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RESUMO

O tratamento contra a leishmaniose visceral (LV) apresenta problemas
principalmente relacionados a toxicidade dos férmacos, o regime prolongado de
tratamento e/ou custo elevado. Nesse contexto, a identificacdo de novos agentes
antileishmaniais se faz urgente. A acarbose (ACA) é um inibidor especifico da
enzima glucosidase e € usada no tratamento do diabetes. Estudos preliminares
desenvolvidos por nosso grupo identificaram uma atividade antileishmanial da ACA
contra a espécie Leishmania infantum, principal espécie causadora de LV nas
Américas. No presente estudo, a ACA foi avaliada por meio de diferentes estudos in
vitro e in vivo contra essa espécie do parasito Leishmania. Resultados mostraram
uma agédo direta in vitro da ACA contra formas promastigotas e amastigotas de L.
infantum e baixa toxicidade em células de mamiferos. O mecanismo de acéo foi
baseado em alteracGes da mitocéndria dos parasitos. Estudos in vivo mostraram que
a ACA livre e principalmente quando incorporada em um sistema de micelas
poliméricas baseadas em Pluronic® F127 (ACA/Mic) foram eficazes no tratamento de
camundongos BALB/c infectados com L. infantum. Os animais tratados
apresentaram reducdes significativas na carga parasitaria no baco, figado, medula
O0ssea e linfonodos drenantes, quando comparados aos grupos controle. Uma
resposta humoral e celular antileishmanial do tipo Thl foi encontrada nos animais
tratados, sendo baseada em niveis elevados de IFN-y, IL-12, TNF-a, GM-CSF, nitrito
e anticorpos antileishmaniais do isotipo 1gG2a. Uma baixa toxicidade orgéanica foi
também encontrada. O tratamento com ACA/Mic apresentou melhores resultados,
qgquando comparados ao uso da ACA livre ou miltefosina, testada como droga
controle. Em concluséo, os dados sugerem que ACA/Mic poderia ser considerada

em estudos futuros para o tratamento contra a LV.

Palavras-chave: tratamento; leishmaniose visceral; reposicionamento de

medicamentos; toxicidade; acarbose; miltefosina.



ABSTRACT

Treatment against visceral leishmaniasis (VL) is mainly hampered by drug toxicity,
long treatment regimens and/or high costs. Thus, the identification of novel and low-
cost antileishmanial agents is urgent. Acarbose (ACA) is a specific inhibitor of
glucosidase-like proteins, which has been used for treating diabetes. In the present
study, we show that this molecule also presents in vitro and in vivo specific
antileishmanial activity against Leishmania infantum. Results showed an in vitro
direct action against L. infantum promastigotes and amastigotes, and low toxicity to
mammalian cells. In addition, in vivo experiments performed using free ACA or
incorporated in a Pluronic® F127-based polymeric micelle system called ACA/Mic
proved effective for the treatment of L. infantum-infected BALB/c mice. Treated
animals presented significant reductions in the parasite load in their spleens, livers,
bone marrows and draining lymph nodes when compared to the controls, as well as
development of antileishmanial Thl-type humoral and cellular responses based on
high levels of IFN-y, IL-12, TNF-a, GM-CSF, nitrite and IgG2a isotype antibodies. In
addition, ACA-treated animals suffered from no or low organ toxicity. Treatment with
ACA/Mic outperformed treatments using either Miltefosine or free ACA based on
parasitological and immunological evaluations performed one- and 15-days post-
therapy. In conclusion, data suggest that the ACA/Mic is a potential therapeutic agent

against L. infantum and merits further consideration for VL treatment.

Keywords: treatment; drug repositioning; acarbose; visceral leishmaniasis;

miltefosine; Leishmania infantum.
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1 INTRODUCAO

As leishmanioses sdo doencas infecto-parasitarias de evolucdo aguda ou
cronica, causadas por parasitos protozoarios do género Leishmania, sendo
endémicas em 98 paises no mundo. Devido a magnitude e complexidade clinica,
bioldgica e epidemioldgica, elas sdo consideradas um importante problema de saude
publica (GREVELINK e LERNER, 1996; NAKAMURA et al.,, 2006). Ainda, as
leishmanioses s&o consideradas como uma das seis doencas tropicais
negligenciadas mais importantes na atualidade. (WHO, 2010).

A doenca pode-se apresentar de varias formas clinicas, embora a
leishmaniose tegumentar (LT) e a leishmaniose visceral (LV) sejam os grandes
grupos desse complexo de doencgas. Na apresentacao clinica da LT, a doenca pode-
se apresentar das seguintes formas: leishmaniose cutanea localizada (LCL),
leishmaniose mucosa (LM) ou cutaneo-mucosa, leishmaniose disseminada,
leishmaniose cutaneo-difusa (LCD) e leishmaniose recidiva cutis (WHO, 2014). Ja a
forma visceral € a forma clinica mais grave da doenca, devido as frequentes
complicacBes sistémicas incluindo dano hepatico, esplénico, hipergamaglobulinemia,
pancitopenia e potencial de evolucéo letal, quando aguda e néo tratada (OMS, 2018;
KEVRIC et al., 2015).

O tratamento para as leishmanioses possui limitacées que reduzem a adesao
e a continuidade do mesmo por parte dos pacientes, tais como o longo tempo de
duracdo, as vias de administracdo dos medicamentos e a toxicidade observada
pelos farmacos de primeira escolha (OSORIO et al.,, 2007). Frente a essas
dificuldades, o abandono ou a interrup¢édo do tratamento por parte dos pacientes €
comum, o que leva ao aumento da resisténcia dos parasitos aos farmacos utilizados
(CROFT e COOMBS, 2003; VELEZ et al., 2009). Além disso, cresce o nimero de
relatos do aumento do numero de casos de recidiva a doenca, que vem sendo
observado em diversas regides do mundo (VELEZ et al., 2009). Devido a isso, a
Organizacdo Mundial da Saude (OMS) preconiza a busca por novos produtos e o
desenvolvimento de estratégias terapéuticas alternativas e de baixo custo para se
tratar as leishmanioses.

A investigacdo de moléculas sintéticas que apresentam acgOes biologicas
outras, que nao antileishmanial, isto é, o reposicionamento de farmacos, pode ser

efetuada para avaliar seu potencial contra o parasito Leishmania, sendo considerado
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um campo de pesquisa inovador para pesquisa por novos produtos farmacéuticos
(Cheuka et al.,, 2016). Outra estratégia adotada é o emprego de delivery de
farmacos, como a formulacdo de sistemas micelares capazes de transporta-los de
interesse aos principais 6rgaos acometidos pelo parasito. Visando a abordagem de
reposicionamento de farmacos para o tratamento da LV, o presente estudo avaliou a
molécula acarbose (ACA), um inibidor especifico da enzima glucosidase que é
utilizada no tratamento contra o diabetes mellitus tipo 2, como potencial agente
antileishmanial em relagéo a espécie Leishmania infantum, quando aplicada em sua
forma livre ou incorporada em um sistema de micelas composto por Poloxamero
P407 (V.V. Andrade-Neto et al., 2018; K. He et al.,, 2014). Assim, objetivamos o
desenvolvimento de um produto efetivo contra osparasitos, mas seguro e com baixo

custo e que j& tenha acdo aprovada pelo Ministério da Salde para uso no homem.
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2 REVISAO DA LITERATURA

2.1 Epidemiologia das leishmanioses

As leishmanioses sdo doencas endémicas em mais de 98 paises (ALVAR et
al., 2012), estima-se que 350 milhdes de pessoas estdo sob o risco de infeccdo
(OMS, 2017). Em 2017, 94% dos novos casos notificados & OMS ocorreram em sete
paises: Brasil, Etidpia, india, Quénia, Somadlia, Suddo do Sul e Sud&o. Nas
Américas, no periodo de 2001 a 2017 foram reportados pela OMS 940.396 casos
novos de leishmaniose cutanea (LC) e mucosa (LM) e 59.769 casos de leishmaniose
visceral (LV).

O Brasil é responsavel por cerca de 90% dos casos registrados de LV em
toda a América Latina (OMS, 2017), sendo a distribuicdo espacial destes casos

demonstrada pela Figura 1.
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Figura 1: Incidéncia mundial da Leishmaniose visceral em 2016.
Fonte: WHO, 2018.

A LV pode ser antroponética ou zoonética, sendo a primeira causada por L.
donovani e é encontrada no subcontinente indiano e africano, tendo o ser humano
como o principal reservatério de transmissdo. A LV zoonotica € causada por L.
infantum e é encontrada no Mediterraneo, Oriente Médio e no Brasil, sendo o céo
doméstico o hospedeiro mais importante (DESJEUX, 2004; OLIVEIRA et al., 2004).
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No Brasil, a LV se destaca nas regides Nordeste, Sudeste e Centro-Oeste, conforme
apresentando na Figura 2. (OPAS, 2017)

Leishmaniose Visceral Leishmaniose Visceral
Numero de casos (2007) Incidéncia/10.000 (2007)
o o
[1-35 Cl<1
[es5-76 J1-5
[ 249 - 264 s -10
I 392 - 559 10 - 15

> 15

)

MARANHAO) @%
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Figura 2 - Numero de casos e Incidéncia de Leishmaniose Visceral.
Fonte: ALVAR et al., 2012.

A LV acomete principalmente a populacdo de menor classe econdmica,
estando também associada a desnutricdo, ao deslocamento e migracdo, condicbes
precarias de habitacdo, falta de recursos e também da condicdo do sistema
imunoldgico dos pacientes. Sendo assim, conclui-se que a diferenca na evolucéo da
doenca relaciona-se a espécie do parasito e a suscetibilidade do seu hospedeiro,
podendo variar entre as distintas manifestacbes da doenca e seus graus de
acometimento. (ASHFORD, 2000)

2.2 Etiologia e ciclo biolégico de Leishmania

As leishmanioses sdo doencas causadas por parasitos protozoarios do
género Leishmania, pertencente ao Sub-Reino Protozoa, Filo Sarcomastigophora,
Ordem Kinetoplastida e Familia Trypanosomatidae. O vetor transmissor do parasito
€ um inseto da Ordem Diptera, Familia Psychodidae, Sub-Familia Phlebotominae,
pertencente aos géneros Phlebotomus, em paises do Velho Mundo. J4 nas
Ameéricas a Lutzomyia é o principal vetor, com cerca de 2 a 3 mm de comprimento
(GRIMALDI e TESH, 1993; SACKS e KAMHAWI, 2001; MOTA et al., 2011,
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STRAZZULLA et al., 2013; WHO, 2015). A hematofagia € restrita as fémeas, sendo
esse habito de suma importancia para maturacao dos seus ovarios (BARATA et al.,
2005).

