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A determinagdo da Concentragao Efetiva 50 (CEso) foi realizada em
promastigotas das seguintes espécies: L. (L.) amazonensis, L. (L.)
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RESUMO

Lima SKS. Tratamento topico da leishmaniose cutanea experimental com 8-hidroxiquinolina
[dissertacdo]. Sdo Paulo: Faculdade de Medicina, Universidade de Sao Paulo; 2023.

O presente trabalho objetiva avaliar a sensibilidade de diferentes espécies a 8-hidroxiquinolina
(8-HQ), formular um creme contendo 8-HQ para uso topico e avaliar sua eficacia na
leishmaniose cutinea experimental. Estudos com L. (L.) amazonensis, L. (L.) infantum, L. (V.)
guyanensis, L. (V.) lainsoni, L. (V.) naiffi e L. (V.) shawi demonstraram que a 8-HQ foi seletiva
em promastigotas e amastigotas apos 24 e 72 h de incubagdo, sendo que as espécies do
subgénero Viannia foram mais suscetiveis ao composto; adicionalmente a 8-HQ foi mais
seletiva que a miltefosina em todas as espécies avaliadas. Macrofagos infectados tratados com
8-HQ produziram NO principalmente em 72 h, sugerindo que o composto possui agado
imunomoduladora. A 8-HQ foi formulada na base de Beeler a 1 e 2% e do ponto de visto fisico,
foi observado que o creme 2% continha particulas maiores que o creme 1% e somente o creme
sem adi¢do de 8-HQ. Experimentos de permeacdo cutanea em pele suina demonstraram maior
fluxo em estado estacionario (ug/cm?/h), coeficiente de permeabilidade (cm?/h) e coeficiente de
difusdo (cm/h) do creme 1% em comparagdo a 2%. O coeficiente de difusdo dos cremes 1 € 2%
em membrana artificial e pele suina foi superior a CEso da 8-HQ para L. (L.) amazonensis,
sugerindo que ambos possuem capacidade de permeacdo na CEsp para exercer agao
leishmanicida in vivo. Nao foi detectada alteragdo histologica das peles suinas expostas ao
creme durante o teste de permeacdo cutanea, e quando testados em camundongos BALB/c os
cremes nao induziram alteragdes macroscopicas ou histoloégicas em pele. Para avaliar a eficacia
dos cremes, camundongos BALB/c foram infectados na base da cauda com L. (L.) amazonensis
e apos 4 semanas foram submetidos ao tratamento topico com cremes contendo 1 ou 2% de 8-
HQ, por 14 dias. Em comparagdo aos animais controles infectados; observou-se que o
tratamento com os cremes 1 ou 2% reduziu o tamanho da lesdo dos animais e a carga parasitaria
da pele e linfonodos inguinais. Ressalta-se que na ultima semana de tratamento o creme 1%
apresentou reducdes mais expressivas no tamanho de lesdo em comparagao aos demais grupos,
reduzindo em 56.4% o tamanho das lesdes em relacdo ao grupo infectado. O tratamento
intralesional com Glucantime® (50mg/kg) foi utilizado como controle e demonstrou reduco no
diametro das lesdes e na carga parasitaria dos animais. Nas avaliacdes imunologicas os grupos
controles produziram altos niveis de IL-4 e baixos niveis de IFN-y, correlacionados a um
infiltrado inflamatério difuso na pele, com alta densidade de formas amastigotas e areas de
necrose tecidual. Em contrapartida, o tratamento com os cremes 1 e 2% causaram uma
diminuic¢do de amastigotas teciduais, associadas a um infiltrado inflamatorio moderado e baixa
densidade de macréfagos infectados; além da diminuicao dos niveis de IL-4 e aumento de IFN-
y. O tratamento com Glucantime® também diminuiu a carga parasitaria, os niveis de IL-4 e
aumento de IFN-y. Todavia, um intenso infiltrado inflamatorio e areas de necrose tecidual
foram observadas no tratamento intralesional. Deste modo, o tratamento topico com 1 e 2% foi
eficaz no tratamento da leishmaniose cutdnea experimental ¢ pode ser considerado um
tratamento alternativo nesta doenca negligenciada.

Palavras-chave: Leishmaniose cutanea; L. (L.) amazonensis; Administragao topica; Quinolinas;
8-hidroxiquinolina.



ABSTRACT

Lima SKS. Topical treatment of experimental leishmaniasis with 8-hydroxyquinoline
[dissertation]. Sao Paulo: “Faculdade de Medicina, Universidade de Sao Paulo™; 2023.

This work aims to evaluate the sensitivity of different species to 8-hydroxyquinoline (8-HQ),
formulate a cream containing 8-HQ for topical use, and evaluate its effectiveness in
experimentally detected leishmaniasis. Studies with L. (L.) amazonensis, L. (L.) infantum, L.
(V.) guyanensis, L. (V.) lainsoni, L. (V.) naiffi and L. (V.) shawi discoveries that 8-HQ was
selected in promastigotes and amastigotes after 24 and 72 h of incubation, with species of the
subgenus Viannia were more susceptible to the compound; Furthermore, 8-HQ was more
selective than miltefosine in all species evaluated. Infected macrophages treated with 8-HQ
produced NO mainly within 72 h, indicating that the molecule has an immunomodulatory
action. 8-HQ was formulated based on Beeler at 1 and 2% and from a physical point of view,
it was observed that the 2% cream contained larger particles than the 1% cream and only the
cream without the addition of 8-HQ. Permeation experiments on porcine skin revealed a higher
steady-state flux (ug/cm?/h), permeability coefficient (cm?/h) and diffusion coefficient (cm/h)
of the 1% cream compared to 2%. The diffusion coefficient of 1 and 2% creams in artificial
membrane and porcine skin was higher than the 8-HQ ECs for L. (L.) amazonensis, indicating
that both have permeation capacity at ECso to exert a leishmanicidal action in vivo. There were
no histological changes in porcine skin exposed to the cream during the demonstrative
permeation test, and when tested in BALB/c mice, the creams did not induce macroscopic or
histological changes in the skin. To evaluate the effectiveness of the creams, BALB/c mice
were infected at the base of the tail with L. (L.) amazonensis and after 4 weeks they were
subjected to topical treatment with creams containing 1 or 2% 8-HQ for 14 days. Compared to
infected control animals; it was observed that treatment with 1 or 2% creams reduced the size
of the lesion in the animals and the parasite load in the skin and inguinal lymph nodes. It is
noteworthy that in the last week of treatment, the 1% cream showed more significant reductions
in the size of the lesion compared to the other groups, reducing the size of the lesions by 56.4%
in relation to the infected group. Intralesional treatment with Glucantime® (50 mg/kg) was used
as a control and demonstrated a reduction in the diameter of the lesions and the parasitic load
of the animals. In immunological evaluation, control groups produced high levels of IL-4 and
low levels of IFN-y, correlated with a diffuse inflammatory infiltrate in the skin, with a high
density of amastigotes and areas of tissue necrosis. On the other hand, treatment with 1 and 2%
creams caused a reduction in tissue amastigotes, associated with moderate inflammatory
infiltrate and low density of infected macrophages; in addition to a decrease in IL-4 levels and
an increase in IFN-y. Treatment with Glucantime® also reduced the parasite load, IL-4 levels
and an increase in [FN-y. However, an intense inflammatory infiltrate and tissue necrosis areas
were observed in intralesional treatment. Therefore, topical treatment with 1 and 2% was
effective in the treatment of experimental cutaneous leishmaniasis and can be considered an
alternative treatment for this neglected disease.

Keywords: Administration, Topical; 8-hydroxyquinoline; quinolines; L. (L.) amazonensis,
cutaneous leishmaniasis.
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1. INTRODUCAO

1.1.  Aspectos gerais da leishmaniose

A leishmaniose ¢ uma doencga infecciosa nao contagiosa, causada por protozodrios do género
Leishmania, onde aproximadamente 31 espécies parasitam mamiferos, € ao menos 20 espécies
podem ser patogénicas ao homem (1-3). As duas principais manifesta¢des clinicas da doenga sao
leishmaniose visceral (LV), que apresenta notoriedade por levar a obito 95% dos casos nao
tratados; e a leishmaniose cutanea (LC) com grande relevancia epidemiologica por apresentar o
maior nimero de casos incidentes na leishmaniose (4,5).

Segundo a organizagdo mundial da satde (OMS) juntas, as duas principais manifestagcdes
clinicas acometem aproximadamente 1 milhdo de novos casos de leishmaniose anualmente,
levando a aproximadamente 26.000 mortes em todo o mundo (6). Além disso, a doenga ¢ endémica
na Asia, Oriente médio, Mediterraneo, Norte da Africa, América Central e América do Sul (7),
com cerca de 90% dos casos concentrados em apenas sete paises: Etidpia, India, Quénia, Somalia,
Sudao do Sul, Sudao e Brasil (8). No Brasil casos de leishmaniose visceral foram relatados em 23
estados, sendo a infec¢do causada por L. (L.) infantum (9). Por outro lado, a leishmaniose cutdnea
(LC) foi reportada em todos os estados brasileiros onde as trés espécies com maior notoriedade
sdo: L. (V.) braziliensis, L. (V.) guyanensis e L. (L.) amazonensis, mas também abrangendo casos
com as seguintes espécies: L. (V.) lainsoni, L. (V.) naiffi, L. (V.) shawi e L. (V.) lindenberg (10).

Ressalta-se ainda, que a L. (V.) braziliensis é a espécie mais prevalente nao s6 no Brasil, mas
na América Latina, com ampla distribui¢cdo desde a América Central até o norte da Argentina
(11,12). Em sequéncia, as infecgdes por L. (L.) amazonensis também possuem ampla distribui¢ao
geografica no Brasil, ocorrendo nos estados do Amazonas, Pard, Acre, Rondonia, Tocantins e
Maranhao (em florestas primarias e secunddrias da Amazonia), além da Bahia, Mato Grosso,
Espirito Santo, Minas Gerais, Sdo Paulo, Goiés e Parana (13,14). Em contrapartida, os parasitos da
espécie L. (V.) guyanensis que também apresentam alta incidéncia de casos diagnosticados, estdo
aparentemente restritos aos estados do norte do Brasil, como Acre, Amapa, Amazonas, Para e
Roraima (11).

Durante o ciclo de vida da Leishmania sp. o protozoario apresenta caracteristicas dimorficas
podendo se diferenciar em promastigotas (forma flagelada e extracelular do protozoario) (Figura 1

A), e em amastigotas (forma aflagelada e intracelular obrigatdria) (Figura 1B) (5).
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A Promastigotas B Amastigotas

Figura 1. Formas promastigotas (A) e amastigotas fagocitadas por macrofagos (B) de Leishmania sp. Fonte:
Figura A — Reddy, 2019 (15); Figura B - arquivo pessoal.

O ciclo de infec¢do da Leishmania (Figura 2) tem inicio por meio de flebotomineos fémeas dos
géneros Phlebotomus (Velho mundo) ou Lutzomyia (Novo mundo). Tais vetores possuem habito
hematofago para completarem o ciclo de desenvolvimento dos ovos, € no momento do repasto
sanguineo acabam por ingerir macrofagos parasitados por amastigotas concomitantemente a sua
alimentagao (16).

Apoés a alimentagdo, as formas amastigotas sdo liberadas dos macrofagos, e com o novo
ambiente, fatores como a diminui¢do de temperatura e aumento do pH influenciam a rapida
diferenciacdo das amastigotas para formas promastigotas. Estas promastigotas recém diferenciadas
sofrem um processo de matura¢do que dura aproximadamente de 5 a 7 dias para se transformarem
em formas promastigotas metaciclicas as quais apresentam alta concentragdo de duas principais
moléculas superficiais, o lipofosfoglicano (LPG) e a metaloproteinase de 63kDa (gp63). Apds a
metaciclogénese as formas promastigotas se desligam do epitélio intestinal e migram para a
proboscide do vetor, onde serdo inoculadas no hospedeiro vertebrado durante o repasto sanguineo,
podendo acometer animais silvestres, domésticos e seres humanos (17). Além disso, estima-se que
mais de 70 espécies de animais ja tenham sido relatadas como reservatério de Leishmania sp. (6).
Quando um novo vetor fémea realizar o repasto sanguineo no individuo infectado, o ciclo biolégico
de Leishmania sera reiniciado; neste caso, ocorrera a ingestdo de formas amastigotas
concomitantemente a sua alimentagdo, que passardo pela transformacao em formas promastigotas

no interior do vetor e poderdo ser injetadas na pele do mesmo ou de novos hospedeiros.
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Figura 2. Ciclo biologico de Leishmania sp. com inicio através do repasto sanguineo de flebotomineos
infectados e da infeccdo em humanos (1); posteriormente as formas promastigotas sao fagocitadas (2), se
diferenciam em amastigotas (3), e se multiplicam no interior de macrofagos causando a ruptura da
membrana das células (4). Ap6és um novo repasto sanguineo em hospedeiros vertebrados (5), os
flebotomineos ingerem células infectadas por Leishmania sp. (6), que serdo rompidas liberando as formas
amastigotas e se diferenciardo em promastigotas (7), se ligando a superficie intestinal e posteriormente
migrando para a proboscide dos insetos (8), onde serdo capazes de infectar novo hospedeiro vertebrado apos
um novo repasto sanguineo, reiniciando o ciclo bioldgico do género Leishmania sp. Fonte: Adaptado de
Center for Disease Control (CDC) (18).

Uma vez que as formas promastigotas sdo inoculadas na derme do hospedeiro, células
fagociticas e componentes acelulares da imunidade sdo recrutados ao local da infeccdo. Neste
momento se estabelecerd uma resposta imune contra o patégeno. Na fase inicial da infec¢do, os
componentes séricos, como o sistema complemento, sdo capazes de atuar na contencao do
protozoario, podendo lisar aproximadamente 90% das promastigotas inoculadas, que
posteriormente tem seus antigenos enviados para os linfonodos regionais (19).

Do mesmo modo, durante o estabelecimento da resposta imune os componentes da imunidade
inata e adaptativa atuam simultaneamente para conter a infec¢ao (Figura 3). As células dendriticas

exercem a fun¢do de correlacionar a resposta imune inata e a resposta adaptativa, pois produzem
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citocinas pro-inflamatdrias, como a interleucina (IL)-12, que estimulam as células natural killer
(NK) e linfocitos T na produgdo de IFN-y, responsavel pela ativacao dos macréfagos (7,20).

Ja& os macrofagos sdo células essenciais durante a infec¢do, pois exibem diferentes funcdes
frente a estimulos das citocinas presentes no microambiente, podendo ser divididos em macrofagos
classicamente ativados (M1), que exercem func¢do microbicida e pro-inflamatoria; mas também
podem estimular macréfagos alternativamente ativados (M2), que atuam na funcdo de reparo
tecidual e resolugdo da inflamagdo, mas que também facilitam a multiplicacdo do protozodrio na
célula hospedeira (21).

Neste sentido quando estiverem sob estimulos de mediadores pro-inflamatorios, os macrofagos
sao classicamente ativados e iniciam a sintese da enzima 6xido nitrico sintase (NOS) que por sua
vez, oxidam o aminoacido L-arginina e acabam por produzir L-citrulina e 6xido nitrico (NO), capaz
de restringir a disseminagao dos protozodrios (22).

Concomitantemente, a resposta imune adaptativa desempenha seu papel através da ativagdo e
maturagdo das células T CD4" (Thl ou Th2, Th17 e Treg) e CD8" (Tcl e Tc2). Deste modo as
células T CD4" quando estimuladas por componentes pré-inflamatorios, como a IL-12 induzem a
maturacgdo das células T CD4" virgens em Thl. Por consequéncia a polarizagio dos linfocitos em
Thl acaba por produzir IFN-y, que além de aumentar a expressao de moléculas do complexo
principal de histocompatibilidade do tipo 1 (MHC I), podem ativar os macrofagos a um estado
leishmanicida através da producao de NO e espécies reativas de oxigénio (EROs), que resultam na
eliminacdo do protozoario ¢ na consequente contengao da infecgdo (23,24).

Por outro lado, a maturagio de células T CD4" em Th2 pode ser mediada pela presenca da
citocina IL-4, ativando macrofagos alternativamente (M2) capazes de modificar a via metabolica
de NO. Ao serem ativados os macrofagos M2 produzem a arginase, que hidrolisa a L-arginina em
ureia e ornitina, impossibilitando a producao de NO caracterizando um perfil de atividade anti-
inflamatoria (25); e em consequéncia observa-se a suscetibilidade do hospedeiro a infec¢ao por
Leishmania (26,27).

A diferenciacao das células Th17 ocorre através do estimulo de citocinas como o TGF-f, IL-6,
IL-1B e IL-23 (28). Esta série de eventos leva a producao das citocinas IL-17 que induz o
recrutamento e ativacao dos neutroéfilos, aumentando a produgdo de EROs que leva a eliminacao

dos protozodarios (29). Por outro lado, a IL-17, assim como outras citocinas (IL-17F, IL-21 e IL-
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22), coopera para a inflamacao tecidual excessiva, que na auséncia da regulacao por IL-10 podem
levar a lesao tecidual, podendo desempenhar um papel duplo na infec¢do por Leishmania sp. (30).

De modo geral, as células T reguladoras (Treg) exercem uma importante fungao na manutencao
da tolerancia imunoldgica no hospedeiro através da imunossupressdo, resultando no controle da
inflamagdo prejudicial (31). Na leishmaniose o controle imunoldgico da infeccdo se da pelo
equilibrio da resposta pré-inflamatdria mediada pela polarizagdo das células Th1, responsaveis por
controlar a replicacdo dos parasitos, assim como neutrdfilos e células Th17 que contribuem para
um estado inflamatdrio, auxiliando na eliminacao do parasito, mas que também levam a patologia
(32). Deste modo a atuagao das células Treg medeiam uma resposta regulatoria e imunossupressora
importante para atenuar uma inflamagdo acentuada, mas que se predominante pode resultar na
progressao da infeccao, ou ainda, em infec¢do assintomatica (30,33).

Por estes motivos, tanto o perfil de resisténcia quanto a suscetibilidade da infec¢do podem ser
influenciados por células Treg, através da produgdo de citocinas imunorreguladoras (IL-10 e TGF-
B) (32). Estudos anteriores mostraram que para infeccao por L. (L.) major as células Treg podem
reativar infecgdes secundarias ou tornar camundongos suscetiveis a infec¢do (34). Ja em relacao a
L. (L). amazonensis as c€lulas Treg podem controlar as respostas imunopatologicas (35).

Assim como as células T CD4", as células T CD8" exercem influéncia no perfil da patogénese
na leishmaniose. De modo geral as células T CD8" sdo ativadas pelo reconhecimento de peptideos
especificos apresentados pelo MHC I nas células apresentadoras de antigeno (APC) nos 6rgdos
linfaticos periféricos e sua atividade citolitica ocorre por meio das proteinas perforina e granzima,
as quais induzem a formac¢do de poros na membrana e apoptose nas células alvo (36).
Adicionalmente, a libera¢do de citocinas por meio das APCs e células T CD4" acabam por
influenciar a diferencia¢do das células T CD8" virgens, sendo que o estimulo de IL-12 leva a
diferenciacdao em células citoliticas do tipo 1 (Tcl); ao contrario da citocina IL-4, que estimula sua
diferenciacao para células citoliticas do tipo 2 (Tc2) (37). Portanto, além de desempenhar atividade
citotoxica, as células T CD8" podem concomitantemente estimular a suscetibilidade ou a
resisténcia da infecgcdo por Leishmania sp. por meio da subpopulagdo de Tcl que estimula a
producdo de componentes pro-inflamatorios (como TNF-a e IFN-y); e a populacao Tc2, que produz

componentes anti-inflamatorios (como IL-4, IL-5 e IL-10) (38—40).
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Figura 3. Ilustracdo demonstrando a resposta imune direcionada a resisténcia ou susceptibilidade na
leishmaniose por células apresentadoras de antigenos (APC), macréfagos (M), células natural killer (NK),
linfocitos T CD4" e CD8* Fonte: Adaptado de Passero, 2011(38). Th — T helper, Tc — T citotoxica, NO —
oxido nitrico.
1.2. Formas clinicas de leishmaniose

Como abordado anteriormente, a leishmaniose ¢ caracterizada por apresentar duas principais
manifestacoes clinicas: a leishmaniose visceral e leishmaniose cutanea. A LV é uma manifestagao
clinica causada por L. (L.) donovani e L. (L.) infantum; contudo, eventualmente algumas espécies
dermatotropicas podem visceralizar e ocasionar a LV, principalmente em pacientes
imunossuprimidos (41). A LV ¢ considerada uma das manifestagdes mais graves da leishmaniose,
por levar ao 6bito aproximadamente 95% dos casos ndo tratados corretamente, adicionalmente na
LV ocorre o comprometimento dos principais 6rgaos imunes dos hospedeiros € os principais sinais
clinicos mais caracteristicos sdo hepatoesplenomegalia, febre, perda de peso e pancitopenia (42).

Na América Central, principalmente em Honduras, Costa Rica, El Salvador e Nicaragua na
infeccdo por L. (L.) infantum chagasi em areas endémicas para LV também ocorre o
desenvolvimento de lesdes cutaneas ndao ulceradas na face e extremidades de pacientes,
caracterizando a forma clinica conhecida como leishmaniose cutanea nao ulcerada, ou atipica
(LCNU) (43), que acomete principalmente criangas com mais de 6 anos e jovens adultos, ao

contrario da LV que nesta regido acomete principalmente criancas com idade inferior a 5 anos (44).
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Entre o periodo de 1 a 3 anos posteriores ao fim do tratamento para leishmaniose visceral,
alguns pacientes podem apresentar casos de complicacdo dérmica, caracterizando a leishmaniose
dérmica pos-calazar (LDPC) (45). A manifestagao da LDPC ¢é causada por L. (L.) donovani e ocorre
em mais de 50% dos pacientes pertencentes aos paises da Africa Oriental (Etidpia, Quénia, Sudio,
Uganda) e tem ocorréncia em até 10% nos pacientes do Sudeste asiatico (Bangladesh, india, Nepal)
(46). Existe divergéncia também no perfil das lesdes encontradas nos pacientes em ambas regioes,
sendo que no Sudeste asiatico a LDPC se manifesta por lesdes papulonodulares (polimorficas,
enquanto na Africa Oriental a manifestagio causa lesdes hipomelandticas (maculares) (47).
Embora em nenhuma das regides a manifestacdo seja uma ameaga a vida, a LDPC de fato, gera um
estigma e afeta a qualidade de vida dos pacientes acometidos (48).

Em contrapartida, a forma cutinea apresenta um amplo espectro de manifestagdes que variam
de acordo com a espécie infectante de Leishmania e a resposta imune do hospedeiro, podendo ser
subdividida em leishmaniose cutanea localizada (LCL), leishmaniose cutanea anérgica difusa
(LCAD) e leishmaniose mucocutanea (LM) (5).

A LCL ¢ considerada a forma mais frequente da leishmaniose, onde sdo encontrados
aproximadamente 95% dos casos de LC, podendo ser causada por qualquer espécie de Leishmania
dermatotropica. Pacientes com LCL geralmente apresentam lesdes cutdneas autocuraveis, com
borda elevada e uma ulceragdo central, podendo ser encontradas no local do repasto sanguineo do
vetor e respectiva infec¢do. As lesdes geralmente nao sdo dolorosas e ndo se disseminam. Também
¢ possivel encontrar as mesmas lesdes espalhadas pelo corpo, ou graves lesdes cronicas, ulceragdes
com crostas podendo ser dolorosas, principalmente se coinfectadas por bactérias, caracterizando
formas mais graves da LCL (49).

Por outro lado, na LCAD, que no Brasil ¢ causada por L. (L.) amazonensis, os pacientes
apresentam um quadro de imunodeficiéncia antigeno-especifica e costumam apresentar lesdes com
grande quantidade de nddulos, papulas e tubérculos, ndo ulcerados (13,50). Tais lesdes possuem
intensa quantidade de macréfagos parasitados e poucos linfocitos e células plasmaticas (51).
Apesar de se apresentarem predominantemente em areas expostas, as lesdes também acabam se
espalhando progressivamente para as demais extremidades do corpo, podendo envolver toda a
superficie da pele e membrana mucosa, exceto a nasofaringe. Deste modo, a LCAD acaba sendo

dificil de tratar e ndo possui a resolucao espontanea (52—54).
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A LM também ¢ considerada uma das formas clinicas mais debilitante da LC, podendo ser
destrutiva ou até mesmo fatal devido a gravidade das lesdes e a auséncia de boa resposta ao
tratamento (45). Essa manifestacao clinica ¢ endémica nas Américas, onde aproximadamente 90%
dos casos ocorrem no Peru, Bolivia e Brasil, (55). Em sua caracterizacao clinica os sintomas podem
ter inicio com inflamacdo, congestdo, obstru¢do ou sangramento nasal e conforme a doenca
progride as lesdes podem ocasionar destruicdo do septo nasal, labios e palato, podendo causar
deficiéncias e estigmas sociais severos, além de infec¢des disseminadas potencialmente letais

(6,17).

1.3. Farmacos utilizados no tratamento da leishmaniose

Embora a leishmaniose seja uma doenca amplamente conhecida ha muitas décadas, seu
tratamento ainda ¢ considerado desafiador, pois a eficiéncia das opgdes de farmacos atualmente
disponiveis estao associadas a diversos fatores limitantes como a resisténcia de diferentes espécies
de Leishmania, toxicidade dos 6rgaos e efeitos colaterais severos, alto custo e baixa seletividade
em determinadas regides (56).

Ha séculos o antimdnio ¢ utilizado para fins medicinais, sendo historicamente conhecido por
suas propriedades eméticas, que em baixas quantidades podem resultar em vomito (57). Todavia,
seu uso clinico mais significativo durante o tltimo século tem sido no tratamento da leishmaniose,
onde ¢ utilizado como tratamento de primeira linha desde 1920 (58,59). No ambiente intracelular,
o antimonial pentavalente torna-se ativo somente apds sua biorreducdo em antimonio trivalente,
que ¢ capaz de inibir a acdo da tripanotiona redutase (TR), uma enzima que desempenha um papel
fundamental na sobrevivéncia do parasito (60).

Tal inibi¢do se torna importante pois os parasitos da familia Trypanosomatidae sdo sensiveis
ao estresse oxidativo e ndo possuem catalase ou glutationa peroxidase, enzimas responsaveis pelo
controle redox em mamiferos; portanto, nesses protozoarios o controle redox ¢ realizado por uma
cascata enzimatica dependente de tripanotiona (61).

A cascata que dé inicio ao controle redox nos tripanossomatideos (Figura 4A) € iniciada pela
reacdo de NADPH e a enzima TR, que convertem a tripanotiona oxidada [T(S)2] para seu estado
reduzido (T[SH]2) (62). Uma vez reduzida, a T[SH], participa dos mecanismos redox no citosol e
mitocondria do parasito, envolvendo o conjunto de enzimas peroxirredoxinas: triparedoxina (TXN)
e triparedoxina peroxidase (TXPNx). Neste sentido, a TXN atua como substrato para TXPNx, que

em conjunto sdo capazes de reduzir o peroxido de hidrogénio em moléculas H>O, assim como
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reduzir outros hidroperéxidos organicos importantes para metabolismo oxidativo e nitrosativo
produzidos pelos macrofagos durante a infeccao (63).

