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RESUMO

Desenvolvimento de novas entidades quimicas e formulagbes para o
tratamento de dermatomicoses

As dermatomicoses sao infec¢cdes fungicas da pele, ocasionadas
principalmente por dermatofitos e Candida spp. As dermatofitoses, denominacao
especifica para dermatomicoses de origem dermatofitica, sdo as doencas
cutaneas mais prevalentes da atualidade, possuindo como agentes etiologicos
fungos filamentosos dermatofiticos de trés géneros anamorficos: Microsporum,
Trichophyton e Epidermophyton. A resisténcia dos dermatdfitos a terapéutica
convencional vem sendo cada vez mais relatada, contribuindo para as comuns
recidivas da micose. Infec¢Bes (muco) cutaneas e também sistémicas podem ser
causadas por leveduras oportunistas do género Candida - C. albicans e espécies
de C. n&o-albicans (CNA, tais como C. tropicalis, C. glabrata, C. parapsilosis, C.
dubliniensis e C. krusei). As espécies emergentes de CNA apresentam
resisténcia mais pronunciada aos farmacos de escolha para o tratamento de
candidiases, o que implica em falhas na terapia clinica e aumento consideravel
das taxas de morbimortalidade. Neste contexto, faz-se necesséria a pesquisa
por novos agentes antifingicos com amplo espectro de acao e toxicidade
seletiva para o patégeno, que superem as limitacdes da terapéutca atual. Assim,
este trabalho teve como objetivo principal investigar, em uma ampla triagem, a
atividade antifingica de cento e oitenta e nove compostos sintéticos (de variadas
classes quimicas). Além disso, determinar as relacdes de estrutura-atividade,
caracterizar o mecanismo de ac¢éo e perfil toxicoldgico das moléculas, a fim de
prospectarem-se novas alternativas eficazes e seguras para o tratamento de
infeccdes, primordialmente associadas a dermatoéfitos e Candida spp..

Em relacdo aos tiocianatos alilicos (TAs), 12 classe investigada, o
composto cloro-derivado apresentou um amplo espectro de atividade antifingica
e também atividade antiquimiotaxica, com 100% de reducdo da migracao de
leucdcitos. A faixa de concentracao inibitéria minima (CIM) dos compostos foi de
25 a 50 pg/mL, com mecanismo de agao relacionado a complexagdo com
ergosterol fungico. A nanoemulsao desenvolvida com o composto mais eficaz
melhorou a atividade antifungica in vitro, diminuindo os valores de CIM em até
64 vezes para dermatoéfitos e 4 vezes para Candida spp.. O composto cloro-
derivado mais promissor nao foi mutagénico, nem ocasionou inviabilidade celular
em leucocitos humanos, embora tenha apresentado dano ao DNA dose-
dependente. Além disso, néo foi irritante (ensaio da membrana cério-alantoide -
HET-CAM) e inibiu totalmente o crescimento fungico em um modelo alternativo
de dermatofitose.

Para as ©0-lactonas (d-Ls), 22 classe, nenhum dos compostos foi
mutagénico, genotdxico ou irritante, quando avaliados em concentracfes mais
elevadas que a CIM. Dois dos compostos da série apresentaram 0S menores
valores de CIM (25-50 pg/mL) e um espectro mais amplo de atividade antifung



contra fungos filamentosos e leveduras. O mecanismo de ac¢éao foi relacionado
ao dano na parede e membrana celular, com acgdo alvo especifica dependente
do tipo de halogénio presente na estrutura. O dano as células fungicas foi
corroborado por imagens de microscopia eletronica de varredura, que
destacaram células lisadas e completamente alteradas em sua morfologia, apés
tratamento in vitro com d-Ls.