Cerca de 500 espécies de flebétomos sdo conhecidas, embora
aproximadamente apenas 30 sejam capazes de transmitir os parasitos (WHO, 2015).
Os parasitos do género Leishmania apresentam duas formas evolutivas: a forma
promastigota, que é flagelada e extracelular; e a forma amastigota, que é intracelular
obrigatoria, altamente infectiva, sem movimentos e sdo encontradas no interior de
células fagociticas, tais como macrofagos, neutrofilos, células dendriticas e células
de Langherans (GRIMALDI e TESH, 1993; ASHFORD, 2000; BASANO e
CAMARGO, 2004). As promastigotas apresentam corpo alongado, medindo entre 14
e 20 mm, flagelo livre, com nucleo Unico e tém o cinetoplasto localizado entre a
porcdo anterior e o nucleo. As amastigotas tém um corpo de forma ovoide, que
mede entre 2,1 e 3,2 mm e responsaveis pelo desenvolvimento da doenca no
hospedeiro mamifero (ASHFORD, 2000; BASANO e CAMARGO, 2004).

A transmissdo do parasito para o inseto se da quando a fémea dele se
alimenta do sague de um hospedeiro vertebrado infectado, na sua grande maioria 0s
caes. Esse ingere juntamente com o sangue as formas amastigotas do parasito, que
em seu intestino vao se tornar promastigotas prociclicas e migram para o trato
digestivo médio e anterior, onde se multiplicam e diferenciam-se em promastigotas
metaciclicas, colonizando entdo as glandulas salivares do vetor. Quando o vetor
regurgita o sangue, as formas promastigotas metaciclicas sdo depositadas na pele
do homem. Entéo, as células do sistema fagocitico-mononuclear, principalmente os
macréfagos migram para o local e fagocitam os parasitos (KAYE e SCOTT, 2011;
RIBEIRO-GOMES e SACKS, 2012; 24 HANDLER et al., 2015). No interior dos
macrofagos, o parasito transforma-se em amastigotas e replica-se por divisdo
binaria, resultando no rompimento das células infectadas e na liberacdo dos
parasitos, iniciando uma infeccdo no mamifero. A proliferagdo também pode ocorrer
em outras ceélulas de diferentes tecidos, como nos linfonodos, baco e figado
(REITHINGER et al., 2007). A Figura 3 resume o ciclo biolégico do agente infeccioso

das leishmanioses.
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Figura 3: Ciclo biolégico do parasito Leishmania.
Fonte: CDC, 2019.

2.3 Manifestacdes clinicas das Leishmanioses

A evolucao das leishmanioses determina-se por fatores relacionados tanto ao
hospedeiro devido a suas particularidades genéticas e imunoldgicas quanto por
fatores relacionados ao parasito como sua viruléncia e a espécie do vetor
(LOCKSLEY et al.,, 1999; TRIPATHI e SINGH e NAIK, 2007). Com isso, essa
interacdo pode levar desde o desenvolvimento de formas assintoméaticas as formas
letais e graves (KANE et al., 2001). De modo geral, as leishmanioses podem ser
classificadas em dois grandes grupos clinicos: LT e LV.

No grupo das LT, pode haver variadas formas e graus de acometimento
cutaneo no hospedeiro. A leishmaniose cutanea localizada (LCL) é a forma mais
comum desse grupo, normalmente apresentando-se como uma ulcera cutanea oval,
com bordas bem delimitadas, em moldura, elevadas, base indurada com fundo limpo

e granuloso. Sua principal caracteristica € o fato de ser indolor. Pode evoluir ou nao
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com resolucédo espontanea, deixando apenas cicatriz. Ainda, a forma cutanea pode
apresentar recidivas com reaparecimento da doenca nos sitios de lesdes de LT
previamente cicatrizadas, a forma chamada recidiva cutis (RC) (SCHUBACH et al.,
1998).

A forma disseminada da leishmaniose (LD) é caracterizada pelo aparecimento
de lesbes multiplas e polimérficas em todo o tegumento, que sdo provavelmente
causadas por disseminacdo hematogénica ou linfatica dos parasitos. As lesbes
podem ser acneicfomes, ulceradas e papulosas, nodulares e de aspecto
gueloideano, sendo a mucosa afetada em aproximadamente 29% dos casos
(TURETZ; MACHADO; KO, 2002; GOTO; LINDOSO, 2012).

A leishmaniose mucosa ou cutaneomucosa (LM) ocorre geralmente meses ou
anos apoés a ocorréncia da LC. Os sintomas podem abranger obstrucdo, epistaxe,
rinorreia, que evolui para formacdo de crostas, e sangramento. Tais sintomas
ocorrem devido a forma mucosa ser altamente destrutiva, ulcerativa e agressiva em
vias aéreas superiores e, ocasionamente, inferiores devido a hiperreativacdo da
resposta Thl do paciente. Isso culmina em destruicdo e atrofia da mucosa e até
mesmo destruicdo e desabamento de septo nasal, dando ao paciente o
caracteristico nariz de Tapir. Raramente, as mucoses oculares, de 6rgdos genitais e
anus também podem ser atingidas (WEIGLE e SARAVIA, 1996).

A forma cuténea disseminada é menos comum e caracteriza-se por papulas
e/ou placas multiplas que acometem o tegumento do individuo. O agente etioldgico
no Brasil € a espécie L. amazonensis e configura-se em uma forma clinica grave e
resistente ao tratamento, piorando o seu prognéstico (Mendonca et al., 2004).

Por fim, a LV é a forma clinica mais grave da doenca, devido as frequentes
complicagBes e potencial de evoluir para 6bito, se néo tratada (OMS, 2018). Pode-se
apresentar de forma assintomatica, aguda ou cronica. Os pacientes assintomaticos
desenvolvem sintomas inespecificos, como febre baixa, tosse seca, diarreia,
sudorese e pode evoluir de forma espontanea para a cura ou pode manter sem
evolucao clinica durante a vida, embora esteja infectado. Na forma aguda, pode-se
observar febre alta, palidez e hepatoesplenomegalia. Por fim, ha a forma cronica,
conhecido como Calazar, a qual é a forma classica da doenca, com evolucdo
prolongada apresentando-se com febre intermitente, perda importante de peso

progressiva, hepatoesplenomegalia importante, anasarca, dispneia devido a
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compressdo pulmonar pelos 6rgados acometidos, cefaleia, mialgia, adnamia, dentre
outros sintomas (ASHFORD, 2000).

2.4 Imunologia das leishmanioses

Os neutrofilos sdo as primeiras células que os parasitos tém contato no local
da inoculagcéo durante o repasto sanguineo do flebotomineo e as células do sistema
imune inato, incluindo as células Natural killer, ttm sido reveladas de fundamental
importancia no curso da infec¢do (DA SILVA SANTOS; BRODSKYN, 2014).

ApGs driblar a resposta imune inata do paciente e se manter no individuo, as
infeccbes por Leishmania irdo levar a ativacdes especificas da resposta imune do
hospedeiro. H4 uma expansédo clonal de vérios tipos de células, que pode ser
caracterizada pelo aumento de células T CD4*, apresentando um perfil de citocinas
Thl ou Th2 (HOLZMULLER et al., 2006; REIS et al., 2006).

A resposta imune de resisténcia a infeccdo por Leishmania é mediada
principalmente por uma resposta do tipo celular, e o resultado clinico é dependente
principalmente de linfécitos Thl, que é mediada principalmente por interferon-gama
(IFN-y), fator de necrose tumoral alfa (TNF-a), fator estimulador de colbnias de
granulécitos e macrofagos (GM-CSF) e interleucinas 2 e 12 (IL-2 e IL-12,
respectivamente). A producdo dessas citocinas e interleucinas esta entédo
relacionada a uma boa evolucdo da doenca e combate eficiente aos parasitos, como
na forma LCL e até mesmo a cura espontanea.

Ja uma resposta do tipo Th2 com de producéo de interleucinas 4 e 10 (IL-4 e
IL-10, respectivamente) e TGF- confere susceptibilidade e progressdo da doenca
no hospedeiro. Estas respostas imunes respondem pelo espectro clinico
diversificado, principalmente das formas mais graves como a visceral, disseminada e
difusa. Em outro aspecto, A LM demonstra uma resposta mista, mas com uma
predominéncia do perfil Thl, que pode explicar tanto a sua atividade inflamatoria
agressiva e destrutiva como a sua cronicidade sendo atribuida a resposta Th2
(AFONSO; SCOTT, 1993).

Na resposta Thl, os macrofagos estimulados com IFN-y e IL-12 vao passar a
expressar niveis elevados de Oxido nitrico sintase induzivel (iNOS) e espécies
reativas de oxigénio (ROS). A sintese de 6xido nitrico (NO) por iINOS é essencial

para a eliminacédo de parasitos de macrofagos (DIEFENBACH et al., 1998). J& no
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perfil de resposta Th2, os macrofagos seréo estimulados com IL-4, IL-10 e TGF-B, e,
com isso, expressardo altos niveis de arginase e sdo denominados como
"alternativamente ativados" (DIEFENBACH et al.,, 1998), desencadeando uma
resposta nao eficiente aos parasitos e fazendo uma autoregulacéo da resposta ativa
Th1l contra os mesmos, desencadeando a perpetuacdo da infeccdo no individuo.

Um indicativo da geracdo da resposta imune do tipo Thl ou Th2 em
camundongos BALB/c, diz respeito a producdo dos isotipos de imunoglobulinas
(IgG’s) 1gG1 e IgG2a. Conclui-se entdo que os linfécitos T atuam sobre linfécitos B
induzindo a mudanca dos isotipos dos anticorpos IgG. Nesta linhagem de
camundongos, a citocina IL-4, induz, preferencialmente, a producdo de IgG1,
enquanto que o IFN-y induz a produgéo de IgG2a (DOHERTY et al., 1993). Sendo
assim, conclui-se que o controle da forma visceral da doenca esta associado ao
padrdo de resposta do tipo Thl, com producédo das citocinas IFN-y ou TNF-a que
culmina na ativacdo dos macrofagos e matam o parasito das espécies L. infantum e
L. donovani (PEARSON e STEIGBIGEL, 1981; MURRAY e RUBIN e ROTHERMEL,
1983).

2.5 Diagnéstico das leishmanioses

O diagnostico das leishmanioses é clinico e apoiado em exames
complementares que buscam a deteccdo dos parasitos por meio de exame de
esfregacos corados ou biopsias das lesbes da pele e cultura dos parasitos. Deve
haver também a percepcédo epidemioldgica, na qual se deve buscar relacéo entre os
sinais e sintomas da doenca com as areas endémicas, 0 que constitui uma
ferramenta Util para confirmar o diagnostico (Junqueira-Pedras et al., 2003).

De modo geral, o diagnoéstico clinico da mesma é um desafio, uma vez que a
doenca abrange um grande espectro de caracteristicas clinicas (CHAPPUIS et al.,
2007). A doencga cutanea tem inumeros diagnosticos diferencias como as “PLECT’s,
paracoccidioidomicose, esporotricose, cromoblastomicose, tuberculose cuténea e
carcinoma espinocelular. J& como diagndstico diferencial da forma visceral inclui-se
a maléaria, esquistossomose, tripanossomose, tuberculose e kwashiokor (SINGH,
2006).

