supported by grant MR/R005850/1 from the Medical
Research Council (VAccine develLopment for complex Intracellular neglecteD
pAThogEns - VALIDATE), UK, and grant APQ-408675/2018-7 from the Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq), Brazil. The authors
also thank the Brazilian agencies Coordenagao de Aperfeicoamento de Pessoal de
Nivel Superior (CAPES), CNPq and the Fundacdo de Amparo a Pesquisa do Estado
de Minas Gerais (FAPEMIG) for the student scholarships.

The authors would also like to thank Professor Wolfgang Kreis (Universitat Erlangen-

Nurnberg — Germany) for kindly providing a sample of 3-acetyl-digitoxin.

References

1. Akbari M, Oryan A, Hatam G. 2017. Application of nanotechnology in treatment of
leishmaniasis: a review. Acta Tropica. 172, 86-90.

2. Alonso-Garrido M, Manyes L, Pralea IE, luga CA. 2020. Mitochondrial proteomics
profile points oxidative phosphorylation as main target for beauvericin and enniatin
B mixture. Food and Chemical Toxicology, 141, 111432.

3. Alvar J, Vélez ID, Bern C, Herrero M, Desjeux P, Cano J, Jannin J, den Boer M,
WHO Leishmaniasis Control Team. 2012. Leishmaniasis worldwide and global
estimates of its incidence. PLoS One, 7, €35671.

4. Andrade-Neto VV, Cunha-Junior EF, Santos Faioes V, Pereira TM, Silva RL, Leon
LL, Torres-Santos EC. 2018. Leishmaniasis treatment: update of possibilities
for drug repurposing. Frontiers in Bioscience (Landmark Ed), 23, 967-996.

5. Antonia AL, Wang L, Ko DC. 2018. A real-time PCR assay for quantification of
parasite burden in murine models of leishmaniasis. Peer Journal, 6, €5905.

6. Araujo IAC, Paula RC, Alves CL, Faria KF, Oliveira MM, Mendes GG, Dias EMFA,
Ribeiro RR, Oliveira AB, Silva SMD. 2019. Efficacy of lapachol on treatment of

cutaneous and visceral leishmaniasis. Experimental Parasitology, 199, 67-73.

67


https://pubmed.ncbi.nlm.nih.gov/32407736/
https://pubmed.ncbi.nlm.nih.gov/32407736/
https://pubmed.ncbi.nlm.nih.gov/32407736/
http://www.ncbi.nlm.nih.gov/pubmed/22693548
http://www.ncbi.nlm.nih.gov/pubmed/22693548
https://pubmed.ncbi.nlm.nih.gov/30430041/
https://pubmed.ncbi.nlm.nih.gov/30430041/
https://pubmed.ncbi.nlm.nih.gov/30797783/?from_term=treatment+leishmaniasis+plants+&from_filter=simsearch3.fft&from_pos=1
https://pubmed.ncbi.nlm.nih.gov/30797783/?from_term=treatment+leishmaniasis+plants+&from_filter=simsearch3.fft&from_pos=1

7. Arruda CCP, Hardoim DJ, Rizk YS, Souza CSF, Valle TZ, Carvalho DB, Taniwaki

NN, Baroni ACM, Calabrese KS. 2019. A triazole hybrid of neolignans as a
potential antileishmanial agent by triggering mitochondrial dysfunction. Molecules,
25, 37.

Askari A. 2019. The sodium pump and digitalis drugs: dogmas and fallacies.

Pharmacology Researche & Perspectives, 7, e00505.

9. Bauman JL, Didomenico RJ, Galanter WL. 2006. Mechanisms, manifestations, and

10.

11.

12.

13.

14.

15.

16.

17.

management of digoxin toxicity in the modern era. American Journal of
Cardiovascular Drugs, 6, 77-86.
Braga SS. 2019. Multi-target drugs active against leishmaniasis: a paradigm
of drug repurposing. European Journal of Medicinal Chemistry, 183, 111660.
Campbell TJ, MacDonald PS. 2003. Digoxin
in heart failure and cardiac arrhythmias. Medical Journal of Australia, 179, 98-102.
Carrién J, Nieto A, Iborra S, Iniesta V, Soto M, Folgueira C, Abanades DR,
Requena JM, Alonso C. 2006. Immunohistological features of visceral
leishmaniasis in BALB/c mice. Parasite Immunology, 28, 173-183.
Chakravarty J, Sundar S. 2019. Current and emerging medications for
the treatment of leishmaniasis. Expert Opinion on Pharmacotherapy, 20, 1251-
1265.
Chan EW, Wong SK, Chan HT. 2016. Apocynaceae species with antiproliferative
and/or antiplasmodial properties: a review of ten genera. Journal of Integrative
Medicine, 14, 269-284.
Coelho EAF, Tavares CA, Carvalho FA, Chaves KF, Teixeira KN, Rodrigues RC,
Charest H, Matlashewski G, Gazzinelli RT, Fernandes AP. 2003. Immune
responses induced by the Leishmania (Leishmania) donovani A2 antigen, but not
by the LACK antigen, are protective against experimental Leishmania
(Leishmania) amazonensis infection. Infection and Immunity, 71, 3988-3994.
Cortes S, Bruno-de-Sousa C, Morais T, Lago J, Campino L. 2020. Potential of the
natural products against leishmaniasis in Old World: a review of in vitro studies.
Pathogens and Global Health, 27, 1-13.
Critchley JA, Critchley LA. 1997. Digoxin toxicity in
chronic renal failure: treatment by multiple dose activated charcoal intestinal

dialysis. Human & Experimental Toxicology, 16, 733-735.

68


https://pubmed.ncbi.nlm.nih.gov/31861910/
https://pubmed.ncbi.nlm.nih.gov/31861910/
https://pubmed.ncbi.nlm.nih.gov/12864722/
https://pubmed.ncbi.nlm.nih.gov/12864722/
https://pubmed.ncbi.nlm.nih.gov/27417173/?from_term=Cardenolides+antiprotozoal+activity&from_filter=simsearch3.fft&from_pos=1
https://pubmed.ncbi.nlm.nih.gov/27417173/?from_term=Cardenolides+antiprotozoal+activity&from_filter=simsearch3.fft&from_pos=1
https://pubmed.ncbi.nlm.nih.gov/32339079/?from_term=treatment+leishmaniasis+plant-derived+products&from_filter=simsearch3.fft&from_page=2&from_pos=2
https://pubmed.ncbi.nlm.nih.gov/32339079/?from_term=treatment+leishmaniasis+plant-derived+products&from_filter=simsearch3.fft&from_page=2&from_pos=2
https://pubmed.ncbi.nlm.nih.gov/9429088/
https://pubmed.ncbi.nlm.nih.gov/9429088/
https://pubmed.ncbi.nlm.nih.gov/9429088/

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Dayakar A, Chandrasekaran S, Kuchipudi SV, Kalangi SK. 2019. Cytokines: key
determinants of resistance or disease progression in visceral leishmaniasis:
opportunities for novel diagnostics and immunotherapy. Frontiers in Immunology,
10, 670.

Dorlo TP, Balasegaram M, Beijnen JH, Vries PJ. 2012. Miltefosine: a review of its
pharmacology and therapeutic efficacy in the treatment of leishmaniasis. Journal
of Antimicrobial Chemotherapy, 67, 2576-2597.

Duarte MC, Lage LM, Lage DP, Martins VT, Carvalho AM, Roatt BM, Menezes-
Souza D, Tavares CA, Alves RJ, Barichello JM, Coelho EA. 2016. Treatment of
murine visceral leishmaniasis using an 8-hydroxyquinoline-containing polymeric
micelle system. Parasitology International, 65, 728-736.

Eid SY, El-Readi MZ, Wink M. 2012. Digitonin synergistically enhances the
cytotoxicity of plant secondary metabolites in cancer cells. Phytomedicine, 19,
1307-1314.

Engwerda CR, Kaye PM. 2000. Organ-specific immune responses associated with
infectious disease. Immunology Today, 21, 73-78.

Espuelas S, Legrand P, Loiseau PM, Bories C, Barratt G, Irache JM. 2000. /n vitro
reversion of amphotericin B resistance in Leishmania donovani by Poloxamer 188.
Antimicrobial and Agents Chemotherapy, 44, 2190-2192.

Fidalgo LM, Gille L. 2011. Mitochondria and trypanosomatids: targets and drugs.
Pharmaceutical Research, 28, 2758-2770.

Freitas CS, Oliveira-da-Silva JA, Lage DP, Costa RR, Mendonga DVC, Martins VT,
Reis TAR, Antinarelli LMR, Machado AS, Tavares GSV, Ramos FF, Coelho VTS,
Brito RCF, Ludolf F, Chavez-Fumagalli MA, Roatt BM, Ramos GS, Munkert J,
Ottoni FM, Campana PRV, Humbert MV, Coimbra ES, Braga FC, Padua RM,
Coelho EAF. 2021. Digitoxigenin presents an effective and selective
antileishmanial action against Leishmania infantum and is a potential therapeutic
agent for visceral leishmaniasis. Parasitology Research, 120, 321-335.
Gheorghiade M, Harinstein ME, Filippatos GS. 2009. Digoxin for the treatment of
chronic and acute heart failure syndromes. Acute Cardiac Care, 11, 83-87.

Gurel E, Karvar S, Yucesan B, Eker |, Sameeullah M. 2017. An overview
of cardenolides in digitalis - more than a cardiotonic compound. Current
Pharmaceutical Design, 23, 5104-5114.