Para os 1,4-benzenodibis 2-substituidos (1,4-BZs), 32 classe — com
sintese inédita, seis moléculas (2, 5, 6, 8, 11 e 12) apresentaram acao
antimicrobiana de amplo espectro, incluindo efeito contra espécies resistentes e
multirresistentes de dermatofitos (T. mentagrophytes), CNA e bactérias. As
faixas de CIMs destes compostos para fungos e bactérias foram 25 a 50 ug/mL
e 8 a 128 ug/mL, respectivamente, sendo o mecanismo de agao antifungico
relacionado a parede e membrana celular. O composto 8, mais promissor em
relacdo ao efeito antifngico, ndo ocasionou genotoxicidade e mutagenicidade
em células leucocitarias humanas e nem hemolise. Complementarmente, os
compostos nao foram irritantes (HET-CAM).

Por fim, para os derivados substituidos de 1,3-bisariloxipropano (1,3-
BXPs), representando o ultimo grupo de moléculas investigadas, encontrou-se o
melhor perfil de atividade antifungica/toxicidade, dentre todas as classes
quimicas analisadas neste estudo, com énfase para o composto 2j (1,3-bis(3,4-
diclorofenoxi)propan-2-amino-cloreto). 2j foi o fungicida mais ativo contra
dermatofitos e Candida spp., em concentracdes fungicidas minimas (CFMs)
muito baixas (0,39 - 3,12 pg/mL), incluindo agao contra isolados clinicos
resistentes e multirresistentes. O perfil de toxicidade de 2j foi promissor,
apresentando indice de seletividade > 10, em relacéo a linfécitos humanos. O
composto foi classificado como néo irritante pelo teste HET-CAM e ndo causou
alteracdes histopatologicas na pele da orelha de porco, apresentando uma
excelente perspectiva para aplicacdo tdpica. 2j tem como alvo a parede celular
fungica, o que foi confirmado por imagens de microscopia eletrbnica de
varredura. O composto foi incorporado em um hidrogel com potencial bioadesivo.
Os resultados da permeacdo cutdnea humana mostraram que 2j permaneceu
significativamente na epiderme, o que é o ideal para o tratamento de
dermatomicoses. Adicionalmente, em relacdo a candidiase sistémica em
Drosophila  melanogaster  Toll-deficientes, 2]  apresentou eficacia
estatisticamente comparavel ao fluconazol no controle do processo infeccioso.
Portanto, o composto 2j demonstrou potencial para o desenvolvimento de
farmacos antifungicos, com um mecanismo de agao elucidado e ja aplicado em
uma formulacdo semissélida, visando uma nova opcéo terapéutica para
infeccdes fungicas da pele néo responsivas ao tratamento convencional.

Palavras-chave: dermatomicoses; dermatdfitos; Candida spp.; tiocianatos
alilicos; &-lactonas; 1,4-benzenodidis 2-substituidos; derivados substituidos de
1,3-bisariloxipropano; atividade antifingica; mecanismo de a¢éo; toxicidade.



ABSTRACT

Development of new chemical entities and formulations for the treatment
of dermatomycoses

Dermatomycoses are fungal infections of the skin, mainly caused by
dermatophytes and Candida spp. Dermatophytoses, a specific name for
dermatomycoses of dermatophytic origin, are the most prevalent skin diseases
today, with dermatophytic filamentous fungi of three anamorphic genera as the
etiological agents: Microsporum, Trichophyton and Epidermophyton. The
resistance of dermatophytes to conventional therapy has been increasingly
reported, contributing to the common recurrence of mycosis. (Mucus) cutaneous
and also systemic infections may be caused by opportunistic yeasts of the genus
Candida - C. albicans and species of non-albicans Candida (NAC; such as C.
tropicalis, C. glabrata, C. parapsilosis, C. dubliniensis and C. krusei). Emerging
NAC species show more pronounced resistance to the drugs of choice for the
treatment of candidiasis, which implies failures in clinical therapy and a
considerable increase in morbimortality rates. In this context, it is hecessary to
search for new antifungal agents with a broad spectrum of action and selective
toxicity for the pathogen, which overcome the limitations of current therapy. Thus,
the main objective of this work was to investigate, in a wide screening, the
antifungal activity of one hundred and eighty-nine synthetic compounds (of
various chemical classes). In addition, to determine the structure-activity
relationships, characterize the mechanism of action and toxicological profile of
the molecules, in order to prospect new effective and safe alternatives for the
treatment of infections primarily associated with dermatophytes and Candida spp.