O método parasitologico com a técnida de imprinting de raspado dérmico ou

de material de bidpsia € o padrdo-ouro da forma cutdnea e muito conclusivo, tendo
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alta especificidade, porém € um método invasivo e sua sensibilidade é variavel, pois
depende da qualidade da amostra colhida e € um exame técnico dependente
(SUNDAR e RAI, 2002; TAVARES et al., 2003). Existem técnicas moleculares mais
sensiveis para procurar o DNA do parasito como o PCR e o RT-PCR, mas tem o
incoveniente de serem caros e exigirem equipamentos sofisticados, limitando assim
seu alcance (SINGH e SUNDAR, 2015). Testes sorologicos sdo ideais para a
deteccdo de anticorpos antileishmaniais em soros de pacientes infectados, devido a
sua simplicidade e baixo custo, e sdo considerados menos invasivos
(ELMAHALLAWY et al, 2014).

Como consequéncia, métodos como imunofluorescéncia indireta (IFl), teste
de aglutinacdo direta (DAT), ensaio imunoenzimatico (ELISA), teste de aglutinacédo
em latex e testes imunocromatogréaficos tém sido empregados com relativo sucesso
(SCHWARZ, N.G. et al, 2017) apesar de que seu desempenho por vezes é
dificultado por sensibilidade e/ou especificidade variavel, levando a ocorréncia de
falso-negativos ou falso-positivos (MATLASHEWSKI, G. et al. 2013).

2.6 Tratamento das leishmanioses

Apesar de as leishmanioses terem sido reconhecidas pela ciéncia médica ha
mais de um século, ainda ha pouca disponibilidade de terapias eficazes e
acessiveis, apesar dos esforcos em curso e a enorme carga da doenca nos paises
em desenvolvimento (KLING; KORNER, 2013). Os antimoniais pentavalentes (SbY)
sdo os farmacos de primeira linha usados para tratar a leishmaniose tegumentar
causada por diferentes espécies no Brasil. Eles foram introduzidos para esse fim
pela primeira vez em 1945 e continuam a ser eficazes para algumas formas de
leishmaniose. Infelizmente, um aumento na falha deste medicamento tem sido
documentado em varias regides do mundo. Este farmaco esta disponivel como uma
das duas formulagdes: antimoniato de meglumina (GLUCANTIME®) e
estibogluconato de sédio (PENTOSTAM®), o ultimo ndo disponivel no Brasil. Os
principais efeitos colaterais dos antimoniais sdo artralgia e mialgia, porém, efeitos
colaterais graves relacionados a cardiotoxicidade ou insuficiéncia renal podem
ocorrer principalmente em pacientes idosos. O uso deste medicamento nao é

indicado durante a gravidez.
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A eficacia dos SbY varia de acordo com a regido geografica, com a espécie de
Leishmania evolvida e apresentacao clinica da doenca (GOTO; LINDOSO, 2010).
Nas formas mais localizadas e menos graves, a infiltrac&o intralesional na derme ou
na base da lesdo com antimoniais pentavalentes pode ser tentada. No entanto, o
procedimento pode ser relativamente doloroso e necessita de ser feito a cada uma
ou duas semanas, de trés a oito vezes, a depender da evolucéo da ulcera. O indice
de cura com esse procedimento é 75%. Se ndo efetivo, deve-se considerar a
abordagem sistémica (PISCOPO e AZZOPARDI, 2006).

Nos casos em que o tratamento preconizado com antimoniais pentavalentes
nao é efetivo ou ndo pode ser empregado, agentes de segunda escolha podem ser
empregados, tais como a Anfotericina B (AmpB), que apesar de mais cara e de dificil
acesso, apresenta melhores resultados (SANTOS et al.,, 2008). Além disso,
produzem inumeros efeitos colaterais e suas formulacfes possuem precos elevados
como €é observado na AmpB e AmpB lipossomal. As reacdes adversas da AmpB,
tais como febre, calafrios, tremores, nausea, vomitos e dor de cabeca, ocorrem
frequentemente e estdo relacionadas, principalmente, a infusdo do farmaco.
Alteracbes cardiovasculares, como hipotensao, hipertensdo e arritmias cardiacas
sdo observadas com menor frequéncia. Hipocalemia, hipernatremia, diurese
aumentada, hipomagnesemia, disfuncdo renal e efeitos téxicos sobre a medula
0ssea (anemia, leucopenia e trombocitopenia) sdo associados com administracées
repetidas (FILIPPIN; SOUZA, 2008).

A paramomicina € um antibiético aminoglicosideo, geralmente administrado
por via intramuscular. Foi desenvolvida na década de 1960 como um agente
leishmanicida, mas permaneceu negligenciada até a década de 1980, quando
formulacgbes tépicas contendo paromomicina (15%) mais cloreto de metilbenzetdnio
(12%) se mostraram eficazes para leishmaniose cutanea (CROFT; COOMBS, 2003).
A dor leve no local da injecdo € o evento adverso mais comum (55%). A
ototoxicidade reversivel ocorre em 2% dos pacientes. A toxicidade renal é rara.
Alguns doentes podem desenvolver hepatotoxicidade, indicada por concentracdes
elevadas de enzimas hepéaticas (WHO, 2010).

A pentamidina € administrada por via intramuscular ou, de preferéncia, por
infusdo intravenosa. Efeitos adversos graves como diabetes mellitus, hipoglicemia
grave, choque, miocardite e toxicidade renal limitam a sua utilizagdo (SANTOS et al.,

2008). Apesar de existirem 34 alternativas de tratamento tanto para LV, quanto para
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LT, nenhum desses medicamentos foi desenvolvido com a finalidade exclusiva de
eliminar o parasito do género Leishmania.

A miltefosina é um dos medicamentos de segunda escolha. Este
medicamento é uma alquilfosfocolina que tem atividade contra células cancerigenas
e varias espeécies de parasitos, assim como bactérias e fungos. Foi originalmente
desenvolvida como um farmaco anticancerigeno, tendo sido aprovado na india como
0 primeiro tratamento oral para as leishmanioses (PEYRON et al., 2005; NAGLE et
al.,, 2014). Entretanto, apresenta eventos adversos que incluem problemas
gastrointestinais, hepato e nefrotoxicidade. Outra limitacdo € a teratogenicidade da
miltefosina, desta forma, mulheres em idade fértil precisam tomar contraceptivos de
forma assistida e durante o tratamento, além de um adicional de trés meses apos,
devido a meia-vida longa do mesmo (PANDEY et al., 2009; DORLO et al., 2012;
NAGLE et al., 2014). Outro problema enfrentado no tratamento com a miltefosina € o
aparecimento de resisténcia de algumas espécies de Leishmania a sua acédo
farmacolégica (DORLO et al., 2012).
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3 REPOSICIONAMENTO DE FARMACOS

O processo de descoberta e desenvolvimento de um novo medicamento é longo,
caro e altamente regulamentado, ja que cada produto deve-se apresentar seguro e
eficaz, sendo que tais beneficios devem abranger todos 0s grupos raciais e étnicos,
bem como diferentes faixas etarias para ser considerado um bom medicamento
(EICHBORN et al., 2011). Em um estudo publicado em novembro de 2014, realizado
pelo Centro para o estudo e desenvolvimento de farmaco (Tufts Center for the Study
of Drug Development), estimou que para trazer um Unico farmaco novo para o
mercado, o custo médio é de US $ 2,6 bilhdes em um periodo de tempo de
aproximadamente 15 anos (DiIMASI, 2014). A investigacdo de moléculas purificadas
que apresentam acbes biolégicas, que ndo a antileishmanial, isto €&, o
reposicionamento de farmacos, pode ser realizado para avaliar seu potencial uso
contra a doenca, sendo considerado um campo de pesquisa promissor para
pesquisa por novos produtos farmacéuticos (Cheuka et al., 2016).

3.1 Acarbose

A acarbose (ACA) (Figura 4) atua especificamente na diminuicdo pos-
prandial da glicose, tendo como alvo principal a a-glucosidase no intestino delgado,
onde ela cataboliza carboidratos complexos ndo absorviveis em monossacarideos
absorviveis. A ACA é um inibidor competitivo e reversivel da glucosidase da borda
da escova do intestino delgado, que blogueia a degradacdo do amido e da sacarose
e atrasa a absorcéo de glicose e frutose no intestino delgado superior (K. He et al.,
2014). Este composto reduz a hemoglobina glicada em 0,5-1% em pacientes com
diabetes tipo 2, em monoterapia ou em combina¢do com outros antidiabéticos. Nos
pacientes com diagnostico de intolerancia a glicose, o mesmo reduz a incidéncia de
diabetes primodiagnostico em 36,4%. Além disso, tem efeitos benéficos sobre o
excesso de peso, reduz a pressdao sanguinea e os triglicerideos e regula
negativamente biomarcadores de inflamacao de baixo grau. No estudo de Hanefeld
et. al, para prevenir o diabetes n&do insulinodependente, a ACA reduziu
significativamente a progressdo da doencga, incidéncia de eventos cardiovasculares

e hipertensao recém-diagnosticada.
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A ACA é um medicamento seguro, embora em aproximadamente 30% dos
pacientes, pode causar queixas gastrointestinais devido ao seu modo de acéo, que
na maioria das vezes desaparece em até um a 2 meses. Estudos clinicos e de
vigilancia revelaram que o tratamento com acarbose esta associado a muitos poucos
efeitos colaterais graves (Hanefeld et al., 2008). Os efeitos colaterais mais comuns
relatados até o momento séo distdrbios gastrointestinais leves a moderados, como
flatuléncia, distensdo abdominal, diarréia e dispepsia, que surgem da fermentacao
de carboidratos ndo digeridos por bactérias coldénicas no intestino grosso. Os
distarbios gastrointestinais sdo sempre transitérios e moderados se o tratamento for

iniciado em doses baixas e aumentado gradualmente (K. He et al., 2014).
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Figura 4: Estrutura quimica da acarbose.
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4 NANOMATERIAIS E NANOTECNOLOGIA

hY

O uso da nanotecnologia aplicada a medicina tem mostrado avancos
significativos no diagnostico e tratamento de inUmeras doencas. As aplicacdes
utilizadas na medicina incluem a administracdo de farmacos, diagnosticos in vitro
como in vivo, a formulagdo de nutracéuticos e a otimizagdo de materiais
biocompativeis (DUNCAN, 2003; DE JONG; BORM, 2008). A aplicagdo da
nanotecnologia para fins terapéuticos e diagnosticos foi denominada “Nanomedicina”
pelo National Institute of Health nos Estados Unidos (WONG et al., 2012).

Novos sistemas de delivery, isto é, de liberacdo controlada dos
medicamentos, tais como lipossomas, nanoparticulas e micelas proporcionam uma
maior eficacia e seguranca em relacdo aos efeitos colaterais. Quando os farmacos
sdo armazenados e transportados em conjugacdo com tais veiculos, eles podem
reduzir a dose e as reacbOes adversas das formulagdes convencionais (DE
MENEZES et al., 2015).