69


https://www.ncbi.nlm.nih.gov/pubmed/31024534
https://www.ncbi.nlm.nih.gov/pubmed/31024534
https://www.ncbi.nlm.nih.gov/pubmed/31024534
https://www.ncbi.nlm.nih.gov/pubmed/27425599
https://www.ncbi.nlm.nih.gov/pubmed/27425599
https://www.ncbi.nlm.nih.gov/pubmed/27425599
https://pubmed.ncbi.nlm.nih.gov/23062361/?from_term=Cardenolides+secondary+metabolites+genus+Digitalis&from_filter=simsearch3.fft&from_pos=5
https://pubmed.ncbi.nlm.nih.gov/23062361/?from_term=Cardenolides+secondary+metabolites+genus+Digitalis&from_filter=simsearch3.fft&from_pos=5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC90038/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC90038/
https://pubmed.ncbi.nlm.nih.gov/21935742/
https://pubmed.ncbi.nlm.nih.gov/33191446/
https://pubmed.ncbi.nlm.nih.gov/33191446/
https://pubmed.ncbi.nlm.nih.gov/33191446/
https://pubmed.ncbi.nlm.nih.gov/19384675/?from_term=Cardenolides+treatment+congestive+heart+failure&from_filter=simsearch3.fft&from_page=2&from_pos=9
https://pubmed.ncbi.nlm.nih.gov/19384675/?from_term=Cardenolides+treatment+congestive+heart+failure&from_filter=simsearch3.fft&from_page=2&from_pos=9

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Granato JT, Santos JA, Calixto SL, Prado da Silva N, da Silva Martins J, Silva AD,
Coimbra ES. 2018. Novel steroid derivatives: synthesis, antileishmanial
activity, mechanism of action, and in silico physicochemical and pharmacokinetics
studies. Biomedicine & Pharmacotherapy, 106, 1082-1090.
Jagielska J, Salguero G, Schieffer B, Bavendiek U. 2009. Digitoxin elicits anti-
inflammatory and vasoprotective properties in endothelial cells: Therapeutic
implications for the treatment of atherosclerosis? Atherosclerosis, 206, 390-396.
Joshi J, Kaur S. 2014. Studies on the protective efficacy of second-generation
vaccine along with standard antileishmanial drug in Leishmania donovani infected
BALB/c mice. Parasitology, 141, 554-562.
Kedzierski L, Evans KJ. 2014. Immune responses during cutaneous and
visceral leishmaniasis. Parasitology, 30, 1-19.
Keenan SM, DelLisle RK, Welsh WJ, Paula S, Ball WJ Jr. 2005. Elucidation of
the Na*, K*-ATPase digitalis binding site. Journal of Molecular Graphics and
Modelling, 23, 465-475.
Kevric |, Cappel MA, Keeling JH. 2015. New World and Old World Leishmania
infections: a practical review. Dermatologic Clinics, 33, 579-593.
Lage LM, Barichello JM, Lage DP, Mendonga DV, Carvalho AM, Rodrigues MR,
Menezes-Souza D, Roatt BM, Alves RJ, Tavares CA, Coelho EA, Duarte MC.
2016. An 8-hydroxyquinoline-containing polymeric micelle system is effective for
the treatment of murine tegumentary leishmaniasis. Parasitology Research, 115,
4083-4095.
Lopez-Arencibia A, Martin-Navarro C, Sifaoui |, Reyes-Batlle M, Wagner C,
Lorenzo-Morales J, Maciver SK, Pinero JE. 2017. Perifosine mechanisms
of action in Leishmania species. Antimicrobial Agents and Chemotherapy, 61,
e02127-16.
Melby PC, Yang YZ, Cheng J, Zhao W. 1998. Regional differences in the cellular
immune response to experimental cutaneous or visceral infection with Leishmania
donovani. Infection and Immunity, 66, 18-27.
Mendonga DVC, Lage LMR, Lage DP, Chavez-Fumagalli MA, Ludolf F, Roatt BM,
Menezes-Souza D, Faraco AA, Castilho RO, Tavares CA, Barichello JM, Duarte
MC, Coelho EA. 2016. Poloxamer 407 (Pluronic®F127)-based polymeric micelles

for amphotericin B: in vitro biological activity, toxicity and in vivo therapeutic

70


https://pubmed.ncbi.nlm.nih.gov/19446813/?from_term=Cardenolides+treatment+anti-inflammatory&from_filter=simsearch3.fft&from_pos=5
https://pubmed.ncbi.nlm.nih.gov/19446813/?from_term=Cardenolides+treatment+anti-inflammatory&from_filter=simsearch3.fft&from_pos=5
https://pubmed.ncbi.nlm.nih.gov/19446813/?from_term=Cardenolides+treatment+anti-inflammatory&from_filter=simsearch3.fft&from_pos=5
https://www.ncbi.nlm.nih.gov/pubmed/25075460
https://www.ncbi.nlm.nih.gov/pubmed/25075460
https://pubmed.ncbi.nlm.nih.gov/15886034/
https://pubmed.ncbi.nlm.nih.gov/15886034/
https://www.ncbi.nlm.nih.gov/pubmed/27365053
https://www.ncbi.nlm.nih.gov/pubmed/27365053
https://pubmed.ncbi.nlm.nih.gov/28096161/
https://pubmed.ncbi.nlm.nih.gov/28096161/

38.

39.

40.

efficacy against murine tegumentary leishmaniasis. Experimental Parasitology,
169, 34-42.

Mendonga DVC, Martins VT, Lage DP, Dias DS, Ribeiro PAF, Carvalho AMRS,
Dias ALT, Miyazaki CK, Menezes-Souza D, Roatt BM, Tavares CAP, Barichello
JM, Duarte MC, Coelho EAF. 2018. Comparing the therapeutic efficacy of
different amphotericin B-carrying delivery systems against visceral leishmaniasis.
Experimental Parasitology, 186, 24-35.

Mendonga DVC, Tavares GSV, Lage DP, Soyer TG, Carvalho LM, Dias DS,
Ribeiro PAF, Ottoni FM, Antinarelli LMR, Vale DL, Ludolf F, Duarte MC, Coimbra
ES, Chavez-Fumagalli MA, Roatt BM, Menezes-Souza D, Barichello JM, Alves
RJ, Coelho EAF. 2019. In vivo antileishmanial efficacy of a naphthoquinone
derivate incorporated into a Pluronic® F127-based polymeric micelle system
against Leishmania amazonensis infection. Biomedicine & Pharmacotherapy, 109,
779-787.

Menna-Barreto RF, Castro SL. 2014. The double-edged sword in pathogenic
trypanosomatids: the pivotal role of mitochondria in oxidative stress and

bioenergetics. Biomed Research International, 2014, 614014.

41. Mijatovic T, Kiss R. 2013. Cardiotonic steroids-mediated Na+/K+-ATPase targeting

42.

43.

44.

45.

could circumvent various chemoresistance pathways. Planta Medica, 79, 189-198.
Mougneau E, Bihl F, Glaichenhaus N. 2011. Cell biology and immunology
of Leishmania. Immunology Review, 240, 286-296.

Oliveira DM, Costa MA, Chavez-Fumagalli MA, Valadares DG, Duarte MC, Costa
LE, Martins VT, Gomes RF, Melo MN, Soto M, Tavares CA, Coelho EA. 2012.
Evaluation of parasitological and immunological parameters
of Leishmania chagasi infection in BALB/c mice using different doses and routes
of inoculation of parasites. Parasitology Research, 110, 1277-1285.

Ortega V, Giorgio S, Paula E. 2017. Liposomal formulations in the

pharmacological treatment of leishmaniasis: a review. Journal of Liposome
Research, 27, 234-248.
Pandey K, Ravidas V, Siddiqui NA, Sinha SK, Verma RB, Singh TP, Dhariwal AC,
Das Gupta RK, Das P. 2016. Pharmacovigilance of miltefosine in treatment of
visceral leishmaniasis in endemic areas of Bihar, India. The American Journal of
Tropical Medicine and Hygiene, 95, 1100-1105.

71


https://www.ncbi.nlm.nih.gov/pubmed/30551531
https://www.ncbi.nlm.nih.gov/pubmed/30551531
https://www.ncbi.nlm.nih.gov/pubmed/30551531
https://pubmed.ncbi.nlm.nih.gov/24800243/
https://pubmed.ncbi.nlm.nih.gov/24800243/
https://pubmed.ncbi.nlm.nih.gov/24800243/
https://pubmed.ncbi.nlm.nih.gov/23412992/?from_term=cardenolides+Na%2B%2FK%2B+pump+review&from_filter=simsearch3.fft&from_pos=3
https://pubmed.ncbi.nlm.nih.gov/23412992/?from_term=cardenolides+Na%2B%2FK%2B+pump+review&from_filter=simsearch3.fft&from_pos=3
https://pubmed.ncbi.nlm.nih.gov/28874072/?from_term=leishmaniasis+treatment+human+review+amphotericin+B+liposomal&from_filter=simsearch3.fft&from_pos=5
https://pubmed.ncbi.nlm.nih.gov/28874072/?from_term=leishmaniasis+treatment+human+review+amphotericin+B+liposomal&from_filter=simsearch3.fft&from_pos=5

46.

47.

48.

49.

50.

51.

52.

53.

54.

Patel CN, Kumar SP, Modi KM, Soni MN, Modi NR, Pandya HA. 2019. Cardiotonic
steroids as potential Na(+)/K(+)-ATPase inhibitors - a computational study. Journal
of Receptors and Signal Transduction, 39, 226-234.

Pérez-Victoria FJ, Sanchez-Cariete MP, Seifert K, Croft SL, Sundar S, Castanys
S, Gamarro F. 2006. Mechanisms of experimental resistance of Leishmania
to miltefosine: implications for clinical use. Drug Resistance Updates, 9, 26-39.
Perron GG, Kryazhimskiy S, Rice DP, Buckling A. 2012. Multidrug therapy and
evolution of antibiotic resistance: when order matters. Applied and Environmental
Microbiology, 78, 6137-6142.