No tratamento da leishmaniose, os antimoniais pentavalentes atuam na inibi¢ao da TR (Figura
4B), impedindo agdo da cascata enzimatica de tripanotiona e a atuagdo das peroxirredoxinas no
controle redox, o que consequentemente leva ao acumulo de EROs culminando na morte do

parasito (64,65).
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Figura 4. Cascata enzimatica da neutralizagdo de EROS pela TR em tripanossomatideos (A), demonstrando
a agdo de TR a partir de NADPH (1); Redugao de T(S). para T(SH)2 (2); mecanismo redox com TXN como
substrato para TXPx e eliminagdo de H,O,, resultando na sobrevivéncia de Leishmania sp. (3). Agdo do
antimonial trivalente (B) demonstrando a inibi¢do da TR, mantendo a tripanotiona no estado oxidado (1);
resultando no acumulo de H,O», gerando estresse oxidativo e morte do protozoario (2). Fonte: Arquivo
pessoal.

O tratamento com antimonial pentavalente (estibogluconato de soédio ou Pentostam® e
antimoniato de meglumina ou Glucantime®) ¢ realizado pela via intravenosa ou intramuscular (58).
Porém mesmo em administragdo parenteral tal droga apresenta eficacia limitada (66,67). A taxa de
cura no Brasil oscila entre 60 a 90%, e esta associada ao desenvolvimento de cardiotoxicidade,
pancreatite ou ainda, hepatotoxicidade em 15% dos pacientes durante o tratamento (68). O
surgimento de parasitos resistentes aos antimoniais € uma preocupagdo constante, o que de fato
vem impactando as taxas de cura, como observado em Bihar, na India, onde 60% dos casos sdo
refratarios ao tratamento com antimoniais (4,69,70).

Em casos onde os antimoniais ndo demonstram ser eficazes a anfotericina B acaba sendo
utilizada como um quimioterapico alternativo, e por isso, considerado como tratamento de segunda
linha para a leishmaniose (71). A anfotericina B ¢ um antimicotico cujo mecanismo de agao

consiste na capacidade do farmaco em se ligar ao ergosterol da Leishmania, resultando na formagao
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de poros na membrana celular do parasito. Por consequéncia, ap6s a formagao de poros ocorre o
fluxo de ions, macromoléculas e dgua através da bicamada lipidica, causando um desequilibrio
hidrico e i0nico, levando o parasito a morte (72). Embora tenham sido observadas altas taxas de
eficacia durante o tratamento, a anfotericina B interage com o colesterol, principal componente da
membrana celular de mamiferos, desencadeando efeitos colaterais graves, que incluem febre,
calafrios, artralgia, nduseas, vOmitos, cefaleia, além de nefrotoxicidade que ¢ observado em
aproximadamente 53% dos pacientes (73). Além disso, esse tratamento ¢ prolongado (necessitando
de doses diarias do farmaco pelo periodo de 15 a 30 dias) e requer acompanhamento médico,
tornando-o insatisfatorio para os pacientes (6,72).

Para tentar diminuir sua toxicidade, a anfotericina B vem sendo formulada em lipossomas, que
em linhas gerais sdo vesiculas unilamelares contendo 60 a 80 nm de tamanho, constituidas de
fosfatidilcolina de soja hidrogenada e diestearoil fosfatidilglicerol de alta temperatura e
estabilizada por colesterol em combinagdo com anfotericina B na bicamada lipossomica (74).

Apo6s a administragdo do farmaco, via intravenosa, o transportador lipossomal permanece
intacto por longos periodos de tempo no sangue e demonstra ser uma alternativa interessante ao
tratamento, pois apresenta baixa toxicidade ao paciente e mantém a eficacia no tratamento em
comparacao com a Anfotericina B convencional (4).

Uma vez injetada na corrente sanguinea a formulacdo lipossomal da anfotericina B permanece
intacta até chegar aos locais de infec¢do onde ocorre a captagdo do farmaco via células fagociticas
(75). A partir da fagocitose a formulacao lipossomal permeia a membrana plasmatica e ¢ liberada
no citoplasma das células infectadas, sem que ocorra a degradagdo das vesiculas lipidicas e
consequentemente sem causar dano as células hospedeiras (76). Apo6s adentrar ao citoplasma da
c¢lula hospedeira, hd uma interagcdo do parasito e a formulacao lipossomal, que se adere a parede
celular da Leishmania (77). Em sequéncia a anfotericina B ¢ liberada, ¢ por possuir alta afinidade
com esterois, incluindo o ergosterol da Leishmania, leva a formacao de poros na membrana celular
de Leishmania, permitindo o extravasamento de componentes intracelulares, promovendo a morte
do parasito (78). Entretanto, o custo do tratamento pode ser extremamente elevado para populacdes
socioeconomicamente vulneraveis, limitando o uso da anfotericina B lipossomal (76).

Por fim, a miltefosina foi originalmente desenvolvida como uma droga antitumoral, mas tem
sido considerada outra alternativa de segunda linha para o tratamento da leishmaniose, ¢ a nica

disponivel como tratamento oral (79). O mecanismo de acdo da miltefosina consiste na alteracao
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do potencial da membrana mitocondrial do protozoario por meio da modificacdo do metabolismo
fosfolipidico na membrana celular, que resulta na morte celular programada (80). Apesar de ser
inicialmente considerado um medicamento com alta atividade terap&utica, com taxa de cura de
98% em humanos, os casos relatados na India e no Nepal comegaram a apresentar resisténcia
crescente ao tratamento, sugerindo que sua eficacia depende da espécie de Leishmania envolvida
na infecgdo (7,81,82). No entanto, em paises onde predominam L. (L.) amazonensis ¢ L. (L.)
mexicana, a taxa de cura da miltefosina ¢ de apenas 53%, significativamente inferior a taxa de cura
dos antimoniais (83). Embora a administragdo oral seja considerada uma caracteristica interessante,
a miltefosina também induz efeitos colaterais significativos, incluindo toxicidade gastrointestinal,

renal e hepatica, além de teratogenicidade em gestantes (56).

1.4. Busca por um tratamento alternativo para o tratamento das leishmanioses

Diante do exposto acima, ¢ possivel considerar que os tratamentos disponiveis para
leishmaniose ndo sdo ideais pois possuem inumeros efeitos colaterais sistémicos, € em algumas
situacdes o alto custo impede que populagdes em vulnerabilidade financeira tenham acesso aos
medicamentos com maior eficacia e menores efeitos colaterais. Adicionalmente, a baixa
efetividade e a existéncia de parasitos resistentes sdo preocupagdes constantes (84,85). Desta
forma, torna-se extremamente importante desenvolver novos medicamentos € novas terapias que
contemplem um baixo custo, facil aplicacdo, alta eficacia e que reduzam os efeitos colaterais (86).

Considerando que o maior nimero de casos registrados de leishmaniose se relaciona a LCL,
torna-se importante a formulagao de drogas para uso topico como cremes ou mesmo logdes, pois
as mesmas sao de facil aplicacdo, ndo necessitam de monitoramento médico constante, ndo causam
dor como as injegdes e podem ser aplicados diretamente no local das lesdes pelo proprio paciente,
solucionando parte da problematica envolvendo a quimioterapia das leishmanioses (87).

Considerando a necessidade de se encontrar um novo tratamento voltando as leishmanioses,
nosso grupo de pesquisa vem trabalhando com uma série de compostos de origem sintética e
natural. Entre elas, destaca-se a 8-HQ, uma quinolina que apresenta alto indice de seletividade em
formas amastigotas de L. (L.) amazonensis (88).

As quinolinas sdo compostos aromaticos heterociclicos a base de nitrogénio, que tem chamado
a atencdo de pesquisadores nas ultimas décadas (89). Atualmente sabe-se que as principais fontes
de quinolina incluem petrdleo, processamento de carvao e oleo de xisto, além disso, as quinolinas

estdo inclusas em diversos produtos naturais, especialmente em alcaloides (90).
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Em um contexto historico, o quinino (derivado de quinolina) ¢ um composto encontrado nas
cascas da arvore Cinchona, que foi utilizado no tratamento de malaria (91); em 1820 o composto
foi isolado como principio ativo e se tornou um dos primeiros isolados de quinolina relatados entre
os inumeros derivados existentes (92). O uso do quinino substituiu a utilizacdo das cascas brutas
no tratamento de malaria, que se tornou uma das primeiras doengas a serem tratadas com um
produto natural (93). Apesar de apresentar baixa eficiéncia e tolerabilidade, o quinino possui um
papel historicamente importante no desenvolvimento de alcaloides de quinolina, bem como no
tratamento de maldria multirresistente (94).

A quinolina, de fato, foi extraida em 1834 do alcatrao de carvao, que continua sendo a maior
fonte de extracdo comercial da quinolina (95). O composto comegou a demonstrar grande
versatilidade quimica e bioldgica, atuando como um agente antimalarico e anticancer em potencial,
despertando interesse de pesquisadores nas areas de quimica medicinal, industrial, e quimica
organica sintética (90,96). Consequentemente uma ampla variedade de derivados de quinolina
comegou a ser isolada de maneira natural e produzida de maneira sintética, pois a partir de uma
matriz de origem natural pode-se obter diversos compostos sintéticos que apresentaram diferentes
aplicacdes biologicas (97).

Entre estes compostos destaca-se a 8-hidroxiquinolina (8-HQ), que foi sintetizada pela primeira
vez em 1953 e despertou um aumento exponencial de interesse por pesquisadores da area medicinal
nas ultimas duas décadas. Este composto apresenta uma estrutura heterociclica biciclica com um
anel fenol fundido a um anel de piridina em dois 4&tomos de carbono adjacentes (Figura 5) (98).
Tais caracteristicas conferem a 8-HQ ampla variedade de atividades farmacolodgicas, como

neuroprotec¢ao, acao antitumoral, antimicrobiana e como agente antiparasitario (96,99).
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Figura 5. Estrutura quimica da 8-hidroxiquinolina. Fonte: Adaptado de Pubchem (100).

Neste sentido, a acao da 8-HQ demonstrou eliminar epimastigotas de Trypanosoma cruzi, com
resultados similares ao Nifurtimox, medicamento de referéncia utilizado no tratamento da doenca
de Chagas (101). Foi demonstrado também que as derivagdes de 8-HQ apresentaram atividade para
formas sanguineas de Trypanosoma brucei, demonstrando indices de seletividades entre 11-48,
superiores aos resultados apresentados pelo medicamento de referéncia para doenga do sono. Além
disso, também foi observado que todos os derivados interagiram com o DNA do parasito,
eliminando o protozodrio por estresse oxidativo (102).

Também foi demonstrado que camundongos machos MF1 infectados com Schistosoma
mansoni tiveram uma redugao do parasitismo hepatico em 65% apds administragdo oral de 8-HQ.
Além disso, foi observada diminui¢do do volume dos granulomas hepéaticos nos animais tratados
com 8-HQ e 0 aumento dos niveis de anticorpos IgG anti-S. mansoni. Embora o praziquantel tenha
reduzido a carga parasitaria em 62%, o medicamento referéncia no tratamento da esquistossomose
humana ndo reduziu o volume dos granulomas hepéaticos nem elevou os niveis de anticorpos IgG
anti-S. mansoni, sugerindo que no tratamento por 8-HQ a atividade imunomoduladora poderia ter
auxiliado na eliminacao do protozoario (103).

Estudos anteriores ja demonstraram que a 8-HQ inibe o crescimento de formas promastigotas
e amastigotas de L. (L.) amazonensis, L. (L.) infantum e L. (V.) braziliensis (104). Além disso,
observou-se baixa toxicidade do composto a macréfagos murinos, diferente de farmacos utilizados
atualmente no tratamento como a anfotericina B (104). Ainda, demonstrou-se que em formas
promastigotas de L. (L.) infantum a 8-HQ alterou o potencial de membrana mitocondrial, por meio

da depolarizagdo da membrana ap6s 1 hora de incubacdo, induzindo a morte celular programada
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nesses parasitos, sugerindo uma acao seletiva (104). Em trabalhos anteriores abordando a infec¢ao
experimental por L. (L.) infantum ou L. (L.) amazonensis também foi observada a diminui¢do
expressiva no diametro das lesdes cutaneas e carga parasitaria em camundongos BALB/c tratados
subcutaneamente com 8-HQ e clioquinol; adicionalmente, foi demonstrado que a 8-HQ induziu a
polarizacao da resposta imune Th1 (105,106). Refor¢a-se que nao foram relatados quaisquer danos
hepaticos ou renais durante o tratamento com a 8-HQ e o clioquinol em animais experimentais
(107); sugerindo que a 8-HQ deva possuir caracteristicas importantes para o desenvolvimento de
um novo farmaco direcionado a leishmaniose.

Embora a agdo leishmanicida da 8-HQ ja tenha sido demostrada, at¢ o momento nenhum estudo
apresentou a acdo in vitro deste composto em formas promastigotas e amastigotas de L. (V.)
lainsoni, L. (V.) naiffi e L. (L.) infantum (agente etioldgico da leishmaniose cutanea atipica), L. (L)
guyanensis ¢ L. (L.) shawi. Adicionalmente, ndo ha estudos que demonstrem o potencial
terapéutico deste composto administrada de maneira topica nas leishmanioses. Neste contexto,
seria de extrema importancia desenvolver uma terapia topica com a 8-HQ, pois embora o composto
tenha sugerido desempenhar agao multiespectral em Leishmania, os estudos in vivo elaborados até
entdo abordaram o uso do composto com o tratamento via parenteral.

Contudo, atualmente um dos maiores desafios relacionados a quimioterapia da leishmaniose ¢
desenvolver um tratamento mais humanizado, em que o proprio paciente seja capaz de gerir
evitando, por exemplo, a hospitalizagdo e todos os custos associados a ela. Portanto o
desenvolvimento de uma medicacdo de administracao tdpica representaria um marco importante

no tratamento da leishmaniose cutanea.
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2. OBJETIVO GERAL
O objetivo geral deste trabalho ¢ avaliar o potencial leishmanicida multiespectral in vitro da 8-
HQ e avaliar sua atividade terapéutica formulada em creme (base de Beeler) para o tratamento

topico da leishmaniose cutanea experimental causada por L. (L.) amazonensis.

2.1.  Objetivos especificos

e Avaliar o potencial leishmanicida da 8-HQ em formas promastigotas e amastigotas
intracelulares de L. (L.) amazonensis, L. (L.) infantum, L. (V) guyanensis, L. (V.) lainsoni,
L. (V.) naiffie L. (V) shawi;

e Avaliar o potencial citotoxico da 8-HQ em macrofagos;

e Produzir cremes contendo 8-HQ e avaliar seus tamanhos de particulas;

e Avaliar a permeacdo cutanea dos cremes contendo 1 ou 2% de 8-HQ;

e Avaliar as alteragdes histologicas que os cremes contendo 1 ou 2% de 8-HQ induzem em
camundongos BALB/c;

e Avaliar a eficacia terapéutica dos cremes contendo 1 ou 2% de 8-HQ na leishmaniose

cutanea americana experimental.
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3. Meétodos

3.1. Materiais

O meio RPMI 1640 (Thermo Scientific, EUA) foi suplementado com 10% de soro fetal
bovino inativado (SFB), 1% de piruvato, 1% de aminoacidos nao essenciais, 10 pg/mL de
gentamicina e 1.000 U/mL de penicilina, 0,1% de 2-mercaptoetanol (R10). O meio de cultura
Schneider (Sigma-Aldrich, EUA) foi suplementado com 10% de SFB, 10 pg/mL de gentamicina e
1.000 U/mL de penicilina (S10). A miltefosina e 8-hidroxiquinolina (pureza > 99%) foram obtidas
da Sigma-Aldrich (EUA). O Glucantime® foi obtido da Sanofi-Aventis (Sdo Paulo; Brasil). A
pureza dos compostos foi confirmada através de espectroscopia por ressonancia magnética nuclear

(RMN) e por cromatografia liquida de alta eficiéncia (UHPLC).

3.2. Parasito

As cepas L. (L) amazonensis (MHOM/BR/73/M2269), L (L) infantum
(MHOM/HND/2017/AMA-65); L. (V.) guyanensis (IUMB/BR/85/M9945); L. (V.) lainsoni
(MHOM/BR/1993/M14263); L (V.) naiffi (MHOM/BR/1979/M5533) e L. (V.) shawi
(MHOM/BR/96/M15789) foram gentilmente doadas pela Prof* Dr* Marcia Dalastra Laurenti, do
criobanco do “Laboratorio de Patologia de Moléstias Infecciosas”, da Faculdade de Medicina da
USP, e pelo Prof. Dr. Fernando T. Silveira do criobanco do “Laboratério de Leishmaniose Prof.
Dr. Ralph Laison”, Departamento de Parasitologia, Evandro Chagas Instituto, Ministério da Saude,
Belém, Pard, Brasil. Os protozodrios foram cultivados em meio de cultura S10. Em todos os
experimentos, foram utilizados parasitos em fase estaciondria de crescimento, com quatro
passagens de cultura para os experimentos in vitro € na primeira passagem para experimentos in

Vivo.

3.3. Avaliacio do potencial leishmanicida da 8-HQ em formas promastigotas
Para avaliar o potencial leishmanicida da 8-HQ foram utilizadas formas promastigotas de L.
(L.) amazonensis, L. (L.) infantum, L. (V) guyanensis, L. (V.) lainsoni, L. (V.) naiffi e L. (V) shawi
que foram cultivadas em meio S10 e incubadas a 25° C, até atingirem a fase estacionaria de
crescimento; posteriormente foram coletadas, centrifugadas (1200 x g, 10 min, 4° C) e contadas
em camara de Neubauer, onde tiveram a concentragio do parasito ajustada para 2x10°
parasito/pogo. A 8-HQ foi solubilizada com dimetilsulféoxido (DMSO) e adicionada a placa de

cultura de 96 pocgos na concentragdao de 0,08 a 100 pg/mL, juntamente aos parasitos; a miltefosina
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foi utilizada como farmaco controle (0,08 a 100 ug/mL). O controle positivo foi composto por meio
S10 com 1% de DMSO e os parasitos (2x10° parasito/pogo). O controle negativo foi composto
apenas por meio S10 com 1% de DMSO. As placas de 96 pocos foram incubadas a 25° C durante
24 ou 72 horas, posteriormente foram centrifugadas (1200 x g, 10 min, 4° C), lavadas trés vezes
com 200 pL de tampao fosfato (PBS); e a viabilidade dos parasitos foi analisada com o reagente
PrestoBlue® (Thermo, EUA) diluido em meio S10 (1:20). Apds ser adicionado as células, o
PrestoBlue® ¢ reduzido por enzimas mitocondriais de parasitos vidveis, tornando-se avermelhado
e altamente fluorescente. Assim, pocos com alta fluorescéncia estdo associados a uma alta
porcentagem de células vidveis; contrariamente, amostras com coloragdo azul apresentam baixa
viabilidade celular. Apos 45 minutos de incubacdo as placas foram levadas a um leitor de
microplacas, com uma sonda de fluorescéncia com 416 nm de excitacdo ¢ 574 nm de emissdo. A

concentracdo efetiva de 50% (CEso) foi estimada usando o software GraphPad Prism 8.0.

3.4. Macroéfagos derivados da medula 6ssea (MMO)

Para producdo de MMO utilizaram-se fibroblastos de linhagem celular L929 que foram
cultivados em meio R10, e quando as células apresentaram 80% de confluéncia foram coletadas
das garrafas de cultura utilizando um cell scraper (Corning®, EUA), contadas com solu¢do Trypan
Blue 0.4% (ThermoFisher, EUA), ajustadas a 5x10° de células em 80 mL de meio R10 e mantidas
durante 10 dias em estufa a 37° C. Na fase final de seu ciclo de vida, o meio sobrenadante (LCCM)
rico em M-CFS (fator estimulador de colonia de macroéfagos/ mondcitos) foi coletado, esterilizado
por filtracao (0,32 um) e armazenado a -20° C.

Camundongos BALB/c com 7 semanas de idade foram eutanasiados segundo o protocolo
determinado pelo comité de ética no uso de animal (CEUA) n° 1648/2022, e o fémur e tibia foram
coletados assepticamente. As epifises destes ossos foram cortadas, e o contetido da medula dssea
foi extraido injetando solugdo salina balanceada de Hanks (HBSS) no canal da medula. A medula
Ossea foi submetida a duas etapas de lavagem a 2000 RPM, 5 min, 4° C, com HBSS. Em seguida
0,17 M de NH4Cl (7,4 pH) foi incorporado aos glébulos vermelhos, e incubados a 4° C durante
2 minutos. Ap6s o periodo estipulado o HBSS foi adicionado, interrompendo a reag@o de lise de
eritrocitos; as células foram centrifugadas a 2000 RPM, 5 min, 4° C e o sobrenadante foi
descartado.

As células foram semeadas em placas de Petri estéreis tratadas para cultura de tecidos em R10

juntamente com 15% de meio LCCM, como uma fonte de fator estimulador de colonia-1 (CSF-1),
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em uma incubadora a 35° C com 5% de COz. Ap6s a incubagao de 24 h as células ndo aderidas a
placa de cultura foram coletadas, adicionadas em placas de Petri estéreis com R10 e 15% de LCCM,
e nos dias 2; 3; 5 e 7 do experimento foram suplementadas com 15% de LCCM.

No oitavo dia, as células aderentes foram coletadas com auxilio de um cell scraper, contadas
em camara de Neubauer e adicionadas em placas estéreis de 96 pocos ou em laminulas redondas

para placas de 24 pocos.

3.5. Teste de citotoxicidade

Os MMOs coletados foram contados, ajustados na concentragio de 10° macréfagos/poco,
adicionados a uma placa de cultura de 96 pogos juntamente ao meio R10 e incubados por 24 h em
uma incubadora umidificada a 35° C e 5% de COa. Apods o determinado periodo de incubagio a 8-
HQ ou miltefosina (0,08 a 100 pg/mL) foram adicionadas aos macrofagos, e as células foram
incubadas novamente por 24 h em uma incubadora umidificada a 35° C e 5% de CO>. A
citotoxicidade dos compostos foi analisada 24 e 72 horas depois da adi¢do dos farmacos. Os MMO
controles foram incubados apenas com R10. Apés 24 ou 72 h de incubagdo as células foram
centrifugadas a 1200 x g, 10 min, 4° C e os macrdfagos lavados trés vezes com 200 uL. de PBS.
Em seguida, a viabilidade celular foi avaliada com PrestoBlue®, de acordo com as instrugdes do
fabricante (Thermo Fischer, EUA). A concentragdo citotoxica 50% (CCso) foi estimada usando o
software GraphPad Prism 8.0. (108). O indice de seletividade (IS) da 8-HQ foi determinado pela
razao entre CCso e CEso (109).

3.6. Infeccdo de macrofagos

Para tanto os MMOs foram ajustados em 10°® macrofagos/pogo, adicionados em laminulas
redondas em placa de 24 pocgos, juntamente ao meio R10 e incubados por 24 h a 35° C. Apos a
incubagdo os macrofagos foram infectados com: L. (L.) amazonensis, L. (L.) infantum, L. (V)
guyanensis, L. (V.) lainsoni, L. (V.) naiffi e L. (V) shawi, na propor¢dao de 10 parasitos por 1
macréfago e incubados por 24 h uma incubadora umidificada com 5% de CO2 a 35° C.
Subsequentemente as placas foram foi lavadas com 500 pL de PBS a 35° C por trés vezes, retirando
os parasitos nao aderidos e a 8-HQ ou miltefosina (1,25 — 10 pg/mL) foram adicionadas a cultura.
As placas foram incubadas durante 24 e 72 h. Os controles infectados foram cultivados apenas com
R10 e 1% de DMSO. Apds os periodos de incubagdo, as laminulas foram retiradas das placas de

24 pocos, secas a temperatura ambiente, fixadas em metanol e coradas com Giemsa (Sigma-
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Aldrich, EUA). Para cada laminula ao menos 100 células foram quantificadas e os indices de
infecgao (II) foram determinados por meio da equagao:

I = % macréfagos infectados X amastigotas internalizadas

Macréfagos infectados

3.7. Determinacio da producio de 6xido nitrico intracelular

Os MMO foram incubados com R10 durante 24 h em uma placa preta estéril de 96 pogos,
em uma incubadora umidificada com 5% de CO: e 35° C por 24 h. Apos o periodo determinado, a
infec¢do foi realizada na proporcdo de 10:1 (parasitos : macréfagos), por promastigotas das
seguintes espécies: L. (L.) amazonensis, L. (L.) infantum, L. (V) guyanensis, L. (V.) lainsoni, L. (V.)
naiffi e L. (V) shawi. Vinte e quatro horas depois, os MMOs foram lavados trés vezes com 200 uL
de PBS a 35° C, para retirar parasitos ndo aderidos, e a 8-HQ (1,25 a 10 pg/mL) foi incubada por
24 ou 72 h. Para os controles foram adicionados apenas meio R10, e 100 ng/mL de LPS (Sigma-
Aldrich, EUA) foi adicionado ao controle positivo. A cada periodo experimental, as células foram
lavadas trés vezes com 200 uL de PBS aquecido, seguido pela incubagdo com 0.2 pL de sonda
DAF-FM diacetato/pogo (5 mM diluido em 20 pL DMSO), por 60 minutos. Apds permear a
membrana celular passivamente o reagente DAF-FM diacetato ¢ desacetilado por esterases
intracelulares e entdo ¢ convertido a DAF-FM, que na presenga de NO torna-se reduzido a
benzotriazol fluorescente. Em sequéncia trés etapas de lavagens com PBS foram realizadas e as
placas foram lidas em um leitor de microplacas fluorescentes, com emissao de 515 nm e excitagao
de 495 nm. Nao houve qualquer interferéncia nos espectros de fluorescéncia da reagao pelos pogos

brancos.

3.8. Preparo dos cremes contendo 8-HQ

Para produzir 10 g da base de Beeler os componentes foram separados em dois recipientes
de vidro distintos compondo a fase aquosa (FA) e fase lipidica (FL). Deste modo, para FL foram
utilizados: cera branca (0,1 g); alcool cetilico (1,5 g) (Sigma-Aldrich, EUA) e 2 mg de
butilhidroxitolueno. Para FA utilizou-se: lauril sulfato de sddio (0,2 g), propilenoglicol (1 g) e
agua destilada (QSP 10 g). As fases FA e FL foram fundidas em banho-maria a 70° C.
Subsequentemente os componentes de FA foram dispersos em FL e agitados energicamente para
produzir o creme base, até que a mistura atingisse um aspecto homogéneo, branco e consistente. O

composto ativo 8-HQ a 1% (0,1 g) e 2% (0,2 g) foi disperso em 50 pL de propilenoglicol e
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incorporado a base de Beeler utilizando um almofariz. Os cremes foram acondicionados em frascos
de vidro ambar de 30 mL, isolados de luminosidade, e sua aparéncia fisica foi avaliada visualmente

por um periodo de seis meses para detectar possiveis alteragdes na aparéncia.