Ribeiro et al. produziram em 2014 nanoparticulas de quitosana e condroitina
contendo AmpB no tratamento in vivo de LT e concluiu-se que as nanoparticulas
poderiam ser aplicadas como um sistema de administracdo alternativo de AmpB,
mantendo sua a elevada atividade contra a Leishmania, mas reduzindo por niveis
significativos a sua toxicidade, em comparacdo com quando é administrado numa
forma livre. A composicao de tais nanoparticulas pode variar. Os materiais podem
ser de origem biologica (fosfolipidos, lipidos, acido lactico, dextrano e quitosano), ou
apresentar caracteristicas quimicas (polimeros, carbono, silica e metais) (DE JONG;
BORM, 2008).

4.1 Micelas

Nanoparticulas poliméricas sao utilizadas para encapsular alguns farmacos
ou substéncias. Tal método proporciona a liberacdo controlada e melhora da
biodisponibilidade e eficaz diminuicAo da toxicidade do medicamento. Estas
estruturas sdo em sua maioria mais biocompativeis, menos imunogénica,
atoxicidade e biodegradabilide. Nessas composi¢cdes, 0s medicamentos ou
substancias utilizadas podem estar envolvidas na matriz polimérica ou adsorvidas na
superficie da micela (MENDES et al, 2017).
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As micelas (Figura 5) possuem uma estrutura do tipo “nucleo-casca” em
que a parte hidrofébica € localizada em sua porcéo interior e a parte hidrofilica esta
na porgcdo da sua estrutura. Isso facilita a solubilizacdo de moléculas insollveis em
agua ou parcialmente solluveis. Ao mesmo tempo, esta estrutura as protege contra a
degradacdo quimica e do metabolismo precoce das substancias armazenadas por
agentes biologicos (WEI et al., 2006; HYUN et al., 2008).

Figura 5: Representacédo esquematica de uma micela

4.2 Poloxamero P407 (Pluronic F-127®)

O Pluronic F-127® (PF127) (Figura 6) é um copolimero de bloco que
compreende segmentos de oxietileno e de oxipropileno (LERCHE W, 1972). Este
polimero tem uma baixa toxicidade, excelente compatibilidade com produtos
quimicos e uma alta solubilidade. As concentrac6es de PF127 de 20% ou mais em
solucdo aquosa exibem a propriedade Unica de tornar-se um gel reversivel conforme
a alteracdo térmica. Estas propriedades fazem do PF127 um veiculo atrativo para
liberacdo controlada (ZHANG et al., 2002). Dentre os varios estudos ja realizados
com o PF127, podemos citar um sistema de libertacdo de farmaco para oftalmicos
(BOCHOTA et al., 1998; DESAI; BLANCHARD, 1998), parenteral (MORIKAWA et
al., 1987; PEC; WOUT; JOHNSTON, 1992; PAAVOLA et al.,1995; BANGA; K., 1997)
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e uso percutaneo (BARICHELLO et al., 1999; LEE et al., 1994; SUH; MATTHEW,
2000).

Nosso grupo de pesquisa ja utilizou o Pluronic F127 em sistemas micelares
anteriormente no tratamento contra as leishmanioses. No estudo desenvolvido por
Ribeiro et al. em 2014, um sistema de nanoparticulas contendo quitosana e
condroitina mais AmpB foi desenvolvido e utilizado para o tratamento contra a LT.
Foi encontrado que o sistema diminuiu a toxicidade da AmpB, mas sem causar
perda de sua acgdo antileishmanial. Dessa forma, foi proposto que tais
nanoparticulas poderiam ser aplicadas como um sistema de administracédo
alternativo de AmpB, mantendo sua a elevada atividade contra a Leishmania, mas
reduzindo por niveis significativos a sua toxicidade, em comparagdo com a forma
livre.

Mendonca et al. (2014) desenvolveram um sistema micelar formado por
Polaxamero 407 contendo AmpB para o tratamento de camundongos BALB/c
infectados com L. amazonensis. O sistema mostrou eficacia contra a infecgao, além
de baixos niveis de danos celulares no hospedeiro, demonstrando a baixa toxicidade
do sistema micelar usando o mesmo. Nesse estudo, comparou-se a AmpB em
sistema micelar, AmpB em sua forma livre e solug¢éo salina como controle. Quando
os trés grupos tratados foram comparados, camundongos tratados com AmpB
micelar apresentaram reducédo de 45% no tamanho médio das lesdes em relacédo
aos grupos tratados com AmpB livre, os quais reduziram 37% das lesGes. A carga
parasitaria foi avaliada em fragmentos de tecido infectado, linfonodos drenantes,
figado e baco dos animais. Nos resultados, observou-se que todos 0s animais
tratados apresentaram reducdes na concentracdo de parasitos quando comparados
aos grupos controle. Porém, quando os grupos tratados foram comparados, 0s
camundongos tratados com a forma micelar de Polaxamero 407 mais AmpB
apresentaram melhor resposta terapéutica contra a infec¢cdo, quando comparados
ao grupo AmpB livre.

Mendonca et al. (2019) testaram um derivado de quinolina denominado 2-
(2,3,4-tri-O-acetil-6-desoxi-B-I-galactopiranosiloxi) 1,4-naftoquinona ou Flau-A contra
a infeccdo por L. amazonensis em camundongos BALB/c. A quinolina foi
incorporada ao Poloxamero 407 e a eficacia terapéutica do composto foi avaliada
em camundongos BALB/c infectados com L. amazonensis, comparando com 0 uso

de AmpB livre e em sua forma lipossomal. O percentual de redugédo do diametro da
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lesdo nos grupos AmpB, AmpB lipossomal, Flau-A e Flau-A micelar foi de 21%, 24%,
43% e 51%, respectivamente, quando comparados ao grupo salina, e de 18%, 21%,
41% e 49%, respectivamente, quando comparados ao grupo com micelas sozinhas.
Os camundongos tratados com Flau-A e Flau-A micelar apresentaram as reducgdes
mais significativas no diametro médio das lesdes, da ordem de 28% e 37%,
respectivamente, quando comparados ao grupo AmpB, e de 25% e 35%,
respectivamente, quando comparados ao grupo AmpB lipossomal. Na avaliagcao da
carga parasitaria, os grupos de camundongos tratados com AmpB, AmpB
lipossomal, Flau-A e Flau-A micelar também apresentaram reduc¢des significativas
no parasitismo tecidual e orgéanico, quando comparados aos controles, sendo as
redugdes mais significativas encontradas nos grupos Flau-A e Flau-A micelar.

Mais estudos realizados pelo nosso grupo de pesquisa demonstraram que
derivados de quinolinas apresentam atividade antileishmanial in vitro contra
promastigotas e amastigotas de importantes espécies de Leishmania encontradas
no mundo (DUARTE, et al., 2016). Além disso, quando foi incorporada a um sistema
de delivery baseado em Poloxamero 407, este produto mostrou-se eficaz no
tratamento de camundongos BALB/c infectados com L. amazonensis ou L. infantum
(DUARTE, et al., 2016; LAGE et al., 2016).

No estudo de Tavares et al. em 2019, a substancia clioquinol foi incorporada
em um sistema de micelas poliméricas baseadas em Poloxamero 407, e sua
atividade antileishmanial foi avaliada in vivo em camundongos BALB/c infectados
com L. amazonensis. O mesmo mostrou que a composicdo micelar foi eficaz na
reducdo da carga parasitaria nos animais. Nele, o cliogquinol em sua forma micelar
exibiu forte e seletiva atividade antileishmanial in vitro e in vivo contra promastigotas
e amastigotas de L. infantum e L. amazonensis. Este efeito foi acompanhado por
baixa toxicidade contra macrofagos murinos e hemaceas humanas, ndo sendo
observados efeitos toxicos em nenhuma das concentragfes testadas. Além disso, o
indice de seletividade do clioquinol foi maior que o da AmpB. O tratamento com esse
composto induziu aumento significativo na producdo de espécies reativas de
oxigénio em todas as concentracdes testadas e alterou a integridade da membrana
plasmatica em Leishmania. Dessa forma, o sistema de micelas poliméricas
formadas com base em Poloxamero P407 poderia constituir em uma possivel
alternativa para a incorporagdo de moléculas antileishmaniais e melhoria das

condi¢bes de tratamento contra as leishmanioses.
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Em resumo, as quinonas sdo uma classe conhecida de moléculas exibindo
atividades bioldgicas distintas, como funcbes antitumorais, moluscicidas,
bactericidas, fungicidas e tripanocidas (REZENDE et al.,, 2013). Estudos tém
mostrado também o uso desta classe de moléculas contra Leishmania. No entanto,
o desenvolvimento posterior desses compostos tem sido dificultado, devido a
auséncia de experimentos in vivo ou devido a sua baixa eficacia, quando sao
testados como terapéuticos em modelos de mamiferos.

Além disso, estudos de farmacocinética do clioquinol por via oral em
humanos sdo escassos. Um estudo que administrou doses de 250 a 1500 mg de
clioquinol pela via oral em 6 individuos sadios apresentou um tempo de meia-vida
(t%2) de 11 a 14 horas e um pico de concentracdo em torno de 4 horas apés a
administracdo (JACK e RIESS, 1973). No homem, o clioquinol apresentou menor
metabolizacdo na formacdo dos conjugados (CHEN et al., 1976). Por esse motivo,
atualmente o clioquinol é utilizado em formulacbes topicas como o Vioform®,
Hidrocorte®, dentre muitos outros, que sado antifungicos tépicos.

Em contrapartida, a ACA, como dito anteriormente, € um medicamento de
uso oral ja utilizado e disponivel no mercado como medicacdo hipoglicemiante e ja
tem sua seguranca em humanos bem estabelecida pelos 6rgdos reguladores, com
baixos indices de efeitos colaterais graves (Hanefeld et al., 2008). Além disso,
diferentemente das substancias supracitadas, em um dos nossos estudos, a ACA,
juntamente com o miglitol, outra medicacdo hipoglicemiante, foi testada in silico. O
estudo demostrou uma proteina hipotética do parasito, que foi funcionalmente
semelhante a glucosidase-like, alvo de tais medicacfes. Essa proteina foi associada
a rede metabdlica da via de biossintese do N-Glycan em Leishmania e a ACA foi
considerada alvo potencial contra tal proteina (CHAVEZ-FUMEGALLI et al., 2019).
Dessa maneira, tais fatos tornam a ACA uma opc¢ao segura para ser avaliada contra

a infecgéo por Leishmania.
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Figura 6: Estrutura quimica do Poloxamero 407.
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35



36

5 Objetivos

5.1 Objetivo geral

Avaliar a acarbose (ACA) incorporada em um sistema de micelas poliméricas
formadas a partir de Poloxamero P407 quanto a sua agéo antileishmanial contra a
espécie Leishmania infantum, como estratégia para o tratamento contra a

leishmaniose visceral.