Ponte-Sucre A, Gamarro F, Dujardin JC, Barrett MP, Lépez-Vélez R, Garcia-
Hernandez R, Pountain AW, Mwenechanya R, Papadopoulou B. 2017. Drug
resistance and treatment failure in leishmaniasis: a 215t century challenge. PLoS
Neglected Tropical Diseases, 11, e0006052.
Ribeiro TG, Franca JR, Fuscaldi LL, Santos ML, Duarte MC, Lage PS, Martins VT,
Costa LE, Fernandes SO, Cardoso VN, Castilho RO, Soto M, Tavares CA, Faraco
AA, Coelho EA, Chavez-Fumagalli MA. 2014. An optimized nanoparticle delivery
system based on chitosan and chondroitin sulfate molecules reduces
the toxicity of amphotericin Band is effective in treating tegumentary
leishmaniasis. International Journal of Nanomedicine, 9, 5341-5353.
Rijal S, Ostyn B, Uranw S, Rai K, Bhattarai NR, Dorlo TP, Beijnen JH, Vanaerschot
M, Decuypere S, Dhakal SS, Das ML, Karki P, Singh R, Boelaert M, Dujardin JC.
2013. Increasing failure of miltefosine in the treatment of Kala-azar in Nepal and
the potential role of parasite drug resistance, reinfection, or noncompliance.
Clinical Infectious Diseases, 56, 1530-1538.

Scalese MJ, Salvatore DJ. 2017. Role of digoxin in atrial fibrillation. Journal of
Pharmacy Practice, 30, 434-440.

Sen R, Chatterjee M. 2011. Plant derived therapeutics for

the treatment of leishmaniasis. Phytomedicine, 18, 1056-1069.

Singh PK, Pawar VK, Jaiswal AK, Singh Y, Srikanth CH, Chaurasia M, Bora
HK, Raval K, Meher JG, Gayen JR, Dube A, Chourasia MK. 2017. Chitosan
coated Pluronic F127 micelles for effective delivery of amphotericin B in
experimental visceral leishmaniasis. International Journal of Biological
Macromolecules, 105, 1220-1231.

72


https://pubmed.ncbi.nlm.nih.gov/31509043/?from_term=cardenolides+Na+%2FK+pump+mechanism+of+action&from_filter=simsearch3.fft&from_page=3&from_pos=4
https://pubmed.ncbi.nlm.nih.gov/31509043/?from_term=cardenolides+Na+%2FK+pump+mechanism+of+action&from_filter=simsearch3.fft&from_page=3&from_pos=4
https://pubmed.ncbi.nlm.nih.gov/25429219/
https://pubmed.ncbi.nlm.nih.gov/25429219/
https://pubmed.ncbi.nlm.nih.gov/25429219/
https://pubmed.ncbi.nlm.nih.gov/25429219/
https://pubmed.ncbi.nlm.nih.gov/27067743/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Singh%20PK%5BAuthor%5D&cauthor=true&cauthor_uid=28780414
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pawar%20VK%5BAuthor%5D&cauthor=true&cauthor_uid=28780414
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jaiswal%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=28780414
https://www.ncbi.nlm.nih.gov/pubmed/?term=Singh%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=28780414
https://www.ncbi.nlm.nih.gov/pubmed/?term=Srikanth%20CH%5BAuthor%5D&cauthor=true&cauthor_uid=28780414
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chaurasia%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28780414
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bora%20HK%5BAuthor%5D&cauthor=true&cauthor_uid=28780414
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bora%20HK%5BAuthor%5D&cauthor=true&cauthor_uid=28780414
https://www.ncbi.nlm.nih.gov/pubmed/?term=Raval%20K%5BAuthor%5D&cauthor=true&cauthor_uid=28780414
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meher%20JG%5BAuthor%5D&cauthor=true&cauthor_uid=28780414
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gayen%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=28780414
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dube%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28780414
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chourasia%20MK%5BAuthor%5D&cauthor=true&cauthor_uid=28780414

55.

56.

S7.

58.

59.

60.

61.

62.

63.

Slimen IB, Najar T, Ghram A, Dabbebi H, Ben Mrad M, Abdrabbah M. 2014.
Reactive oxygen species, heat stress and oxidative-induced mitochondrial
damage. A review. International Journal of Hyperthermia, 30, 513-523.
Slingerland M, Cerella C, Guchelaar HJ, Diederich M, Gelderblom H. 2013. Cardiac
glycosides in cancer therapy: from preclinical investigations towards clinical trials.
Investigational New Drugs, 31, 1087-1094.

Sousa JKT, Antinarelli LMR, Mendong¢a DVC, Lage DP, Tavares GSV, Dias DS,
Ribeiro PAF, Ludolf F, Coelho VTS, Oliveira-da-Silva JA, Perin L, Oliveira BA,
Alvarenga DF, Chavez-Fumagalli MA, Brandao GC, Nobre V, Pereira GR,
Coimbra ES, Coelho EAF. 2019. A chloroquinoline derivate presents effective in
vitro and in vivo antileishmanial activity against Leishmania species that cause
tegumentary and visceral leishmaniasis. Parasitology International, 73, 101966.
Su LJ, Zhang JH, Gomez H, Murugan R, Hong X, Xu D, Jiang F, Peng ZY. 2019.
Reactive oxygen species-induced lipid peroxidation in apoptosis, autophagy, and
ferroptosis. Oxidative Medicine and Cellular Longevity, 2019, 508084 3.

Sun W, Zhang H, Guo J, Zhang X, Zhang L, Li C, Zhang L. 2016. Comparison of
the efficacy and safety of different ace inhibitors in patients with chronic heart
failure: a PRISMA-Compliant Network Meta-Analysis. Medicine (Baltimore), 95,
e2554.

Sundar S, Singh A, Rai M, Prajapati VK, Singh AK, Ostyn B, Boelaert M, Dujardin
JC, Chakravarty J. 2012. Efficacy of miltefosine in the treatment
of visceral leishmaniasis in India after a decade of use. Clinical Infectious
Diseases, 55, 543-550.

Sundar S, Singh A. 2016. Recent developments and future prospects in the
treatment of visceral leishmaniasis. Therapeutic Advances in Infectious Disease,
3, 98-109.

Sundar S, Singh A. 2018. Chemotherapeutics of visceral leishmaniasis: present
and future developments. Parasitology, 145, 481-4809.

Tavares GSV, Mendonga DVC, Lage DP, Granato JDT, Ottoni FM, Ludolf F,
Chavez-Fumagalli MA, Duarte MC, Tavares CAP, Alves RJ, Coimbra ES, Coelho
EAF. 2018. Antileishmanial activity, cytotoxicity and mechanism of action of
clioquinol against Leishmania infantum and Leishmania amazonensis species.

Basic & Clinical Pharmacology & Toxicology, 123, 236-246.

73


https://pubmed.ncbi.nlm.nih.gov/25354680/
https://pubmed.ncbi.nlm.nih.gov/25354680/
https://pubmed.ncbi.nlm.nih.gov/23748872/?from_term=Cardenolides+treatment+cancer&from_filter=simsearch3.fft&from_page=3&from_pos=10
https://pubmed.ncbi.nlm.nih.gov/23748872/?from_term=Cardenolides+treatment+cancer&from_filter=simsearch3.fft&from_page=3&from_pos=10
https://www.ncbi.nlm.nih.gov/pubmed/31362122
https://www.ncbi.nlm.nih.gov/pubmed/31362122
https://www.ncbi.nlm.nih.gov/pubmed/31362122
https://pubmed.ncbi.nlm.nih.gov/31737171/
https://pubmed.ncbi.nlm.nih.gov/31737171/
https://www.ncbi.nlm.nih.gov/pubmed/27536354
https://www.ncbi.nlm.nih.gov/pubmed/27536354
https://www.ncbi.nlm.nih.gov/pubmed/29215329
https://www.ncbi.nlm.nih.gov/pubmed/29215329
https://www.ncbi.nlm.nih.gov/pubmed/29481714
https://www.ncbi.nlm.nih.gov/pubmed/29481714

64.

65.

66.

67.

68.

Tavares GSV, Mendonga DVC, Pereira IAG, Oliveira-da-Silva JA, Ramos FF, Lage
DP, Machado AS, Carvalho LM, Reis TAR, Perin L, Carvalho AMRS, Ottoni FM,
Ludolf F, Freitas CS, Bandeira RS, Silva AM, Chavez-Fumagalli MA, Duarte MC,
Menezes-Souza D, Alves RJ, Roatt BM, Coelho EAF. 2020. A clioquinol-
containing Pluronic® F127 polymeric micelle system is effective in the treatment
of visceral leishmaniasis in a murine model. Parasite, 27, 29.

Trinconi CT, Reiméo JQ, Yokoyama-Yasunaka JK, Miguel DC, Uliana SR. 2014.
Combination therapy with tamoxifen and amphotericin B in experimental
cutaneous leishmaniasis. Antimicrobial Agents and Chemotherapy, 58, 2608-
2613.

Uliana SRB, Trinconi CT, Coelho AC. 2018. Chemotherapy of leishmaniasis:
present challenges. Parasitology, 145, 464-480.

World Health Organization, Leishmaniasis,
http://www.who.int/topics/leishmaniasis/en/, 2018, Accessed data: 2 June 2018.
Xu d, GuoY, Sui T, Wang Q, Zhang Y, Zhang R, Wang M, Guan S, Wang L. 2017.
Molecular mechanisms of anti-oxidant and anti-aging effects induced by

convallatoxin in Caenorhabditis elegans. Free Radical Research, 51, 529-544.