3.9. Tamanho de particulas
Amostras dos cremes 1 e 2% foram diluidas (1:100) em agua deionizada e a determinagdo do
tamanho das particulas e distribui¢do do creme 8-HQ foi detectada pelo analisador de tamanho de
particulas (Microtrac S3500, Microtrac, EUA). O tamanho das particulas de cada creme foi
determinado por meio da porcentagem referentes ao didmetro (um); sendo que 10, 50 ou 90% das
particulas (D10, D50 e D90) possuiam o didmetro com valor similar ao valor fornecido (110). Cada

amostra foi medida em triplicata.

3.10. Estudos de permeacio cutinea empregando por células de Franz

Os estudos de permeabilidade em células de Franz foram realizados com dois modelos de
membranas diferentes, as artificiais (Strat-M®) e pele suina, onde parametros de permeabilidade de
cada modelo de membrana foi avaliado individualmente.

Para avaliar a permeabilidade em pele suina foram utilizados fragmentos pele provenientes
da orelha de suinos com 3 meses de idade. A pele (espessura média: 1,66 + 0,16 mm) foi limpa,
retirada da cartilagem e preparada como membrana seguindo o protocolo estabelecido para
utilizagdo de peles de suinos em experimentos in vitro, por Silva et al (111).

As células de Franz foram montadas a partir do compartimento doador (area de 1.766 cm?);
do compartimento receptor (capacidade de 12 mL); e as membranas, que foram fixadas entre ambos
compartimentos. Antes de iniciar o experimento a membrana foi umidificada com PBS, adicionado
através do compartimento doador; e o compartimento receptor foi preenchido com tampao fosfato
(pH 5.5) e metanol (1: 1, v:v). Subsequentemente as células de Franz foram alocadas em banho
maria a 35° C por 30 minutos. Posteriormente o PBS da cdmara receptora foi removido com auxilio
de pipeta e gaze estéril; 100 mg dos cremes 1% e 2% de 8-HQ foram adicionados sobre as
membranas por meio do compartimento doador, que foi vedado.

Aproximadamente 1 mL de amostra foi retirada do compartimento receptor de Franz nos
seguintes tempos de coleta: 5, 10, 15, 30, 45, 60, 120, 240 e 360 minutos); as amostras foram
armazenadas a -20° C, e o compartimento receptor foi preenchido novamente com tampao fosfato

e metanol apos cada coleta. Apos a tlltima coleta (360 min) as amostras de pele foram limpas com



39

um cotonete impregnado com etanol para remover o excesso de creme. Cada amostra foi dividida
em dois fragmentos: o primeiro foi submetido a rotina histologica para demonstrar possiveis
alteragdes estruturais causadas por 8-HQ; e o segundo fragmento foi pesado, homogeneizado com
2 mL de tampao PBS (pH 7,4), diluido 1:2 com metanol e centrifugado (10 min, 10.000 RPM)
(110). O sobrenadante submetido a analise por UHPLC para determinar a quantidade de 8-HQ
retida na membrana (ug/mg).

Adicionalmente foram testadas membranas artificiais Strat-M® (Transdermal Diffusion
Test, 25 mm, Sigma-Aldrich, Madrid) com 0,33 mm de espessura, projetadas para mimetizar a pele
humana. As propriedades fisicas e quimicas das Strat-M® permitem que compostos realizem a
permeagdo de modo similar ao que ocorre na pele humana, podendo exibir correlagdes melhores
se comparadas a outros modelos de membranas biologicas (112). A composi¢do de multicamadas
associadas a estrutura lipidica das membranas artificiais exibe caracteristicas semelhantes ao
estrato corneo humano; além disso, a membrana € constituida por uma camada porosa que se
assemelha as camadas da epiderme e da derme (113).

As membranas artificiais (Strat-M®), assim como as membranas obtidas por pele de suino,
foram montadas entre a camara doadora e receptora de células de difusao de Franz repetindo o
mesmo processo descrito anteriormente, € 100 mg de cremes contendo 1% ou 2% de 8-HQ foram
adicionados ao compartimento doador em contato estrito com as membranas. Amostras de 1 mL
foram retiradas apos 5, 10, 15, 30, 45, 60, 120, 240 ¢ 360 minutos; a camara receptora foi
imediatamente reabastecida com tampao fosfato e metanol pré-aquecido apds a retirada das
amostras nos tempos indicados anteriormente. Apés a ultima coleta as membranas artificiais foram
limpas com um cotonete para remover o excesso de creme, diluidas tampao fosfato (pH 5.,5) e
metanol (1:1, v:v) e centrifugadas (10 min, 10.000 RPM) (110). O sobrenadante submetido a
analise por UHPLC para determinar a quantidade de 8-HQ retida na membrana (pg/mg).

As amostras foram analisadas por UHPLC (modelo Ultimate 3000 Standard Quaternary
System). Os picos de 8-HQ foram detectados com o programa (Chromeleon 7.3.1.6535) e a
deteccdo foi realizada a 246 nm. Para tanto foi utilizada uma coluna de UHPLC de fase reversa
Analitica Kinetex EVO 5mm C18 (150 x 4,6 mm). A fase mdvel foi composta por uma elui¢do de
acetonitrila e metanol (52:48); a vazao foi ajustada em 1 mL/min e foram injetados 10 uL das

amostras. A curva padrdo com 8-HQ foi construida com as concentracdes de 0,38 - 400 pg/mL"!
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(R?>0,9906), e a analise de regressdo foi utilizada para calcular as inclinagdes e interceptos da
porcao linear de cada gréfico.

O fluxo em estado estacionario (Jss), o coeficiente de permeabilidade (P), o coeficiente de
difusdo (D) e o tempo de laténcia foram estimados conforme descrito anteriormente por Lalatsa et
al (114). Os parametros de permeabilidade nas membranas foram calculados pelas seguintes
equagoes:

A equacdo do fluxo estacionario foi calculada pela razdo entre quantidade de 8-HQ
permeando a membrana (dC) em um determinado periodo de tempo (dX), versus a area de

superficie de contato do para os cremes (A). Valores expressos em pg/cm*/h.
Jss = Z—; XA Equacao do fluxo estacionario (1)

A equacdo do coeficiente de permeabilidade (P) indica a razao entre o fluxo estacionario
(Jss) e a quantidade de creme aplicada ao compartimento doador (cd). Valores expressos em

mm?/h.
P = Jss/cd Equacao do coeficiente de permeabilidade (2)

A equacdo do coeficiente de difusdo (D) foi calculada usando a espessura da membrana (h)

versus o coeficiente de permeabilidade (P). Valores expressos em pm/h

D=hXP Equacdo do coeficiente de difusdo (3)

3.11. Animais experimentais e consideracdes éticas

Os camundongos BALB/c machos de aproximadamente 8 semanas de idade foram obtidos do
Centro de Bioterismo do Instituto de Medicina Tropical da Universidade de Sao Paulo (IMT-USP),
alojados de acordo com as normas do Comité de Bem-Estar Animal e tiveram acesso a comida e
agua ad libitum durante todo o estudo, sob um ciclo de luz de 12 horas.

O estudo em questdo utilizou os parametros determinados pelo Guia para Cuidado e Uso de
Animais de Laboratorio, do Conselho Nacional de Experimentacdo Animal. O protocolo foi
aprovado pelo Comité de Etica em Experimentagio Animal do Comité Institucional de Cuidado e
Uso de Animais da Faculdade de Medicina da Universidade de Sao Paulo (CEP1648/2022). Para
todos os procedimentos experimentais, os animais foram anestesiados com quetamina (100 mg/kg)

e xilazina (10 mg/kg) e eutanasiados com dose letal de pentobarbital via intraperitoneal.
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3.12. Animais saudaveis tratados com cremes 1 e 2%

Ap6s o periodo de aclimatacao, 20 camundongos BALB/c machos foram divididos em 4 grupos
saudaveis (GS) e submetidos diariamente ao tratamento tépico na base da cauda com 1.6 mg do
creme 1% de 8-HQ (GS1); creme com 2% de 8-HQ (GS2); base de Beeler (GS3); ¢ ao tratamento
por Glucantime® (50 mg/kg) pela via intradérmica (GS4). Os animais foram tratados uma vez ao
dia, durante 14 dias. Apos o periodo experimental os animais foram eutanasiados, tiveram os
fragmentos de pele retirados com auxilio de punch dermatoléogico para bidpsia (6 mm);
subsequentemente foram fixados em formaldeido 10% tamponado, submetidos a rotina histoldgica

e corados com hematoxilina e eosina, onde foram avaliadas possiveis alteragdes histologicas.

3.13. Infeccio e tratamento

Ap6s o periodo de aclimatacdo, 30 camundongos BALB/c foram divididos em seis grupos
experimentais, contendo cinco animais por grupo. Os cinco animais pertencentes ao grupo saudavel
(G1) receberam apenas cloreto de sddio 0,9% (p/v) pela via subcutanea e os demais animais foram
infectados na base da cauda pela mesma via, com 10° formas promastigotas de L. (L.) amazonensis
na fase estaciondria de crescimento em um inéculo de 20 pL.

Quatro semanas apds a infeccdo, camundongos BALB/c infectados com L. (L.)
amazonensis foram divididos aleatoriamente nos seguintes grupos: grupo 2 (G2) constituindo o
controle infectado; Grupo 3 (G3) e Grupo 4 (G4) foram constituidos por animais infectados e
tratados com a formulacao contendo 1 ou 2% de 8-HQ pela via topica, respectivamente; O grupo
5 (G5) foi tratado apenas com formulagao base de Beeler por via topica; € o grupo 6 (G6) foi tratado
com 50 mg/kg de Glucantime® por via intralesional. O tratamento foi iniciado na quinta semana
pos-infecgdo (PI), e os animais foram tratados por 14 dias consecutivos, uma vez ao dia. Para todas
as aplicacdes topicas foram utilizados 1.6 mg de creme por animal. As condi¢des fisicas dos
animais foram monitoradas uma vez por semana. Ao fim do experimento, os animais foram
eutanasiados, e os fragmentos de pele e linfonodo foram coletados para realizagdo de experimentos
visando avaliar o parasitismo tecidual, assim como as principais alteragdes histopatologicas dos
animais submetidos ao tratamento. Todos os animais sobreviveram até o final do estudo. Os

experimentos foram repetidos trés vezes.
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3.14. Evolucio da lesdo e avaliacao da carga parasitaria

O curso clinico do desenvolvimento da lesdo foi avaliado em todos os animais de cada
grupo (G1 a G6), uma vez por semana, com o auxilio de um micrometro digital com faixa de 0-25
mm e precisdo de 0,001 mm (Mitutoyo®, EUA).

A carga parasitaria na pele e linfonodo inguinal foi determinada usando o ensaio de dilui¢do
limitante quantitativa. Para isso, um fragmento de pele da base da cauda e o linfonodo inguinal
obtido de cada grupo experimental (Gl a G6) foi coletado assepticamente, pesado e
homogeneizado em meio S10 com auxilio de cell strainer (Corning®, EUA) estéril individual, com
poros de 40 um de espessura, diluidos em meio S10 (1:1000) e armazenados em -20° C. O volume
de 200 pL do material homogeneizado e diluido (1:1000) de cada 6rgao foi adicionado na primeira
coluna das placas de cultura de 96 pogos; os demais pogos foram preenchidos com 150 pLL de meio
S10. Posteriormente uma aliquota de 50 puL foi coletada da primeira coluna das placas e submetida
a 12 diluigdes seriadas (1:4). Foram realizadas quadruplicatas para cada fragmento avaliado. As
placas foram incubadas em estufa a 25° C durante 10 dias; posteriormente foram examinadas e o
nimero de parasitos vidveis foi determinado com base na maior diluicdo que as promastigotas

puderam crescer apds os 10 dias de incubagao.

3.15. Avaliacio da producio de IL-4 e IFN-y

Os linfonodos inguinais dos diferentes grupos foram coletados assepticamente e macerados
em 1 mL de meio R10 com auxilio de cell strainer (Corning®, EUA) estéril individual, com poros
de 40 um de espessura. Em seguida, a suspensao celular foi centrifugada a 10.000 RPM, 5 min, 4°
C ¢ os sobrenadantes foram coletados e submetidos ao ensaio de imunoabsor¢do enzimatica
(ELISA) sanduiche, para quantificar citocinas IL-4 e [FN-y (ThermoFisher, EUA).

Para tanto, as placas de ELISA (Corning®, EUA) foram sensibilizadas com 100 puL/poco
de solucdo tampao e anticorpo de captura (anti mouse; 1L-4 ou IFN-y) e incubadas overnight a 4°
C. Em seguida os pocos foram aspirados e lavados 3 vezes com 250 pL de solugdo de lavagem
(Tween20 e PBS 1X, 1:1000). Posteriormente, 200 uL da solugdo de bloqueio (ELISPOT) foi
adicionada em cada pogo e a placa foi incubada por 1 h a 25° C. Em seguida a placa de ELISA foi
submetida a mais trés lavagens com solu¢do de lavagem. Para o delineamento da curva padrao
foram utilizadas duplicatas contendo 8 concentragdes conhecidas das seguintes proteinas
recombinantes IL-4 (4 a 500 pg/mL), e IFN-y (16 a 2000 pg/mL). Nos pocos determinados como

branco triplicatas com 100 uL de solugdo ELISPOT foram adicionados; nos pogos restantes foram
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adicionados 100 puL das amostras de sobrenadante dos linfonodos inguinais dos diferentes grupos
experimentais (G1 a G6) e as placas foram incubadas a 25° C por 2 h.

Ap6s o periodo de incubagdo os pogos foram lavados 5 vezes com solugdo de lavagem. Em
seguida, foi adicionado 100 uL dos anticorpos de detecgdo (anti-IL-4 ou anti-IFN-y) conjugados
com biotina e incubados por 1 h em temperatura ambiente. Apds este periodo, os pogos foram
lavados 5 vezes e 100 uL de estreptavidina conjugada a peroxidase (HRP) (enzima com alta
especificidade a biotina), foi adicionada a reagdo e incubada por 30 minutos a 25° C. Os pogos
foram lavados 7 vezes, e entdo 100 puL de solugdo substrato tetrametilbenzidina (TMB) foram
adicionados. Ao final de 15 minutos a reacdo foi interrompida pela adi¢do de 50 uL. de H2SO4 (2N).

A placa foi lida com sonda de 450 nm.

3.16. Analise estatistica
Todos os dados obtidos nos experimentos foram normalizados em relacdo ao controle. Os
valores foram expressos como média + erro padrdo. As analises estatisticas foram realizadas com
o software GraphPad Prism 8.0 e o teste ANOVA foi utilizado para classificar as diferengas entre

os grupos. A significancia estatistica foi fixada em p <0,05 (115).
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4. RESULTADOS E DISCUSSAO

4.1. Atividade da 8-HQ em formas promastigotas e amastigotas

Os estudos avaliando a concentracdo efetiva 50% (CEso) da 8-HQ em Leishmania sp. (Tabela
1), demonstram que as promastigotas de L. (V.) shawi foram mais suscetiveis ao composto apds 24
h incubadas (CEso= 0,20 £+ 0,03 pg/mL). Por outro lado, as promastigotas de L. (V.) lainsoni
demonstraram maior suscetibilidade a 8-HQ as 72 h de incubacdo (CEso= 0,06 = 0,01 pg/mL)
(Figura 6). Embora a 8-HQ também tenha eliminado L. (L.) amazonensis, ¢ importante ressaltar
que essa foi a mais resistente entre todas as espécies testadas em 24 e 72 h de incubagdo,
apresentando a CEso de 2,9 £ 0,3 e 1,1 £ 0,1 pg/mL, respectivamente (Tabela 1).

Em sequéncia, a incubagao de 8-HQ durante 24 e 72 h resultou na CEsode 2,1 £0,2 ¢ 0,3 £0,1
pg/mL para promastigotas de L. (L.) infantum, além da CEsode 0,34 £ 0,08 ¢ 0,13 = 0,03 pg/mL
para L. (V.) guyanensis. Ja a incubagao do composto com L. (V.) naiffi demonstrou a CEsoigual a
0,8+0,1e0,53+0,08 ng/mL, seguidas pela atividade em L. (V.) shawi, com a CEso de 0,25 + 0,03
e 0,30 + 0,08 pg/mL quando incubadas durante 24 e 72 h, respectivamente.

A miltefosina foi utilizada como farmaco controle e também demonstrou exercer atividade
leishmanicida nas espécies avaliadas. Deste modo, em 24 h de tratamento, as formas promastigotas
de L. (V.) shawi demonstraram maior sensibilidade; j& em 72 h, as promastigotas de L. (V.)
guyanensis foram mais suscetiveis. Em contrapartida, foi observado também que as formas
promastigotas de L. (V.) naiffi foram as mais resistentes em 24 h, assim como L. (L.) amazonensis
as 72 h (Tabela 1).

A concentracdo citotoxica 50% (CCso) foi determinada em macréfagos, sendo demonstrado
que nas respectivas 24 e 72 h de incubacao, tanto a 8-HQ (36,3 + 2,7 € 33,6 + 2,2 ug/mL), quando
a miltefosina (CCso de 42,9 = 1,3 e 32,8 + 12,0 pug/mL) demonstraram valores relativamente

aproximados em ambos periodos avaliados.



Tabela 1. A determinagdo da Concentracdo efetiva 50 (CEsy) foi realizada em promastigotas das
seguintes espécies: L. (L.) amazonensis, L. (L.) infantum, L. (V.) guyanensis, L. (V.) lainsoni, L. (V.)
naiffi e L. (V.) shawi. Macrofagos foram utilizados para a determinagdo da Concentragdo Citotoxica
50 (CCsp). As promastigotas ¢ macrofagos foram incubados com 8-HQ ou miltefosina durante 24 ou
72 h. Os resultados foram expressos como média + erro padrio de trés experimentos independentes.
*8-HQ — 8-hidroxiquinolina; * Milt — miltefosina. Os indices de seletividade (IS) foram expressos
pela razdo entre CCso e CEso e os resultados expressos por média e erro padrdo a partir de trés

experimentos independentes.

CEso (ug/mL) e indice de Seletividade (IS)

Promastigotas 72 h
8-HQ Milt 8-HQ Milt
2,9+0,3 8,5+ 0,4 1,1+0,1 16,1 £0,1
L. (L.) amazonensis
IS (12,5) IS (5,0) IS (30,5) IS (2,0)
L. (L.) infantum chagasi 2,1+£0.2 193+£1,6 0,3+0,1 7,5+1,5
IS (17,3) IS (2,2) IS (98,8) IS (4,4)
: 0,34 + 0,08 50+1,3 0,13 +0,03 1,8+0,3
L. (V.) guyanensis
IS (121) IS (8,6) IS (336) IS (18,2)
. . 0,6 +0,1 53+0,1 0,06 £ 0,01 24+0,2
L. (V.) lainsoni
IS (60,5) IS (8,1) IS (560) IS (13,7)
L (V) naiffi 0,8+0,1 23,5+5,7 0,53+0,08 13,7+0,5
IS (45,4) IS (1,8) IS (67,2) IS (2.4)
. 0,25 + 0,03 1,79+£0,09 0,31 +0,08 2,44+0,6
L. (V.) shawi
IS (181) IS (25,2) IS (108,4) IS (13,7)
CC50 (pg/mL)
Macro6fagos 36,3+2,7 429+1,3 33,622  32,8+12,0
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Nas formas amastigotas (Tabela 2), observou-se que em 24 h de incubacao com 8-HQ, L. (V.)

lainsoni e L. (V.) shawi foram as espécies mais sensiveis (CEso = 0,17+ 0,09 ¢ 0,16 + 0,01 pg/mL)

enquanto as amastigotas de L. (L.) infantum foram as mais resistentes (CEso = 2,0 £ 0,8 pg/mL);

Além disso, a 8-HQ induziu uma atividade leishmanicida intermediaria em L. (L.) amazonensis
(CEso = 1,9 = 0,1 pg/mL), L. (V.) guyanensis (CEso = 0,8 = 0,1 ng/mL) e L. ( V.) naiffi (CEso =
0,45 £ 0,02 ug/mL). Em 72 h de incubagado, as amastigotas intracelulares de L. (V.) naiffie L. (V.)
guyanensis apresentaram alta sensibilidade a 8-HQ (CEso = 0,0323 £+ 0,0002 e 0,039 + 0,002

pg/mL, respectivamente) (Figura 6), seguidas por L (L.) infantum e L. (V.) shawi,

comparativamente, as formas amastigotas de L. (L.) amazonensis foram as espécies mais resistentes

a 8-HQ (Tabela 2 e Figura 6). As formas amastigotas intracelulares de L. (V.) lainsoni tratadas com

miltefosina foram mais sensiveis, em contraste a espécie L. (L.) amazonensis, demonstrou ser a
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mais resistentes em 24 h de incubagdo. Em sequéncia, a atividade da miltefosina em 72 h
demonstrou maior sensibilidade para amastigotas de L. (L.) infantum, em contraste a maior

resisténcia apresentada pelas formas amastigotas de L. (L.) amazonensis (Tabela 2).

Tabela 2. Para determinag@o da Concentragdo efetiva 50 (CEso) macrofagos foram incubados e a infecgdo
foi realizada com as seguintes espécies: L. (L.) amazonensis, L. (L.) infantum, L. (V.) guyanensis, L. (V.)
lainsoni, L. (V.) naiffi e L. (V.) shawi, que foram incubadas com 8-HQ ou miltefosina durante 24 ou 72 h.
Os resultados foram expressos como média + erro padrdo de trés experimentos independentes. *8-HQ — 8-
hidroxiquinolina; * Milt — miltefosina. Os indices de seletividade (IS) foram expressos pela razao entre CCsy
¢ CEso, e os resultados expressos por média e erro padrio a partir de trés experimentos independentes.

CEso (ng/mL) e Indice de Seletividade (IS)

Amastigotas 24 h 72 h
8-HQ Milt 8-HQ Milt
L (L) amazonensis MOEOT 6332006 097009 35402
IS(19,1) IS (6,6) IS (37,3) IS (9,3)
L. (L.) infantum 20£0,8  41+02  0,055+0,001 0,05+ 0,01
chagasi IS(18,1) IS (10,4) IS (672) IS (656)
L (V) qoanensis | O8EOL 49209 00390002 08202
IS (453) IS (8,8) IS (1120) IS (41)
L (Vo taimsont ©A7E009 05TE0.03 0515001 188104
IS(363) IS (85,8) IS (67,2) IS (18,2)
045+002 20+03  0,0323+0,0002 0,19 0,08
L V) naiffi IS (80,6) IS (21,4) IS (1120) IS (328)

0,16 £0,01 39+04 0,218 £ 0,001 1,6 £0,5

L. (V) shawi IS (363) IS (11) IS (168) IS (20,5)
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A Figura 6 ilustra a eficacia da 8-HQ e miltefosina a 10 pg/mL durante 24 e 72 h nas formas
amastigotas intracelulares de L. (V.) guyanensis (a espécie mais suscetivel a 8-HQ em 72 h) e L.

(L.) amazonensis (a espécie mais resistente a 8-HQ em 72 h).

Controle Infectado

L. (V) guyanensis Miltefosina 10pg/mL

§ ¥ pp € N
s e e '
§ topm »

Controle infectado
L. (L.) amazonensis

<
g ' %
iy e o %
- e 2
.| ™ i

!q =N

8-HQ 10ug/mL

8-HQ 10pug/mL

&, .

Figura 6. Macrofagos derivados da medula 6ssea foram infectados com L. (V.) guyanensis ou L. (L.)
amazonensis ¢ tratados com diferentes concentra¢des de 8-HQ ou miltefosina durante 24 h ou 72 h. Esta

figura ilustra a agdo de ambas as drogas a 10 pg/mL.
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Os resultados apresentados acima demonstram que nos experimentos in vitro a 8-HQ
desempenhou atividade leishmanicida nas espécies:L. (L.) amazonensis, L. (L.) infantum, L. (V.)
guyanensis, L. (V.) lainsoni, L. (V.) naiffi e L. ( V.) shawi em 24 e 72 horas de incubacao. Contudo,
ressalta-se que para formas promastigotas e amastigotas, as espécies do subgénero Viannia foram
mais sensiveis a 8-HQ, eliminando ambas as formas do protozoario com alta seletividade. Além
disso, as 72 h de tratamento, o composto foi 18,36 e 11,02 vezes mais seletivo para promastigotas
de L. (V.) lainsoni e L. (V.) guyanensis do que L. (L.) amazonensis e 30 vezes mais seletivo para
amastigotas de L. (V.) naiffi e L. (V.) guyanensis do que L. (L.) amazonensis, a espécie menos
suscetivel tratada com 8-HQ. Em sequéncia, L. (V.) shawi foi a terceira espécie mais suscetivel a
8-HQ em comparacdo as demais avaliadas; em contrapartida, L. (L.) infantum chagasi foi o
segundo parasita mais resistente a 8-HQ.

Apesar da maior sensibilidade apresentada pelas espécies do subgenero Viannia, a 8-HQ
foi capaz de exercer atividade leishmanicida nos parasitos do subgénero Leishmania, que foram
eliminados com alta seletividade, se comparados as incubagdes realizadas com miltefosina, que foi
utilizada como farmaco controle para leishmaniose nestes experimentos. Trabalhos anteriores
avaliaram a atividade da 8-HQ in vitro em espécies do subgenero Leishmania, demonstrando alta
seletividade da substancia as 48 horas de incubagdo, com a CEso de 0,05 pg/mL (IS 328) e CEso de
0,26 ng/mL (IS 62), para L. (L.) amazonensis e L.(L.) infantum, respectivamente (104). Da mesma
forma, as promastigotas de L. (V.) braziliensis foram eliminadas pela acdo da 8-HQ com CEso de
0,35 pg/mL (SI ~ 47); além disso, a 8-HQ reduziu as formas amastigotas intracelulares de L. (V.)
braziliensis com maior eficicia em comparagdao a anfotericina B (104). Assim, os dados
apresentados neste trabalho corroboram a solida eficacia e seletividade da 8-HQ para eliminar
Leishmania sp. e reforgar o potencial de tal composto para produzir medicamentos novos e eficazes
para combater esta infeccao.

Reforca-se também que além do alto efeito leishmanicida, a 8-HQ exibiu baixa
citotoxicidade em macrofagos, resultando nos elevados indices de seletividade apresentados pelo
composto em 24 h (IS 12,5 —363) e em 72 h (IS 30,5 a 1120), em comparagdo a miltefosina que
apresentou a variacdo dos IS de 1,8 a 85,8 e 2 a 656 durante 24 e 72h de incubagdo,

respectivamente.
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4.2. Avaliacio da producio de 6xido nitrico em macrofagos infectados

Considerando que a 8-HQ foi capaz de exercer alta atividade leishmanicida em formas
promastigotas e amastigotas, investigou-se se o mecanismo de agdo do composto estava
relacionado a producao de peroxido de hidrogénio e/ou 6xido nitrico.

Na comparagao com o controle infectado (iM®) e macréfago controle ndo infectado (M®), os
macrofagos infectados com L. (L.) amazonensis (Figura 7A), L. (L.) infantum (Figura 7B) que
foram tratados com 8-HQ demonstraram a diminui¢ao do NO intracelular nas incubagdes com 1,25
— 5 pg/mL durante 24 h. Por outro lado, quando tratados com 10 pug/mL de 8-HQ, as células
infectadas por L. (L.) amazonensis restauraram a capacidade de produzir NO, em comparagao aos
controles.