5.2 Objetivos especificos

e Avaliar a atividade antileishmanial in vitro da ACA contra formas
promastigotas e amastigotas de L. infantum;

e Avaliar a citotoxicidade utilizando macréfagos murinos e hemécias humanas;

e Avaliar o mecanismo de acdo da ACA em Leishmania infantum;

e Preparar um sistema de micelas a partir do Poloxamero P407 carregadas com
ACA e tratar camundongos BALB/c infectados com L. infantum com a ACA
pura ou em sua forma micelar. Verificar a eficacia do tratamento por meio da
avaliacdo da carga parasitaria no baco, medula 6ssea, linfonodos drenantes e
figado dos animais;

e Avaliar a eficicia do tratamento por meio da resposta celular desenvolvida em
dois periodos de tempo distintos apds o tratamento, por meio da producao
das citocinas IFN-y, IL-4, IL-10, IL-12, GM-CSF e 6&xido nitrico pelos
esplendcitos dos animais estimulados in vitro;

e Avaliar a toxicidade in vivo da ACA e de sua forma micelar a partir da
dosagem de CK-MB, ALT e AST nos soros dos animais.
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6 METODOLOGIA E RESULTADOS

As secOes de Metodologia e Resultados serdo apresentadas sob a forma de
artigo cientifico, que foi diretamente derivado do projeto; conforme permitido pela
Resolucdo n° 02/2013, de 18 de setembro de 2013 do Programa de P4s-Graduacgéo
em Ciéncias da Saude: Infectologia e Medicina Tropical.
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Abstract

Treatment against visceral leishmaniasis (VL) is mainly hampered by drug toxicity,
long treatment regimens and/or high costs. Thus, the identification of novel and low-
cost antileishmanial agents is urgent. Acarbose (ACA) is a specific inhibitor of
glucosidase-like proteins, which has been used for treating diabetes. In the present
study, we show that this molecule also presents in vitro and in vivo specific
antileishmanial activity against Leishmania infantum. Results showed an in vitro
direct action against L. infantum promastigotes and amastigotes, and low toxicity to
mammalian cells. In addition, in vivo experiments performed using free ACA or
incorporated in a Pluronic® F127-based polymeric micelle system called ACA/Mic
proved effective for the treatment of L. infantum-infected BALB/c mice. Treated
animals presented significant reductions in the parasite load in their spleens, livers,
bone marrows and draining lymph nodes when compared to the controls, as well as
development of antileishmanial Thl-type humoral and cellular responses based on
high levels of IFN-y, IL-12, TNF-a, GM-CSF, nitrite and IgG2a isotype antibodies. In
addition, ACA-treated animals suffered from no or low organ toxicity. Treatment with
ACA/Mic outperformed treatments using either Miltefosine or free ACA based on
parasitological and immunological evaluations performed one- and 15-days post-
therapy. In conclusion, data suggest that the ACA/Mic is a potential therapeutic agent

against L. infantum and merits further consideration for VL treatment.

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

miltefosine; Leishmania infantum.
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1. Introduction

Leishmaniasis is a disease complex found in 98 countries in the world, where
approximately 380 million people are susceptible to the infection by the Leishmania
parasites, which are obligate intracellular pathogens able to invade phagocytic cells
of the mammalian hosts (WHO, 2018). Approximately 20 parasite species cause
disease in humans, and clinical manifestations include visceral and tegumentary
leishmaniasis (Grimaldi and Tesh, 1993; Burza and Croft, 2018). Visceral
leishmaniasis (VL) is caused by Leishmania infantum and L. donovani species, being
fever, anemia, wasting, hepatosplenomegaly and patient’s immune suppression the
clinical manifestations of active disease. VL is almost always fatal, if acute and left
untreated (Araujo et al., 2012).

Treatment against VL relies on the use of pentavalent antimonials. However,
drug toxicity, parenteral administration and long therapy regimens represent
significant hindrances to effective treatment. In addition, parasite resistance has been
reported, being this a main cause for relapse of infections in affected patients
(Sundar and Singh, 2018; Chakravarty and Sundar, 2019). Alternatively to
pentavalent antimony compounds, Amphotericin B (AmpB) has been extensively
used to treat VL. However, although it is highly effective against parasites, it is also
toxic to the patient, causing nephrotoxicity, hypokalemia and myocarditis, among
others (Mohamed-Ahmed et al., 2012). AmpB-based liposomal formulations have
minimized the side effects caused by treatment with the free drug, but its high cost
prevents it from becoming a widespread therapeutic agent (Sundar et al., 2019).
Paromomycin has also been used against Leishmania infection; however, this drug
targets a relatively restricted range of Leishmania species and parasite resistance
has been reported (Rahman et al., 2017). Moreover, Miltefosine, which was originally
described as an anti-tumor agent, presents antileishmanial potential against distinct
parasite species by inhibiting the biosynthesis of the glycosyl-phosphatidyl-inositol
receptor, a key molecule for Leishmania intracellular survival (Zhang et al., 2018;
Mbui et al., 2019; Pipers et al., 2019). However, Miltefosine causes teratogenicity
and parasitic resistance to this drug has also been described, thus limiting its clinical
application (Sundar and Singh, 2018).

In this context, the identification of new antileishmanial agents is a challenge
that remains to be overcome. Since drug discovery is a long and expensive process,

drug repositioning could be considered and evaluations using compounds with other
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known biological functions should be performed (Andrade-Neto et al., 2018). The
immunity for VL has been studied and resistance against infection involves the
induction of the T-helper 1 (Thl) cell response based on the activation of CD4* and
CD8* T cells, with concomitant production of cytokines such as IFN-y, IL-12 and GM-
CSF, among others. On the other hand, susceptibility to infection is related to the
production of Th2-type profile cytokines, such as IL-4, IL-5 and IL-10, among others
(Kedzierski and Evans, 2014; Dayakar et al., 2019). Based on this understanding
about the immunological mechanisms of leishmaniasis, distinct agents have been
evaluated regarding their antileishmanial immunity; however, little progress has been
made beyond experimental stage (Wang et al., 2010; Zhu et al., 2016; Raja et al.,
2017).

Acarbose (ACA) is a specific inhibitor of glucosidase-like proteins. Administration
of ACA causes significant decrease in the plasma glucose levels of patients and
thus, this drug has been used effectively to treat type-2-diabetes (Hanefeld and
Schaper, 2008; He et al., 2014). In the present study, ACA was evaluated in vitro and
in vivo against L. infantum species. The molecule was incorporated into a Poloxamer
407 (Pluronic® F127)-based polymeric micelle system (ACA/Mic) and used to treat L.
infantum infected mice, in comparison to treatment with free ACA. Miltefosine was
used as a control drug. Parasitological and immunological evaluations were
performed one and 15 days post-treatment. Results showed that treatment using the
ACA/Mic composition induced to a polarized and specific antileishmanial Thl-type
immune response, which was reflected by significant reductions in the parasite load
in the spleen, liver, bone marrow (BM) and draining lymph nodes (dLNs) of the

treated animals.
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Fig. 1: Chemical structure of the acarbose.

2. Materials and methods

2.1. Chemicals, parasite and animals

Miltefosine (C21H4sNO4P), Acarbose (ACA, C2sHa3sNOais), Amphotericin B (AmpB,
C47H73NO17) and Poloxamer 407 (Pluronic® F127) were purchased from Sigma-
Aldrich  (catalog numbers: 58066-85-6, 56180-94-0, 1397-89-3 and 16758,
respectively; St. Louis, USA). L. infantum (MHOM/BR/1970/BH46) was grown in
Schneider's medium (Sigma-Aldrich, USA), supplemented with 20% heat-inactivated
fetal bovine serum (FBS; Sigma-Aldrich, USA) and 20 mM L-glutamine pH 7.4 at
24°C (Coelho et al., 2003). Female BALB/c mice (8 weeks old) were purchased from
the Institute of Biological Sciences of Federal University of Minas Gerais (UFMG,
Belo Horizonte, Minas Gerais, Brazil), and kept under specific pathogen-free
conditions. The study was approved by the Committee for the Ethical Handling of
Research Animals of UFMG (protocol number 085/2017).

2.2. In vitro antileishmanial activity

The 50% Leishmania inhibitory concentration (ICso) was evaluated by incubating
L. infantum stationary promastigotes in the absence or presence of ACA (0 to 100.0
pg/mL) or AmpB (0 to 10.0 pg/mL), which was used as a control, in 96-well culture
plates (Nunc, Nunclon, Roskilde, Denmark) for 48 h at 24°C. Cell viability was
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assessed by 3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyl tetrazolium bromide (Sigma-
Aldrich, USA) method. The optical density (OD) values were read in a microplate
spectrophotometer (Molecular Devices, Spectra Max Plus, San Jose, CA, USA) at
570 nm. Results were entered into Microsoft Excel (version 10.0) spreadsheets and
ICs0 values were calculated by sigmoidal regression of the dose-response curves
(Tavares et al., 2018).

2.3. Cytotoxicity assay

ACA cytotoxicity to murine macrophages (CCso) and red blood cells (RBCso) was
evaluated by determining the compound’s concentration required for 50% reduction
of cell viability. In brief, murine macrophages (5 x 10° cells) or a 5% (v/v) human red
blood cells suspension were incubated in the absence of presence of ACA (0 to
100.0 pg/mL) or AmpB (0 to 10.0 pg/mL) for 48 h (macrophages) or 1 h (red cells) at
37°C in 5% CO2. Macrophage viability was assessed by MTT method. The human
red blood cells suspension was centrifuged for 10 min at 1,000 x g and lysis
percentage was determined spectrophotometrically at 570 nm. The absence of
(blank) or 100% hemolysis were determined by replacing ACA or AmpB 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 with Microsoft Excel software (version 10.0) (Mendonca et al.,
2019).

2.4. Treatment of infected macrophages

ACA efficacy for treatment of infected macrophages was evaluated in vitro by
incubating cells (5 x 10°) in RPMI 1640 medium supplemented with 20% FBS and 20
mM L-glutamine, pH 7.4, for 24 h at 37°C in 5% CO.. Parasites were then added to
the wells and cultures (10 parasites per one macrophage) were incubated for 48 h at
37°C in 5% COs2. Free parasites were removed by extensive washing with medium
and infected macrophages were left untreated or treated with ACA (0, 2.5, 5.0 and
10.0 pg/mL) or AmpB (0, 0.25, 0.5 and 1.0 pg/mL) for 48 h at 24°C in 5% CO.. After
fixation with 4% (w/v) paraformaldehyde, cells were washed and stained with
Giemsa. Percentage of infected macrophages, infectiveness reduction and number
of amastigotes per macrophage were determined by counting 200 cells, in triplicate,

using an optical microscope (Mendonga et al., 2019).
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2.5. Inhibition of infection by pre-treatment of L. infantum parasites

Stationary promastigotes (5 x 108 cells) were incubated in the absence or
presence of ACA (0, 2.5, 5.0 and 10.0 pg/mL) or AmpB (0, 0.25, 0.5 and 1.0 pg/mL),
for 4 h at 24°C. Parasites were washed three times in RPMI 1640, quantified and
used to infect macrophages at a ratio of 10 parasites per one macrophage for 24 h at
37°C in 5% COa. After fixation with 4% (w/v) paraformaldehyde, cells were washed
and stained with Giemsa. Percentage of infected macrophages, reduction of infection
and number of amastigotes per macrophage were determined by counting 200 cells,

in triplicate, using an optical microscope (Tavares et al., 2020).