74


https://pubmed.ncbi.nlm.nih.gov/28103966/
https://pubmed.ncbi.nlm.nih.gov/28103966/
http://www.who.int/topics/leishmaniasis/en/

CONSIDERAGCOES FINAIS DO ARTIGO 1

Os resultados obtidos sugerem a eficacia seletiva da molécula B-acetil-
digitoxina (b-AD) contra a espécie L. infantum, com valores melhores que farmacos
de referéncia atualmente utilizados no tratamento da LV. A composicdo micelar
contendo b-AD foi mais eficiente na reducdo da carga parasitaria nos animais
infectados e tratados, além de induzir ao desenvolvimento de uma resposta imune

celular e humoral antileishmanial do tipo Th1 mais polarizada.
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5.2. Artigo 2: estudo da Digitoxigenina contra L. infantum
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ABSTRACT

Treatment for visceral leishmaniasis (VL) is hampered mainly by drug toxicity,
their high cost and parasite resistance. Drug development is a long and pricey process
and therefore drug repositioning may be an alternative worth pursuing. Cardenolides
are used to treat cardiac diseases, especially those obtained from Digitalis species. In
the present study, cardenolide Digitoxigenin (DIGI) obtained from a methanolic extract
of Digitalis lanata leaves was tested for its antileishmanial activity against Leishmania
infantum species. Results showed that 50% Leishmania and murine macrophage
inhibitory concentrations (ICso0 and CCso, respectively) were of 6.9+1.5 and 295.3£14.5
pg/mL, respectively. With Amphotericin B (AmpB) deoxycholate, used as a control
drug, values of 0.13+0.02 and 0.79+0.12 pg/mL, respectively, were observed.
Selectivity index (Sl) values were of 42.8 and 6.1 for DIGI and AmpB, respectively.
Preliminary studies suggested that the mechanism of action for DIGI is to cause
alterations in the mitochondrial membrane potential, to increase the levels of reactive
oxygen species and induce accumulation of lipid bodies in the parasites. DIGI was
incorporated into Pluronic® F127-based polymeric micelles and the formula (DIGI/Mic)
was used to treat L. infantum-infected mice. Miltefosine was used as a control drug.
Results showed that animals treated with either Miltefosine, DIGI or DIGI/Mic
presented significant reductions in the parasite load in their spleens, livers, bone
marrows and draining lymph nodes, as well as the development of a specific Th1-type
response, when compared to the controls. Results obtained one day after treatment
were corroborated with data corresponding to 15 days after therapy. Importantly,
treatment with DIGI/Mic induced better parasitological and immunological responses
when compared to Miltefosine- and DIGI-treated mice. In conclusion, DIGI/Mic has the
potential to be used as a therapeutic agent to protect against L. infantum infection and
it is therefore worth of consideration in future studies addressing VL treatment.

Keywords: Treatment; Digitoxigenin; drug repositioning; visceral leishmaniasis;

Amphotericin B deoxycholate; Miltefosine.
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Introduction

Leishmaniases are protozoal vector-borne diseases that affect both humans and
animals. There are approximately 380 million people at risk of contracting infection and
2.0 million cases registered annually (WHO, 2018). This disease complex is caused
by some species of the Leishmania genus, being the tegumentary and visceral
leishmaniases the main clinical forms of the disease (Grimaldi and Tesh, 1993).
Visceral leishmaniasis (VL) is a worldwide distributed infectious disease that, when
symptomatic, causes fever, hepatosplenomegaly and pancytopenia, among others
(Burza et al., 2018). Its diagnosis is accomplished by molecular and/or conventional
parasitological techniques, as well as by immunological assays. However, accurate
diagnosis depends on the current clinical status and immune response of the infected
hosts, with false-negative and/or false-positive results being frequently encountered
(Sakkas et al., 2016; Jamal et al., 2017; Van Griensven and Diro, 2019).

VL treatment has long relied on the use of pentavalent antimonials. However,
long periods of parenteral administration cause toxicity to the patients, who present
with symptoms such as cardiac arrhythmias, prolonged QT interval, ventricular
premature beats, ventricular tachycardia and fibrillation (Sundar and Chakravarty,
2015). In addition, parasite resistance has been reported, limiting their effectiveness
as clinical antileishmanial drugs (Sundar and Singh, 2018). Other therapeutic agents
are also available and are currently being employed to treat VL. Despite presenting
high efficacy, toxicity and/or high costs are also limitations for their widespread use
within a clinical setting (Chakravarty and Sundar, 2019). Amphotericin B (AmpB)
deoxycholate is one these alternative drugs, which toxic effects include nephrotoxicity,
hypokalemia and myocarditis (Mohamed-Ahmed et al., 2012). AmpB-containing lipid
formulations were developed with the aim to reduce side effects. Besides their low
toxicity, these formulations have shown to induce high therapeutic responses but their
high cost is still a limiting factor (Sundar et al., 2019). Miltefosine was originally used
as an anti-tumor agent and its leishmanicidal potential was reported in the 1980s (Dorlo
et al., 2012). It was the first drug used to treat VL via oral administration. Miltefosine
inhibits the biosynthesis of the glycosyl phosphatidyl inositol receptor, a key molecule
for Leishmania intracellular survival. Unfortunately, Miltefosine is teratogenic and

parasite resistance has been also registered (Rijal et al., 2013; Srivastava et al., 2017).
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In this context, there is currently and urgent need to identify novel effective, non-
toxic, low-cost antileishmanial agents. Drug discovery is a long and expensive process,
and leishmaniasis is a neglected disease (Hughes et al., 2011). Thus, drug
repositioning may well represent an attractive alternative, since compounds with
known biological functions have been proved to be effective against parasites
(Andrade-Neto et al., 2018). Cardenolides are glycosides able to inhibit Na*/K*-
ATPases by obstructing the Na*/K* pump mechanism (Mijatovic and Kiss, 2013; Patel
et al., 2019). These compounds are clinically used to treat cardiac diseases, such as
congestive heart failure (Gheorghiade et al., 2009), and they have been reported also
to possess antitumor (Slingerland et al., 2013), antimalarial (Chan et al., 2016) and
anti-oxidant (Xu et al., 2017) activities, among others (Eid et al., 2012; Gurel et al.,
2017). In the present study, a cardenolide derivate called Digitoxigenin (DIGI) was
obtained from a methanolic extract of Digitalis lanata leaves and its antileishmanial
activity was evaluated against L. infantum species.

Experimental results showed that DIGI was effective against parasites,
presenting a higher selectivity index (SI) than AmpB, with corresponding high efficacy
in the treatment of infected murine macrophages. Preliminary studies showed that DIGI
induced alterations in the parasite mitochondrial membrane potential (A¥Ym),
stimulated the production of reactive oxygen species (ROS) and the accumulation of
lipid bodies in the parasites. Furthermore, studies in vivo showed that DIGI
administered either in a free format or incorporated into Poloxamer 407-based
polymeric micelle system (DIGI/Mic) significantly reduced the parasite load in the
spleens, livers, bone marrows (BM) and draining lymph nodes (dLNs) of L. infantum-
infected mice, one and 15 days post-treatment. Immunological data demonstrated that
both DIGI and DIGI/Mic stimulated also the development of an antileishmanial Th1-
type cellular and humoral immune response one and 15 days after treatment,
suggesting the potential of this cardenolide derivate as an effective alternative

therapeutic agent against VL.
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Materials and Methods

Ethics statement, experimental animals and chemicals

The study was approved by the Committee for the Ethical Handling of Research
Animals of Federal University of Minas Gerais (UFMG; Belo Horizonte, Minas Gerais,
Brazil), with protocol number 085/2017. BALB/c mice (female, 8 weeks old) were
purchased from the Institute of Biological Sciences of UFMG and they were kept under
pathogen-free conditions. Poloxamer 407 (Pluronic® F127), Miltefosine and AmpB
were acquired from Sigma-Aldrich (catalog numbers 16758, 58066-85-6 and 1397-89-
3, respectively; St. Louis, USA).

Extraction and purification of DIGI

DIGI was obtained according to the method reported by Padua et al. (2005), with
few modifications. Briefly, a methanolic extract from Digitalis lanata leaves (kindly
donated by Prof. Wolfgang Kreis, University of Erlangen-Nuremberg, Germany), which
is an industrial refuse resulting from the extraction of digoxin, was resuspended (17 g)
in 200 mL acetone and sonicated for 30 min at room temperature. The acetonic extract
obtained was filtrated through a sintered Buchner funnel (n°® 1-100 to 160 ym pore
sizes) and the process was repeated with the insoluble material using 100 mL acetone.
The acetone extract was filtered over 30 g of activated charcoal powder under reduced
pressure to remove chlorophyll and other pigments. The active charcoal was washed
with acetone (100 mL) and the filtrate was evaporated to dryness to allow the dry
extract to enrich in cardenolides (10 g). The dry extract was dissolved in 400 mL
methanol and stirred on an oil bath until the temperature reached 55°C. Then, 350 mL
1 M hydrochloric acid was added and the solution was stirred for 35 min at room
temperature. Next, it was partitioned with dichloromethane (3x200 mL) and the organic
layer was neutralized by partition with 50 mL 3% (w/v) NaHCOs3 aqueous solution. The
organic layer was then washed with water (3x100 mL), dried over anhydrous sodium
sulfate, and dichloromethane was evaporated to dryness to get the dried residue (7.0
g), which was dissolved in dichloromethane (100 mL) and filtered under reduced

pressure over silica gel (50.0 g; 0.04-0.063 mm) deposited in a sintered Buchner funnel
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(n° 4-10 to 16 um pore sizes). The silica gel was sequentially washed using mixtures
of dichloromethane (A) and ethyl acetate (B): 100% A (100 mL), 95% A/5% B (950
mL), 90% A/10% B (750 mL), and 70% A/30% B (250 mL). Forty-one fractions were
collected (50 mL each); the solvent was removed in a fume hood for 18 h at room
temperature, and fractions were submitted to thin-layer chromatography analysis over
silica gel (eluent: ethyl acetate; spray reagent. Kedde). Fractions containing DIGI
(fractions 25 to 34) were pooled and used to purify the molecule (1.4 g; purity > 98%;
Figura 16).

CHs

HO
OH

Figura 16. Chemical structure of the digitoxigenin.

Parasites

L. infantum (MHOM/BR/1970/BH46) parasites were grown at a 24°C in complete
Schneider's medium (Sigma-Aldrich, USA), supplemented with 20% (v/v) heat-
inactivated fetal bovine serum (FBS; Sigma-Aldrich, USA) and 20 mM L-glutamine pH
7.4 (Coelho et al., 2003).