Do mesmo modo, a comparag¢ao com o controle infectado em 72 h de incuba¢do demonstrou
que macrofagos infectados com L. (L.) amazonensis e tratados com 10 pg/mL de 8-HQ
apresentaram niveis mais elevados de NO intracelular (p<0,05). Por outro lado, quando
comparados ao controle infectado, macréfagos infectados por L. (L.) infantum chagasi e tratados
com 8-HQ demonstraram maior produg¢dao de NO em todas as concentragdes de 8-HQ (p<0,05).
Adicionalmente, observou-se que a incubagdo por 8-HQ aumentou os niveis de NO produzidos
pelos macrofagos na passagem de 24 h para 72 h (p<0,05).

Na infecgdo por L. (V.) guyanensis (Figura 7C), L. (V.) lainsoni (Figura 7D), L. (V.) naiffi
(Figura 7E) e L. (V.) shawi (Figura 7F) foi observado um padrao diferente de producdo de NO. Na
comparacdo de 24 h de incubagdo com seus respectivos controles infectados, macrofagos
infectados por L. (V.) lainsoni ou L. (V.) naiffi que foram incubados 8-HQ (1,25 -10 pg/mL)
reduziram expressivamente a produ¢do de NO. J4 as infecgdes causadas por L. (V.) guyanensis ou
L. (V.) shawi nao demonstraram qualquer modificacdo relacionada ao nivel de NO. Em 72 h
macrofagos infectados com L. (V.) lainsoni e tratados com 1,25 — 5 pg/mL exibiram uma redugao
significativa nos niveis de NO em comparac¢ao com o controle infectado, porém quando as células
infectadas foram tratadas com 10 pg/mL houve a restauragdo nos niveis de NO em relacdo aos
niveis do grupo iM®. No mesmo periodo de incubagdo, macréfagos infectados por L. (V.)
guyanensis mostraram menor producdo de NO em todas as concentragdes de 8-HQ quando
comparadas a iIM®. Em sequéncia, a 8-HQ nao alterou a producao de NO na infec¢do causada por

L. (V.) naiffi e L. (V.) shawi em comparacao com 0s respectivos controles infectados.
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Adicionalmente, em macrofagos infectados por espécies do subgénero Viannia, os niveis de
NO foram maiores em 72 h do que em 24 h de incubagdo com 8-HQ. Macrdfagos incubados com
LPS durante 24 ou 72 h produziram niveis mais elevados de NO em comparagao com todas as
condigdes experimentais (dados ndo mostrados). A produgcdo de NO a partir de macrofagos

controles (M®) foi considerada o fundo da reagdo.
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Figura 7. Macrofagos foram infectados por espécies do subgénero Leishmania: L. (L.) amazonensis (A); L.
(L.) infantum (B); e subgénero Viannia: L. (V) guyanensis (C); L. (V.) lainsoni (D), L. (V.) naiffi (E); L (V)
shawi (F). Ap6s a infeccao, os macrofagos foram tratados com 8-HQ (1,25 -10 pg/mL) durante 24 e 72 h e
a produgdo de 6xido nitrico intracelular foi determinada. O LPS foi utilizado como controle positivo (dados
ndo mostrados) e macrofagos ndo infectados e ndo tratados (M®) foram considerados controle negativo da
reacdo. Os resultados foram expressos por média e erro padrdo. A letra “a” demonstra resultados que
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apresentaram diferenca significativa (p<0,05) na comparagao entre macréfagos infectados e tratados por 8-
HQ (1,25 -10 pg/mL) e macréfagos infectados (iM®) em 24 h, e a letra “b” a comparagdo em 72 h.

Determinados compostos podem aumentar a atividade respiratoria das células hospedeiras
durante a fagocitose e processos infecciosos, resultando na producdo de espécies reativas de
oxigénio e/ou nitrogénio, que podem causar a eliminacdo de patdgenos intracelulares (116,117).
Nesse sentido, foram realizados testes para a detec¢ao de perdxido de hidrogenio (H202) e NO no
sobrenadante das células, que ndo puderam ser observados nas culturas de macrofagos infectados;
contudo, a presenca de NO intracelular foi identificada.

Em geral, as 24 h de incubagdo com 8-HQ foi detectada a redugdo de NO em macrofagos
infectados por espécies de Leishmania sp. em comparagdo aos respectivos controles. Por outro
lado, com o aumento da concentragdo de 8-HQ (10 pg /mL) os macréfagos infectados tratados
apresentaram baixa quantidade de formas amastigotas, assim como uma tendéncia a normalizar os
niveis de NO. Possivelmente, o composto ndo foi capaz de exercer uma atividade
imunomoduladora no periodo inicial de incubagao, sobretudo nas concentragdes de 1,25 - 5 pg/mL,
pois em infecgdes por Leishmania sp. a producdo de NO pela 8-HQ pode estar relacionada a um
mecanismo de ac¢do secundario do composto nos periodos iniciais de infecgdo. Estudos anteriores
demonstraram que o tratamento com 8-HQ induziu a alteragdo no potencial de membrana
mitocondrial em Leishmania sp. incubadas por 24 h, indicando que esta seja a principal via de acao
do composto para desempenhar tal efeito leishmanicida (104,118). Por outro lado, a alta
concentracao de 8-HQ poderia modular a produgdo de NO as 24 h, como visto em macrofagos
infectados e tratados com 10 pg/mL do composto.

Em especial, a atividade modulatoria da 8-HQ foi potencializada as 72 horas de tratamento, nas
infec¢des causadas pelo subgénero Leishmania, onde foi vista a produgdo de NO nos macrofagos
infectados por L. (L.) amazonensis ou L. (L.) infantum e tratados em todas as concentragdes de 8-
HQ avaliadas no experimento (1,25 — 10 pg/mL).

Tendo em vista que estas espécies foram consideradas as menos suscetiveis ao composto, €
justificavel a auséncia de producao de NO as 24 h. Estudos anteriores mostraram que o tratamento
com 8-HQ em 48h de incubagdo ndo levou a producdo de NO na infec¢do de macréfagos por L.
(L.) infantum e L. (L.) amazonensis (104,107). A auséncia de NO intracelular neste estudo deve
indicar que no tratamento com 8-HQ a producao de NO ¢ um processo tardio, além disso, sugere

também que a atividade imunomoduladora pode desempenhar um papel secundario nos
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mecanismos leishmanicidas. Todavia, a producdo de NO por macréfagos peritoneais de
camundongos BALB/c infectados com L. (L.) amazonensis foi observada apds 72 h de tratamento
com um agonista TLR7/8 a base de imidazoquinolina (derivado da quinolina), que resultaram
também na eliminacdo de formas amastigotas (119). Outro estudo utilizando macréfagos
infectados por L. (L.) infantum demonstrou o aumento na produ¢do de NO quando tratados com
quinolina (120); sugerindo que compostos estruturalmente relacionados podem compartilhar
propriedades biologicas semelhantes, e possivelmente a estimulagdo de NO ¢ um processo
secundario e tardio, como foi observado no presente estudo.

Adicionalmente, a 8-HQ demonstrou possuir um efeito tempo dependente nas espécies do
subgénero Leishmania. Como visto anteriormente, em amastigotas intracelulares de L. (L.)
amazonensis a 8-HQ apresenta uma CEso de 1,9 pg/mL em 24 h de incubagao e a CEso de 0,9
pg/mL em 72 h. Do mesmo modo, em amastigotas intracelulares de L. (L.) infantum a CEso de 2
pg/mL em 24 h incubagao reduziu consideravelmente as 72 h do tratamento com 8-HQ (CEso de
0,05 ng/mL). Esses resultados demonstram que as concentragdes necessarias para eliminar 50%
dos parasitos vidveis as 72 h de incubagdo reduziram em 52,6% e 97% para espécies de L. (L.)
amazonensis € L. (L.) infantum respectivamente; deste modo, podem ter contribuido como estimulo
para potencializar a produgdo de NO intracelular nas espécies mais resistentes ao composto.

Por outro lado, foi observado que em 72 h macrofagos infectados com L. (V.) guyanensis e L.
(V.) lainsoni e tratados com 8-HQ diminuiram os niveis de NO; e ainda que nenhuma alteragao nos
niveis de NO foi observada em macréfagos infectados com L. (V.) naiffi e L. (V.) shawi.

Possivelmente a reducao de NO nos grupos tratados ocorreu em fungdo da comparacdo ao
grupo de macrofagos infectados por L. (V.) guyanensis e L. (V.) lainsoni, que apresentou um
aumento expressivo de NO quando comparados aos macrofagos ndo infectados, sugerindo que a
partir do tratamento com 8-HQ houve a regulagdo nos niveis de NO intracelular nas espécies do
subgénero Viannia.

Corroborando com nossos resultados um estudo anterior utilizando alcaloides quinolinicos
demonstrou que macrofagos infectados por L. (V.) panamensis apresentaram redugao na produgao
de NO ap6s 48 h de incubagdo (121). Esses resultados indicaram que houve uma alteragao
metabodlica nos macréfagos, resultando na resolucao da explosao oxidativa e consequente resolucao

da fase de infecgao (122,123).
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Deste modo, a partir da acdo terapéutica da 8-HQ os macréfagos apresentaram um nimero
baixo de amastigotas intracelulares remanescentes, sugerindo que com a atividade leishmanicida
dos compostos nas células hospedeiras, os niveis de NO tendem a ser normalizados (relacionados
ao M®), se aproximando dos niveis de NO produzidos por macréfagos nao infectados, apesar de
ainda serem considerados elevados. Além disso, a reducao nos niveis de NO em comparagao aos
macréfagos infectados ndo deve ser considerada como uma recuperagdo no nimero de formas
amastigotas, uma vez que as 72 h o indice seletivo da 8-HQ aumentou na infec¢do causada por

estas espécies em comparacao com 24 h.

4.3. Produciao do creme contendo 8-HQ, avaliacdo do tamanho de particulas

Considerando que a 8-HQ apresentou seletividade superior a miltefosina em formas
promastigotas e amastigotas de espécies cutaneas de Leishmania sp., foram idealizados estudos
para avaliar a eficacia deste composto administrado como um creme dermatolédgico.

Apo6s producao do creme, foi realizada uma analise para verificar tamanho de particulas. Neste
caso, observou-se que a distribui¢cao 10% (D10) de todas as formulagdes apresentaram tamanho de
particula de aproximadamente 10 um (Figura 8). A base de Beeler e a formulacdo contendo 1% de
8-HQ apresentaram 50% (D50) das particulas em torno de 25 pm, porém, a formulacao contendo
2% de 8-HQ apresentou um aumento significativo em D50 (51,27 um) em comparacdo com a base
de Beeler ¢ formulagao 1%. A base de Beeler e a formulacao de 1% exibiram D90 semelhantes,
com 90% das particulas com tamanho de 92,84 ¢ 89,93 um, respectivamente. Em contraste, a
formulagdo 2% apresentou o maior tamanho de particula (146,77 um) em comparagao a todos os

cremes.
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Figura 8. Tamanho de particulas da base de Beeler e dos cremes com 1 ou 2% de 8-HQ indicando que 10%
(D10), 50% (D50) e 90% (D90) das particulas possuem o diametro (um) indicado no eixo Y. *<0,05 entre
as porcentagens de particulas do mesmo grupo de creme. Em “a” e “b” os resultados de D50 e D90 do creme
2% sdo <0,05 em relagdo a D50 e D90 dos grupos de Beeler e creme 1%, respectivamente.

Como abordado anteriormente, o creme 1% apresentou um tamanho de particula semelhante a
base de Beeler, indicando que a 8-HQ ¢ dispersa homogeneamente e provavelmente solubilizada
dentro da emulsdao. No entanto, o creme com 2% de 8-HQ apresentou tamanhos aumentados de
suas particulas em D50 e D90, que provavelmente foram atribuidos a quantidade de particulas de
8-HQ que permaneceram parcialmente insoltiveis apos a incorporagao no creme, resultando em
particulas de 8-HQ suspensas no interior do creme base.

Deste modo, quando a 8-HQ permanecer suspensa na base do creme provavelmente ndo sera
capaz de permear a pele e apenas a fragdo solubilizada podera atravessar a barreira cutanea. Estes
fatores indicam que o creme 1% pode possuir maior quantidade de 8-HQ na forma solubilizada em
comparacdo com o creme a 2%, pois goticulas de menor tamanho de particula t€ém maior
probabilidade de incorporar na emulsdo (124). Todavia, o creme 2% apresentou particulas
polidispersas, com tamanhos menores que 210 pm. Deste modo, mesmo em menor quantidade, as

particulas do creme 2% com menores tamanhos, devem possuir capacidade de permeacao na pele
(125).
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4.4. Analise da permeacio

Considerando a distribui¢ao do tamanho de particulas, observa-se que os cremes contendo 1 e
2% de 8-HQ possuem caracteristicas morfologicas que permitem a permeagao cutanea. Por tal
razdo foram realizados estudos de permeacao cutanea empregando células de Franz contendo 1 e
2% de 8-HQ em pele suina, bem como com uma membrana artificial (membrana Strat-M®)
projetada para mimetizar a pele humana. Em relagdo ao teste de permeagdo cutdnea empregando
pele suina, observou-se que o fluxo em estado estacionario foi 1,57 maior com creme 1% em
relagdo ao 2% (p < 0,05). Por outro lado, as membranas artificiais apresentaram similaridade nos
resultados relacionados ao fluxo em estado estacionario dos cremes de 1 ou 2%.

Na pele suina o creme 1% demonstrou parametros 3,33 e 3,18 vezes maiores quando ao
coeficiente de permeabilidade e coeficiente de difusdo, respectivamente, se comparado com creme
de 2%. Contrariamente, as membranas artificiais ndo demonstraram qualquer diferenca
significativa em relacdo a tais parametros quando os cremes 1 e 2% foram comparados. Por fim,
os tempos de laténcia foram semelhantes para os testes de pele suina, bem como para as membranas
artificiais incubadas com cremes a 1 ou 2%.

Tabela 3. O ensaio de permeacdo cutanea foi realizado isoladamente em peles de suinos ou membranas

artificiais (Strat-M®) que foram incubadas com os cremes contendo 1 ou 2% de 8-hidroxiquinolina. *p<0,05
entre os cremes contendo 1 ¢ 2% de 8-HQ em um mesmo modelo de membrana

Pele de suino Membrana Strat-M®
Parametros Creme 1% Creme 2% Creme 1% Creme 2%
Fluxo estacionario (pug/cm?/h) 40,24 +1,09 2555+1,21* 30,66 + 3,25 33,49 + 6,09
Tempo de laténcia (h) 0,46 + 0,03 0,60+0,16 0,35 +0,03 0,24 £ 0,05
Coeficiente de permeabilidade (mm?*/h) 0,20+ 0,02 0,06 = 0,003* 0,31 + 0,03 0,24 + 0,03
Coeficiente de difusao (um/h) 33,83 + 4,68 10,63 + 0,50* 9,20 +£0.97 7,33+ 0,87
8-HQ retida na pele (ng/mg) 0,20+ 0,02 0,17 +£ 0,04 0,10 £ 0,01 0,12 +0,01

Apo6s 360 minutos, foram coletados fragmentos da pele suina, os quais foram avaliados do
ponto de vista histopatoldgico. Nesse contexto, verificou-se que os cremes contendo 1 (Figura 9A)
ou 2% (Figura 9B) de 8-HQ ndo provocaram alteragdes na morfologia das peles de orelha dos
suinos, uma vez que a epiderme, derme superficial e profunda, glandulas, foliculos e capilares
foram preservados. A partir da preservagao da integridade histologica da pele dos suinos sugere-se

que os cremes foram seguros, permitindo dar seguimentos as analises in vivo.
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Figura 9 - Apoés a analise de permeagdo cutdnea em células de Franz, os fragmentos de pele de suino foram
submetidos a rotina histologica e corados com hematoxilina e eosina (HE). A prancha histologica demonstra
o creme com 1% de 8-HQ (A) e creme com 2% de 8-HQ (B). (Barras 10 um).

Tendo em vista que o creme 2% apresentava maiores concentragdes de 8-HQ que o creme 1%,
inicialmente foi esperado que os parametros mais favoraveis a permeacdo do composto pela
membrana fossem exibidos pelo creme 2%. Todavia, de modo geral o creme 1% exibiu maior fluxo
estacionario, coeficiente de permeabilidade e difusdo. Tais resultados podem ser justificados
novamente pelo tamanho das particulas encontradas em cada formulagdo, sugerindo que
possivelmente a discrepancia para menor permeabilidade do creme 2% possa estar relacionada ao
elevado tamanho de particulas que nao puderam ser solubilizadas na emulsdao e por tanto, nao
permearam a pele suina se comparadas a maior permeacao das particulas presentes no creme 1%,
que possuiam particulas menores.

Contudo, embora o creme 1% tenha demonstrado parametros mais favoraveis a permeacao,
ambos foram eficientes em permear a membrana suina. Além do tamanho das particulas presentes
nos cremes, a permeacao da 8-HQ através da pele pode ter sido potencializada pela funcido de
alguns componentes presentes na base de Beeler como: o propilenoglicol que pode solubilizar
drogas hidrofobicas, permitindo a permeagdo da 8-HQ pela membrana (126); e o lauril sulfato de
sodio que ¢ capaz de reduzir a resisténcia do estrato corneo, facilitando a penetracao da 8-HQ (127).

E importante ressaltar ainda que, na pele suina tratada com creme contendo 1% ou 2% de 8-
HQ o coeficiente de difusdo apresentado por ambos os cremes foi de 17,80 ou 5,60 vezes mais 8-
HQ, respectivamente, do que a concentracdo efetiva de 8-HQ capaz de eliminar 50% (CEso) das
formas amastigotas intracelulares de L. (L.) amazonensis, que foi previamente estimada em 1,9

png/mL apos 24 h de incubagdo (Tabela 2). Adicionalmente, constatou-se que os cremes contendo
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8-HQ nao promoveram modificacdes na estrutura histologica da pele suina, indicando assim, a
seguranca destes cremes para aplicagdo in vivo.

Quando avaliados em membrana artificial (Strat-M®) ndo foram observadas diferencas
significativas entre os cremes 1 ou 2%. A semelhanga entre os parametros de permeabilidade dos
cremes expressos nos testes com a membrana Strat-M® pode ter ocorrido pois no experimento
foram utilizadas doses infinitas de creme 1 ¢ 2%, indicando que a massa de creme espalhada sobre
a area da membrana pode estar acima da capacidade méxima toleravel para que haja a absor¢ao de
8-HQ. Deste modo, ao atingir a capacidade maxima de permeacdo as demais particulas
permaneceriam suspensas no compartimento doador da célula de Franz, em razao da saturagao da
membrana artificial, resultando na similaridade dos pardmetros de permeagdo dos cremes 1 e 2%
apresentados na membrana Strat-M®.

Um estudo anterior comparou parametros de permeabilidade das membranas artificiais Strat-
M® e pele de suinos aplicando compostos com dose finita e dose infinita, onde os resultados
mostraram que a membrana artificial ndo foi um bom indicador de permeabilidade para aplicacao
de doses infinitas se comparado a pele de suinos (128).

Ainda considerando a membrana Strat-M®, o coeficiente de difusdo de ambos os cremes
também demonstrou ser superior a CEso da 8-HQ em amastigotas de L. (L.) amazonensis. Reforca-
se que as discrepancias na permeacio dos cremes através da pele suina e das membranas Strat-M®
podem estar vinculadas a disparidade na estrutura histologica complexa da espessura da pele suina
em comparacdo com a membrana artificial (112,129). No entanto, os resultados obtidos em ambas
as condi¢des experimentais corroboram de maneira contundente a eficacia das formulagdes topicas
que incluem 8-HQ.

Uma formulagao de creme com 2% de iodocloridroxiquinolina, derivado de 8-HQ, foi testada
em humanos e demonstrou uma absor¢ao percutanea significativa de 40% do composto apos 12
horas da aplicacdo (130). Adicionalmente, a formulacdo de cremes e pomadas com 8-HQ foi
estudada em pacientes com dermatoses generalizadas durante 10 dias, onde foi demonstrada a
absor¢do de 0.3 — 1.3 pg/mL de 8-HQ apos 24 horas de aplicacdo, além da meia-vida sérica do
composto que durou entre 19 a 30 horas (131); demonstrando que a formulagao topica da 8-HQ
apresenta a capacidade de permear a pele humana e uma longa duracdo apos atingir a corrente

sanguinea. No mesmo estudo, os pacientes ndo demonstraram nenhum sinal de toxicidade severa
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com o uso dos cremes, sugerindo que além da atividade leishmanicida, a formulacao topica com

8-HQ pode ser um método seguro para o tratamento de leishmaniose cutanea em humanos.

4.5. Avaliacio das alteracoes histologicas de pele de camundongos BALB/c
saudaveis tratados com cremes 1 e 2%.

Durante 14 dias camundongos BALB/c sadios foram tratados com 1.6 mg de base de Beeler,
cremes 1 e 2% de 8-HQ por via topica ou com Glucantime® 50 mg/kg por via intralesional. Apos
o periodo de tratamento os animais foram eutanasiados, fragmentos de pele foram coletados,
submetidos a rotina de processamento histologico e em sequéncia corados com hematoxilina e
eosina (HE).

Seccoes histologicas da pele de animais sauddveis nao submetidos a tratamento revelaram uma
morfologia normal da epiderme, derme, assim como das glandulas, foliculos capilares e capilares
sanguineos (Figura 10A). De maneira andloga, a pele dos animais tratados com a base de Beeler
(Figura 10B), creme contendo 1% (Figura 10C) ou 2% (Figura 10D) de 8-HQ exibiu uma
morfologia semelhante ao grupo controle (Figura 10A).

Por outro lado, a pele dos animais tratados com Glucantime® por via intralesional exibia uma
area focal de inflamagdo na derme caracterizada por infiltragdo de células mononucleares e

polimorfonucleares (Figura 10E).
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Figura 10. Cortes histologicos da pele de BALB/c corados com hematoxilina e eosina (HE) demonstrando
a estrutura das camadas apés tratamento topico durante 14 dias. Grupo controle nao tratado (A), Grupo
tratado com a base de Beeler pela via topica (B), Grupo tratado com o creme contendo 1% de 8-HQ pela
via topica (C), Grupo tratado com a creme contendo 2% de 8-HQ pela via topica (D); e Grupo tratado com
Glucantime® pela via intralesional (E). As setas sinalizam 4reas de inflamagao tecidual (Barras 20 pm).

Os resultados histologicos relacionados ao infiltrado inflamatério identificado no
tratamento intralesional com Glucantime® (50 mg/kg) podem ser atribuidos a capacidade do
farmaco em aumentar a atividade fagocitica de mondcitos e neutrofilos, elevar a producao de
superoxido, assim como a sintese de TNF-a e NO (132). Esses mecanismos justificam a inflamagao
observada na pele. Além disso, os animais foram submetidos ao tratamento intralesional, o que
pode induzir uma resposta inflamatéria devido a uma lesdo mecanica (133). Em sintese, os
resultados sugerem que os cremes com 1% ou 2% de 8-HQ preservaram a morfologia da pele apos
14 aplicacdes topicas, validando sua consideracdo como formulagdes topicas seguras para

investigacdo no modelo experimental de leishmaniose cutanea.
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4.6. Avaliacio da eficacia dos cremes contendo 8-HQ na leishmaniose cutinea
experimental

Os camundongos BALB/c infectados na base da cauda foram tratados diariamente a partir
da 5* semana de infeccao, por via topica com 1,6 mg dos cremes contendo 1% ou 2% de 8-HQ;
base de Beeler ou com o medicamento de referéncia Glucantime® pela via intralesional.

Na 6 semana PI (Figura 11) o grupo tratado com o creme 1% ou 2% de 8-HQ apresentou
diminuig¢do significativa no tamanho das lesdes cutineas (em 34,5% e 49,5% respectivamente), em
comparacdo aos animais infectados, nos quais as lesdes aumentaram progressivamente. Na 7%
semana, os tratamentos topicos com o creme 1 e 2% continuaram a reduzir significativamente
(p<0,05) o tamanho da lesdo quando comparados aos animais infectados e o grupo tratado com
base de Beeler. Contudo, refor¢a-se que na ultima semana de tratamento a maior reducdo foi
observada no grupo tratado com o creme contendo 1% de 8-HQ em comparacao aos grupos tratados
com creme contendo 2% de 8-HQ. Os animais tratados com Glucantime® (50 mg/kg) por via
intralesional também demonstraram redu¢do do tamanho de lesdo na ultima semana de tratamento,
quando comparados ao grupo infectado e ao grupo tratado com a base de Beeler. A lesdo dos

animais tratados com creme base de Beeler teve um aumento progressivo ao longo do tempo.
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Figura 11. Para a mensuragdo do didmetro da lesdo (A), os camundongos BALB/c foram infectados na
base da cauda com 10° formas promastigotas de L (L.) amazonensis. Ao final da 4* semana de infecgdo os
animais foram submetidos ao tratamento com creme de 8-HQ a 1% ou 2%. O Glucantime® (50 mg/kg) foi
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considerado o farmaco controle no experimento. Os animais receberam a aplica¢do Unica dos tratamentos
por 14 dias consecutivos e tiveram o didmetro das lesdes mensuradas semanalmente por um micrometro.
*p<0,05 em relagdo ao grupo infectado. #p<0,05 na comparacdo entre o creme 1% e os demais grupos.
Imagem do tamanho da lesdo na cauda dos camundongos BALB/c referentes aos grupos: infectado
(controle), e infectados e tratados com base de Beeler, creme 1% ou 2% de 8-HQ, e Glucantime (50 mg/kg),
apos o final do periodo experimental (B).

Os animais submetidos ao tratamento apresentaram uma diminui¢do significativa no
tamanho das lesdes cutdneas apds a primeira semana, em comparagdo ao grupo de controle e ao
grupo tratado exclusivamente com o creme Beeler, indicando que ambos os cremes efetivamente
influenciaram a evolugao das lesdes cutaneas nos camundongos BALB/c. Ainda, observou-se que
o creme 1% induziu a redug@o mais expressiva do tamanho da lesdo em comparagdo aos animais
tratados pela via topica com creme 2% e os animais tratados pela via intralesional com
Glucantime®.

Conforme observado anteriormente, sugere-se que este achado biologico pode estar
relacionado ao menor tamanho das particulas do creme 1% que conferiu maior solubilidade da 8-
HQ na emulsdo impactando diretamente no aumento da permeabilidade e coeficiente de difusao
através da pele suina quando comparado ao creme 2%.

Em estudos anteriores a redugdo do diametro da lesdo também foi observada em
camundongos BALB/c infectados por L. (L.) amazonensis e tratados subcutaneamente durante 15
dias com 5 ou 10 pg/mL de 8-HQ (104,134); mostrando que o composto pode exercer um efeito
terapéutico em infecgdes por L. (L.) amazonensis, € que ainda preserva sua efetividade quando

utilizado pela via de administracdo topica.

4.7.Avaliacdo de carga parasitaria

Por meio do ensaio de dilui¢do limitante (Figura 12A) foi visto que os tratamentos com o
creme a 1% e 2% de 8-HQ levaram a uma redugdo significativa da carga parasitaria na pele em
90,43% e 84,19% respectivamente, quando comparados ao controle infectado. O grupo tratado com
Glucantime® (50 mg/kg) apresentou 98,24% de redugdo na carga parasitaria da pele, e o nivel de
parasitismo para os animais infectados (controle) e os animais tratados com base de Beeler foi
similar.