In relation to allylic thiocyanates (ATs), 1st class investigated, the chloro-
derivative presented a broad spectrum of antifungal activity and also
antichemotactic activity, with a 100% reduction in leukocyte migration. The
minimum inhibitory concentration (MIC) range of the compounds was 25 to 50
pg/mL, with a mechanism of action related to complexation with fungal ergosterol.
The nanoemulsion developed with the most effective compound improved the in
vitro antifungal activity, reducing MIC values by up to 64-fold for dermatophytes
and 4-fold for Candida spp. The most promising chloro derivative was not
mutagenic, nor did it cause cellular inviability of human leukocytes, although it did
present dose-dependent damage to the DNA. In addition, it was not irritant
(chorioallantoic membrane assay - HET-CAM) and totally inhibited fungal growth
in an alternative model of dermatophytosis.

For &-lactones (6-Ls), 2nd class, none of the compounds were mutagenic,
genotoxic or irritant when evaluated at higher concentrations than MIC. Two of
the compounds in the series had the lowest MIC values (25-50 pg/mL) and a
broader spectrum of antifungal activity against filamentous fungi and yeasts. The
mechanism of action was related to the damage in the cell wall and membrane,
with specific target action dependent on the type of halogen present in the



structure. Damage to fungal cells was corroborated by scanning electron
microscopy images, which highlighted lysed cells and completely altered their
morphology after in vitro treatment with &-Ls.

For the 2-substituted 1,4-benzenediols (1,4-BZs), six molecules (2, 5, 6, 8,
11 and 12) presented broad spectrum of antimicrobial action, including effect
against resistant and multidrug-resistant species of dermatophytes (T.
mentagrophytes), NAC and bacteria. The MIC ranges of these compounds for
fungi and bacteria were 25 to 50 ug/mL and 8 to 128 ug/mL, respectively, and the
mechanism of antifungal action was related to cell wall and membrane.
Compound 8, which is more promising regarding the antifungal effect, did not
cause genotoxicity and mutagenicity in human leukocyte cells nor hemolysis. In
addition, the compounds were non-irritating (HET-CAM).

Finally, for the substituted 1,3-bisaryloxypropane derivatives (1,3-BXPs),
representing the last group of molecules investigated, the best profile of
antifungal activity/toxicity was found among all the chemical classes analyzed in
this study, with emphasis for the compound 2] (1,3-bis(3,4-
dichlorophenoxy)propan-2-aminium chloride). 2j was the most active fungicide
against dermatophytes and Candida spp., in very low minimal fungicidal
concentrations (MFCs) (0.39 - 3.12 pg/mL), including action against resistant and
multidrug-resistant clinical isolates. The toxicity profile of 2j was promising, with
a selectivity index > 10, in relation to human lymphocytes. The compound was
classified as non-irritant by the HET-CAM test and did not cause histopathological
changes in pig ear skin, presenting an excellent perspective for topical
application. 2j targets the fungal cell wall, which was confirmed by scanning
electron microscopy images. The compound was incorporated into a hydrogel
with bioadhesive potential. The results of human skin permeation showed that 2|
remained significantly in the epidermis, ideally for the treatment of
dermatomycosis. In addition, in relation to systemic candidiasis in Toll-deficient
Drosophila melanogaster, 2j presented a statistically comparable efficacy to
fluconazole in the control of the infectious process. Therefore, compound 2j has
demonstrated potential for the development of antifungal drugs with a mechanism
of action elucidated and already applied in a semi-solid formulation aimed at a
new therapeutic option for fungal skin infections not responsive to conventional
treatment.