Antileishmanial activity

50% L. infantum inhibitory concentration (ICs0) was evaluated by incubating
parasite stationary promastigotes (10° cells) with DIGI (0 to 50.0 ug/mL) or AmpB (0 to
10.0 pg/mL; Sigma-Aldrich, USA) in 96-well culture plates (Nunc, Nunclon, Roskilde,
Denmark) for 48 h at 24°C. Cell viability was assessed using the 3-(4.5-dimethylthiazol-
2-yl)-2.5-diphenyl tetrazolium bromide (Sigma-Aldrich, USA) method. Optical density
(OD) values were measured in a microplate spectrophotometer (Molecular Devices,
Spectra Max Plus, San Jose, CA, USA) at 570 nm. ICso values were calculated by
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sigmoidal regression of dose-response curves in Microsoft Excel software (version
10.0) (Tavares et al., 2018).

Cytotoxicitiy assay

Cytotoxicity was evaluated ex vivo in murine macrophages and human red blood
cells, for which concentrations inhibiting 50% of macrophages (CCso0) and red blood
cells (RBCso) were determined. Briefly, murine cells (5 x 10°) or a 5% human red blood
cells suspension were incubated in the presence of DIGI (0 to 100.0 ug/mL) or AmpB
(0 to 10.0 uyg/mL) in RPMI 1640 medium for 48 h (murine macrophages) or 1 h (red
blood cells) at 37°C in 5% CO2. Macrophage viability was assessed by MTT method.
The red blood cells suspension was centrifuged at 1,000 x g for 10 min at 4°C, after
which percentage of cell lysis was evaluated spectrophotometrically at 570 nm. The
absence of (blank) or 100% hemolysis were determined by replacing DIGI with an
equal volume of phosphate buffered saline pH 7.4 (PBS) or distilled water,
respectively. CCso and RBCso values were calculated by sigmoidal regression of dose-
response curves in Microsoft Excel software (version 10.0) (Sousa et al., 2019). Sl was

calculated as the ratio between CCso and ICso values.

Treatment of infected macrophages

To evaluate the efficacy of DIGI for treating infected macrophages, murine cells
(5 x 10°) were plated on round glass coverslips in 24-well plates in RPMI 1640 medium
supplemented with 20% (v/v) FBS and 20 mM L-glutamine pH 7.4, and incubated for
24 h at 37°C in 5% CO:a2. Stationary promastigotes were then added to the wells at a
ratio of 10 parasites per macrophage and cultures were incubated further for 48 h at
37°C in 5% CO:a. Free parasites were removed by extensive washing with RPMI 1640
medium and infected macrophages were treated with DIGI (0, 2.5, 5.0 and 10.0 pyg/mL)
or AmpB (0, 0.25, 0.5 and 1.0 ug/mL) for 48 h at 24°C in 5% CO2. After fixation with
4% paraformaldehyde, cells were washed, stained with Giemsa and the infection
percentage, the number of amastigotes per infected macrophage and the reduction in
the infection percentage were determined by counting 200 cells, in triplicate, using an

optical microscope (Tavares et al., 2018).
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Evaluation of mitochondrial membrane potential and integrity

Stationary promastigotes (107 cells) were cultured in the absence or presence of
DIGI (13.8 pg/mL, corresponding to 2x the ICso value) during 24 h at 25°C. Parasites
were washed with PBS and incubated with MitoTracker Red CM-H2XROS (500 nM,;
Invitrogen, USA) or propidium iodide (1.0 ug/mL; Sigma-Aldrich) for 30 and 15 min,
respectively, in the dark and at room temperature. After washing twice with PBS,
samples were added to a black 96-well plate and fluorescence intensity was measured
using a fluorometer (FLx800, BioTek Instruments, Inc., Winooski, VT, USA), with
excitation and emission wavelengths of 540 and 600 nm, respectively. Carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazon (FCCP, 5.0 uM; Sigma-Aldrich, USA) and
pre-heated parasites at 65°C for 10 min were used as positive controls (Sousa et al.,
2019).

Production of reactive oxygen species (ROS)

Stationary promastigotes (107 cells) were cultured in the absence or presence of
DIGI (13.8 pg/mL, corresponding to 2x the ICso value) for 24 h at 25°C. Parasites were
washed with PBS and incubated with 20 uyM cell-permeant 2'7'-
dichlorodihydrofluorescein diacetate (H2DCFDA; Sigma-Aldrich, USA) for 30 min in the
dark and at room temperature. After washing twice with PBS, samples were added to
a black 96-well plate and fluorescence intensity was measured using a fluorometer
(FLx800, BioTek Instruments, Inc., Winooski, VT, USA), with excitation and emission
wavelengths of 485 and 528 nm, respectively. H2O2-treated parasites (4.0 mM; Sigma-

Aldrich, USA) were used as positive control (Sousa et al., 2019).

Infection, treatment and toxicity assay

Mice (n=12 per group) were infected subcutaneously with 107 L. infantum
stationary-phase promastigotes and 60 days post-infection, they were grouped and
treated with one of the following therapeutic regimens: 50 uL of PBS (saline group); 50
uL of empty micelles (10 mg/kg body weight) (B/Mic group); 2 mg Miltefosine/kg body
weight (Miltefosine group); 50 uL of free DIGI (5 mg/kg body weight) (DIGI group) or
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50 uL of DIGI-containing micelles (5 mg/kg body weight) (DIGI/Mic group). Except for
Miltefosine which was administered orally, all other regimens were administered
subcutaneously, every two days for a total period of 10 days. Half of the animals were
euthanized one and 15 days post-therapy, when biochemical, immunological and
parasitological analyses were performed. To evaluate toxicity in vivo, sera samples
from the infected and then treated mice were collected one and 15 days post-
treatment, with which the levels of Aspartate aminotransferase (AST), Alanine
aminotransferase (ALT) and Creatine kinase - muscle brain fraction (CK-MB) markers
were measured using commercial kits (Labtest Diagnostica®, Belo Horizonte),

according to the manufacturer’s instructions.

Cytokine and nitrite production

Spleens were collected from the infected and treated mice one and 15 days post-
treatment and spleen cells (5 x 10° cells/mL) were incubated in DMEM (medium)
supplemented with 20% (v/v) FBS and 20 mM L-glutamine at pH 7.4, or stimulated
with L. infantum Soluble Leishmania Antigen (SLA, 50 ug/mL) for 48 h at 37 °C in 5%
COg2. IFN-y, IL-4, IL-10, IL-12p70 and GM-CSF levels were measured in the culture
supernatant by capture ELISA technique, using commercial kits (BD Pharmingen®,
San Diego, CA, USA) according to the manufacturer’s instructions. Nitrite production
was evaluated in these same supernatants by Griess method. The IFN-y source in
Miltefosine-, DIGI- and DIGI/Mic-treated mice was evaluated by addition of anti-CD4
(GK 1.5) or anti-CD8 (53-6.7) monoclonal antibodies (5 pg each; Pharmingen®, USA)
to the stimulated cultures. Appropriate isotype-matched controls [rat IgG2a (R35-95)
and rat IgG2b (95-1)] were used. In addition, IFN-y, TNF-a and IL-10-producing CD4*
and CD8* T cell frequency was evaluated in the saline-, B/Mic-, Miltefosine-, DIGI- and
DIGI/Mic-treated mice by flow cytometry using cells collected 15 days post-treatment.
Briefly, splenocytes (5 x 10° cells/mL) were cultured in RPMI 1640 (medium) or
stimulated with SLA (50 ug/mL) for 48 h at 37 °C in 5% CO2. IFN-y, TNF-a and IL-10-
producing CD4* and CD8" T cell frequency were determined by their relative flow
cytometry size (forward laser scatter — FSC) and granularity (side laser scatter — SSC).
After selection of the R1 region of containing FSCLow and SSCLow phenotype cells,

IFN-y*, TNF-a and IL-10* T cell frequency was calculated based on the analysis of
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density plot distribution of CD4/FL1 or CD8/FL1 versus IFN-y/FL2*, TNF-a/FL2* and
IL-10/FL2* cells. Results were expressed as indexes, which were calculated as the
ratio between CD4* and CD8* T-cell percentages in the stimulated versus unstimulated

(control) cultures (Mendonga et al., 2018).

Humoral response

The levels of anti-parasite IgG1 and IgG2a isotype antibodies in sera samples
collected from infected and treated mice were evaluated by ELISA assay, one and 15
days post-treatment. L. infantum SLA was used as antigen (1.0 ug/well) and sera
samples were diluted 1:100 in PBS-T (PBS plus 0.05% (v/v) Tween 20). Anti-mouse
IgG1 and IgG2a horseradish-peroxidase conjugated antibodies (Sigma-Aldrich, USA)
were used at a 1:10,000 dilution in PBS-T. Reactions were developed using H202,
ortho-phenylenediamine and citrate-phosphate buffer at pH 5.0 for 30 min and in the
dark, and stopped by addition of 2 N H2SO4. OD values were measured in an ELISA
microplate spectrophotometer (Molecular Devices, Spectra Max Plus, Canada) at 492

nm.

Parasite load

Parasite load in the spleens, livers, BMs and dLNs collected from the infected
and treated mice one and 15 days post-treatment was evaluated by limiting dilution
technique (Tavares et al., 2018). Briefly, organs were macerated in a glass tissue
grinder using sterile PBS and tissue debris were removed by centrifugation at 150 x g.
Cells were concentrated by centrifugation at 2,000 x g, resuspended in 1 mL of
complete Schneider's medium and serially diluted 10" to 10-'2 in the same medium.
Each sample was plated in triplicate and cultured at 24 °C for 7 days. Results were
expressed as the negative log of the titer (the dilution corresponding to the last positive

well) adjusted per milligram of organ.
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Splenic parasitism

The splenic parasite load was evaluated also by gPCR technique, as described
previously (Duarte et al., 2016; Antonia et al., 2018). Briefly, spleen DNA was
extracted, resuspended and the parasite load was estimated by qPCR using the
primers Forward (CCTATTTTACACCAACCCCCAGT) and Reverse
(GGGTAGGGGCGTTCTGCGAAA). Mouse B-actin gene (Forward:
CAGAGCAAGAGAGGTATCC and Reverse: TCATTGTAGAAGGTGTGGTGC) was
used as an endogenous control. Reactions were processed in an ABI Prism 7500
Sequence Detection System (96 wells-plate; Applied Biosystems) using 2x SYBR™
Select Master Mix (5 pL; Applied Biosystems, USA) supplemented with each primer at
a final concentration of 2 mM (1 pL) and 4 yL of DNA (25 ng/uL). Samples were
incubated at 95°C for 10 min and submitted to 40 cycles of 15 s at 95°C followed by 1
min at 60°C. After each cycle, fluorescence data were collected. A standard curve was
run in parallel, which was performed in duplicate and expressed as the number of L.

infantum organisms per total DNA.