No linfonodo inguinal os grupos tratados com o creme 1% e 2% apresentaram reducdo
significativa da carga parasitaria em 91,95% e 87,06%, respectivamente, quando comparados ao

controle infectado e ao creme Beeler (p<0,05) (Figura 12B). O grupo tratado com Glucantime®
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reduziu a carga parasitaria do linfonodo em 94,73%. Os animais infectados e os animais infectados
tratados com base de Beeler ndo apresentaram diferenca significativa em relagdo a carga parasitaria

no 6rgdo avaliado.
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Figura 12. Para avaliagdo de carga parasitaria camundongos BALB/c foram infectados na base da cauda
com 10° formas promastigotas de L (L.) amazonensis; ao final da 4* semana de infec¢do os animais foram
submetidos ao tratamento com creme de 8-HQ a 1% ou 2%. O Glucantime® (50 mg/kg) foi considerado o
farmaco controle no experimento. Os animais receberam a aplicacdo Uinica dos tratamentos por 14 dias
consecutivos. A carga parasitaria foi determinada pelo ensaio de dilui¢ao limitante. *p<0,05 na comparagao
ao grupo infectado e Beeler em relagdo ao tratamento com o creme de 8-HQ a 1% ou 2%, e Glucantime®.

Somada a redu¢do do tamanho das lesdes cutaneas, foi observada diminui¢ao significativa

na carga parasitaria da pele e no linfonodo inguinal dos animais tratados com cremes contendo 1
ou 2% de 8-HQ.
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Estudos utilizando a 8-HQ como tratamento para a infeccao por L. (L.) amazonensis em
camundongos BALB/c também demonstraram a redugdo de carga parasitaria na pele, bago, figado
e linfonodo, bem como a redugdo no diametro da lesdo da cauda apds 15 dias de tratamento, em
comparacao aos animais infectados, porém nos estudos em questdo os animais foram tratados
subcutaneamente ¢ intralesionalmente (105,135). Esses resultados demonstram que a 8-HQ pode
exercer atividade leishmanicida na infecg¢do experimental por L. (L.) amazonensis, € que as
caracteristicas fisicas da 8-HQ como o tamanho de particula e alguns componentes da base de
Beeler como o lauril sulfato de sddio e propilenoglicol podem ter facilitado a solubilizagdo e a
permeacao de 8-HQ, impactando diretamente na redugdo significativa da carga parasitaria da pele
e linfonodo dos animais tratados topicamente.

Além disso, considerando que a leishmaniose cutdnea anérgica difusa seja uma
manifestacdo clinica caracterizada por muitas lesdoes espalhadas pelo corpo do hospedeiro, e
apresente alta gravidade entre outras manifestacoes clinicas da leishmaniose, estes dados
demonstraram que os tratamentos topicos possuem caracteristicas vantajosas em comparagdo a via
parenteral, como a necessidade de baixa dosagem cumulativa para um atingir efeito terapéutico,
além de toxicidade sistémica reduzida e a facilidade da autoaplicacdo com nivel de incomodo
reduzido, que podem contribuir para que os pacientes deem continuidade ao tratamento.

Deste modo, sugere-se que o tratamento topico a base de 8-HQ apresentou vantagens
quando comparado ao tratamento intralesional por 8-HQ ou Glucantime®; reforga-se ainda que a
formulacdo dos cremes 1 e 2% seguiu os critérios estabelecidos pelo DNDi aplicaveis para
experimentagao in vivo, como: o desenvolvimento de farmacos de uso tdpico ou oral que cumpram
um regime de tratamento de aproximadamente 14 dias, com facil aplicacao e que preferencialmente

demonstre a redugdo do tamanho das lesdes nos hospedeiros (87).

4.8. Alteracoes histopatologicas em pele de animais infectados e tratados

Os cortes histoldgicos de pele de camundongos BALB/c infectados (Figura 13A) e do grupo
tratado com creme base de Beeler (Figura 13C) revelaram, na avaliacdo histopatologica, um
aumento significativo no nimero de macrofagos infectados em ambos os grupos experimentais
(detalhado em B e D). Esse aumento estava associado a um infiltrado inflamatorio intenso e difuso,
apresentando poucos linfocitos, mas uma expressiva quantidade de células mono e
polimorfonucleares. Além disso, observaram-se areas de necrose na derme profunda (indicadas

pela cabega de seta).
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Diferentemente destes animais, foi observado que os grupos tratados topicamente com
creme 1% (Figura 13E) ou 2% (Figura 13G) exibiram uma resposta inflamatdéria moderada, em
comparacao ao controle. Além disso, os infiltrados inflamatorios eram compostos principalmente
por células mononucleares, adicionalmente observou-se que a densidade de parasitos foi menor em
relacdo ao grupo infectado (detalhes na inser¢do em F e H). Igualmente, a avaliagdo histopatologica
da pele de camundongos BALB/c, tratados com Glucantime® por via intralesional (50 mg/kg),
revelou a presenca de um infiltrado inflamatdrio intenso e difuso, predominantemente composto
por células mononucleares (Figura 13I). Adicionalmente, foram identificadas algumas formas
amastigotas em macrofagos, detalhadas na inser¢@o J. No entanto, areas focais de necrose tecidual

foram evidenciadas na derme profunda (indicadas pela cabeca de seta na figura J).
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Figura 13. Fragmentos de pele de camundongos BALB/c infectados por L. (L.) amazonensis foram
submetidos a0 processamento histoldgico e corados com Hematoxilina e eosina (HE). A prancha
histolégica demonstra o controle infectado (A e B); o tratamento topico com creme 1% de 8-HQ (C e D);
tratamento topico com creme 2% de 8-HQ (E e F); tratamento por via intralesional com 50 mg/kg de
Glucantime® (G e H). A estrutura da derme e epiderme de cada grupo ¢ detalhada em A, C, E ¢ G; o
parasitismo tecidual ¢ detalhado em B, D, F e G. A necrose pode ser observada na ponta das setas (Barras:
40 pm).
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A histopatologia na infecgao por L. (L.) amazonensis ¢ geralmente caracterizada por um
infiltrado inflamatdrio intenso e difuso por toda pele causado predominantemente por macrofagos
altamente infectados, muitas células polimorfonucleares e poucos linfocitos (136—138); o que
corrobora com nossos achados.

Neste sentido, numa infeccdo progressiva as células polimorfonucleares como os
neutrofilos estdo relacionadas aos momentos inicias de infec¢do, pois sdo células que se dirigem
rapidamente ao local do inoculo, sugerindo atuagdo das alarminas (moléculas enddgenas que
sinalizam dano tecidual) (139). Apesar de serem capazes de eliminar formas promastigotas pelas
armadilhas extracelulares de neutrofilos- NETS, produzindo um ambiente pré-inflamatorio (140);
essas células podem facilitar a propagacdo do parasito durante a infecgdo, transferindo
promastigotas silenciosamente para macréfagos, através da fagocitose de neutrofilos apoptoticos
(30).

Os neutréfilos também foram encontrados em lesdes cutaneas nao cicatrizadas de pacientes,
indicando induzir uma patologia tecidual imunomediada (141). Além disso, em achados
histopatoldgicos o aumento no recrutamento de neutrofilos estd relacionado a um processo
inflamatorio intenso e a necrose (142); Do mesmo modo, o acumulo de macrofagos altamente
infectados pode resultar em necrose tecidual (143).

Deste modo fica evidente que os infiltrados polimorfonucleares € mononucleares
identificados na histopatologia dos animais infectados podem indicar um processo inflamatério
agudo e contribuir para a propagacao do protozoario no hospedeiro resultando na persisténcia da
doencga. Assim, compostos capazes de diminuir o parasitismo tecidual e induzir a polarizagao das
células Th1 podem ser importantes para o desenvolvimento de um tratamento eficaz.

Por outro lado, um perfil de resisténcia a infec¢do pode ser caracterizado por meio dos
infiltrados de células mononucleares, uma vez que ao sofrerem estimulos de citocinas pro-
inflamatorias, as células T ativam os macrofagos que por sua vez produzem NO eliminando o
protozoario (144); o que justifica o intenso nimero de linfécitos, macrofagos e o baixo parasitismo
tecidual encontrados na histopatologia de animais onde houve a efetivagdo da resposta imune
adquirida polarizada para o perfil Thl.

Deste modo os achados na histopatologia da pele dos animais tratados com creme 1 ou 2%

e Glucantime® indicam fortemente a mudanca do perfil da infeccio, tanto pela auséncia de
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infiltrados de neutrofilos, quanto pelo aumento de linfocitos e macréfagos e a reducao expressiva
de formas amastigotas no tecido.

E importante ressaltar também que, a auséncia de neutréfilos nos animais tratados pode ter
contribuido para um perfil de resisténcia a infec¢do, pois foi demonstrado que promastigotas de
Leishmania internalizadas por neutrdfilos bloqueiam a produgao da quimiocinas (CXC e proteina-
10) que diminuem o recrutamento de células NK e Thl, contribuindo para a multiplicagdo do
parasito (145). Além disso, ao avaliar biopsias de pacientes com leishmaniose cutinea um estudo
anterior demonstrou que os neutrofilos consistiam em 95% das células com expressdo de arginase,
prejudicando a disponibilidade de L-arginina no ambiente extracelular, inviabilizando a produgao
de NO (146).

Em um estudo anterior foi observado que o tratamento com 8-HQ intralesional leva a
diminuicao expressiva do processo inflamatdrio que passa a ser restrito a pequenos focos de area
na derme, com infiltrado moderado de linfécitos, poucas células polimorfonucleares e amastigotas
(135). Da mesma forma, compostos estruturalmente correlacionados, como os alcaloides
quinolinicos, tiveram o mesmo efeito nas infec¢des por Leishmania (121). Portanto, esses dados

indicam que a 8-HQ formulada como creme também ¢ capaz de exercer efeito leishmanicida.

4.9. Avaliacido da producio de IL-4 e IFN-y.

Na avaliagdo de produgdo de citocinas, uma elevada produgdo de IL-4 foi observada nos
linfonodos dos animais controle infectados e nos tratados com creme base de Beeler. Em contraste,
tanto o tratamento intralesional com Glucantime® quanto o tratamento toépico com cremes contendo
1 ou 2% de 8-HQ resultaram em uma expressiva redu¢ao na producao de IL-4 em comparacdo com
os animais infectados e tratados com o creme base de Beeler (p<0,05). Os niveis de IL-4 nos grupos
submetidos aos tratamentos assemelharam-se aos dos animais ndo infectados e ndo tratados,
conforme mostrado na Figura 14 A.

Em relagdo ao IFN-y (Figura 14 B), verificou-se que o grupo infectado e o grupo tratado com
base de Beeler produziram baixos niveis da citocina. Os animais tratados com Glucantime® por via
intralesional, e com creme contendo 1 ou 2% de 8-HQ, no entanto, apresentaram um aumento

significativo (p<0,05) na produgdo de IFN-y.
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Figura 14. A quantificagdo de citocinas foi realizada pelo ensaio de ELISA sanduiche. Para tanto os
linfonodos inguinais de camundongos BALB/c saudaveis, infectados, e infectados e tratados com creme (1
e 2% de 8-HQ) ou Glucantime® (50 mg/kg) foram macerados, centrifugados € o sobrenadante foi utilizado
para a dosagem de citocinas IFN-y e IL-4. *p<0,05.

Durante a progressdao da infec¢do por L. (L.) amazonensis, a resposta imunologica do
hospedeiro ¢ caracterizada pela alta producao da citocina IL-4, que resulta em uma resposta imune
Th2, levando os animais a suscetibilidade da infecc¢do, e neste caso os parasitas sobrevivem e
podem se espalhar pelo tecido (23,136). Porém, os componentes anti-inflamatdrios como a citocina
IL-10 também podem controlar a injuria tecidual nos momentos iniciais da infec¢do (147). Por
outro lado, em uma resposta exacerbada da doenga, o aumento da liberagao de IL-4 e IL-10 pode

adicionalmente suprimir a produg¢do de IFN-y, limitar a resposta Thl e mediar uma resposta
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regulatoria e imunossupressora por meio de linfécitos Treg, podendo ocasionar a progressao da

infec¢do ou ainda na infec¢ao assintomatica (30,33).

Infectado Beeler
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Figura 15. Esquema da resposta imune nos grupos experimentalmente infectados por L. (L.) amazonensis
demonstrando a polarizag@o da resposta Th2 no grupo controle infectado e grupo tratado com base de Beeler
(A); e a polarizagao da resposta imune Th1 nos grupos infectados e tratados com creme 1% ou 2% de 8-

HQ, e grupo tratado com Glucantime® (B).

No presente estudo, constatou-se que os animais controles desenvolveram uma resposta
imune Th2 cléssica, caracterizada pela presenca elevada de IL-4 e baixa de IFN-y. Portanto, essa
configuracdo de resposta imune esta altamente correlacionada com a progressao da doenca (148).
Por outro lado, a polariza¢dao da resposta imune Thl tem grande relevancia para a resisténcia da
infeccdo. ApoOs a maturagdo, os linfocitos sdo capazes de estimular a producdo de citocinas pro-
inflamatdrias como (IL-12, TNF-a e IFN-y), que participam da ativacdo de macrofagos para um
estado leishmanicida, e consequentemente levam os parasitas a morte por NO (23).

Por contraste, os animais submetidos ao tratamento com Glucantime®, cremes 1% e 2%,
manifestaram uma resposta imune Thl, caracterizada pela elevada produ¢do de IFN-y e a reduzida
presenca de IL-4. Esse padrao sugere uma polarizacao da resposta imune em dire¢do ao polo Thl.
Deste modo, sugere-se que a 8-HQ apresenta a capacidade de induzir as células a um estado
leishmanicida através do polo Thl, o que acaba por reduzir o parasitismo tecidual, eliminando
formas promastigotas e amastigotas. Esses resultados corroboram com os achados da

histopatologia cutinea e do teste de dilui¢cao limitante descritos no presente trabalho.
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Estudos anteriores mostram que a imidazoquinolina, um composto estruturalmente
relacionado a 8-HQ, pode exercer funcao de agonista de Toll like receptor-7 (TLR-7) e apresentar
atividade leishmanicida estimulando o aumento na produgao de citocinas pro-inflamatorias, ERO
e NO (132,149). Neste caso, a ligagdo de imidazoquinolina ao TLR-7 estimula a ativagao do fator
de diferenciagdao mieloide (MyD88) que induz a produgao de TNF-a, IL-6, IL-8 e IL-12, levando
a producao de NO (119).

Durante o experimento foi observado também que com o aumento da produgdo de IFN-y
houve a reducdo significativa de IL-4 em todos os grupos tratados. Sabe-se que as citocinas [FN-y
e IL-4 sdo antagonistas (150). A IL-4 estimula a ativacdo alternativa de macrofagos M2,
relacionada ao estimulo do crescimento celular, formagao de coldgeno e reparo tecidual (7,21). Em
contrapartida, esses macréfagos produzem altos niveis de arginase, alterando a via metabolica de
NO e comprometendo o desenvolvimento da atividade leishmanicida no organismo do hospedeiro
(139). Além disso, a citocina IL-4 suprime a expressao genica do fator regulador de interferon 1

(IRF-1), responsavel pela produ¢do de IFN-y (150,151).

Esses dados podem indicar que a reducdo de IL-4 tenha ocorrido em razdo de um
mecanismo compensatorio da resposta imune, que suprimiu a resposta Th2 através da redugao de
IL-4, em fun¢do do aumento de IFN-y, reforcando a polarizagdo da resposta Th1l encontrada nos
animais tratados. Adicionalmente, a ndo cicatrizagao das lesdes e a falta de resposta a quimioterapia
nos pacientes foram relacionadas a alta producao de citocinas IL-4 na infec¢do por Leishmania,
demonstrando que na doenga ativa, além da alta produ¢do de IFN-y induzindo macréfagos a um
estado leishmanicida, a diminui¢do dos niveis de IL-4 durante a infec¢do ¢ relevante para
recuperacao de pacientes (152).

Considerando os dados aqui apresentados, sugere-se que os cremes contendo 1 ou 2% de
8-HQ possuem atividade imunomoduladora no modelo experimental murino de leishmaniose
cutanea, pois 0s mesmos uma polariza¢do da resposta Thl, que ¢ caracterizada pela resisténcia a

infeccao.
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5. CONSIDERACOES FINAIS

Deste modo, conclui-se que:

1) A 8-HQ ¢ um composto que apresenta atividade leishmanicida multiespectral in vitro,
com maior suscetibilidade para espécies do subgénero Viannia, adicionalmente este efeito pode ser
potencializado pela atividade imunomoduladora do composto;

2) Os cremes contendo 8-HQ apresentaram caracteristicas fisicas que permitiram a
solubilizacdo das particulas na emulsdo resultando na permeagdo do composto pela membrana,
sugerindo a capacidade de permeacao de 8-HQ na pele;

3) Os cremes ndo induziram alteragdo histoldgica nos testes in vitro, € os animais nao
infectados tratados com o creme nao demonstraram qualquer toxicidade aparente, sugerindo que a
utilizacdo do tratamento topico com 8-HQ ¢ um método seguro;

4) O tamanho de lesdo e parasitismo tecidual foi reduzido durante o tratamento com topico
com os cremes contendo 8-HQ, sugerindo que além de permear a pele o composto possui atividade
leishmanicida in vivo;

5) Os animais tratados com 8-HQ produziram altos niveis de IFN-y e baixos niveis de IL-
4, indicando que o composto induziu uma resposta polarizada Thl, que indica a resisténcia a

infeccdo.
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Abstract: Leishmaniasis is a neglected disease caused by protozoa of the genus Leishmania, which
causes different clinical manifestations. Drugs currently used in the such as per 1

antimonial and amphotericin B cause severe side effects in pati and parasite resi e has been
reported. Thus, it is necessary and urgent to characterize new and effective alternative drugs to replace
the current ch h In this regard, it has been experimentally demonstrated

ceh

py of I
that quinoline derivatives present significative pharmacological and parasitic properties. Thus,
the aim of this work was to demonstrate the leishmanicidal activity of 8-hydroxyquinoline (8-HQ)
in vitro and in vivo. The leishmanicidal activity (in vitro) of 8-HQ was assayed on promastigote
and intracellular amastigote forms of L. (L.) amazonensis, L. (L.) infantum chagasi, L. (V.) guyanensis
L. (V.) naiffi, L. (V.) lainsoni, and L. (V.) shawi. Additionally, the levels of nitric oxide and hydrogen
peroxide were analyzed. The therapeutic potential of 8-HQ was analyzed in BALB/c mice infected
with a strain of L. (L.) amazonensis that causes anergic cutaneous diffuse leishmaniasis. In vitro data
showed that at 24 and 72 h, 8-HQ eliminated promastigote and intracellular amastigote forms of all
studied species and this effect may be potentialized by nitric oxide. Furthermore, 8-HQ was more
selective than miltefosine. Infected animals treated with 8-HQ by the intralesional route dramatically
reduced the number of tissue parasites in the skin, and it was associated with an increase in IFN-y and
decrease in IL-4, which correlated with a reduction in inflammatory reaction in the skin. These results
strongly support the idea that 8-HQ is an alternative molecule that can be employed in the treatment

of leishmaniasis, given its selectivity and multispectral action in parasites from the Leishmania genus.

ish is; cutaneous leish iasis; treatment

Keywords: I

1. Introduction

Leishmaniasis is a parasitic disease caused by a protozoa of the genus Leishmania,
and at least 20 species can infect and cause the disease in humans, domestic, and wild
animals [1]. During the life cycle of Leishmania sp., two different forms of the parasite can
be characterized such as promastigotes that are flagellated forms, adapted to live extracel-
lularly attached to the intestinal epithelium of sand fly vectors of the genera Phlebotomus or
Lutzomyia, and amastigote forms, which are adapted to survive intracellularly in special
compartments known as parasitophorus vacuoles that are assembled in macrophages and
dendritic cells rapidly after infection. Leishmania parasites are transmitted to vertebrates
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during the blood meal of a female sand fly as promastigote forms, which are rapidly phago-
cytosed by macrophages; in the parasitophorous vacuoles, promastigotes differentiate
into amastigote [2,3]. After some cycles of asexual reproduction, the excessive number of
intracellular amastigotes lyses macrophages, and extracellular amastigotes infect nearby
macrophages in the skin, or even reach other parts of the tegument as well as visceral
organs such as the liver, spleen, or bone marrow [4,5]. However, other mechanisms of
macrophage infection have been described; in this case, amastigote forms surrounded by
the host cell membrane are transferred from an infected cell to another cell; this silent way
of infection may be an important tactic to evade the immune response of the host [6].

Depending on the infecting species and localization of parasites in the body, different
clinical forms of leishmaniasis can be diagnosed such as cutaneous or visceral leishma-
niasis. In particular, cutaneous leishmaniasis (CL) exhibits a wide spectrum of clinical
manifestations such as localized cutaneous leishmaniasis (LCL), which usually develops as
an ulcerated lesion at the site of the sandfly bite, is painless and generally self-healing, but
eventually leads to the development of a permanent scar, creating a stigma in patients [7,8].
Furthermore, LCL caused by L. (L.) amazonensis and L. (V.) braziliensis can progress to a
more severe manifestation such as anergic cutaneous diffuse leishmaniasis (ACDL) and
mucocutaneous leishmaniasis (ML), respectively [9].

Despite the undoubtful epidemiological and medical significance of L. (L.) amazonensis
and L. (V.) braziliensis, other species also exhibit great medical and scientific importance
in the South and Central Americas because they are ethological agents of CL such as
L. (V.) guyanensis, L. (V.) shawi, L. (L.) lainsoni, L. (V.) panamensis, L. (V.) naiffi, and L. (L.)
infantum chagasi, which was isolated from the skin of Honduran patients exhibiting atypical
cutaneous leishmaniasis [10,11]. In general, parasites multiply and persist within tissue
macrophages because they are able to suppress the development of a Th1 immune response,
in particular, intracellular parasites suppress the production of IFN-y and TNF-« cytokines,
which activate macrophages to a leishmanicidal state. In contrast, the acquired immune
response observed in patients with leishmaniasis is related to a Th2 immune response
with a high production of IL-4, IL-10, or TGF-B, cytokines that are not protective to the
vertebrate host. Therefore, downregulation of the Th1 immune response with a consequent
upregulation of the Th2 immune response allows the parasite to multiply in tissues, and
consequently, lesions spread along the cutaneous surface [12].

Although the importance of Th1l and Th2 immune responses in leishmaniasis has
been widely discussed, no immunoprophylactic products such as vaccines have been
produced to inhibit leishmanial infection and disease progression in humans [13,14]. Thus,
conventional drugs such as pentavalent antimonial, amphotericin B, and miltefosine are
the only approach to restrain the parasite and inhibit disease.

Pentavalent antimonials, originally developed as antiemetic drugs, have been used
as first-line treatment for leishmaniasis since 1940 [15]. In the intracellular environment,
pentavalent antimonials become active only after their reduction into trivalent antimonials,
which can inhibit leishmanial trypanothione reductase (TR), an enzyme responsible for
protecting trypanosomatids from oxidative damage [16-18]. In this way, pentavalent
antimonials keep trypanothione in its oxidized state, making it impossible to scavenge
reactive oxygen species (ROS), leading to the death of the parasite [19]. Treatment with
pentavalent antimonial is performed by intravenous or intramuscular routes, however,
even in systemic administration, this drug displays low selectivity in humans, causing
several local and systemic side effects including abdominal cramps, nausea, weakness,
cardiotoxicity, hepatotoxicity, and pancreatitis [20-22]. The emergence of parasites resistant
to antimonials is a constant concern that impacts the cure rates, as observed in Bihar
(India), where 60% of cases were refractory to antimonial treatment [23,24]. In Brazil, recent
studies showed a variation of 60% to 90% in the cure rate, associated with 15% of cases that
developed cardiotoxicity, hepatotoxicity, and pancreatitis during treatment [25].

Amphotericin B has been used as a second-line treatment for leishmaniasis, mainly in
cases where antimonials are not effective due to the presence of resistant parasites or by low
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patient compliance to the treatment [26]. This drug is an antifungal antibiotic that binds
to Leishmania ergosterol, leading to the formation of pores in the cell membrane, which
allow the passage of ions, macromolecules, and water through the lipid bilayer; this hydric
and ionic disbalance causes the death of Leishmania sp. Although a high rate of efficacy
has been observed during the treatment of leishmaniasis, amphotericin B also binds to
cholesterol, the main component of the mammalian cell membrane, causing severe side
effects in humans that include fever, chills, arthralgia, nausea, vomiting, and headache,
in addition to nephrotoxicity, which is observed in approximately 53% of patients [27].
Furthermore, this treatment is prolonged and requires medical monitoring, making it
unsatisfactory to patients. On the other hand, amphotericin B entrapped into liposomes
such as Ambisome® exhibits low toxicity while maintaining efficacy in comparison to
conventional amphotericin B [28,29]; this happens because liposomes are able to penetrate
into the main organs affected by parasites, especially the spleen and liver, which in fact
minimize the interaction of amphotericin B with cholesterol from the host cell membrane,
and as a consequence, the toxicity is reduced in patients. However, the costs associated
with this treatment limit the use of such formulations in low-income countries [27].

Miltefosine has been considered another second-line drug to treat leishmaniasis, and it
is only available to be employed as an oral treatment. This drug is an alkylphosphocholine
that was originally developed in 1940 as an anti-tumoral drug [30]. In Leishmania, miltefos-
ine affects the phospholipid metabolism of the cell membrane, modifies the mitochondrial
membrane potential, and induces programmed cell death [31], possibly by inhibiting cy-
tochrome C oxidase [32]. Despite being initially considered a drug with high therapeutic
activity, cases reported in India and Nepal showed an increased resistance to treatment,
suggesting that the efficacy of treatment depends on the species of Leishmania involved
in the infection [33]. However, in countries where L. (L.) amazonensis and L. (L.) mexicana
are predominant, the cure rate for miltefosine is only 53%, significantly lower than the
cure rate for antimonials [34]. Although oral treatment is attractive, miltefosine can also
induce significant side effects including gastrointestinal, renal, and liver toxicity, besides
teratogenicity in pregnant women [35].

Thus, it is possible to observe that none of the drugs employed in the therapy was
developed specifically for leishmaniasis. Additionally, the efficacy of such drugs depends
on the clinical form, infecting species, immunity, and health conditions of the patients; fur-
thermore, the presence of resistant strains in nature may aggravate this scenario. Therefore,
itis crucial and urgent to characterize new alternative drugs to be introduced in the therapy
of leishmaniasis [36].