Keywords: dermatomycosis; dermatophytes; Candida spp.; allylic thiocyanates;
O-lactones; 2-substituted 1,4-benzenediols; substituted 1,3-bisaryloxypropane
derivatives; antifungal activity; mechanism of action; toxicity.
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As doencas ocasionadas por fungos tém levado a 6bito mais pessoas, por
ano, do que a malaria, e na agricultura, representam uma ameaca a
produtividade dos cultivos e a seguranca alimentar (PARKER et al., 2014;
GAFFI, 2018; WHO, 2018). As micoses, pela elevada frequéncia com que
acometem a populacdo, sdo consideradas um problema de saude publica
(PEREIRA et al., 2014; CHEN et al.,, 2018a). As lesbes decorrentes das
infecgbes fungicas manifestam-se, do ponto de vista clinico, nas mais diversas
formas, podendo ser classificadas de acordo com as suas localiza¢cdes no
organismo. Quando se restringem as camadas mais superficiais e
queratinizadas da pele e anexos (cabelos e unhas) sdo denominadas de
dermatomicoses e onicomicoses (envolvimento ungueal), sendo ocasionadas
primordialmente por dermatofitos e leveduras (CORRALO; HERAS-ALONSO;
ACEBES, 2014; INDIRA et al., 2014; PEREIRA et al., 2014). Essas infecces
micoticas mais superficiais sdo consideradas uma importante causa de
morbidade e de consultas dermatolégicas, afetando aproximadamente 20 — 25%
da populacdo em geral (HAVLICHOVA; CZAIKA; FRIEDRICH, 2008; CALADO
et al., 2011; MAULINGKAR; PINTO; RODRIGUES, 2014).

As dermatofitoses, denominacdo dada as dermatomicoses de origem
dermatofitica, sdo consideradas uma das primeiras micoses da humanidade e
gue comumentemente ocorrem no mundo todo (CLARK; FELDMAN; GERTLER,
2000; INDIRA et al., 2014; MAHALE et al., 2014; MAHALE et al., 2014). Estudos
epidemioldgicos indicam que as dermatofitoses figuram entre as doencas
micoticas de maior ocorréncia (WATANABE et al., 2001; VANDER; HOSSAIN;
GHANNOUM, 2003; MARUYAMA et al.,, 2002; CORTEZ et al., 2012;).
BRILHANTE et al. (2000) evidenciaram os dermatéfitos como o grupo de fungos
mais frequentemente isolados em laboratorios de micologia clinica. Porém por
nao figurarem entre as doencas de notificacdo obrigatéria no Brasil, estima-se
gue mais casos de dermatofitose ocorram na realidade (BRILHANTE et al., 2000;
MADRID; MATTEI, 2011). Além disso, essa infec¢do fungica configura-se em um
grave problema veterinario, por ser uma zoonose ou antropozoonose bem
comum, cuja ocorréncia é influenciada por fatores ambientais e de manejo
(COPETTI et al.,, 2006; PEREIRA et al.,, 2006; CHERMETTE; FERREIRO;
GUILLOT, 2008; MADRID; MATTEI, 2011).
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As dermatofitoses compreendem uma extensa variedade de sintomas
distintos. O quadro clinico mais comum inclui despigmentacéo, placas anulares,
coceira e perda de cabelo, ou seja, lesdes tipicamente cutaneas conhecidas pelo
nome genérico de tinhas (do latim tinea) (MORAES et al., 2001; TEIXEIRA;
GRIPP, 2014; DALLA LANA et al., 2016). Essas lesdes impactantes na qualidade
de vida dos pacientes, sdo ocasionadas por fungos filamentosos dermatofiticos
de trés géneros anamorficos: Microsporum, Trichophyton e Epidermophyton
(MORAES et al., 2001).

O tratamento das dermatofitoses faz-se, de modo geral, com o uso de
antifangicos toépicos e/ou sistémicos, por vezes associados a substéncias
queratoliticas (RESENDE, 2008). O tratamento é longo, logo a partir de
observacbes clinicas, percebe-se que os antifungicos disponiveis
comercialmente s&o, por vezes, muito dispendiosos e, em alguns casos,
desencadeiam sérias reacdes adversas (MARTINEZ, 2006; ROBINSON, 2014).
Além disso, como agravante, as espécies dermatofiticas vém desenvolvendo
cada vez mais resisténcia e até multirresisténcia a terapéutica antifingica
convencional, o que ocasiona uma suscetibilidade muito variavel in vitro e in vivo,
aumento progressivo do numero de recidivas e ndo responsividade aos farmacos
antimicoticos usuais (MUKHERJEE et al, 2003; LAKSHMIPATHY;
KANNABIRAN, 2010; ACHTERMAN; WHITE, 2013; TOUKABRI et al., 2018).