Statistical analysis

Statistical analysis was performed using GraphPad Prism™ (version 6.0 for
Windows). Results were analyzed using one-way analysis of variance (ANOVA)
followed by Bonferroni’s post-test for comparison between the groups. Results were
expressed as mean = standard deviation. Two independent experiments, presenting
similar results, were performed. Differences were considered significant when P <
0.05.
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Results

Analysis of antileishmanial activity, cytotoxicity and treatment of

infected macrophages

Antileishmanial activity (ICso0) and cytotoxicity (CCso) were evaluated against L.
infantum stationary promastigotes and murine macrophages, respectively. Results
showed 1Cs0 and CCso values of 6.9+1.5 and 295.3£14.5 pg/mL for DIGI, respectively,
with a corresponding Sl value of 42.8, and of 0.13+£0.02 and 0.79+0.12 pg/mL for
AmpB, respectively, with a Sl value of 6.1 (Tabela 4). The hemolytic activity in human
red blood cells showed RBCso values of 384.6+20.4 and 11.7+2.3 ug/mL for DIGI and
AmpB, respectively. Infection percentages of treated macrophages were of
21.1%x2.5% for DIGI (10.0 uyg/mL) and of 23.4%+3.3% for AmpB (1.0 pug/mL), with
0.5£0.1 and 1.0+0.2 amastigotes per infected macrophage, respectively (Tabela 5). If
left untreated, the infection percentage and number of amastigote per infected
macrophage were of 68.7%+4.0% and 3.910.5, respectively. The inhibition of infection
using pre-treated parasites showed also that DIGI caused significant reduction in the parasite

infection degree after incubation with it (Tabela 6).

Tabela 4. In vitro biological assays. L. infantum stationary promastigotes were incubated with
DIGI (0 to 50 pg/mL) or AmpB (0 to 1.0 yg/mL) for 48 h at 24°C. Cell viability was analyzed by
MTT method, and the 50% Leishmania inhibitory concentration (ICso) was calculated by sigmoidal
regression of the corresponding dose-response curve. Murine macrophages were also incubated
with DIGI (0 to 100 ug/mL) or AmpB (0 to 10.0 uyg/mL), and the 50% macrophage inhibitory
concentration (CCso) was determined by applying a dose-response curve. The selectivity index
(SI) was calculated by the ratio between the CCso and ICso values. The inhibition 50% of human
red cells (RBCso) viability was calculated by incubating a 5% red cells suspension with DIGI (0 to
100.0 pg/mL) or AmpB (0 to 10.0 uyg/mL) for 1 h at 37°C in 5% CO2. The lyses percentage was
evaluated spectrophotometrically, and the absence (blank) or 100% of hemolysis were
determined by replacing DIGI for an equal volume of PBS or distilled water, respectively. Results

were expressed as mean + standard deviation.

Compound ICso (ng/mL) CCso (png/mL) Sl RBCso (ng/mL)
Digitoxigenin 6.9+1.5 295.3114.5 42.8 384.61£20.4
Amphotericin B 0.13+0.02 0.79+0.12 6.1 11.7+2.3
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Tabela 5. Treatment of infected macrophages. Murine macrophages were incubated (5 x 105
cells) in RPMI 1640 medium added with 20% FBS and 20 mM L-glutamine at pH 7.4, for 24 h at
37°C in 5% CO:z. L. infantum stationary promastigotes were used to infect macrophages (at a
ratio of 10 parasites per one macrophage) for 48 h at 37°C in 5% CO:. Free parasites were
removed by extensive washing with medium and infected macrophages were treated with DIGI
(0, 2.5, 5.0 and 10.0 pg/mL) or AmpB (0, 0.25, 0.5 and 1.0 ug/mL) for 48 h at 24°C in 5% CO..
The percentage of infected macrophages, the infectiveness reduction and the number of
recovered amastigotes per cell were determined by counting 200 macrophages, in triplicate.

Results are expressed as mean * standard deviation.

. Percentage of infected Infectiveness Number of
Concentration . .
Compound macrophages after reduction amastigotes per
L macrophage
(hg/mt) treatment (%) Phag
10.0 21.1+2.5 69.3 0.5+0.1
5.0 30.5+4.0 55.6 1.0+0.4
Digitoxigenin
2.5 44.4+3.8 354 2.3£0.6
0 68.7+4.0 (-) 3.9+0.5
1.0 23.4+3.3 65.9 1.0+0.2
0.50 32.1+3.8 53.3 1.4+0.3
Amphotericin B
0.25 44.545.2 35.2 2.5+0.9
0 68.7+4.0 (-) 3.9+0.5
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Tabela 6. Inhibition of infection using pre-treated parasites. The inhibition of infection using
pre-treated parasites was performed by incubating L. infantum promastigotes (5 x 108 cells) with
DIGI (0, 2.5, 5.0 and 10.0 ug/mL) or AmpB (0, 0.25, 0.5 and 1.0 yg/mL), for 4 h at 24°C. Parasites
were washed in RPMI 1640 and used to infect murine macrophages (at a ratio of 10 parasites
per one macrophage) for 24 h at 37°C in 5% CO.. The percentage of infected macrophages, the
infectiveness reduction and the number of recovered amastigotes per cell were determined by

counting 200 macrophages, in triplicate. Results are expressed as mean + standard deviation.

Concentration Infectiveness Number of
Compound Infection percentage using reduction amastigotes per
(ug/mL) pre-treated parasites ) macrophage
0
10.0 9.5t1.4 86.5 0.2+0.1
5.0 16.7x1.6 76.2 0.8%0.3
Digitoxigenin
2.5 31.2+3.5 55.6 1.8+0.4
0 70.3+4.3 (-) 3.910.4
1.0 25.4+£3.0 63.9 1.21+0.3
0.50 32.4+5.1 53.9 1.840.5
Amphotericin B
0.25 49.313.2 29.9 2.610.3
0 70.3+4.3 (-) 3.9+0.4

Evaluation of the mechanism of action in L. infantum promastigotes

A proof of concept for the mechanism of action of DIGI was evaluated in L.
infantum stationary promastigotes. Results showed that the molecule caused an
alteration in the AWm in the order of 24.8%, when compared to the untreated controls,
while FCCP-treated promastigotes, used as positive control, showed a value of 30.9%
(Figura 17). Treatment with DIGI generated also structural alterations on the integrity
of Leishmania membrane in the order of 78.6%, in comparison to an alteration of
165.3% caused by heat-treatment of the parasites (control) (Figura 18). In addition,
treatment with DIGI resulted in parasite oxidative stress with an increase in ROS levels
of 87.5%, compared to an increase of 321.0% after treatment with H202 used as a

control (Figura 19).
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Figura 17. Evaluation of the mitochondrial membrane potential. L. infantum stationary
promastigotes (107 cells) were cultured in the absence (control) or presence of DIGI (33.80 pg/mL,
corresponding to two times the ICso value) for 24 h at 25°C. Cells were incubated for 30 min in
the dark with 500 nM MitoTracker Red CM-H2XROS. After washing twice with PBS, treated
promastigotes were transferred to a black 96-well plate and fluorescence intensity was measured
using a fluorometer, with excitation and emission wavelengths of 540 and 600 nm, respectively.
Promastigotes pre-heated with carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazon (FCCP, 5.0
MM) were used as positive control. Bars indicate the mean plus standard deviation of the groups.
(™) and (™) indicate statistically significant difference in relation to the non-treated control (P<0.01
and P<0.001, respectively).
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Figura 18. Evaluation of mitochondrial membrane integrity. Stationary promastigotes (107
cells) were cultured in the absence or presence of DIGI (13.8 pg/mL, corresponding to two times
the ICso value) for 24 h at 25°C. Parasites were washed in PBS and incubated with propidium
iodide (1.0 pg/mL) for 15 min in the dark and at room temperature. After washing twice with PBS,
samples were added to a black 96-well plate and fluorescence intensity was measured using a
fluorometer (FLx800, BioTek Instruments, Inc., Winooski, VT, USA), with excitation and emission
wavelengths of 540 and 600 nm, respectively. Pre-heated parasites for 10 min at 65°C were used
as positive control. Bars indicate the mean plus standard deviation of the groups. (™) and (™)
indicate statistically significant difference in relation to the non-treated control (P<0.01 and

P<0.001, respectively).
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Figura 19. Production of the reactive oxygen species. L. infantum promastigotes (107 cells)
were cultured in the absence (control) or presence of DIGI (13.8 ug/mL, corresponding to two
times the ICso value) for 24 h at 25°C. Cells were incubated for 30 min in the dark with 20 uM cell-
permeant 2'7'-dichlorodihydrofluorescein diacetate (H2DCFDA). Fluorescence intensity was
measured using a fluorometer, with excitation and emission wavelengths of 485 and 528 nm,
respectively. H202-treated parasites (4.0 mM) were used as positive control. Bars indicate the
mean plus standard deviation of the groups. (™) and (™) indicate statistically significant difference

in relation to the non-treated control (P<0.01 and P<0.001, respectively).