Quinoline is a heterocyclic molecule displaying a diversity of pharmacological activi-
ties such as antibacterial, anti-inflammatory, and antiparasitic properties [37]. The quinoline
core allows the synthesis of different structures such as 8-hydroxyquinoline (8-HQ), which
was first synthesized in 1953 [38], and so far, different works have shown that this molecule
exhibits considerable pharmacological activities such as anticancer, antibacterial, antifun-
gal, anti-inflammatory, and antiparasitic properties [39]. In leishmaniasis, a recent study
demonstrated that 8-HQ as well as other quinoline derivatives were able to eliminate
promastigote and amastigote forms of L. (L.) amazonensis with high selectivity [40]. Further-
more, 8-HQ was also active on promastigote and amastigote forms of L. (L.) infantum and L.
(V.) braziliensis [41], suggesting that this molecule has multispectral activity on Leishmania
parasites. In addition, in vivo studies have shown that the subcutaneous injection of 8-HQ
in BALB/c mice infected with L. (L.) amazonensis reduced tissue parasitism [41-43]. Despite
such elegant studies, to the best of our knowledge, the activity of 8-HQ has not been ex-
plored in other etiological agents of leishmaniasis or even administered as an intralesional
drug. Once the multispectral property of such molecules and the therapeutic activity as an
intralesional drug are proven, data may enlighten the importance of 8-HQ as an alternative
antileishmanial agent.

Considering the urgency to characterize new drugs with antileishmanial activity,
the present study demonstrated for the first time that 8-HQ is able to eliminate, with
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high selectivity, parasites that cause cutaneous leishmaniasis, and once administered
by the intralesional route, is effective to decrease the lesion size and parasite load in
experimental animals infected with a strain of L. (L.) amazonensis, which causes anergic
diffuse leishmaniasis in humans. Furthermore, animals treated with 8-HQ upregulated the
levels of the IFN-y cytokine, which may support the elimination of parasites. Thus, this
study demonstrates that 8-HQ is an interesting prototype drug to be used in leishmaniasis.

2. Results
2.1. In Vitro Studies

In promastigote forms, it has been observed that at 24 h, L. (V.) shawi was the most
susceptible to treatment with 8-HQ, displaying an effective concentration 50% (ECso) of
0.2 £ 0.03 ug/mL (Table 1), and at 72 h, L. (V.) lainsoni was the most affected, with an
ECs5p of 0.06 £ 0.01 ug/mL (Figure 1). Although 8-HQ also eliminated L. (L.) amazonensis,
it was the most resistant amongst all of the assayed species at 24 and 72 h, showing an
ECsps 0f 2.9 £ 0.3 and 1.1 £ 0.1 ug/mL, respectively (Table 1 and Figure 1). At24 h and
72 h, 8-HQ eliminated promastigote forms of L. (L.) infantum with ECsy 2.1 + 0.2 and
0.34 £ 0.1 ug/mL, L. (V.) guyanensis with 0.3 = 0.08 and 0.1 £ 0.03 ug/mL, and L. (V.) naiffi
with 0.8 & 0.1 and 0.5 =+ 0.08 ug/mL, respectively, and also L. (V.) shawi with an EC5q of
0.2 £ 0.03 and 0.31 =+ 0.08 ug/mL (Table 1). Miltefosine, a standard drug, eliminated all
parasite species at 24 and 72 h of incubation; promastigote forms of L. (V.) shawi were the
most sensitive at 24 h of incubation, and L. (V.) guyanensis at 72 h, while L. (V.) naiffi were
the most resistant at 24 h and L. (L.) amazonensis at 72 h (Table 1).

Infected control
L. (V.) guyanensis

- = @ o

3 ' . o ' ' ;
L. SR . >
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Figure 1. Bone marrow derived macrophages were infected with L. (V.) guyanensis or L. (L.) amazo-
nensis for 24 h, followed by incubation with different concentrations of 8-HQ (1.25-10 ug/mL) or
miltefosine (2.5-10 pg/mL) at 24 h or 72 h. The figures displayed here illustrate the morphology of
macrophages and amastigote within macrophages treated with 10 ug/mL of 8-HQ or miltefosine.
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Table 1. Promastigote and amastigote forms of L. (L.) amazonensis, L. (L.) infantum, L. (V.) guyanensis,
L. (V.) lainsoni, L. (V.) naiffi, and L. (V.) shawi as well as bone-marrow differentiated macrophages were
incubated with 8-HQ or miltefosine (a standard drug used in the treatment of leishmaniasis) for 24
or 72 h. Cytotoxic concentration 50 (CCsg) on macrophages, effective concentration 50 (ECsp) on
promastigotes, and intracellular amastigotes were estimated. Selectivity indexes (SI) were calculated
using the ratio between CCsg to ECso. Results were expressed as the mean = standard error of three
independent experiments. 8-HQ—8 hydroxyquinoline; Milt—miltefosine.

ECso (ug/mL) CCsp
(Selective Index—SI) (ug/mL)
Promastigote Forms Amastigote Forms Macrophages
24h 72h 24h 72h 24h 72h
8HQ 29+03 1101 19+0.1 0.9 = 0.09
L(L) SI (12.5) SI (30.5) SI(19.1) SI(37.3)
amazonensis Mil 85+04 16.1 £ 0.1 6.5 = 0.06 35+0.2
s SI (5.0) SI(2.0) SI (6.6) S1(9.3)
21+02 034 +£0.1 20+08 0.05 + 0.001
mlfn ,‘,';"‘)' } §HQ S1(17.3) SI (98.) SI1(18.1) SI (672)
i 193+16 75415 41£02 0.05 + 0.01
3 i SI(2.2) SI (4.4) SI (10.4) SI (656)
8HO 0.3 +0.08 0.1+0.03 08+0.1 0.03 + 0.002
L.(V) SI(121) SI (336) SI (45.3) SI (1120)
guyanensis 1 50x13 1.8 £0.63 49x14 08+02
Milt SI(8.6) SI(18.2) SI(8.9) SI@1)
8HQ 0.6 +0.1 0.06 =+ 0.01 0.1+ 0.09 0.5 = 0.01
SV i SI (60.5) SI (560) SI(363) SI(67.2)
) lainsoni S 53+0.1 24402 0.5 +0.03 18+ 1.04
L SI(8.1) SI1(13.7) SI (85.8) SI(18.2)
8-HQ 08+0.1 0.5+ 0.08 045+0.02  0.03 = 0.0002
) SI (45.4) SI(67.2) SI (80.6) SI (1120)
K e¥imap Milt 235457 137+ 05 20+03 0.1+0.08
SI (1.8) SI(2.4) SI (21.4) SI (328)
8-HQ 0.2 +0.03 0.31 +0.08 0.1 +0.01 0.2 £ 0.001
L. (V2 shami SI(181) SI (108.4) SI(363) SI (168)
S Vel TN Milt 1.7 £ 0.09 24 +0.69 39404 1.6 +05
SI1(25.2) SI(13.7) SI(11) SI(20.5)
—— 8-HQ 363 +£27 33.6 +22
ost ce Milt 429+13  328+120

In macrophages, 8-HQ displayed a cytotoxic concentration 50% (CCsp) of 36.3 £ 2.7

and 33.6 £ 2.2 ug/mL at 24 and 72 h of incubation, respectively. At the same time points,
miltefosine eliminated macrophages with CCsg of 42.9 + 1.3 and 32.8 + 12.0 pg/mL, re-
spectively.

In the amastigote forms, it was observed that at 24 h of incubation with 8-HQ, L.
(V.) lainsoni and L. (V.) shawi were the most sensitive species (ECso = 0.1 £ 0.09 and
0.1 £0.01 ug/mL) while L. (L) infantum amastigote was the most resistant
(ECsp =2.0 = 0.8 pg/mL); 8-HQ induced an intermediate leishmanicidal activity on L.
(L.) amazonensis (ECsp = 1.9 = 0.1 ug/mL), L. (V.) guyanensis (ECsy = 0.8 £ 0.1 pg/mL),
and L. (V) naiffi (ECs5 = 0.45 & 0.02 ug/mL). At 72 h of incubation, L. (V.) naiffi and L.
(V.) guyanensis displayed high sensitivity to 8-HQ (ECsy = 0.03 + 0.0002, and 0.03 =+ 0.002
ug/mL, respectively), followed by and L. (L.) infantum and L. (V.) shawi; comparatively,
L. (L.) amazonensis amastigote forms were the most resistant species to 8-HQ (Table 1).
Intracellular amastigote forms of L. (V.) lainsoni treated with miltefosine were the most
sensitive parasite and L. (L.) amazonensis was the most resistant at 24 h of incubation. At
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72 h, intracellular amastigote forms of L. (L.) infantum were more sensitive and L. (L.)
amazonensis was more resistant to miltefosine (Table 1).

Figure 1 illustrates the efficacy of 8-HQ and miltefosine at 10 ug/mL on intracellular
amastigote forms of L. (V.) lainsoni (the most susceptible species to 8-HQ) and L. (L.)
amazonensis (the most resistant species to 8-HQ) at 24 and 72 h.

The levels of hydrogen peroxide (H,0O,) and intracellular nitric oxide (NO) were
quantified in infected macrophages treated and non-treated with 8-HQ. In this regard,
the levels of H,O, were below the limit of detection, however, significant changes were
observed in the intracellular NO.

In macrophages infected with L. (L.) amazonensis (Figure 2A), L. (L.) infantum
(Figure 2B), and treated with 8-HQ, it was observed that at 24 h of incubation, the treatment
with 1.25-5 ug/mL reduced the levels of NO compared to the infected control (iM®) and
control macrophages (M®), however, the infected macrophages treated with 10 ug/mL of
8-HQ restored the ability to produce NO in comparison to the controls. At 72 h of treatment,
macrophages infected with L. (L.) amazonensis and treated with 10 ug/mL of 8-HQ was
able to increase the levels of intracellular NO in comparison to the infected macrophages
(p < 0.05), but in the infection caused by L. (L.) infantum chagasi, all concentrations of 8-HQ
stimulated the production of NO in comparison to the infected control (p < 0.05). Com-
paratively, the levels of NO produced by macrophages were higher at 24 h than 72 h of
incubation with 8-HQ (p < 0.05).
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Figure 2. Intracellular nitric oxide production in macrophages (M®); infected macrophages (iM®);
infected and treated macrophages. Macrophages were infected by L. (L.) amazonensis (A); L. (L.)
infantum (B); L. (V) guyanensis (C); L. (V.) lainsoni (D); L. (V.) naiffi (E); L (V) shawi (F) treated with
different concentrations of 8-HQ during 24 h or 72 h, and the level of NO was analyzed using the
probe DAF-FM. * Represents significant differences (p < 0.05) between 24 h and 72 h. Significant
difference (p < 0.05) in relation to iM® and the other groups is represented by the letter “a” at24 h
and the letter “b” at 72 h of incubation. All data were expressed through the mean and standard error.
LPS was used as a positive control.
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In the infection with L. (V.) guyanensis (Figure 2C), L. (V.) lainsoni (Figure 2D), L.
(V.) naiffi (Figure 2E), and L. (V.) shawi (Figure 2F), a different pattern of NO production
was observed. At 24 h of incubation, macrophages infected with L. (V.) lainsoni or L.
(V.) naiffi that were submitted to incubation with all concentrations of 8-HQ showed a
significant reduction in NO production compared to the respective infected controls. On
the contrary, in infections caused by L. (V.) guyanensis or L. (V.) shawi, no modifications in
NO were observed. At 72 h, macrophages infected with L. (V.) lainsoni and treated with
1.25-5 pug/mL exhibited a significant reduction in NO levels in comparison with the infected
control, however, when infected cells were treated with 10 ug/mL, a restoration in the
NO levels was observed compared to the levels of the iM® group. At 72 h, 8-HQ did not
change the NO production in infections caused by L. (V.) guyanensis, L. (V.) naiffi, and L. (V.)
shawi in comparison with the respective infected controls.

Furthermore, in treated cells, the levels of NO were higher at 72 h than at 24 h
of incubation with 8-HQ. Macrophages incubated with LPS produced higher levels of
NO during 24 (650 =+ 53 fluorescence unities) or 72 h (820 =+ 41 fluorescence unities) in
comparison to all of the experimental conditions.

The production of NO from the control macrophages (M®) were considered the
background of the reaction.

2.2. Efficacy of 8-HQ Administered by the Intralesional Route

In the present study, the efficacy of 8-HQ given by the intralesional route was assayed
in the experimental cutaneous leishmaniasis caused by a strain of L. (L.) amazonensis that
causes anergic diffuse cutaneous leishmaniasis in humans. In this case, the treatment
of BALB/c was started in the sixth week post infection (PI). Glucantime was used as a
standard treatment.

At 7- and 8-weeks P, a significant decrease in the lesion size of animals treated with
10 and 20 mg/kg of 8-HQ was observed in comparison with the infected group (p < 0.05).
Animals treated by the intralesional route with 50 mg/kg of glucantime also presented a
significant decrease in the cutaneous lesions (Figure 3A). It was not possible to observe
significant differences between animals treated with 8-HQ and glucantime because all
treatments were able to decrease the cutaneous lesions to similar values (p > 0.05).
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Figure 3. BALB/c mice were infected with 10° promastigote forms of L (L.) amazonensis at the base
of the tail; at the sixth week PI, intralesional treatment was started with 8-hydroxyquinoline (10
and 20 mg/kg) or glucantime (50 mg/kg). Animals were treated once a day for 10 days. Lesion
development was monitored with a micrometer (A) and at the eighth week Pl, parasite loads (B) were
determined by the limiting dilution assay technique. * p < 0.05 between infected and treated groups
at 0.05.
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In comparison to the infected group, the skin parasite load decreased by 98.3, 98.9,
and 93.1% in animals treated with 8-HQ (10 or 20 mg/kg) and glucantime (50 mg/kg) by
the intralesional route, respectively (p < 0.05), as observed in Figure 3B. Comparatively,
the treatment with 10 and 20 mg/kg of 8-HQ by the intralesional route was more effective
at decreasing the number of amastigote forms than 50 mg/kg of glucantime (p < 0.05).
Furthermore, animals treated with 20 mg/kg exhibited lower parasites than the group
treated with 10 mg/kg of 8-HQ (p < 0.05), as demonstrated in Figure 3B.

2.3. Histopathological Changes

The infected control group showed an intense and diffuse inflammatory infiltrate
spread through the dermis (Figure 4A), characterized by a large number of heavily infected
macrophages (Figure 4B, detailed in inset in B), with few polymorphonuclear cells and
lymphocytes (Figure 4B). Compared to the control, the animals treated by the intralesional
route with 10 or 20 mg/kg of 8-HQ (Figure 4C, E, respectively) presented a mixed inflam-
matory infiltrate predominantly composed of lymphocytes with few polymorphonuclear
cells and a reduced number of infected macrophages, demonstrating the therapeutic po-
tential of this molecule. Furthermore, animals treated with 10 mg/kg of 8-HQ showed
focal areas of a moderated inflammatory infiltrate (Figure 4C) with fewer morphologically
recognizable amastigote forms than the control (Figure 4D, inset in D). In contrast, animals
treated with 20 mg/kg exhibited an inflammatory infiltrated limited to the deep dermis
(Figure 4E), with few suggestive amastigote forms (inset in Figure 4F). This histopatho-
logical feature suggests regression of the inflammatory process, which correlates with a
very low tissue parasitism observed in the histological sections and in limiting dilution
assays (Figure 3). Similarly, animals treated with 50 mg/kg of glucantime, administered
by the intralesional route, exhibited focal areas of inflammation in the skin, which was
characterized by the presence of mononuclear cells such as lymphocytes and macrophages,
some of them infected with a low number of amastigote forms (Figure 4H, inset in H).

S

Figure 4. Cont.
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Figure 4. Histological skin sections of BALB/c mice infected with L. (L.) amazonensis. (A,B) Infected
control (C,D) treated by the intralesional route with 10 mg/kg of 8-hydroxyquinoline; (E,F) treated
by the intralesional route with 20 mg/kg of 8-hydroxyquinoline; (G,H) treated by the intralesional
route with 50 mg/kg of glucantime. (A,C,E,G) show details of the epidermis and dermis of each
group while figures (B,D,F,G) show the details mainly on the parasitism, illustrated by the black
arrows (bars: 20 um).

2.4. Immunological Studies

In the supernatant of mononuclear cells from infected animals, the IFN-y cytokine
was not detected (Figure 5A); in contrast, it was possible to detect high levels of IFN-y in
the supernatant of mononuclear cells from animals treated with 10 or 20 mg/kg of 8-HQ.
Although the levels of IFN-y in the supernatant of the mononuclear cells of animals treated
with glucantime were upregulated compared to the infected group, the amount produced
represents only a basal level of this cytokine, as observed in the control animals.

A 250+ . B8
2001
.
e |
§|50'
—
3
504
Tomats —Zimghy — Sompiy  Come O s omana —2omgn  tomahy  Care
8hydonquecine  Ghcertme Shydronyquncine  Ghcartme

Figure 5. The draining lymph nodes of all of the experimental animals were collected, a single cell
suspension was produced, adjusted to 5 x 10 cell/well, and cultured under stimulation with 5 ug of
whole antigen of L. (L.) amazonensis for 72 h, when the supernatants were collected to quantify the
amounts of IFN-y (A) and IL-4 (B) by ELISA. * p <0.05.
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Mononuclear cells from the infected group produced high amounts of IL-4 cytokine
(Figure 5B), however, mononuclear cells from animals treated with 8-HQ or glucantime
produced reduced levels of this cytokine (p < 0.05). Comparatively, higher levels of IL-4
were detected in the supernatant of cells isolated from the lymph nodes of animals treated
with 20 mg/kg of 8-HQ than in the cells from animals treated with 10 mg/kg of 8-HQ
or glucantime, although it is important to highlight that mononuclear cells from animals
treated with 20 mg/kg produced higher IFN-y than IL-4, suggesting the development of a
potent Th1 immune response.

Cells cultured with concanavalin A produced an elevated concentration of IFN-y
(3720 =+ 189 pg/mL) and IL-4 (1089 =+ 244 pg/mL), while cells cultured only with the
medium did not produce detectable levels of such cytokines.

3. Discussion

Current treatments used in leishmaniasis cause severe side effects in patients, and in
some areas around the world, the lack of adherence to medical treatment may lead to the
emergence of parasites resistant to the main classes of drugs used in leishmaniasis. Thus,
the characterization of new compounds and treatment schemes with a leishmanicidal effect
on the majority of pathogenic species of Leishmania has become urgent. In this sense, 8-HQ
is an interesting molecule to develop new and effective drugs for the treatment of neglected
tropical diseases because its parasiticidal effect has already been demonstrated in infections
caused by Schistosoma mansoni [44], Toxoplasma gondii [45], and Leishmania sp. [42,46-48].
Furthermore, the antileishmanial activity of 8-HQ alone or in combination has already been
tested and the results published [49]. In the present manuscript, we expand the current
knowledge on the activity of 8-HQ by showing the multispectral activity of this molecule
on Leishmania sp. and demonstrate its efficacy in in vivo experiments by administering
this alternative drug by the intralesional route to animals infected with a strain of L. (L.)
amazonensis that causes anergic diffuse leishmaniasis in humans.

Experiments performed in vitro carried out with L. (L.) amazonensis, L. (L.) infantum,
L. (V.) guyanensis, L. (V.) lainsoni, L. (V.) naiffi, and L. (V.) shawi showed that 8-HQ was able
to eliminate promastigote and amastigote forms of all analyzed species at 24 and 72 h of
incubation. In this regard, it was observed that promastigote and amastigote forms of the
Viannia subgenus were the most susceptible species to 8-HQ, eliminating both forms of the
protozoan with high selectivity. In addition, at 72 h of treatment, the compound was 18.36
and 11.02 times more selective for promastigotes of L. (V.) lainsoni and L. (V.) guyanensis
than L. (L.) amazonensis, respectively, and 30 times more selective for amastigotes of L. (V.)
naiffi and L. (V.) guyanensis than for L. (L.) amazonensis, the least susceptible species treated
with 8-HQ. Similarly, L. (V.) shawi was the third most susceptible to the prototype drug in
comparison to the other species evaluated, however, L. (L.) infantum chagasi was the second
most resistant parasite to 8-HQ.

Although parasites from the subgenus Leishmania were less sensible to the action of
8-HQ than the Viannia parasites, they were still eliminated with high selectivity, mostly
when compared to miltefosine, a standard drug used in leishmaniasis therapy. Previous
studies carried out with promastigote forms demonstrated that at 48 h of incubation, 8-HQ
eliminated L. (L.) amazonensis with an ECsg of 0.05 ug/mL (SI 328), and L.(L.) infantum
with an ECsg of 0.26 ug/mL (SI 62) [41]. Similarly, L. (V.) braziliensis promastigotes were
eliminated by the action of 8-HQ with an ECsp of 0.35 ug/mL (SI ~47). Furthermore,
8-HQ reduced intracellular amastigote forms of L. (V.) braziliensis with higher efficacy in
comparison to amphotericin B [41]. Thus, the data presented herein corroborate the solid
efficacy and selectivity of 8-HQ to eliminate Leishmania sp., and reinforce the inherent
potential of such molecules to produce new and effective drugs to combat this infection.
Furthermore, the SI, defined as the ratio between the cytotoxic concentration (CCsp) and
effective concentration 50% (ECs), estimated herein and in previous studies, indicated that
8-HQ has high leishmanicidal effect while inducing low cytotoxicity in macrophages. In
the present study, at 24 h, the SI for 8-HQ in the in vitro infections ranged from 12.5 to 363;
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and at 72 h from 30.5 to 1120, while miltefosine at 24 h ranged from 1.8 to 85.8 and at 72 h
from 2 to 656 These findings show the superior activity of 8-HQ over miltefosine.

Considering the high selectivity of 8-HQ toward Leishmania sp., it was investigated
whether such activity is dependent on hydrogen peroxide and /or nitric oxide production.
Some natural products increase the respiratory activity of host cells during phagocytosis
and infectious processes, leading to the production of reactive oxygen and/or nitrogen
species [50], which trigger a large spectrum of biological activities such as the elimination
of intracellular pathogens [51]. In this regard, it was observed that 8-HQ did not stimulate
the production of hydrogen peroxide in infected macrophages, but a curious behavior
was observed with respect to NO production. In general, at 24 h of incubation with 8-HQ,
a reduction or no changes in the NO levels in macrophages infected with Leishmania sp.
was detected in comparison to the respective controls. It is possible that 8-HQ destroyed
significant numbers of intracellular parasites, and the low number of amastigote forms
was not enough to elicit NO production in such host cells, as observed in Figure 1. On
the other hand, infected macrophages treated with 10 ug/mL of 8-HQ, which presented a
very low number of amastigote forms, tended to normalize the levels of NO, suggesting
that the high concentration of 8-HQ may present some modulatory activity at 24 h of
incubation. In particular, such modulatory activity was potentialized at 72 h in infections
caused by Leishmania subgenus. As observed in Table 1 and Figure 1, the species L. (L.)
amazonensis and L. (L.) infantum chagasi were less susceptible to 8-HQ, which suggests that
more intracellular parasites were viable than in infections caused by the Viannia subgenus,
and as a consequence, macrophages already activated by 8-HQ produced more NO than
the infected controls, which indeed suffered a massive intracellular infection.

In contrast, at 72 h of treatment, it was observed that infected macrophages with
L. (V.) guyanensis and L. (V.) lainsoni treated with 8-HQ decreased the levels of NO, but
no changes in NO levels were observed in macrophages infected with L. (V.) naiffi and
L. (V.) shawi. Despite these events, all macrophages displayed a very low number of
intracellular amastigotes, suggesting that the pro-inflammatory activity of such cells tends
to be normalized. However, compared to the non-infected macrophages, such levels of NO
should still be considered high, but it is possible that such effect might be related to the
immunomodulatory activity induced by 8-HQ.

Previous studies have shown that L. (L.) infantum- and L. (L.) amazonensis-infected
macrophages incubated with 8-HQ did not produce NO at 48 h of incubation [41,52]. The
absence of intracellular NO in such studies should indicate that the production of NO is a
late process in the treatment with 8-HQ, furthermore, it also suggests that immunomod-
ulatory activity may play a secondary role in leishmanicidal mechanisms. However,
BALB/c mice peritoneal macrophages infected with L. (L.) amazonensis and treated with
an imidazoquinoline-based TLR7/8 agonist, a quinoline derivative, were able to eliminate
amastigote forms of L. (L.) amazonensis associated with the production of NO and H,O,
after 72 h of incubation [53], suggesting that structurally-related molecules may share
similar biological properties, and that NO stimulation is possibly a late process, as observed
herein.

Considering that 8-HQ exhibited multispecies action that was more active and selective
than miltefosine and was still able to modulate the microbicidal potential of macrophages,
the therapeutic property of this molecule was assayed in the experimental model of cuta-
neous leishmaniasis caused by L. (L.) amazonensis. In this regard, BALB/c mice infected with
L. (L.) amazonensis were treated with 10 mg/kg and 20 mg/kg of 8-HQ by the intralesional
route; in addition, 50 mg/kg glucantime given via the intralesional route was used as the
conventional drug used in human treatment. Both treatments were efficient at reducing the
lesion size and tissue parasitism. However, the number of parasites in the skin was lower
in animals treated with 10 and 20 mg/kg of 8-HQ in comparison with animals treated with
the conventional treatment, suggesting that 8-HQ is an interesting prototype drug to be
used in the treatment of leishmaniasis. In addition, 20 mg/kg of 8-HQ was more active
at decreasing the parasite load in the skin than 10 mg/kg. Previous studies showed that
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BALB/c mice infected with L. (L.) amazonensis and treated with 8-HQ (10 mg/kg/day) was
more active to eliminate tissue parasites than amphotericin B (5 mg/kg/day) [41,48].

In addition to the low parasitism observed in infected animals treated with 8-HQ,
histopathology studies in the skin showed that this drug decreased the inflammatory
infiltrate to focal areas that were characterized by a low number of macrophages with
suggestive bodies, resembling amastigote forms. The histological pattern observed in the
animals treated mainly with 20 mg/kg of 8-HQ suggests that the skin of the animals is
in a healing process, in fact, the limiting-dilution assay allows us to conclude that very
few parasites persisted in the skin, which may account for this. Although animals treated
with glucantime exhibited a significative decrease in lesion size and low parasitism, in the
histopathology analysis, amastigote forms could be easily recognized, which, in turn, had
a correlation with a significant inflammatory response, composed of macrophages with
a low number of amastigote forms. Corroborating our results, a previous study showed
that synthetic quinoline alkaloids were active in hamsters infected with L. (V.) panamensis
and in histopathological studies, it was observed that there was a significant reduction in
the inflammatory infiltrate in comparison with the non-treated animals [54], suggesting
that the high leishmanicidal activity induced by quinolines leads to a reduction in the
inflammatory infiltrate.

In addition to a direct effect of 8-HQ on promastigote and amastigote forms, it was also
observed that macrophages incubated with 8-HQ for 72 h exhibited an elevated production
of NO in comparison with the controls. To analyze if this immunomodulatory property
was kept in vivo, the production of the IFN-y and IL-4 cytokines were quantified in the
supernatant of mononuclear cells isolated from the lymph nodes of animals infected and
treated with 8-HQ. These cytokines were strategically quantified in the murine model of
leishmaniasis because the IL-4 cytokine induces the polarization of the immune response to
a Th2 immune pole, in which macrophages become permissive to parasite multiplication.
On the other hand, the IFN-y cytokine induces the polarization of the immune response
to a Th1 immune pole, causing the activation of infected macrophages to a leishmanicidal
state by the action of NO [55,56]. In the present study, it was observed that mononuclear
cells from animals treated with 10 and 20 mg/kg of 8-HQ produced high levels of I[FN-y in
comparison to the infected animals, and it seems that the production of this cytokine was
proportional to the concentration of the administered dose of 8-HQ. On the other hand,
animals treated with glucantime produced only basal levels of IFN-y.