2.6. Evaluation of mitochondrial membrane potential

Stationary promastigotes (107 cells) were cultured in the absence or presence of
ACA (0.35 and 0.70 ug/mL, corresponding to one and two times the ICso values,
respectively) 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, 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 528 nm and 600 nm, respectively. Parasites incubated with carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazon (FCCP; 5.0 pM, Sigma-Aldrich, USA)

for 10 min were used as control (Tavares et al., 2020).

1.1.Production of reactive oxygen species (ROS)

Stationary promastigotes (107 cells) were cultured in the absence or presence of
ACA (0.35 and 0.70 pg/mL, corresponding to one and two times the ICso values,
respectively) for 24 h at 25°C. Parasites were incubated with 20 uM cell-permeant
2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA; 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 (4.0

mM) were used as control (Tavares et al., 2020).



45

1.2.Evaluation of lipid accumulation in the parasites

Stationary promastigotes (107 cells) were cultured in the absence or presence
of ACA (0.35 and 0.70 ug/mL, corresponding to one and two times the ICso values,
respectively) for 24 h at 25°C. Parasites were incubated with Nile Red (1.0 pg/mL;
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
(Antinarelli et al., 2018).

2.9. Preparation of ACA-containing micelles

ACA-containing micelles (ACA/Mic) were prepared as described previously
(Mendonga et al., 2019). Briefly, Poloxamer 407 (18% w/w) was diluted in PBS under
magnetic agitation for 18 h at 4°C. 8 mg of ACA were added to 500 pL of
dichloromethane and solubilized using a vortex. The mixture was then added to the
Poloxamer solution under vigorous magnetic agitation in an ice bath, until a viscous
emulsion was obtained. The dichloromethane was evaporated using rotary
evaporator (Buchi, Flawil, Switzerland) and the ACA-containing micelles were
obtained as a transparent yellow gel at room temperature. Empty micelles were

similarly prepared using 18% w/w Poloxamer 407 without the addition of ACA.

1.3.Infection and treatment

Mice (n=12 per group) were infected subcutaneously with 107 L. infantum
stationary promastigotes. 60 days post-infection, infected mice were administered
with saline alone (50 uL, PBS); empty micelles (50 uL, B/Mic: 10 mg/kg body weight);
Miltefosine (50 uL, 2 mg/kg body weight); free ACA (50 uL, 5 mg/kg body weight); or
ACA-containing micelles (50 uL, ACA/Mic: 5 mg/kg body weight). Except for
Miltefosine which was administered by oral route, all other compounds were
administered subcutaneously, every two days for a period of 10 days. Half of the
animals were euthanized one and 15 days post-treatment, after which parasitological

and immunological evaluations were performed.
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2.11. Evaluation of murine humoral response

Anti-parasite IgG1l and IgG2a isotype antibody levels were evaluated by
ELISA assay in sera samples from infected and treated mice collected one and 15
days post-treatment. Briefly, L. infantum Soluble Leishmania Antigen (SLA) was used
as the coating antigen (1.0 pg/well) and sera samples were diluted 1:100 in PBS-T
(PBS plus 0.05% (v/iv) Tween 20). Anti-mouse IgGl and IgG2a horseradish-
peroxidase conjugated antibodies (Sigma-Aldrich, USA) were used both at a
1:10,000 dilution in PBS-T. Reactions were developed in the presence of H202,
ortho-phenylenediamine and citrate-phosphate buffer pH 5.0 for 30 min and in the
dark. Next, reactions were stopped by addition of 2 N H2SO4, after which OD values
were measured at 492 nm in an ELISA microplate spectrophotometer (Molecular
Devices, Spectra Max Plus, Canada).

2.12. Analysis of the cellular profile

Spleens of infected and treated mice were collected one and 15 days post-
treatment, when splenocytes were plated in 24-well plates (Nunc) and incubated in
DMEM supplemented with 20% FBS and 20 mM L-glutamine at a pH 7.4. Cells (5 x
108/mL) were non-stimulated (medium) or stimulated with L. infantum SLA (50
ug/mL) for 48 h at 37°C in 5% COz2. IFN-y, IL-4, IL-10, IL-12p70 and GM-CSF levels
were measured in the culture supernatants by capture ELISA assay (BD
Pharmingen®, San Diego, CA, USA), according to the manufacturer’s instructions.
Nitrite production was also evaluated in the same cellular supernatants by Griess
reaction. The source of IFN-y production was evaluated in Miltefosine-, ACA- or
ACA/Mic-treated mice. For this, stimulated splenocytes were cultured in the absence
or presence of anti-CD4 (GK 1.5) or anti-CD8 (53-6.7) monoclonal antibodies (5 ug
each; Pharmingen®, USA), for 48 h at 37°C in 5% CO2. Cell supernatants were then
collected and used to quantify IFN-y cytokine. Appropriate isotype-matched controls
[rat IgG2a (R35-95) and rat IgG2b (95-1)] were used (Mendonca et al., 2019). IFN-y,
TNF-a and IL-10-producing CD4* and CD8* T cell profiles were evaluated in
Miltefosine-, ACA- or ACA/Mic-treated mice by flow cytometry technique using the
animals” spleens collected 15 days post-treatment. Briefly, spleen cells (5 x 108/mL)
were cultured in RPMI 1640 medium and then either stimulated with SLA (50 pg/mL)
or left untreated for 48 h at 37°C in 5% CO:..
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2.13. Immunophenotyping of spleen cell subsets and intracellular cytokines

IFN-y, TNF-a and IL-10 cytokines were also evaluated in the spleen cells of
the infected animals by flow cytometry technique. For this, splenocytes were
incubated in the presence of 200 pL of RPMI medium in 96-well round-bottom culture
plates at a concentration of 5 x 10° cells per well. Cells were non-stimulated
(medium) or stimulated with L. infantum SLA (20.0 pg/mL) for 48 h at 37°C with 5%
CO:s2. Cells were incubated with phorbol myristate acetate (5.0 ng/mL), ionomycin (1.0
pg/mL) or lipopolysaccharide (0.01 pg/uL), diluted in complete RPMI medium.
Afterwards, cells were treated with Brefeldin A (10.0 uyg/mL) for 4 h, and stained with
Fixable Viability Stain 450 (BD Biosciences) for 15 min at room temperature, followed
by anti-mouse CD3 FITC (clone 145.2C11), anti-mouse CD4 BV605 (clone RM4-5)
or anti-mouse CD8a PerCP Cy5.5 (clone 53-6.7) (BD Biosciences Bioscience, USA),
for 30 min at room temperature (Brito et al., 2020). Next, fixation (FACS fixing
solution), washing and permeabilization were performed. Permeabilized cells were
then stained with anti-mouse IFN-y AF700 (clone XMG1.2), anti-mouse TNF-a PE-
Cy7 (clone LG.3A10) or anti-mouse IL-10 APC (JES5-16E) (BD Biosciences
Bioscience, USA). Cells were acquired (100,000 events) on LSR Fortessa cytometer
(BD Biosciences, USA) using FACSDiva software. For analysis in FlowJo software,
dead cells were excluded after FVS450 stain and viable cells were gated for stained
CD3*CD4* and CD3*CD8" cells and intracellular cytokine production. Results were
expressed as percentage of CD4* and CD8* T cells in the SLA-stimulated cultures.

2.14. Estimation of parasite load

Parasite load was estimated in spleen, liver, bone marrow (BM) and draining
lymph nodes (dLN) of infected and treated animals, one- and 15-days post-treatment.
Briefly, organs were macerated in a glass tissue grinder using sterile PBS, and tissue
debris was removed by centrifugation at 150 x g. Cells were then concentrated by
centrifugation at 2,000 x g, pellets were resuspended in 1 mL of complete
Schneider's medium and serially diluted using the same medium (10! to 102
dilutions). Each sample was plated in triplicate and analyzed after 7 days of having
set up the cultures, at 24°C. Results were expressed as the negative log of the titter
(the dilution corresponding to the last positive well) adjusted per milligram of organ.

The parasitism in the animals’ spleens was evaluated also by quantitative PCR
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(gPCR) technique (Antonia et al., 2018). Briefly, spleen DNA was extracted using
Wizard Genomic DNA Purification Kit (Promega Corporation) and resuspended in
milli-Q water. The parasite load was estimated using specific primers to amplify L.
infantum kDNA: Forward (5’-CCTATTTTACACCAACCCCCAGT-3’) and Reverse (5'-
GGGTAGGGGCGTTCTGCGAAA-3’). Mouse gene encoding for B-actin (Forward: 5’-
CAGAGCAAGAGAGGTATCC-3’; Reverse: 5-TCATTGTAGAAGGTGTGGTGC-3)
was used as a control. Standard curves for KDNA and (-actin were obtained from
DNA extracted from 1 x 108 parasites and 1 x 108 peritoneal macrophages,
respectively, under the same experimental conditions used to extract the samples.
Reactions were processed and analyzed in an ABI Prism 7500 Sequence Detection
System (96 wells-plate; Applied Biosystems) using 2x SYBR™ Select Master Mix (5
uL; Applied Biosystems), with 2 mM of each primer (1 pL) and 4 pL of DNA (25
ng/uL). 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. For each cycle, fluorescence data were collected.
Results were calculated by interpolation from a calibration curve, which was run in
parallel to the samples, performed in duplicate and expressed as the number of L.

infantum organisms per total DNA.

2.15. In vivo toxicity

ACA toxicity was evaluated in vivo in the infected and treated mice, by means
of dosage of aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
enzymes, which were used as hepatic damage markers, and of creatine kinase
muscle brain fraction (CK-MB), which was used as a cardiac damage marker. The
analyses were performed using commercial kits (Labtest Diagnostica®, Belo

Horizonte) according to the manufacturer’s instructions.

2.16. Statistical analysis

ICs0, CCs0 and RBCso values were calculated by dose-response curves using
Microsoft Excel software (version 10.0) and plotted in GraphPad Prism 5.03. Results
were analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni’s
post-test for comparison between the groups. Results were expressed as mean *
standard deviation for each group. Two independent experiments were performed
and similar results were observed. Differences were considered significant when P <
0.05.
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3. Results

3.1. In vitro biological assays

ACA antileishmanial activity was evaluated in vitro against L. infantum species.
AmpB was used as a control drug. Results showed ICso values of 0.47+0.1 and
0.11+0.03 pg/mL, when ACA and AmpB were used, respectively (Table 1). CCso and
RBCso values were 265.4+16.5 pg/mL and 454.6+x13.4 pg/mL for ACA, and
0.92+0.13 pg/mL and 12.2+1.6 pg/mL for AmpB, respectively, with corresponding
Selectivity Index values of 564.7 and 8.4. Treatment of infected macrophages
showed infectiveness reduction of 87.4% and 67.5%, when ACA and AmpB were
used at concentrations of 10.0 and 1.0 pg/mL, respectively (Table 2). Inhibition of
infection using pre-treated parasites showed similar infectiveness reduction levels of
87.7% (ACA) and 73.3% (AmpB) (Table 3).