Analysis of treatment toxicity

Organic toxicity of DIGI was evaluated by dosage of hepatic and cardiac markers
in sera samples collected from the infected and treated mice, one and 15 days post-
treatment. Results showed that Miltefosine-, DIGI- and DIGI/Mic-treated mice
presented lower levels of Alanine aminotransferase (ALT) (Figura 20A), Aspartate
transaminase (AST) (Figura 20B) and Creatine kinase-muscle brain fraction (CK-MB)
(Figura 20C) enzymes, when compared to the controls. Notably, DIGI/Mic-treated mice
presented the lowest levels of both hepatic and cardiac markers in comparison to the

other treated groups.
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Figura 20. Evaluation of in vivo toxicity. Alanine aminotransferase (ALT) (A), aspartate
aminotransferase (AST) (B) and creatine kinase muscle brain fraction (CK-MB) (C) enzymes were

measured in sera samples of treated and infected animals, one and 15 days post-treatment.
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Samples of non-treated and non-infected (naive) mice were used as control. Bars represent the
mean * standard deviation of the groups. (*) indicate significant difference in relation to the saline
and B/Mic groups (P < 0.05). (7) indicate statistically significant difference in relation to the
miltefosine group (P < 0.05). (") indicate statistically significant difference in relation to the DIGI
group (P < 0.05).

Evaluation of the immune response generated after treatment

The cellular response to treatment after infection was evaluated one and 15 days
post-treatment on in vitro cultures of murine spleen cells, with were stimulated with
SLA L. infantum. One day after therapy, Miltefosine-, DIGI- and DIGI/Mic-treated mice
produced significantly higher levels of IFN-y, IL-12 and GM-CSF, associated with low
IL-4 and IL-10 production. On the other hand, spleen cells of the control groups (saline-
and B/Mic-receiving mice) produced significantly higher levels of antileishmanial IL-4
and IL-10 (Figura 21A). Analysis of the source of IFN-y production in the treated
animals using anti-CD4 or anti-CD8 monoclonal antibodies showed that the production
of this cytokine declined significantly when both monoclonal antibodies were added to
the cultures (Figura 21B). Evaluation of the humoral response indicated also that
Miltefosine-, DIGI- and DIGI/Mic-treated mice produced significantly higher levels of
anti-parasite 1gG2a antibody in comparison to IgG1 (Figura 21C). Furthermore,
evaluation of nitrite secretion in the cell supernatant showed significantly higher levels
of this molecule in Miltefosine, DIGI- or DIGI/Mic-treated mice, when compared to the
controls (Figura 21D). All data mentioned above corresponding to one day after
therapy were consistent with findings fifteen days post-treatment, since Miltefosine-,
DIGI- and DIGI/Mic-treated mice continued to produce significantly higher levels of
IFN-y, IL-12 and GM-CSF, as well as low IL-4 and IL-10 levels (Figura 22A). As
observed one day post-treatment, both T cell subtypes continued to produce IFN-y
after 15 days of therapy (Figura 22B), with a maintained Th1-type humoral response
corresponding to significantly higher levels of anti-parasite IgG2a isotype antibodies in
comparison to IgG1 levels (Figura 22C). Nitrite secretion was likewise increased in the
Miltefosine-, DIGI- and DIGI/Mic-treated groups (Figura 22D). Moreover, a flow
cytometry analysis revealed that Miltefosine-, DIGI- and DIGI/Mic-treated mice

presented higher IFN-y and TNF-a-producing CD4* and CD8"* T cell frequencies when

95



compared to the control groups, which instead showed a higher IL-10-producing T-cell

frequency (Figura 23).
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Figura 21. Inmune response developed one day after treatment. Spleens of the treated and
L. infantum-infected mice (n=6 per group) were collected one day after treatment, when spleen
cells were in vitro cultured in DMEM (medium) or stimulated with SLA (50.0 yg/mL) for 48 h at
37°C in 5% CO2. IFN-y, IL-4, IL-10, IL-12p70 and GM-CSF levels were measured in the cell
supernatant by a capture ELISA (A). The in vitro cultures were also incubated in the absence or
presence of anti-CD4 or anti-CD8 monoclonal antibodies (5 ug/mL each) for 48 h at 37°C in 5%
COa2. The IFN-y production was then evaluated in the cell supernatant (B). Sera samples of the
animals were also collected and anti-parasite IgG1 and IgG2a antibody levels were measured by
an indirect ELISA, when ratios between IgG2a and IgG1 levels were calculated (C). The cell
supernatant used to quantify cytokines was also employed to evaluate the nitrite production and
results are shown (D). Bars indicate the mean * standard deviation of the groups. (*) indicate
significant difference in relation to the saline and B/Mic groups (P < 0.05). (") indicate statistically
significant difference in relation to the miltefosine group (P < 0.05). (™) indicate statistically
significant difference in relation to the DIGI group (P < 0.05). (¥) indicate statistically significant

difference in relation to the miltefosine, DIGI and DIGI/Mic groups (P < 0.05).
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Figura 22. Inmunological profile developed 15 days after treatment. Spleens of the treated
and L. infantum-infected mice (n=6 per group) were collected 15 days after treatment, when
spleen cells were in vitro cultured in DMEM (medium) or stimulated with SLA (50.0 ug/mL) for 48
h at 37°C in 5% COaz. IFN-y, IL-4, IL-10, IL-12p70 and GM-CSF levels were measured in the cell
supernatant by a capture ELISA (A). The in vitro cultures were incubated in the absence or
presence of anti-CD4 or anti-CD8 monoclonal antibodies (5 ug/mL each) for 48 h at 37°C in 5%
COa2. The IFN-y production was then evaluated in the cell supernatant (B). Sera samples of the
animals were also collected and anti-parasite IlgG1 and 1gG2a antibody levels were measured by
an indirect ELISA, when ratios between IgG2a and IgG1 levels were calculated (C). The cell
supernatant used to quantify cytokines was also employed to evaluate the nitrite production (D).
Bars indicate the mean + standard deviation of the groups. (*) indicate significant difference in
relation to the saline and B/Mic groups (P < 0.05). (7) indicate statistically significant difference in
relation to the miltefosine group (P < 0.05). (") indicate statistically significant difference in
relation to the DIGI group (P < 0.05). (¥) indicate statistically significant difference in relation to

the miltefosine, DIGI and DIGI/Mic groups (P < 0.05).
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Figura 23. Evaluation of the intracytoplasmic cytokine-producing T-cell frequency. L.
infantum-infected mice were treated and euthanized, 15 days post-therapy, when their spleen
cells were collected and unstimulated (medium) or stimulated with L. infanfum SLA. The IFN-y,
TNF-a and IL-10-producing T cell frequency was evaluated in the CD4* and CD8* T cell
subpopulations. Results were expressed as indexes, which were calculated by the ratios between
the CD4* and CD8* T-cell percentage in the SLA-stimulated versus unstimulated (control)
cultures. Bars indicate the mean plus standard deviation of the groups. (*) indicate significant
difference in relation to the saline and B/Mic groups (P < 0.05). (") indicate statistically significant
difference in relation to the miltefosine group (P < 0.05). (") indicate statistically significant

difference in relation to the DIGI group (P < 0.05).

Analysis of parasite load after treatment

The parasite load in the spleen, liver, BM and dLNs of the infected and treated
mice was evaluated one and 15 days post-therapy. Results showed that mice treated
with Miltefosine, DIGI and DIGI/Mic presented significant reductions in the parasitism
in these organs, when compared to the controls (Figura 24). One day post-therapy,

Miltefosine-, DIGI-, and DIGI/Mic-treated mice showed parasite load reductions in the

98



order of 2.3, 2.7 and 3.7-log in their livers (Figura 24A), of 3.0, 3.7 and 4.7-log in their
spleens (Figura 24B), of 3.6, 5.0 and 6.0-log in their dLNs (Figura 24C) and of 1.6, 2.0
and 2.6-log in their BMs (Figura 24A), respectively, when compared to the saline group.
Fifteen days post-treatment, reductions in these groups were of 2.6, 3.6 and 4.6-log in
their livers, of 3.3, 4.0 and 5.3-log in their spleens, of 3.6, 5.0 and 6.0-log in their dLNs,
and of 1.7, 2.3 and 3.0-log in their BMs, respectively, when compared to the saline
group. Notably, treatment with DIGI/Mic induced the most significant reductions in the
organic parasitism, when compared to the other treated groups. A qPCR technique
showed also that the splenic parasitism was significantly reduced after treatment with
Miltefosine, DIGI or DIGI/Mic, and mice receiving DIGI/Mic presented the lowest

parasite load, when compared to the other groups (Figura 25).
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Figura 24. Parasite burden evaluated by limiting dilution technique. Mice were infected with
L. infantum promastigotes and later received saline or were treated with empty micelles,
miltefosine, DIGI or DIGI/Mic. One and 15 days after treatment, their livers (A), spleens (B),
draining lymph nodes (C) and bone marrows (D) were collected, and the parasite load was
investigated by a limiting dilution technique. Bars indicate the mean + standard deviation of the

groups. (*) indicate significant difference in relation to the saline and B/Mic groups (P < 0.05). ()
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indicate statistically significant difference in relation to the miltefosine group (P < 0.05). (™)

indicate statistically significant difference in relation to the IVE group (P < 0.05).
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Figura 25. Splenic parasite load evaluated by quantitative PCR (qPCR). L. infantum-infected

BALB/c mice (n=12 per group) were treated and, 15 days post-treatment, animals (n=6 per group)

were euthanized, their spleen collected and the parasite load was estimated by qPCR technique.

Results were expressed as the number of parasites per total DNA. Bars indicate the mean +

standard deviation of the groups. (°) indicate significant difference in relation to the saline and

B/Mic groups (P < 0.05). (") indicate statistically significant difference in relation to the miltefosine

group (P < 0.05). (™) indicate statistically significant difference in relation to the DIGI group (P <

0.05).

Discussion

The aim of the present study was to evaluate potential antileishmanial activity of

Digitoxigenin, a cardenolide derivate, against stationary promastigotes, intracellular
amastigotes and on a murine model which was previously infected with L.
infantum promastigotes. Initially, in vitro results showed that DIGI reduced by 69.3%
the intracellular parasite burden in treated macrophages and by 86.5% the infection of
these cells using pre-treated parasites. In comparison, AmpB showed values of 65.9%

and 63.9%, respectively. In vivo, treatment with DIGI or DIGI/Mic significantly reduced
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the parasite load in the spleen, liver, BM and dLNs of infected mice, one and 15 days
after treatment, both outperforming Miltefosine. These observations suggest a
therapeutic action of DIGI against L. infantum infection.