In contrast to IFN-y, it was seen that animals treated with 8-HQ exhibited a reduction
in IL-4 levels compared to the infected control; despite a low concentration of IL-4 in the
treatment, it is also important to observe that treatment with 20 mg/kg of 8-HQ increased
the IL-4 levels, but even so, this group still produced higher amounts of IFN-y than IL-
4. Previous studies conducted with quinoline derivatives entrapped in micelle systems
pointed to a high therapeutic activity associated with the development of a Th-1 immune
response [47,57], which clearly potentialized the leishmanicidal activity of the treatment.
These data reinforce that 8-HQ as well as other structurally related molecules can be used
as an alternative molecule to treat cutaneous leishmaniasis.

4. Materials and Methods
4.1. Culture Media and Drugs

Schneider medium (Sigma-Aldrich, St. Louis, MO, USA) was supplemented with 10%
of heat-inactivated fetal bovine serum (FBS), 10 pg/mL of gentamicin, and 1000 U/mL
of penicillin (§10). RPMI 1640 medium (Thermo Scientific, Waltham, MA, USA) was
supplemented with 10% inactivated fetal bovine serum (FBS), 1% 100x pyruvate, 1% of
MEM solution of non-essential amino acids, 10 ug/mL of gentamicin, 1000 U/mL penicillin,
and 0.1% of 2-mercaptoethanol (R10). Miltefosine and 8-hydroxyquinoline (purity >99%)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Glucantime was obtained from
Sanofi-Aventis (Sao Paulo, Brazil).
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4.2. Animals

Six- to eight-week-old male BALB/c mice were obtained from the animal facility center
of the Medical School of Sao Paulo University. This study was performed in accordance
with the recommendations in the Guide for the Care and Use of Laboratory Animals of
the Brazilian National Council of Animal Experimentation. The protocol was approved by
the Committee on the Ethics of Animal Experiments of the Institutional Animal Care and
Use Committee at the Medical School of Sao Paulo University (CEUA1648/2022). For all
experimental procedures, the animals were anaesthetized with ketamine (100 mg/kg) and
xylazine (10 mg/kg).

4.3. Parasite Strains

The parasites L. (L.) amazonensis (MHOM/BR/73/M2269), L. (L.) infantum chagasi
(MHOM/HND/2017/AMA-65), L. (V.) guyanensis (MHOM/BR/1775/M4147), L. (V.) lain-
soni (MHOM/BR/1981/M6426), L. (V.) naiffi (MHOM/BR/1981/M6426), and L. (V.) shawi
(MCEB/BR1984/M8408) were identified using monoclonal antibodies and isoenzyme elec-
trophoretic profiles at the Leishmaniasis Laboratory of the Evandro Chagas Institute (Belém,
Para State, Brazil). Parasite species were grown in S10 medium at 25 °C. In all experiments,
parasites were in a stationary phase of growth, and they were in the first passage of culture
to perform in vivo experiments.

4.4. Promastigote Assay

Promastigote forms of L. (L.) amazonensis, L. (L.) infantum chagasi, L. (V.) guyanensis,
L. (V.) lainsoni, L. (V.) naiffi, and L. (V.) shawi in the stationary phase of growth were
collected from the medium by centrifugation (1200 g, 10 min, 4 °C), and the parasite
concentration was adjusted to 2 x 10° parasite/well in a 96-well culture plate at 25 °C in
S10 medium. Parasites were incubated with different concentrations of 8-HQ or miltefosine
(0.08 to 100 ug/mL). Control parasites were incubated only with S10. At 24 and 72 h of
incubation, the parasites were centrifuged at 1200 x g, 10 min, 4 °C, and the supernatants
were discarded. Parasites were washed three times with 200 uL of PBS and the viability was
analyzed using PrestoBlue reagent (Thermo Scientific, Waltham, MA, USA). After being
added to the cells, PrestoBlue (resazurin-based reagent) passively accesses the intracellular
environment of Leishmania parasites and is converted in the intracellular environment by the
redox machinery of viable cells into resorufin, a highly fluorescent compound. Therefore,
the intensity of intracellular fluorescence is correlated with the number of viable parasites.
After 30 min of incubation, plates were read in an ELISA reader at 416 nm excitation and
574 nm emission. For each parasite species, the drug concentration that eliminated 50%
of parasites—effective concentration 50% (ECsg)—was estimated using simple correlation
analysis in GraphPad Prism 5.0 software [58].

4.5. Bone Marrow-Derived Macrophages (BMMs)

Bone marrow was flushed from the femurs and tibias of 7-week-old BALB/c mice
using Hanks’ balanced salt solution (HBSS). After 2 wash steps at 2000 RPM, 5 min,
4 °C, red blood cells were lysed at 4 °C with 0.17 M NH4Cl, pH 7.4, for 5min. The reaction
was stopped by the addition of HBSS. Cells were centrifuged at 2000 RPM, 5 min, 4 °C,
the supernatant was discharged, and cells were plated in a tissue culture-treated Petri
dish with RPMI 1640 supplemented with 15% (vol/vol) of L929 cell-conditioned medium
(LCM) as a source of colony-stimulating factor-1 (CSF-1) in a 37 °C incubator with 5% CO,.
Twenty-four hours later, non-adherent cells were collected and cultured in sterile Petri
dishes with R10 plus 15% of LCM for a week; at days 2, 3, 5, and 7, 15% of LCM was added
to the culture. On day 8, adherent cells were collected with a cell scraper, counted, and
plated in sterile 96-well plates or in round cover slips in 24-well plates.
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4.5.1. Cytotoxicity Assay

The BMMs were adjusted to 10° macrophages/well in a 96-well plate; 24 h later,
serial dilutions of 8-HQ or miltefosine (0.08 to 100 ug/mL) were added to the cells that
were cultivated in a humidified incubator at 37 °C and 5% CO;. Cell cytotoxicity was
analyzed at 24 and 72 h later. Control cells were incubated with R10 only. At each time
point, cells were centrifuged at 1200x g, 10 min, 4 °C, and the supernatants were discarded.
Macrophages were washed three times with 200 uL of PBS. Then, the cell viability was
assessed using PrestoBlue according to Section 4.4. In summary, resazurin passively
accesses the intracellular environment of macrophages; if they are viable, resazurin will
be converted intracellularly into resorufin, a highly fluorescent compound. Thus, the
intensity of intracellular fluorescence is correlated with the number of viable cells. Drug
concentration that eliminated 50% of cell population—cytotoxic concentration 50% (CCsg)—
was estimated using simple correlation analysis in GraphPad Prism 5.0 software. The
selectivity index (SI) of 8-HQ was estimated by the ratio between CCsq and ECsq [59].

4.5.2. Intracellular Infection and Treatment (In Vitro)

BMMs were cultured in round coverslips (10° macrophage/coverslip) in 24-well plates
for 24 h, followed by infection with L. (L.) amazonensis, L. (L.) infantum, L. (V.) guyanensis,
L. (V.) lainsoni, L. (V.) naiffi, and L. (V.) shawi promastigote forms at a ratio of 10 parasites
per 1 macrophage in a humidified incubator with 5% CO, at 35 °C. Twenty-four hours
later, each well was washed three times with warm PBS to withdraw the free parasites.
Then, 8-HQ or miltefosine (1.25-10 ug/mL) was added to the infected cells during 24
and 72 h. Infected controls were cultured only with R10. After the incubation periods,
wells were washed three times with warm PBS, coverslips were dried at room temperature,
fixed with methanol, and stained by Giemsa (Sigma-Aldrich, St Louis, MO, USA). At least
100 cells/coverslip were quantified and the infection indices were estimated according to
the expression:

I = % Infected macrophages x Internalized amastigotes/Infected Macrophages

4.6. Determination of Intracellular Nitric Oxide Production

BMMs were plated in a 96-well black plate in R10 and placed in a humidified incubator
with 5% CO,, 35 °C for 24 h. After this period, macrophages were infected with L. (L.)
amazonensis, L. (L.) infantum, L. (V.) guyanensis, L. (V.) lainsoni, L. (V.) naiffi and L. (V.) shawi
promastigote forms at a ratio of 10 parasites per 1 macrophage for 24 h. Twenty-four hours
later, the wells were washed three times with warm PBS to remove free parasites and
cells were incubated with 1.25 to 10 pg/mL of 8-HQ; controls were incubated with R10
only. Positive controls were incubated with 100 ng/mL of LPS (Sigma-Aldrich, St Louis,
MO, USA) during 24 and 72 h. At these time points, cells were washed three times with
200 uL of warm PBS, followed by incubation with 5 mM of 4-amino-5-methylamino-2’,7'-
difluorofluorescein diacetate (DAF-FM), which is a probe able to detect intracellular nitric
oxide (NO). It reacts with NO and forms a highly fluorescent molecule, benzotriazole,
which is detected by fluorescence readers. Cells were incubated for 60 min with DAF-FM,
followed by three washes with warm PBS. Plates were read with 515 nm emission and
495 nm excitation. Blank controls, built with PBS, R10, and R10 plus drugs or LPS did not
interfere with the fluorescence spectra of the reaction.

4.7. Infection and Treatment

Twenty male BALB/c mice were subcutaneously infected in the base of the tail with
10° promastigote forms of L. (L.) amazonensis in the stationary phase of growth. Five animals
received only sodium chloride 0.9% (w/v) under the same route (healthy group). Four
weeks after infection, L. (L.) amazonensis-infected BALB/c mice were divided into five
groups: group 1 (G1) and group 2 (G2) were constituted by infected animals injected by the
intralesional route with 10 or 20 mg/kg of 8-HQ, respectively; group 3 (G3) was injected
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with 100 mg/kg of glucantime by the intralesional route; group 4 (G4) was the infected
control, injected with the vehicle solution by the intralesional route; group 5 (G5) was
constituted by non-infected, non-treated animals. The treatment was started in the sixth
week post-infection, and the animals were treated for 10 consecutive days, once daily. The
physical conditions of the animals were monitored once a week. One week after the last
dose, the animals were euthanized with thiopental. Skin fragments were collected, fixed
in formalin, and stained with hematoxylin and eosin to analyze the histological changes.
There was no dead prior to the endpoint.

Of note, the species L. (L.) amazonensis was selected to analyze the efficacy of 8-HQ
in vivo because it was the most resistant to the action of 8-HQ and importantly, this parasite
reproduces a debilitating and progressive disease in BALB/c mice, that in fact mimics the
most severe clinical forms of cutaneous leishmaniasis in humans. Therefore, this model is
significant for experiments involving chemotherapy.

Clinical Course of Lesion Development and Determination of Parasite Burden in the Skin
of Infected and Treated Animals

The clinical course of lesion development was evaluated once a week by recording the
average diameter of the skin lesions using a caliper.

The parasite load in the skin was determined using the quantitative limiting dilution
assay as previously described [60]. Briefly, a skin fragment from the base of the tail was
aseptically excised, weighted, and homogenized in S10. The skin suspensions were diluted
1000 times and subjected to 12 serial dilutions (1:4) with four replicate wells. The number
of viable parasites was determined based on the highest dilution that the promastigotes
could be grown after 10 days of incubation at 25 °C in S10.

4.8. Quantification of Cytokines

The subiliac and popliteal lymph nodes from different groups were aseptically col-
lected, macerated in the R10 medium, and the number of cells was estimated under Trypan
blue exclusion dye. Mononuclear cells were adjusted at 5 x 10° cells/well and stimulated
with 5.0 ug of whole antigen of L. (L.) amazonensis or 1.0 ug of concanavalin A (positive
control) for 72 h; negative controls were cultivated only with the R10 medium. Cells were
cultured in a humidified incubator, 37 °C, 5% CO,. Following this experimental time,
the supernatants were collected, and the amounts of IL-4 and IFN-y (BD, Franklin Lakes,
NJ, USA) in the supernatant of the cells were quantified by the sandwich enzyme-linked
immunosorbent assay (ELISA) in accordance with the manufacturer’s recommendations.

4.9. Statistical Analysis

Values were expressed as the mean + standard error. Statistical analyses were per-
formed using GraphPad Prism 5.0 software, and the ANOVA test was used to analyze the
differences between groups. Statistical significance was set at a p < 0.05.

5. Conclusions

In conclusion, the results presented herein reinforce that 8-HQ exhibits significant
antileishmanial activity in vitro and high selectivity for all of the species studied. It is
important to emphasize that the Leishmania (Viannia) species were more susceptible to
the compound. Although species belonging to the subgenus Leishmania were relatively
more resistant, they were successfully eliminated by the action of 8-HQ, and this effect was
probably potentialized by the production of intracellular NO. Furthermore, the in vitro
data reinforce that 8-HQ is more selective than miltefosine, an approved drug for leishma-
niasis treatment. Finally, the in vivo data confirm that 8-HQ inhibited the progression of
cutaneous disease in BALB/c and polarized the immune response toward a Thl immune
pole that was also associated with a reduction in the inflammatory reaction in the dermis
of infected animals. Thus, the data presented herein suggest that 8-HQ is an interesting
drug with high potential to be employed in the treatment of cutaneous leishmaniasis.
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Abstract: Cutaneous leishmaniasis exhibits a wide spectrum of clinical manifestations; however,
only a limited number of drugs are available and include Glucantime® and amphotericin B, which
induce unacceptable side effects in patients, limiting their use. Thus, there is an urgent demand
to develop a treatment for leishmaniasis. Recently, it was demonstrated that 8-hydroxyquinoline
(8-HQ) showed significant leishmanicidal effects in vitro and in vivo. Based on that, this work aimed
to develop a topical formulation containing 8-HQ and assess its activity in experimental cutaneous
leishmaniasis. 8-HQ was formulated using a Beeler base at 1 and 2% and showed an emulsion
size with a D5 of 25 and 51.3 um, respectively, with a shear-thinning rheological behaviour. The
creams were able to permeate artificial Strat-M membranes and excised porcine skin without causing
any morphological changes in the porcine skin or murine skin tested. In BALB/c mice infected
with L. (L.) amazonensis, topical treatment with creams containing 1 or 2% of 8-HQ was found to
reduce the parasite burden and lesion size compared to infected controls with comparable efficacy
to Glucantime® (50 mg/kg) administered at the site of the cutaneous lesion. In the histological
section of the skin from infected controls, a diffuse inflammatory infiltrate with many heavily infected
macrophages that were associated with areas of necrosis was observed. On the other hand, animals
treated with both creams showed only moderate inflammatory infiltrate, characterised by few infected
macrophages, while tissue necrosis was not observed. These histological characteristics in topically
treated animals were associated with an increase in the amount of IFN-y and a reduction in IL-4
levels. The topical use of 8-HQ was active in decreasing tissue parasitism and should therefore be
considered an interesting alternative directed to the treatment of leishmaniasis, considering that
this type of treatment is non-invasive, painless, and, importantly, does not require hospitalisation,
improving patient compliance by allowing the treatment to be conducted.

Keywords: topical treatment; 8-hydroxyquinoline; quinolines; L. (L.) amazonensis; cutaneous leishmaniasis
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1. Introduction

Natural or synthetic quinolines are a group of bioactive compounds with high chemi-
cal versatility and diverse pharmacological activities [1,2]. The 8-hydroxyquinoline (8-HQ)
molecule is a subclass of quinoline, that is considered a chelating agent, a property as-
sociated with most bioactivities of this compound [3,4]. Consequently, interest in 8-HQ
has grown exponentially in the last two decades, as this molecule has shown a wide vari-
ety of pharmacological activities such as neuroprotection, anticancer, antimicrobial, and
antiparasitic agents [5,6].

As an antiparasitic agent, 8-HQ was already demonstrated to be active on Trypanosoma
cruzi epimastigotes, the aetiologic agent of Chagas disease, and showed similar efficacy
to Nifurtimox, a reference drug used in the treatment of Chagas disease [7]. In sleep
sickness, 8-HQ derivatives were active in blood forms of Trypanosoma brucei, showing
selective indexes between 11 and 48, which were superior in comparison to the reference
drug. Furthermore, all derivatives were also observed to interact with DNA and eliminate
parasites by oxidative stress [8].

Furthermore, male MF1 mice infected with Schistosoma mansoni were found to show
a reduction in liver parasitism of 65% after oral 8-HQ administration. Histologically, a
decrease in the volume of liver granulomas was observed in treated animals, and an
increase in anti-S. mansoni IgG antibodies was observed. Comparatively, praziquantel,
a reference drug used in the treatment of human schistosomiasis, reduced the parasite
burden by 62%, but did not reduce the volume of liver granulomas or elevate the levels of
anti-S. mansoni IgG antibodies, suggesting that immunomodulatory activity could have
helped the antiparasitic activity of 8-HQ [9].

In leishmaniasis, several studies have shown that 8-HQ and its derivatives were active
on promastigotes and intracellular amastigotes of L. (L.) amazonensis, L. (L.) infantum, and
L. (L.) braziliensis, and that activity was higher than amphotericin B, a reference drug used
in the treatment of leishmaniasis [10]. Furthermore, it was shown that such a molecule
was able to depolarise the mitochondrial membrane, leading to the death of leishmania
parasites. Further studies also verified that BALB/c mice infected with L. (L.) infantum
or L. (L.) amazonensis submitted to subcutaneous treatment with 8-HQ and clioquinol
showed a significant reduction in the size of cutaneous lesions and the number of tissue
parasites; furthermore, the efficacy of 8-HQ in a mouse model of cutaneous leishmaniasis
was associated with an increase in the Th1 immune response [11,12]. Importantly, 8-HQ and
clioquinol induced no liver or renal damage in experimental animals [13], suggesting that 8-
HQ is an interesting molecule to develop a new and effective drug directed to leishmaniasis.

Recently, 8-HQ showed a wide range of leishmanicidal activity on promastigotes and
intracellular amastigotes of L. (L.) amazonensis, L. (L.) infantum chagasi, L. (V.) guyanensis,
L. (V.) naiffi, L. (V.) lainsoni, and L. (V.) shawi, demonstrating multispectral activity and higher
selectivity than miltefosine. This is likely attributed to the leishmanicidal activity of 8-HQ
and the production of nitric oxide (NO) in macrophages. Furthermore, the administration
of 8-HQ by an intralesional route at 10 and 20 mg/kg caused a significant reduction in
parasite burden in the skin of BALB/c mice infected with a strain of L. (L.) amazonensis
that was isolated from a patient with anergic diffuse leishmaniasis. Additionally, these
animals produced higher levels of IFN-y and lower levels of IL-4 cytokines, indicating an
immunomodulatory response stimulated by 8-HQ during leishmania infection [14].

Taken together, these studies indicated that 8-HQ had higher bioactivity in Leishmania
sp., which is more selective than drugs conventionally used in the treatment of leishmania-
sis, suggesting that 8-HQ is indeed a hit alternative drug. It is of the utmost importance
to characterise new treatments for both visceral (VL) and cutaneous leishmaniasis (CL),
considering the existence of a limited arsenal of chemotherapeutic possibilities that are
based on pentavalent antimonials, amphotericin B, and miltefosine.

Pentavalent antimonials (Sb¥) were recommended by the WHO as the first-line drug
for the treatment of leishmaniasis [15], and can be administered in doses of 20 mg/kg ™!
subcutaneously for 28-30 days [16,17]. However, antimonials showed variable responses
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to disease (35% to 95%); in addition, this treatment is limited, considering all side effects
that are induced in patients, including cardio and hepatotoxicity [18,19]. Amphotericin B is
recommended as the second-line drug for the treatment of leishmaniasis, mainly in regions
where patients are resistant to antimony [20]. Administration is given daily or on alternate
days with 1 mg/kg~! during 15-20 intravenous infusions, resulting in high efficacy [21].
Despite its high efficacy, the treatment causes significant side effects, including fever, hy-
pokalaemia, and nephrotoxicity; in addition, the treatment is costly and requires prolonged
hospitalisation [22]. Lipid formulations of amphotericin B were developed to minimise
the severe side effects of amphotericin B [23,24], but they are still expensive, primarily
for low-income countries [25,26]. Miltefosine is an alkyl phosphocholine derivative with
antineoplastic activity and a significant leishmanicidal effect. It is the only drug adminis-
tered orally that is currently approved for the treatment of leishmaniasis [27]. Treatment
is given for 28 days at variable doses, depending on geographic location and the clinical
form of leishmaniasis. The main problem associated with miltefosine treatment is the long
half-life in the human body that can cause gastrointestinal toxicity; teratogenicity is another
concern related to the treatment. Furthermore, the cure rate is variable depending on the
infecting species, but a lack of efficacy has also been described in human infections [28,29],
suggesting the existence of parasites resistant to miltefosine [30].

Despite the pharmacological effect of such drugs on leishmaniasis, it is important
to note that none of them was originally developed to treat human leishmaniasis, so the
current treatment is based on repurposed drugs whose toxic effects in patients remain
unacceptable while remaining highly invasive and requiring hospitalisation [31]. In this
case, the development of a topical therapy would represent an important milestone in
the treatment of cutaneous leishmaniasis; however, until now, there has been no effective
topical treatment. Taking into account the scarcity of topical treatments, this work aims
to develop a low-cost cream containing 8-HQ, a compound with a multispectral effect on
Leishmania species, and to evaluate its preclinical efficacy in an experimental cutaneous
leishmaniasis model. Prepared creams exhibited significant rheological, physical, and

permeability features, while no toxic events were observed in the skin of BALB/c treated
mice. 8-HQ creams were able to reduce the size of the lesion and tissue parasitism in

experimental cutaneous leishmaniasis. Our data support that 8-HQ topical formulations
can be extemporaneous readily translatable low-cost topical treatments for cutaneous
leishmaniasis that can be easily translated into industrially scalable topical therapies for
cutaneous leishmaniasis.

2. Materials and Methods
2.1. Materials

RPMI 1640 medium (Thermo Scientific, Waltham, MA, USA) was supplemented
with 10% inactivated foetal bovine serum (Thermo Scientific), 1% pyruvate, 1% of non-
essential amino acids, 10 ug/mL of gentamicin and 1000 U/mL penicillin, and 0.1%
of 2-mercaptoethanol (R10). Schneider medium (Sigma-Aldrich, St. Louis, MO, USA)
was supplemented with 10% heat-inactivated foetal bovine serum (FBS), 10 ug/mL of
gentamicin, and 1000 U/mL of penicillin (510). The 8-hydroxyquinoline molecule 8-
hydroxyquinoline (purity > 99%) was obtained from Sigma-Aldrich (USA). Glucantime®
was obtained from Sanofi-Aventis (Sao Paulo, Brazil).

2.2. Preparation of Creams Containing 8-HQ

To prepare the Beeler’s base (10 g), firstly, the oily phase was prepared by melting
cetyl alcohol (1.5 g) and white wax (0.1 g) (Sigma) in a water bath at 70 °C. Subsequently,
butylhydroxytoluene (2 mg) was added as the oily phase. The aqueous phase, composed
of sodium lauryl sulphate (0.2 g), propylene glycol (1 g), and distilled water (q.s. 10 g),
was then heated up to the same temperature as the oil phase and mixed with the oily
components to produce the Beeler base cream. 8-HQ was dispersed in 50 uL of propylene
glycol at 1% (0.1 g) or 2% (0.2 g) prior to being incorporated into the Beeler’s base using
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a mortar and pestle. The creams were packaged in 30 mL amber glass bottles and no
changes in the physical appearance of the creams were observed for six months at room
temperature (~25 °C).

2.3. Physical Characterisation of Creams

Samples of all creams were diluted in deionised water (1:100 w/w), and 300 uL aliquots
of the diluted creams were added to the integrated cuvette of the laser particle analyser
with a detection range between 1 and 135,000 um (Microtrac S3500, Microtrac, PA, USA)
to determine the particle size and distribution of 8-HQ creams. The size and distribution
of the prepared creams were expressed by the median diameter of the volume (MV) and
the Dy, Dsp, and Dy (indicating the percentages of particles having 10%, 50%, and 90% of
the diameter equal to or lower than the given value) [32]. Measurements were performed
in triplicate.

2.4. Viscosity Analysis

The viscosity of the creams prepared was evaluated in triplicate using a Brookfield
Rheometer (Middleborough, MA, USA), model DV-II], fitted with a temperature control
probe. A 5 cm cone-plate measuring geometry was used (Spindle CP-42). The temperature
of all measurements was maintained at 25 °C. Viscosity (cP) and shear stress (D x cm~2)
were determined over a speed rate from 0 to 0.5 rpm and from 0.5 to 0 rpm, and a shear
rate from 0 to 1.92 (1/s). Before measurements, a standard of 30,000 cp was analysed. The
fluidity parameter was calculated using linear regression from the slope of the shear stress
versus the shear rate plot.

2.5. Permeation Studies with Creams Containing 8-HQ

A Strat-M® artificial membrane (Transdermal Diffusion Test, 25 mm, Sigma-Aldrich,
Madrid, Spain) with 0.33 mm thickness, engineered to mimic human skin, was initially
used. This multi-layer artificial membrane possesses a tight top layer coated with a lipid
blend resembling the lipid chemistry of the human stratum corneum (SC) and a porous
lower layer resembling the epidermis and dermis layers [33]. This membrane possesses
equivalency to human skin for the skin permeation of many drugs and claims to have
better correlations compared with other biological membranes [34]. Strat-M® was mounted
between the donor and receptor chamber of Franz diffusion cells with a diffusion area of
1.766 cm? and a cell volume of 12mL capacity. The receptor chamber was filled with a
mixture of phosphate buffer (pH 5.5) and methanol (1:1, v:v). The donor compartment
was filled with PBS for 30 min until the system reached 35 °C. The PBS in the receptor
chamber was removed and 100 mg of creams containing 1% or 2% 8-HQ were added to the
donor compartment in strict contact with the membrane. Samples of 1 mL were withdrawn
from the receptor chamber at the following time points, 5, 10, 15, 30, 45, 60, 120, 240,
and 360 min, and samples were analysed using HPLC, as described below. The receptor
chamber was immediately replenished with pre-warmed buffer. Cumulative amounts of
8-HQ permeated through the artificial membrane were analysed at 360 min. Additionally,
permeability studies were performed using porcine skin from the ear of 3-month-old male
pigs obtained from the slaughterhouse. The skin (thickness: 1.66 & 0.16 mm) was prepared
as previously described [35]. At the end of each permeability study (360 min), the skin
samples were wiped with an ethanol-impregnated cotton bud to remove the excess formu-
lation. Skin samples were cut in half and one half was fixed using 4% paraformaldehyde
(pH 7) for histological studies, while the other half was weighed and homogenised with
2 mL of PBS pH 7.4 buffer, diluted 1:2 with methanol, vortexed, and centrifuged (10 min,
10,000 rpm) [32]. The supernatant was analysed for HPLC.

The collected samples were analysed using UHPLC (Ultimate 3000 standard Quater-
nary System). The integration of the peaks was performed using the program Chromeleon
7.3.1.6535). An Analytic Kinetex EVO 5 mm C18 reverse phase HPLC column (150 x 4.6 mm)
was used for analysis. Isocratic elution was used with a mobile phase consisting of acetonitrile
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and methanol (52:48). The flow rate was set at 1 mL/min, and the injection volume was 10 uL.
Detection was carried out at 246 nm, the retention time was detected in 2.25 min of run, and a
linear calibration curve was achieved between 0.38 and 400 ug/ mL~! (R2 > 0.9906).