Compound 1Cs0 (ug/mL) CCso (Mg/mL) Sl RBCso (Mg/mL)
Acarbose 0.47+0.1 265.4+16.5 564.7 454.6+13.4
Amphotericin B 0.11+0.03 0.9240.13 8.4 12.2+1.6

Table 1. In vitro biological activity. L. infantum stationary promastigotes were incubated
with ACA (0 to 100 pg/mL) or AmpB (0 to 10.0 pg/mL) for 48 h at 24°C. Cell viability was
analyzed by MTT method and 50% Leishmania inhibitory concentration (ICso) was calculated
by sigmoidal regression of the corresponding dose-response curve. Similarly, murine
macrophages were incubated with ACA (0 to 100 pg/mL) or AmpB (0 to 10.0 pg/mL), and
50% macrophage inhibitory concentration (CCsp) was determined by sigmoidal regression of
the corresponding dose-response curve. Selectivity index (SI) was calculated as the ratio
between CCso and ICso values. 50% inhibition of human red cells (RBCso) viability was
calculated by incubating a 5% red cells suspension with ACA (0 to 100.0 pg/mL) or AmpB (0
to 10.0 pg/mL) for 1 h at 37°C in 5% CO.. Lysis percentage was evaluated
spectrophotometrically, and the absence (blank) or 100% of hemolysis were determined by
replacing ACA for an equal volume of PBS or distilled water, respectively. Results are

expressed as mean * standard deviation.
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) Percentage of infected Infectiveness Number of
Concentration _ )
Products macrophages after reduction amastigotes per
(Mg/mL)
Treatment (%) macrophage
10.0 9.4+0.7 87.4 0.1+0
5.0 19.8+2.6 73.4 0.5+0.2
Acarbose
2.5 33.415.4 55.1 1.4+0.3
0 744455 ) 3.3+0.6
1.0 24.2+3.0 67.5 1.1+0.2
Amphotericin 0.50 33.6+4.0 54.8 1.8+0.3
B 0.25 49.9+3.5 32.9 2.620.6
0 744455 ) 3.3+0.6

Table 2. Treatment of infected macrophages. Murine macrophages (5 x 10° cells) were
incubated in RPMI 1640 medium supplemented with 20% FBS and 20 mM L-glutamine at pH
7.4, for 24 h at 37°C in 5% CO.. L. infantum stationary promastigotes were used to infect the
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 ACA (0, 2.5, 5.0 and 10.0 pg/mL) or AmpB (0, 0.25, 0.5 and 1.0 pg/mL) for
48 h at 24°C in 5% CO,. Percentage of infected macrophages, 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.
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] Infection percentage Infectiveness Number of
Concentration ) ) )
Products using pre-treated reduction amastigotes per
(ug/mL) :
parasites (%) macrophage
10.0 8.7£1.0 87.7 0.2+0
5.0 16.6+3.0 76.6 0.6+0.3
Acarbose
2.5 30.1+4.0 57.5 1.310.4
0 70.8+4.2 ) 3.4+0.4
1.0 18.9+2.6 73.3 0.9+0.4
o 0.50 28.9+3.6 59.2 1.3+0.4
Amphotericin B
0.25 44,5140 37.1 2.3+0.5
0 70.8+4.2 ) 3.4+0.4

Table 3. Inhibition of infection by pre-treatment of parasites. L. infantum stationary
promastigotes (5 x 10° cells) were pre-treated with ACA (0, 2.5, 5.0 and 10.0 pg/mL) or
AmpB (0, 0.25, 0.5 and 1.0 ug/mL) for 4 h at 24°C. Pre-treated 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.. Percentage of infected macrophages,
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.

The proof of concept for the mechanism of action of ACA as an inhibitory drug
was evaluated in L. infantum. Results showed that the molecule induced 36.9% and
33.6% reduction in the parasite mitochondrial membrane potential (AWYm) when used
at concentrations of 0.35 and 0.70 pg/mL, respectively (Fig. 2A). FCCP-treated
parasites used as control presented 47.7% reduction. Induction of oxidative stress
was also observed in ACA-treated parasites, which was reflected by a 92.9% and
124.1% increase in reactive oxygen species (ROS) production when ACA was used
at concentrations of 0.35 and 0.70 pg/mL, respectively (Fig. 2B). H202-treated
parasites, used as a positive control, showed an increase in ROS production of
145.6%. Furthermore, treatment with ACA (0.35 and 0.70 pg/mL) induced a
significant increase in the accumulation of lipid bodies in the order of 55.9% and

87.0%, respectively (Fig. 3).
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Fig. 2. Evaluation of Leishmania mitochondrial membrane potential (AWYm) and ROS
production. L. infantum stationary promastigotes (107 cells) were cultured in the absence
(control) or presence of ACA (0.35 ug/mL and 0.70 pg/mL, corresponding to one and two
times the ICso value, respectively) for 24 h at 25°C. Cells were incubated for 30 min in the
dark with 500 nM MitoTracker to evaluate AWm or with 20 yM cell-permeant 2',7'-
dichlorodihydrofluorescein diacetate (H.DCFDA) to evaluate ROS production. In both cases,
after having washed twice with PBS, treated promastigotes were transferred to a black 96-
well plate and fluorescence intensity was measured using a fluorometer. FCCP (5.0 uM) and
H.0O, (4.0 mM) were used as positive controls, respectively. Percentage reduction of AWYm
after treatment, compared to non-treated parasites (control, considered as 100%) (A). ROS
production values after treatment, compared to non-treated parasites as control (B). Results
are expressed as arbitrary units (a.u.) of fluorescence intensity and correspond to the mean
of three independent experiments. (), () and (™) indicate statistically significant difference in

relation to the non-treated control (P < 0.05, P < 0.01 and P < 0.001, respectively).
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Fig. 3. Accumulation of lipid bodies in L. infantum promastigotes. L. infantum stationary
promastigotes (107 cells) were cultured in the absence or presence of ACA (0.35 and 0.70
pg/mL, corresponding to one and two times the ICso values, respectively) for 24 h at 25°C.
Parasites were incubated with Nile Red (1.0 pg/mL) for 30 min in the dark and at room
temperature. Fluorescence intensity was measured in a spectrofluorometer, with excitation
and emission wavelengths of 485 and 528 nm, respectively. () and (7) indicate statistically
significant difference in relation to the non-treated control (P < 0.1 and P < 0.01,
respectively).

3.2. Analysis of murine humoral responses developed after infection and treatment
Anti-Leishmania humoral response of infected and treated mice was evaluated
one and 15 days post-therapy. Results showed that Miltefosine, ACA or ACA/Mic-
treated mice presented significantly higher levels of anti-parasite IgG2a antibody,
when compared to IgG1 levels. On the contrary, saline- and B/Mic-treated groups
produced significantly higher levels of antileishmanial IgG1 antibody (Fig. 4). Similar
results were observed one and 15 days post-therapy, suggesting development of a

sustained humoral response profile after treatment of infection.
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Fig. 4. Evaluation of antibody response by indirect ELISA technique. Sera samples
were collected from L. infantum-infected and treated mice, one and 15 days post-therapy.
Levels of antileishmanial IgG1l and IgG2a isotype antibodies were measured by ELISA
assay. Bars indicate the mean + standard deviation of the groups. (*) indicate statistically
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 ACA group (P < 0.05). (¥) indicate
statistically significant difference in relation to the Miltefosine, ACA and ACA/Mic groups (P <

0.05).

3.3. Analysis of cellular response after treatment
Cellular response of infected and treated mice was evaluated one and 15 days

post-treatment by means of dosage of Thl and Th2-type profile cytokines. Results
obtained one day after treatment showed that spleen cells from Miltefosine, ACA or
ACA/Mic-treated mice produced significantly higher levels of IFN-y, IL-12 and GM-
CSF, as well as low IL-4 and IL-10 levels. On the other hand, saline- and B/Mic-
treated mice groups produced significantly higher levels of antileishmanial IL-4 and
IL-10 cytokines (Fig. 5). Nitrite production was also evaluated in the cell supernatant,
and results showed that treatment with Miltefosine, ACA or ACA/Mic induced
increased levels of this molecule, when compared to the control groups (Fig. 6). To
evaluate the origin of IFN-y production, anti-CD4 or anti-CD8 antibody was added to
the cultures. Significant reduction in the levels of this cytokine suggested that both T

cell subtypes were important for the immunological response developed after
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treatment (Fig. 7). A flow cytometry assay showed also that Miltefosine-, ACA- or
ACA/Mic-treated mice presented significantly higher levels of IFN-y- and TNF-a-
producing CD4* and CD8* T cells, when compared to the controls. Conversely, mice

groups receiving saline or B/Mic presented significantly higher IL-10-producing CD4*
T cell levels (Fig. 8).
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Saline B/Mic Miltefosine ACA ACA/

Mic
Fig. 5. Analysis of cytokine production by capture ELISA technique. L. infantum-
infected mice (n=12 per group) were treated with saline, B/Mic, Miltefosine, ACA or ACA/Mic
and their spleens removed, one and 15 days post-therapy. Spleen cells were non-stimulated
(medium) or stimulated with L. infantum SLA (50 pg/mL), for 48 h at 37°C in 5% CO.. IFN-y,
IL-4, IL-10, IL-12p70 and GM-CSF levels were measured in the cell supernatants by capture
ELISA, one (A) and 15 (B) days post-treatment. Bars indicate the mean * standard deviation
of the groups. () indicate statistically significant difference in relation to the saline and B/Mic
groups (P < 0.05). (7) indicate statistically significant difference in relation to the Miltefosine

Kk

group (P < 0.05). () indicate statistically significant difference in relation to the ACA group
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(P < 0.05). (¥) indicate statistically significant difference in relation to the Miltefosine, ACA

and ACA/Mic groups (P < 0.05).
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Fig. 6. Evaluation of nitrite secretion by Griess reaction. The cellular supernatants used
to quantify cytokines (Fig. 5) were also employed to evaluate nitrite production. Bars indicate
the mean + standard deviation of the groups. (") indicate statistically 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). (7) indicate statistically significant

difference in relation to the ACA group (P < 0.05).
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Fig. 7. Evaluation of IFN-y production by T-cell subtypes. Splenocytes of the infected
and treated (Miltefosine, ACA or ACA/Mic) mice were cultured in DMEM (medium) or
stimulated with SLA (50 pug/mL) in the presence of anti-CD4 or anti-CD8 antibody, for 48 h at
37°C in 5% CO.. IFN-y levels were measured in the cell supernatants by capture ELISA. ()
indicate statistically significant difference in comparison to the use of anti-CD4 and anti-CD8
monoclonal antibodies (P < 0.05). (*) indicate statistically significant difference in comparison

to the use of anti-CD8 monoclonal antibody (P < 0.05).
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Fig. 8. Evaluation of intracytoplasmic cytokine-producing T-cells by flow cytometry
technique. L. infantum-infected mice were treated, euthanized 15 days post-therapy and
their spleen cells collected. Spleen cells were left unstimulated (medium) or stimulated with
L. infantum SLA. IFN-y, TNF-a and IL-10-producing T cell levels were evaluated in both CD4*
and CD8* T cell subpopulations. Results were calculated as the ratio between CD4" and
CD8* T-cell percentages in the stimulated and unstimulated cultures. Bars indicate the mean
+ standard deviation of the groups. (") indicate statistically 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 ACA group (P < 0.05).
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3.4. Evaluation of parasite load
To evaluate parasitological efficacy of therapeutics, the parasite load in infected