Cardenolides have been used for the treatment of congestive heart failure and
atrial arrhythmias (Scalese and Salvatore, 2017; Whayne, 2018). They act as inhibitors
of the Na*/K*-ATPase by suppressing the sodium pump (Patel et al., 2019). In our
study, preliminary data suggest that DIGI targets the L. infantum mitochondria, causing
alterations in both the parasite mitochondrial membrane potential and integrity, as well
as an increase in ROS production. Loss of mitochondrial membrane potential gives
rise to a release of protons from the mitochondria into the cell cytosol, which has been
reported to contribute to the cytosol acidification and subsequent parasite death (Su et
al., 2019). Thus, experimental data on this study suggest a similar mechanism of action
for DIGI in L. infantum. There are several studies reporting the effect of cardenolides
in heart diseases (Campbell and Mc Donald, 2003; Biteker et al., 2017; Gurel et al.,
2017), but evaluation of these compounds to treat VL is lacking. Although cardenolides
have been reported as toxic compounds (Hauptman et al., 2016; Arbabian et al., 2018),
the low doses of either DIGI on its free form or incorporated into a micellar composition
(DIGI/Mic) tested in our study did not induce any significant toxicity when used to treat
the infected hosts. Conversely, infected animals receiving Miltefosine did present with
toxicity.

Antileishmanial drugs inductors of immunological response are key for effective
parasite control, since they have a direct action on the Leishmania organisms at the
same time they stimulate the development of a specific cellular and humoral response,
thus allowing infection control (Kedzierski and Evans 2014; Dayakar et al. 2019). VL
control usually depends on the magnitude of the Th1-type cellular response, which
leads to the production of cytokines, such as IFN-y, and subsequent activation of
infected macrophages (Kaye et al. 2004). In this context, our results showed that
treatment with DIGI or DIGI/Mic induced a significant increase in the levels of Th1-type
cytokines, such as IFN-y, IL-12, TNF-a and GM-CSF, one and 15 days post-treatment.
On the other hand, cytokines like IL-4 and IL-10 are associated with progression of VL
(Singh et al. 2012; Adem et al. 2016). In our study, treatment with DIGI or DIGI/Mic
significantly reduced the levels of IL-4 and IL-10, both one and 15 days after therapy,
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suggesting induction of a DIGI-specific Th1-type immune response profile following
treatment.

Antileishmanial candidates have been incorporated into delivery systems to
improve their therapeutic efficacy and reduce the toxicity of the corresponding pure
compounds (Bruni et al., 2017; Wagner et al., 2019). In previous studies, we showed
that micellar compositions using Poloxamer 407 (Pluronic® F127)-based polymeric
micelles proved effective in mammalian models against Leishmania infection (Duarte
et al.,, 2016; Oliveira-de-Siqueira et al., 2017; Mendonga et al., 2019). In a similar
fashion, we also developed a clioquinol (ICHQ)-containing Pluronic® F127 polymeric
micelle system (ICHQ/Mic) and tested it against L. infantum infection in BALB/c mice
(Tavares et al., 2020). In agreement with the data presented in this report, findings on
our previous study demonstrated that treatment with Miltefosine, ICHQ or ICHQ/Mic all
induced a polarized Th1-type immune response in mice, with significant reductions in
the parasite load in distinct organs. Importantly, data proved ICHQ/Mic to be the most
effective in inducing immunological and parasitological protection in mice. In a similar
fashion, Singh et al. (2017) developed an AmpB-containing micellar formulation based
on Pluronic F127 micelles coated with chitosan. The authors showed higher
antileishmanial activity in vitro of this composition in comparison to free AmpB, as well
as lower cytotoxicity and hemolytic activity in mammalian cells. In addition, this micellar
composition reduced the parasite load in L. donovani-infected Syrian hamsters, apart
from stimulating the development of a Th1-type immune response in the treated
animals. In this context, our current report is in complete agreement with our previous
studies and with others described in the literature, with DIGI showing higher
therapeutic efficacy when associated to polymeric micelles.

Polymeric micelles as delivery systems present characteristics that make them
suitable for administration via subcutaneous route. These polymers can create a semi-
rigid gel when in contact with the local tissue where they were administered, turning
them into a reservoir system which maintains the active agent within the extracellular
space (Tavares et al., 2020). In the course of hours, the gel matrix dilutes and the drug
is gradually released into the bloodstream, enabling its systemic action to be exerted
in a controlled manner (Mendonga et al., 2019). These properties could allow reduced
doses of the formulations to be administered at longer time intervals, thus reducing

toxicity to the mammalian hosts, even with those drugs considered as cardiotoxic, such
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as cardenolide derivates. Therefore, future studies will need to be performed for a more
comprehensive evaluation of DIGI as a VL-treating drug before its clinical application
in other mammalian hosts, such as humans.

BALB/c mice usually develop a severe infection when a high number of stationary
promastigotes, such as the infective inoculum employed here, is used and can result
in the development of Th2-type immune response, susceptibility and visceralization of
the infection. In the present study, control group mice developed severe infection, with
high parasite load in distinct organs, loss of body weight and weakness. All animals
remaining after this study were therefore sacrificed 15 days post-treatment, adhering
to Ethical experimental procedures. Studies evaluating therapeutic agents against
murine VL normally perform their analysis at a single time point after treatment (Craft
et al., 2014; Raja et al., 2017; Want et al., 2017; Valle et al. 2019). In our study,
however, we performed immunological and parasitological evaluations one and 15
days after therapy. Nevertheless, a dose-response analysis with an increasing dosage
or prolonged exposure to DIGI could determine in a more precise manner the
therapeutic efficacy of this cardenolide derivate for treating VL. We are aware this is a
limitation of the work and thus additional experiments would be certainly required to
fully characterize DIGI as an antileishmanial agent. Nevertheless, data presented here
describe for the first time the antileishmanial activity of DIGI both in vitro and in vivo,
with promising results suggesting that DIGI/Mic is worth considering in further

evaluations for VL treatment.
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CONSIDERAGCOES FINAIS DO ARTIGO 2

Os resultados obtidos utilizando Digitoxigenina (DIGI) também sugerem uma
acao antileishmanial seletiva do composto contra L. infantum e que a composig¢ao
micelar incorporando a molécula apresentou também melhor atividade in vivo para o

tratamento contra a LV.
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6. CONCLUSAO

Os resultados descritos nesta dissertagao apontam que as moléculas DIGI e b-
AD apresentam acéao seletiva contra L. infantum por meio de ensaios in vitro € in vivo,
e que quando administradas na forma livre ou, principalmente, incorporadas em
sistemas de delivery constituido por micelas poliméricas formadas por Poloxamero

P407, sado eficazes para o tratamento contra a LV murina.
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7. PERSPECTIVAS

o Avaliar a atividade antileishmanial das composi¢gdes micelares contra a

leishmaniose tegumentar murina.

o Realizar estudos para avaliar a eficacia terapéutica das composicoes

micelares em outros modelos de mamiferos, tais como hamster.
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Abstract

Treatment for visceral leishmaniasis (VL) is hampered mainly by drug toxicity, their high cost, and parasite resistance. Drug
development is a long and pricey process, and therefore, drug repositioning may be an alternative worth pursuing. Cardenolides
are used to treat cardiac diseases, especially those obtained from Digitalis species. In the present study, cardenolide digitoxigenin
(DIGI) obtained from a methanolic extract of Digitalis lanata leaves was tested for its antileishmanial activity against Leisimania
infantum species. Results showed that 50% Leishmania and murine macrophage inhibitory concentrations (ICsy and CCsy,
respectively) were of 6.9 + 1.5 and 295.3 £+ 14.5 pg/mL, respectively. With amphotericin B (AmpB) deoxycholate, used as a
control drug, values of 0.13 £ 0.02 and 0.79 £ 0.12 pg/mL, respectively, were observed. Selectivity index (SI) values were 0f42.8
and 6.1 for DIGI and AmpB, respectively. Preliminary studies suggested that the mechanism of action for DIGI is to cause
alterations in the mitochondrial membrane potential, to increase the levels of reactive oxygen species and induce accumulation of
lipid bodies in the parasites. DIGI was incorporated into Pluronic® F127-based polymeric micelles, and the formula (DIGI/Mic)
was used to treat L. infantum—infected mice. Miltefosine was used as a control drug. Results showed that animals treated with
cither miltefosine, DIGL. or DIGI/Mic presented significant reductions in the parasite load in their spleens, livers, bone marrows,
and draining lymph nodes, as well as the development of a specific Thl-type response, when compared with the controls. Results
obtained | day after treatment were corroborated with data corresponding to 15 days after therapy. Importantly, treatment with
DIGI/Mic induced better parasitological and immunological responses when compared with miltefosine- and DIGI-treated mice.
In conclusion, DIGI/Mic has the potential to be used as a therapeutic agent to protect against L. infantum infection, and it is
therefore worth of consideration in future studies addressing VL treatment.
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Introduction cases registered annually (WHO 2018). This disease complex

is caused by some species of the Leishmania genus, being the

Leishmaniases are protozoal vector-bomne diseases that affect
both humans and animals. There are approximately 380 mil-
lion people at risk of contracting infection and 2.0 million
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tegumentary and visceral leishmaniases, the main clinical
forms of the disease (Grimaldi and Tesh 1993). Visceral leish-
maniasis (VL) is a worldwide-distributed infectious disease
that, when symptomatic, causes fever, hepatosplenomegaly,
and pancytopenia, among others (Burza et al. 2018). Its diag-
nosis is accomplished by molecular and/or conventional par-
asitological techniques, as well as by immunological assays.
However, accurate diagnosis depends on the current clinical
status and immune response of the infected hosts, with false-
negative and/or false-positive results being frequently
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