A standard curve was constructed with 8-HQ and regression analysis was used to
calculate the slopes and intercepts of the linear portion of each graph. The steady-state
flux (JSS), the permeability coefficient (P), the diffusion coefficient, and the lag time were
estimated as previously described by Lalatsa et al. [36].

Each formulation was tested in triplicate. Regression analysis was used to calculate
the slopes and intercepts of the linear portion of each graph, and the following equations
were applied to each formulation.

To calculate the steady-state flux,

’ dc
jss = o5 % A (1)
where jss is the steady-state flux (ug/cm?/h), dC/dX is the amount of 8-HQ permeating
the membrane over time (ug/h), and A is the surface area of contact of the formulation.
To calculate the permeability coefficient (P), the following Equation (2) was employed:

P = jss/cd (2)

where cd is amount of drug applied in the donor compartment
The diffusion coefficient (um/h) was calculated by using Equation (3):

i 3)

jss =

h

where I is the thickness of the membrane (um?) [36].
2.6. Animals

Six- to eight-week-old male BALB/c mice were obtained from the Animal Facility
Center of the Medical School of Sao Paulo University, housed in accordance with Animal
Welfare Committee standards, and had access to food and water ad libitum throughout the
study under a 12 h light cycle. This study was carried out following the recommendations
of the Guide for the Care and Use of Laboratory Animals of the Brazilian National Council
of Animal Experimentation. The protocol was approved by the Committee on the Ethics of
Animal Experiments of the Institutional Animal Care and Use Committee at the Medical
School of Sao Paulo University (CEP1648/2022). For all experimental procedures, the
animals were anaesthetised with ketamine (100 mg/kg) and xylazine (10 mg/kg).

2.7. Cutaneous Toxicity Studies with Creams Containing 8-HQ

Twenty five healthy male BALB/c mice were divided into five groups: group 1
(G1) constituted control mice; group 2 (G2) constituted animals treated with 1.7 mg of
blank Beeler’s base cream by the topical route at the base of the tail, with a surface area
approximately of 5.2 mm?; groups 3 (G3) and 4 (G4) constituted animals treated with 1.7 mg
of cream containing 1% or 2 of 8-HQ by the topical route at the base of the tail, respectively;
group 5 (G5) was treated with 50 mg/kg of Glucantime® by the intralesional route. Animals
were treated during 14 consecutive days, once daily. The physical conditions of the animals
were monitored once a week. One week after the last dose, the animals were euthanised
with a lethal dose of thiopental. Skin fragments and inguinal lymph nodes were collected
to perform different assays. All animals survived till the end of the study.

2.8. Parasite

The L. (L.) amazonensis parasite (MHOM /BR/73/M2269) was identified using mono-
clonal antibodies and isoenzyme electrophoretic profiles at the Leishmaniasis Laboratory
of the Evandro Chagas Institute (Belém, PA, Brazil). Parasite species were grown in S10
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medium at 25 °C. In all experiments, the parasites were in a stationary phase of growth
and were in the first passage of culture to perform in vivo experiments.

2.9. Infection and Experimental Treatment

Thirty male BALB/c mice were subcutaneously infected at the base of the tail with 10°
promastigote forms of L. (L.) amazonensis in the stationary phase of growth. Five animals re-
ceived only sodium chloride 0.9% (w/v) under the same route (healthy group). Four weeks
after infection, L. (L.) amazonensis-infected BALB/c mice were divided into six groups:
group 1 (G1) and group 2 (G2) constituted infected animals treated with 1.7 mg of cream
containing 1% or 2 of 8-HQ by the topical route at the base of the tail, with a surface area
approximately of 5.2 mm?, respectively; group 3 (G3) was treated only with Beeler’s base
cream by the topical route; group 4 (G4) was treated with 50 mg/kg of Glucantime® by
the intralesional route; group 5 (G5) was the infected control; and group 6 (G6) constituted
non-infected, non-treated animals. Treatment was started in the fifth week post-infection
(PI), and the animals were treated for 14 consecutive days, once daily. The physical condi-
tions of the animals were monitored once a week. One week after the last dose, the animals
were euthanised with a lethal dose of thiopental. Skin fragments and inguinal lymph nodes
were collected to perform different assays. All animals survived the infection till the end of
the study.

2.10. Development of Lesions and Determination of Tissue Parasitism

The clinical course of the development of the lesion was assessed once a week with
the aid of a digital micrometer with range of 0-25 mm and 0.001 mm accuracy (Mitutoyo,
Aurora, IL, USA). The skin parasite load was determined using the quantitative limiting
dilution assay. Briefly, a skin fragment from the base of the tail and inguinal lymph
nodes was collected aseptically, weighed, and homogenised in S10 medium. The tissue
suspensions were subjected to 12 serial dilutions with four replicate wells. The number of
viable parasites was determined based on the highest dilution in which the promastigotes
could grow after 10 days of incubation at 25 °C.

2.11. Cytokine Production Studies

Inguinal lymph nodes and skin fragments from different groups were collected asepti-
cally, weighted, macerated in R10 medium, and centrifuged at 10,000 rpm, 6 min, 4 °C. The
supernatants were collected, and the amounts of IL-4 and IFN-y (ThermoFischer, Waltham,
MA, USA) were quantified by sandwich enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s recommendations. The concentrations of cytokines were
normalised by the weight of each organ collected.

2.12. Statistical Analysis

All experiments were repeated at least three times and the values obtained were
expressed as mean =+ standard error. Statistical analyses were performed using GraphPad
Prism 5.0 software and the ANOVA test was used to rate differences between groups.
Statistical significance was established at p < 0.05.

3. Results
3.1. Measurement of Particle Size

Physical characterisation demonstrated that the distribution of all creams was arranged
in such a way that 10% of the particles (D10) had a size of ~10 um (Figure 1). Beeler’s
base and the cream containing 1% of 8-HQ exhibited a D5 of 25 um; however, the cream
containing 2% of 8-HQ showed a significant increase in D5 (51.27 um) in comparison with
Beeler’s base and cream 1%. Beeler’s base and 1% cream showed a similar Dgy, with a
particle size of 92.84 and 89.93 um, respectively, but the cream 2% presented the highest
Dgg (146.77 um) in comparison to all creams.
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Figure 1. Particle size distribution of Beeler’s base and creams containing 1 or 2% of 8-HQ. Data
are expressed as mean =+ standard deviation of three independent experiments. * p < 0.05 indicates
statistical significance between the indicated groups. The letters “a” and “b” indicate statistical
significance among D5 and Dgg of cream 2% with Beeler base and cream 1%, respectively.

3.2. Viscosity

No statistical differences were observed in the viscosity values between the blank
Beeler’s base cream and creams containing 1 or 2% of 8-HQ at any of the rpm tested
(Figure 2A). All three creams showed a shear-thinning rheological behaviour (Figure 2B),
referring to the decrease in shear stress at higher shear rates. This behaviour is optimal
for topical pharmaceutical products, since upon application on the skin the extensibility
improves, allowing an easier application and, hence, better patient compliance.
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Figure 2. Viscosity versus applied rpm (A), from 0.5 to 0 rpm. Blank Beeler’s base cream, 1%, and
2% 8-HQ cream. Shear stress versus shear rate (B), from 0.384 to 1.92 (1/s)). Blank Beeler’s base
cream with a y = 82.378x + 10.07 and a R? = 0.8257, 1% 8-HQ cream with a y = 97.017x — 3.18 and a
R? = 0.9808, 2% 8-HQ cream with a y = 97.404x — 1.9483 and a R? = 0.914.

3.3. Franz Cell Diffusion Assay

Permeation studies were performed with 1% and 2% 8-HQ creams using porcine skin,
as well as with artificial membranes (Strat-M membrane) engineered to mimic human skin
(Table 1). Steady-state flux was observed to be 1.57 higher in porcine skin incubated with
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1% cream than with 2% cream (p < 0.05). However, in artificial membranes, the steady-state
flux was similar when incubated with creams of 1 or 2%.

Table 1. Transdermal diffusion tests were performed with porcine skin and artificial membranes
incubated with creams containing 1 or 2% of 8-HQ. * p < 0.05 between 1 and 2% creams.

Porcine Skin Artificial Membrane
Parameter Cream 1% Cream 2% Cream 1% Cream 2%
Steady-state flux (ug/ cm?/h) 40.24 +1.09 255+ 121* 30.66 + 3.25 33.49 + 6.09
Lag time (h) 0.46 + 0.03 0.60 + 0.16 0.35 £ 0.03 0.24 £+ 0.05
Permeability coefficient (mm?2/h) 0.20 + 0.02 0.06 + 0.003 * 0.31 £0.03 0.24 +0.03
Diffusion coefficient (um/h) 33.83 +4.68 10.63 + 0.50 * 9.20 £+ 0.97 7.33 +£0.87
Cumulative amount of 8-HQ retained (ug/mg) 0.20 £ 0.02 0.17 &+ 0.04 0.10 + 0.01 0.12 £+ 0.01

In contrast, the permeability and diffusion coefficient parameters were 3.33 and
3.18 times higher in the skin incubated with the cream of 1% than with the cream of
2%, respectively. On the other hand, artificial membranes incubated with creams of 1 or 2%
did not show significant differences between such parameters. The latency time parameters
(lag time) were similar in the skin and artificial membranes incubated with 1 or 2% creams.

After 360 min of incubation, porcine skin fragments were collected and fixed in buffered
formalin (pH7.4). In this regard, creams containing 1% (Figure 3A) or 2% (Figure 3B) of 8-HQ
did not change the morphology of porcine skin, considering that the epidermis, superficial
and deep dermis, glands, hair follicles, and capillaries were preserved.

Figure 3. After the skin permeation test, fragments of porcine ear skin were shaved and fixed in
2% buffered formalin and the histological sections were stained with haematoxylin and eosin. (HE).
(A) Cream containing 1% 8-HQ; (B) cream containing 2% 8-HQ. The black bar represents 10 um.

3.4. Histological Changes in the Skin from Healthy BALB/c Mice Treated with Topical Creams
Containing 8-HQ

The histological sections of the skin of healthy animals without treatment showed a
normal morphology of the epidermis and dermis, as well as of the glands, hair follicles,
and capillaries (Figure 4A). Similarly, the skin of animals treated with blank Beeler’s base
(Figure 4B) or cream containing 1% (Figure 4C) or 2% (Figure 4D) of 8-HQ showed a
similar morphology to the control group (Figure 4A). In contrast, the skin of animals treated
with Glucantime® (50 mg/kg) intralesionally exhibited a focal area of inflammation in the
dermis, which was characterised by the infiltration of mononuclear and polymorphonuclear
cells (Figure 4E).
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Figure 4. Histological changes in non-infected BALB/c mice submitted to the treatment. Control mice
were not submitted to any topical treatment (A); on the other side, groups of mice were treated for
14 days with blank Beeler’s base (B) or creams containing 1% (C) or 2% of 8-HQ (D) topically or with
Glucantime® (50 mg/kg) by the intralesional route (E). The skin histological section of each group
was stained with haematoxylin and eosin (HE) and the main histological changes were compared
with the skin histological section collected from untreated BALB/c mice (A). Bars = 20 um.

3.5. Efficacy of Topical Treatment

BALB/c mice were infected at the base of the tail, and in the fifth week of infection
the experimental animals were treated topically daily with 1.7 mg of creams containing
1% or 2% of 8-HQ, blank Beeler base, and with the reference drug Glucantime® by the
intralesional route at the site of cutaneous lesion.

In this regard, it was observed that in the 6th week of PI (Figure 5A), the group
treated with the cream containing 1% or 2% of 8-HQ had a significant decrease in the size
of the skin lesions (by 34.5% and 49.5%, respectively) compared to infected animals, in
which the lesions progressively increased. In the 7th week of PI, animals treated with
creams containing 1 or 2% 8-HQ as well as Glucantime® exhibited a significant reduction
(p <0.05) in the lesion size compared to infected animals. Additionally, the group of
animals treated with 1% cream presented a significant decrease in the lesion size compared
to groups treated with 2% cream of 8-HQ or Glucantime® by the intralesional route at the
site of lesion development. Lesions of animals treated with Beeler’s base cream increased
over time.

Limiting the dilution assay showed that the infected group treated with Beeler’s base
had the highest parasite load in the skin (Figure 5B) and lymph nodes (Figure 5C) among
the studied groups. In contrast, animals treated with Glucantime® by the intralesional
route or topically with both creams exhibited a significative reduction in skin and lymph
node parasitisms (p < 0.05). Although not significant, the animals treated with Glucantime®
showed lower parasitism than the animals treated topically.

3.6. Histopathological Changes

The histopathological evaluation performed in the skin histological sections of infected
BALB/c mice (Figure 6A) and the group treated with blank Beeler’s base cream (Figure 6C)
showed that both experimental groups had a high number of infected macrophages (de-
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tailed in insets Figure 6B,D), and this was associated with an intense and diffuse inflamma-
tory infiltrate containing few lymphocytes, but a large number of mono and polymorphonu-
clear cells; furthermore, areas of necrosis were observed in the deep dermis (arrowhead).
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Figure 5. BALB/c mice were infected with 10° promastigote forms of L (L.) amazonensis at the base
of the tail; at the 5th week post-infection, topical treatment was started with creams containing
1 or 2% of 8-HQ or Glucantime® (50 mg/kg) by the intralesional route at the site of cutaneous

lesion. The animals were treated once a day for 14 days. Lesion development (A) was monitored
with a micrometer and at the 7th week PI parasite loads in the skin (B) and lymph nodes (C) were

determined using a limiting dilution assay. * p < 0.05 in comparison to the infected group. # p < 0.05

in comparison to the 1% cream.
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Figure 6. Histological skin sections of BALB/c mice infected with L. (L.) amazonensis. (A,B) Infected
control; (C,D) topical treatment with blank Beeler’s base cream; (E,F) topical treatment with cream
1% of 8-hydroxyquinoline; (G,H) topical treatment with cream 2% of 8-hydroxyquinoline; (L])
treatment by the intralesional route at the site of cutaneous lesion with 50 mg/kg of Glucantime®.
(A,CE,G,I) show details of the epidermis and dermis of each group, while (B,D,F,H,J) show details
mainly on parasitism, illustrated by the black arrows. Arrowheads indicate areas of necrosis (bars:
40 pm).
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In contrast to these data, groups treated topically with cream 1% (Figure 6E) or
2% (Figure 6G) exhibited, compared to the control, a moderate inflammatory response;
additionally, it was composed mainly of lymphocytes and macrophages whose intensities
of infection were lower than in the infected group (detailed in insets Figure 6FH). Rare areas
of tissue necrosis were observed. In the same way, the skin of BALB/c mice treated with
Glucantime® intralesionally (50 mg/kg) presented an intense and diffuse inflammatory
infiltrate composed primarily of mononuclear cells (Figure 6]); also, few amastigote forms
were observed within macrophages (detailed in inset Figure 6]). Focal areas of tissue
necrosis were observed in the deep dermis (arrowhead in Figure 6]).

3.7. Immunological Studies

In the lymph nodes of the infected control and animals treated with Beeler’s base
cream, a high production of IL-4 was observed. On the other hand, intralesional treatment
with Glucantime® and topical treatment with creams containing 1 or 2% of 8-HQ reduced
IL-4 production compared to infected animals and animals treated with Beeler’s basis
(p < 0.05). Furthermore, IL-4 levels in the groups submitted to treatments were similar to
the control—uninfected, untreated animals (Figure 7A).
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Figure 7. The draining lymph nodes of all experimental animals were collected, a single cell suspen-
sion was produced, and the supernatants were collected to quantify the amounts of IL-4 (A) and
IFN-y (B) using ELISA. * p < 0.05.

Concerning IFN-y (Figure 7B), it was verified that the infected group and group
treated with Beeler’s base produced low levels of IFN-y. On the other hand, animals
treated with Glucantime® or cream containing 1 and 2% of 8-HQ exhibited a significant
increase (p < 0.05) in IFN-y production.

4. Discussion

8-HQ has a strong and evident anti-Leishmania activity against different species that
cause visceral or cutaneous leishmaniasis, with selectivity indexes superior to those of the
conventional drug miltefosine [10,12]. Furthermore, it was shown that the subcutaneous
and intralesional administration of this molecule in mice infected with dermotropic species
of leishmania drastically decreased the size of skin lesions, as well as tissue parasitism [14].
Although the therapeutic activity of 8-HQ has been described, to the best of our knowledge
no topical treatment has been developed so far. The fabrication of a cream containing
bioactive molecules would be a significant improvement in the treatment of cutaneous
leishmaniasis because patients would be able to treat their lesions at home without the need
for healthcare professionals and hospitalisation, which might be difficult in rural areas.
Additionally, as suggested by the Drugs for Neglected Diseases initiative (DNDi), a topical
treatment is a non-invasive, non-painful method of administration and possibly its use in
cases of cutaneous leishmaniasis is likely to increase patient compliance and, consequently,
the efficacy in comparison to current first-line treatments that are hampered by severe side

120



Pharmaceutics 2023, 15, 2602

13 0f 18

effects in patients [26]. Therefore, extemporaneously or industrially manufactured topical
therapies will have significative importance in geographic localities where cutaneous
leishmaniasis is endemic. Thus, in the present manuscript, a cream containing the bioactive
molecule 8-HQ was prepared, characterised, and assessed in terms of safety and efficacy in
an animal model of cutaneous leishmaniasis.

The 1% 8-HQ cream showed a similar particle size to that of Beeler’s cream, indicating
that 8-HQ is homogenously dispersed by extemporaneous dispensing and likely solubilised
within the emulsion. However, the 2% 8-HQ cream showed increased sizes in D5y and
Dy, likely attributed to the large particle size of 8-HQ that, after incorporation in the
cream, remained partially unsolubilised, resulting in suspended 8-HQ particles within
the cream base. Thus, if 8-HQ remains suspended within the cream base, it might not be
able to permeate across the skin and only the solubilised fraction may be able to cross the
skin barrier.

Thus, the 1% cream, with more 8-HQ in solubilised form and droplets of lower particle
size, was more likely to permeate across the murine and porcine skin tested compared to
the 2% cream. A study of the transdermal delivery of hydroquinone demonstrated that the
formulation with smaller droplets exhibited higher permeation across a Strat-M membrane
and mouse skin [32].

To ensure the creams could be applied and spread on the skin, the rheology of the
cream was assessed. 8-HQ creams’ shear thinned as the shear rate increased. As viscosity
decreases, frictional forces also decrease, and less energy is required for shear, which occurs
when a fluid is moved or spread out [37]. Measured viscosity is within the range previously
approved for human use in topical formulations, and ensures that the prepared cream can
be applied and stay on human skin, while the observed shear thinning behaviour ensures
the spreadability of the formulation on the skin surface [36].

Creams were tested for permeability using porcine skin and an artificial membrane
(Strat-M membrane). In porcine skin, 1% cream demonstrated a higher flux and diffusion
coefficient through the skin compared to the 2%, with similar lag times. This is likely
explained by the solubilisation of 8-HQ within the Beeler’s cream being nearly complete in
the 1% compared to the 2% cream. 8-HQ has a high solubility in propylene glycol and cetyl
alcohol (components of Beeler’s base), but higher amounts might be above the maximum
solubility for the drug per weight of the base, which allows some of the drugs to remain
suspended and thus not able to permeate across the skin. Interestingly, no difference was
seen in the Strat-M membranes [34,38], which is explained by the infinite dose used in
our experiments.

At the end of the permeation studies, it was observed that porcine skin treated with
cream containing 1% or 2% 8-HQ accumulated 17.80 or 5.60 times more 8-HQ, respectively,
than the required concentration of 8-HQ able to eliminate 50% of the number of amastigote
forms (ECsg) of L. (L.) amazonensis, which was previously estimated in 1.9 pug/mL after 24 h
of incubation [14]. Furthermore, 8-HQ creams did not change the histological structure of
porcine skin, suggesting that creams were safe to be used in vivo. Considering the Strat-
M membrane, the diffusion coefficient of both creams was also higher than the ECs; of
8-HQ on L. (L.) amazonensis amastigotes. It is still important to note that the differences
observed in the permeation of creams through the porcine skin and the Strat-M membranes
may be related to the difference in the complex histological structure and thickness of the
porcine skin in comparison to the artificial membrane. Nevertheless, results obtained in
both experimental conditions strongly support the effectiveness of topical formulations
containing 8-HQ.

During permeation experiments (in vitro), histological changes in the skin induced by
creams containing 1 or 2% of 8-HQ were not observed. Therefore, to validate the absence of
skin toxicity in the creams, non-infected BALB/c mice were treated daily for 14 days with
cream 1 or 2%. In this regard, topical treatment with blank Beeler or creams containing
8-HQ was shown to not cause a histological alteration in the skin of BALB/c mice or induce
an inflammatory response; in contrast, an inflammatory infiltrate was observed in the skin
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of BALB/c mice treated with Glucantime® by the intralesional route. The results are related
to the fact that Glucantime® is able to increase the phagocytic capacity of monocytes and
neutrophils and increase the generation of superoxide, as well as the production of TNF-«
and NO [39], which explains the inflammation observed in the skin. Furthermore, animals
treated by the intralesional route, which can cause an inflammatory response due to a
mechanical injury, show dissociation oedema that may be responsible for this inflammatory
response [40]. In summary, the results showed suggest that creams containing 1 or 2% of
8-HQ did not alter the skin morphology after 14 topical applications, and therefore they
can be considered interesting topical formulations to analyse in the experimental model of
cutaneous leishmaniasis.

Both creams altered the course of cutaneous lesions in mice, considering that the
animals treated exhibited a significative reduction in the size of the cutaneous lesions
after the first week of treatment compared to the control and the group treated only with
Beeler’s cream. Additionally, 1% cream was found to induce the most effective reduction
in lesion size compared to animals treated with the 2% topical cream and animals treated
intralesional with Glucantime® at the site of cutaneous lesion. As previously observed, this
biological finding may be related to the higher permeability of 1% cream compared to the
cream with 2%.

In addition to a reduction in the size of the skin lesions, a significant reduction was
observed in the number of parasites in the skin and lymph nodes of infected mice submitted
to topical treatment with 1 or 2% creams. Possibly, this activity may be related to the
characteristics of the Beeler’s base, which contains permeability enhancers (propylene
glycol, sodium lauryl sulphate, and cetyl alcohol) that aid the permeation of 8-HQ through
the skin [41]. Sodium lauryl sulphate can reduce the resistance of the stratum corneum
facilitating the penetration of the compound [42], and propylene glycol is a good solubiliser
for hydrophobic drugs such as 8-HQ, enhancing permeation [43] through the skin, which
explains the observed significant efficacy, as previously observed in mice treated with 8-HQ
intralesionally [14].

Although cream and Glucatime® treatments were effective in reducing the size of
the lesions and parasite load, it is still important to emphasise that the animals treated by
the intralesional route with Glucantime® received an accumulated dose of 21 mg; such an
amount reduced parasitism by 98.24 and 94.7% in the skin and lymph node, respectively.
On the other hand, animals treated topically with 1% cream received a total dose of
0.24 mg of 8-HQ that decreased by 90.4 and 91.9% of parasites in the skin and lymph
nodes, respectively, with comparable efficacy to Glucantime® in the model of cutaneous
leishmaniasis (88-fold lower dose applied).

Furthermore, it was verified that the infected control and animals treated with blank
Beeler’s cream exhibited an intense and diffuse inflammatory infiltrate associated with a
high number of densely infected macrophages. Areas of necrosis were observed throughout
the histological section of the skin. On the other hand, the skin of animals treated with 1
or 2% creams showed a moderate inflammatory infiltrate composed mainly of lympho-
cytes and few infected macrophages, suggesting that the topical treatments were effective
in eliminating intracellular parasites. Even though animals treated with Glucantime®
(50 mg/kg) demonstrated a reduced number of infected macrophages and amastigotes in
tissue, histopathology revealed a significant diffuse inflammatory response, and necrosis in
some areas of the skin (arrowhead in Figure 6]). It is well known that L. (L.) amazonensis
infection induces an intense inflammatory infiltrate that is highly correlated with disease
progression [44,45]. Therefore, molecules capable of decreasing this inflammatory process
and reducing tissue parasitism may be of interest for the development of effective treatment,
as observed in studies employing 8-HQ as an intralesional drug in the model of cutaneous
leishmaniasis, which was able to reduce tissue parasitism as well as the inflammatory
response [46]. Therefore, these data indicate that the action of 8-HQ formulated as a cream
exerts a significant leishmanicidal effect.
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During the progression of L. (L.) amazonensis infection, the host’s immunological
response is characterised by a high production of IL-4 cytokines, resulting in a polarised Th2
immune response, leading to the survival and spread of parasites through tissues [40,47,48].
In the present study, it was verified that control animals developed a classic Th2 immune
response, with high amounts of IL-4 and low amounts of IFN-y, which is highly correlated
with disease progression [49]. On the other hand, animals treated with Glucantime® and
creams 1 and 2% developed a Th1 immune response marked by a high production of IFN-y
and low IL-4. This polarisation has great relevance for the resistance to infection, which
was confirmed by the limiting dilution assay and in the histological section of treated
mice. Possibly, 8-HQ exhibits a direct action on parasites and also triggers the production
of IFN-y, which activates macrophages to a microbicidal state, leading to the death of
parasites [48]. Furthermore, 8-HQ is structurally related to imidazoquinolinone, which is
an agonist of the Toll-like receptor 7 (TLR-7), which has an immunomodulatory action,
through the induction of interferons, and acts as an antineoplastic agent [39,50].

At the same time, a significant reduction in IL-4 levels was observed in all treated
groups, indicating that the treatments were able to reverse the suppressive immune re-
sponse observed in active disease [51,52], which is also important to achieve resistance [53].
In a previous study, it was observed that experimental animals with cutaneous leishmania-
sis submitted to intralesional treatment with 8-HQ were also able to produce significant
levels of IFN-y [14], which reinforces that this molecule exhibits immunomodulatory ac-
tivity in cutaneous leishmaniasis. However, it is still important to note that the topical
administration of drugs is still an attractive option compared to the other routes of admin-
istration, especially in skin diseases, because such a type of treatment can bring the drug to
the site of the diseased tissue, and it can also be administered in lower doses to develop
a therapeutic effect. The peak plasma level of the drug is avoided, the bioavailability of
the drug is increased due to the elimination of hepatic first-pass metabolism, and systemic
toxicity is reduced, as well as leading to greater patient compliance by eliminating the need
for frequent painful applications [54].

5. Conclusions

In conclusion, the physical characteristics of the cream demonstrated an acceptable
particle size for skin permeation and creams exhibited appropriate spreadability, allowing
the permeation of 8-HQ through the skin and artificial membranes. 8-HQ creams reduced
the size of the lesions and the parasitic load of treated animals, as well as the inflammatory
infiltrate and the density of the parasitised macrophages. This therapeutic activity was
associated with an immunomodulatory activity of the molecule that stimulated the produc-
tion of IFN-y, indicating a polarised Th1 response and consequent resistance to infection.
This study enables the facile extemporaneous and potentially industrial manufacture of
more tolerable topical therapies for the treatment of leishmaniasis, reducing the need for
hospitalisation and enabling wider access, especially to populations living in remote areas.
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