and treated animals was analyzed one and 15 days post-treatment. Results showed
that Miltefosine-, ACA- or ACA/Mic-treated mice presented significant reductions in
the parasitism in their livers, spleens, BMs and dLNs, when compared to the controls
(Fig. 9). One day post-therapy, mice groups receiving Miltefosine, ACA or ACA/Mic
presented with parasitism reductions of 4.0, 4.3 and 5.3-log, respectively, in their
spleens; of 2.0, 2.3 and 3.7-log, respectively, in their livers; of 4.0, 4.7 and 5.7-log,
respectively, in their dLNs; and of 1.7, 2.0 and 3.0-log, respectively, in their BMs,
when compared to the saline control group. Fifteen days post-treatment, reductions
in the parasitism levels in Miltefosine-, ACA- and ACA/Mic-treated mice were of 4.0,
4.7 and 5.7-log, respectively, in their spleens; of 2.3, 2.6 and 4.0-log, respectively, in
their livers; of 3.7, 5.0 and 5.7-log, respectively, in their dLNs; and of 2.0, 2.3 and 3.0-
log, respectively, in their BMs, when compared to the saline control group. The
splenic parasite load was also evaluated by qPCR technique, with similar results
showing that treatment with Miltefosine, ACA and ACA/Mic significantly reduced the
parasitism levels in this organ, when compared to the controls (Fig. 10). Importantly,
ACA/Mic-treated group showed the highest reductions in parasite load in all

evaluated organs, when compared to all other groups.
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Fig. 9. Analysis of parasite load by limiting dilution technique. L. infantum-infected mice
(n=12 per group) were treated and, one and 15 days post-therapy, n=6 per group were
euthanized and their livers, spleens, bone marrows (BM) and draining lymph nodes (dLN)
were collected for further parasite load quantification by a limiting dilution technique. Bars

indicate the mean + standard deviation of the groups. (*) indicate statistically significant
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difference in relation to the saline and B/Mic groups (P < 0.05). (7) indicate statistically

ko

significant difference in relation to the Miltefosine group (P < 0.05). (7) indicate statistically

significant difference in relation to the ACA group (P < 0.05).
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Fig. 10. Evaluation of splenic parasite load by guantitative PCR (qPCR) 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 are expressed as the number of parasites per total
DNA. Bars indicate the mean +* standard deviation of the groups. (*) indicate statistically
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 ACA group (P < 0.05).

3.5. Evaluation of toxicity in vivo

Renal, hepatic and cardiac toxicity was evaluated after treatment. Results
showed higher levels of these markers in the control groups. By comparison of the
distinct treatment schedules, Miltefosine-treated mice presented a slight increase in
AST, ALT and CK-MB enzymes levels, when compared to mice groups treated with
ACA or ACA/Mic (Fig. 11).
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Fig. 11. Evaluation of toxicity in vivo. Levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and creatine kinase muscle brain fraction (CK-MB) were measured
in sera samples collected from treated and infected mice, one and 15 days post-therapy.
Sera samples of naive (non-infected and non-treated) mice were used as control. Bars
indicate the mean * standard deviation of the groups. (") indicate statistically significant
difference in relation to the saline and B/Mic groups (P < 0.05). (7) indicate statistically

ok

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

significant difference in relation to the ACA group (P < 0.05).
4. Discussion

Treatment against VL is toxic, expensive, lengthy and its efficacy is not
warranted. In addition, parasite resistance to commonly used antileishmanial drugs
has also been reported (Chakravarty and Sundar, 2019). Thus, there is an urgent
need to identify new antileishmanial targets. Discovery of new compounds is a long
and expensive task; hence, drug repositioning or repurposing should be considered
(Andrade-Neto et al., 2018). In the present study, we evaluated potential
antileishmanial activity of Acarbose, an approved drug for treating type-2-diabetes
(He et al., 2014), against L. infantum species, mainly responsible for most VL cases
in the Americas (Pratlong et al., 2013).

Recently, a Leishmania proteome mining strategy was performed to select
new drug targets against the parasites. Good drug candidates should be relevant for
Leishmania survival within its mammalian hosts, but should present low homology to

human proteins (Chavez-Fumagalli et al., 2019). In that study, a hypothetical protein,
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which was functionally annotated as a glucosidase-like protein and associated with
Leishmania N-Glycan biosynthesis metabolic pathway, came up as a promising
candidate. This parasite protein was also predicted to be potential target of two
specific inhibitors, Acarbose and Miglitol. The authors tested Miglitol against L.
amazonensis and L. infantum, proving its effectiveness against both Leishmania
species. Treatment with Miglitol significantly reduced the percentage of infection and
number of recovered amastigotes from infected macrophages. Therefore, the authors
recommended the use of Miglitol as a potential candidate to treat VL (Chévez-
Fumagalli et al., 2019). To the best of our knowledge, there are no reports on the
antileishmanial activity of Acarbose. In the present study, we analyze both in vitro
and in vivo the possibility of repurposing Acarbose as a potential therapeutic agent
against VL. In our study, Miltefosine was used as a positive control drug for the
experiments in vivo. This compound has long been effectively utilized as an orally
administered drug for VL treatment (Monge-Maillo and Lopez-Vélez, 2015; Sundar et
al., 2015). However, disease relapses and parasite resistance have been reported,
mainly due to prolonged therapy durations and the drug presenting with a long half-
life (Pérez-Victoria et al., 2006; Sundar et al., 2012; Rijal et al., 2013; Pandey et al.,
2016). In the present study, therapeutic action of Miltefosine was found to be
satisfactory. However, treatment of L. infantum-infected mice with ACA, administered
either in its free format or incorporated into a micelle delivery system, resulted in
significantly lower parasite loads in spleen, liver, BM and dLN than when treating with
Miltefosine, tested both by limiting dilution technigue and gPCR. The lowest
parasitism values were found when infected animals received ACA incorporated into
the polymeric micelle system; suggesting this composition should be considered in
further studies for its clinical application to treat VL.

Higher efficacy has been observed with antileishmanial agents, such as well-
characterized AmpB or newer candidates, such as quinolines, flavonoids, among
others, when administered within a delivery system (Yousuf et al., 2015; Cunha-
Janior et al., 2016; Sousa et al., 2019). In this report, and in agreement with other
studies, incorporation of ACA into a Poloxamer 407-based micelle system resulted in
a significantly better immunological and parasitological response than when using the
free molecule. Similarly, Espuelas et al. (2000) tested AmpB-coated polymeric
micelles against L. donovani species, reporting a synergic action between the drug

and the micellar composition, with increases in anti-parasite activity of up to 100
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times, when compared to the use of the drug in its free form. In a more recent study,
Singh et al. (2017) used an AmpB-containing chitosan-coated Poloxamer 407 micelle
system, and found that drug delivery within the micelles presented better
antileishmanial activity and lower toxicity, in comparison to the use of the free drug.
The authors reported development of a more polarized Thl-type immune response,
as well as higher reductions in parasite burden in L. donovani-infected and treated
hamsters, when compared to treatment with the free drug.

In the present study, Miltefosine-, ACA- or ACA/Mic-treated mice developed a
Thl-type immune response profile, characterized by significantly higher levels of IFN-
Y, IL-12 and GM-CSF, as well as low IL-4 and IL-10 levels, than the corresponding
controls. An in vitro assay using monoclonal antibodies to block T cell subtypes
showed that both CD4*and CD8* T cell subtypes were responsible for IFN-y
production after treatment. This Thl-type response was related also to the induction
of nitrite production by stimulated spleen cells of infected and treated animals,
suggesting activation of host macrophages to kill the parasite. Others have likewise
shown development of similar immune profiles in response to treatment of
Leishmania-infected mice with antileishmanial molecules, evidencing their relevance
for the mammalian host to combat the infection (Chouhan et al., 2015; Gogulamudi et
al., 2019; Reguera et al., 2019).

With the aim to select novel, non-toxic antileishmanial agents, ACA toxicity
was evaluated in vivo by means of biochemical dosage of hepatic, renal and cardiac
damage markers in sera samples collected from infected and treated animals.
Results showed a slight increase in the levels of hepatic and renal damage markers
in Miltefosine-treated mice, and no significant alterations in the levels of these
enzymatic markers in those treated with ACA or ACA/Mic, in comparison to non-
infected and non-treated control mice. In a similar fashion, other studies have
showed limitations to prolonged usage of Miltefosine related to gastric and renal side-
effects (Bhattacharya et al., 2007; Sundar and Olliaro, 2007; Georgiadou et al.,
2015). Our results showed that treatment with ACA-containing micelles are no toxic
to the host and thus, suggest ACA/Mic formulation as a promising replacement for a
safer treatment against VL.

Leishmania mitochondria is a primary target for therapeutic candidates, since
it is intimately related to the parasite’s metabolism and signaling pathways, such as

ATP production, regulation of antioxidant machinery, maintenance of ionic
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homeostasis and special sterol composition (Fidalgo and Gille, 2011). In our study,
treatment with ACA resulted in impairment of L. infantum mitochondrial function,
causing disturbance in the mitochondrial membrane potential and significant increase
in ROS production. In addition, ACA caused also formation and accumulation of lipid
bodies in the parasites. Since lipid droplets are related to organelles that regulate the
storage of neutral lipids, composed by triacylglycerols and sterol esters (Miranda et
al., 2017), this observation could imply cellular stress (Macedo-Silva et al., 2015;
Rebello et al., 2018; Sangenito et al., 2018). Concordantly, treatment with ACA
significantly increased the levels of neutral lipids, suggesting occurrence of cell
disorders followed by parasite death. Despite the fact that preliminary results imply
ACA targets the Leishmania mitochondria, additional studies are certainly necessary
to confirm its mechanism of action.

Limitations of this study include the absence of evaluation of therapeutic
efficacy at different time points after treatment, as well as the lack of comparison of
different dose schedules. Nevertheless, the data here presented demonstrate both in
vitro and in vivo antileishmanial activity of ACA against L. infantum infection, mainly
when administered within Pluronic® F127-based polymeric micelles. Results clearly
showed specific production of Thl-type cytokines, with consequential significant
reduction of parasitism in distinct organs, based on a NO-induced mechanism and
without causing toxicity to the mammalian host. In conclusion, ACA/Mic is a
promising candidate drug which merits further consideration in future studies for VL

treatment advancement.
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7 CONLUSAO

O presente estudo sugere que a acarbose (ACA) possui seletiva e especifica
acao antileishmanial in vitro e in vivo contra a espécie L. infantum e indica que a
formulacdo micelar contendo a molécula poderia ser testada em estudos futuros

para o tratamento contra a LV.
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8 PERSPECTIVAS

¢ Realizar experimentos utilizando a Acarbose (ACA) e sua formulacao micelar
contra espécies de Leishmania causadoras de leishmaniose tegumentar.
e Realizar estudos in vivo avaliando a ACA e sua formulacdo micelar contra a

leishmaniose visceral em outros modelos de mamiferos, tais como hamster.
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