O desenvolvimento de novos agentes antifingicos é continuo, porém
ainda ndo se encontrou um medicamento completamente ideal em relacdo a
eficacia, seguranca e curtos periodos de tratamento (KATHIRAVAN et al., 2012;
PARKER et al., 2014). O avanc¢o na terapéutica das dermatofitoses em termos
clinicos reais estd longe de ser totalmente satisfatério e continua sendo
problematico o manejo farmacoldgico em pacientes transplantados, com alguma
doenca de base (hipertensdo, diabetes, nefrite, entre outras) e/ou que
apresentam algum tipo de imunodeficiéncia (SEYMOR, 2000; CHANG et al.,
2007). A casuistica das dermatofitoses em conjunto com os dados
epidemioldgicos, que ressaltam a importancia dessa micose na clinica, e 0s
problemas no tratamento das mesmas motivam novas pesquisas que fornecam
alternativas terapéuticas potenciais (KATHIRAVAN et al., 2012; PARKER et al.,
2014).
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Além das dermatofitoses, as micoses causadas por leveduras do género
Candida sdo de extrema importancia clinica e estdo entre aquelas que
apresentam maior incidéncia, principalmente em relagcdo a infeccdes
nosocomiais (SILVA et al., 2012). Esse género é estudado em varios paises,
incluindo o Brasil (PONGSIRIWET et al., 2004; PASSOS et al., 2007; WANG et
al., 2009; COSTA et al., 2010; NUCCI 2010; FRAISSE et al., 2011; ATAIDES et
al., 2012; SARDI et al., 2013; CANELA et al., 2018).

Espécies do género Candida sdo microrganismos comensais, que fazem
parte da microbiota de pessoas higidas. Essas leveduras colonizam com alta
frequéncia o hospedeiro humano, sendo que cerca de 20 a 80% da populagéo
adulta saudavel apresenta colonizacdo do trato gastrointestinal. A colonizagéo
da mucosa bucal ocorre entre 20 a 40% das pessoas e entre as mulheres, a
colonizacéo por Candida na regiao vaginal ocorre entre 20 a 30% (SOLL, 2002;
BARBEDO; SGARBI, 2010). Digno de nota, existem alguns fatores que podem
interferir na relacdo entre o microrganismo e o hospedeiro determinando a
transicdo de leveduras comensais para patogénicas (COLOMBO et al., 2013;
GULATI; NOBILE, 2016).

As infec¢cBes causadas por Candida spp. sdo denominadas candidiases
ou candidoses, sendo consideradas doencas oportunisticas com caracteristicas
clinicas que variam desde superficiais até invasivas e podem ocorrer com
evolucdo aguda ou crénica (BARBEDO; SGARBI, 2010; SARDI et al., 2013). As
manifestacbes clinicas que acometem as mucosas e pele tendem a ser mais
brandas, porém acontecem com alta frequéncia, prejudicando a qualidade de
vida dos pacientes, ao passo que as manifestacées da candidiase vulvovaginal
aparecem em aproximadamente 75% das mulheres em idade reprodutiva (HOFS
et al., 2016). A forma mais severa da doenca € denominada candidemia -
estabelecida devido a capacidade de disseminacdo da levedura através da
corrente sanguinea para diferentes sitios anatdmicos como figado, coracao,
pulmao e rins, caracterizando uma infec¢ao sistémica, ocorrendo principalmente
em pacientes imunodebilitados (LIM et al., 2012; GULATI; NOBILE, 2016;
MCCARTY; PAPPAS, 2016). Candida spp. estdo entre os principais agentes
etiologicos de infec¢cdes fungicas invasivas, as quais S80 responsaveis por
elevados indices de morbi-mortalidade em todo o mundo (PFALLER; DIEKEMA,
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2007; LASS-FLORL, 2009; KHAN et al., 2010; ARENDRUP, 2013; BITAR et al.,
2014; MOHD et al., 2018).

C. albicans é a espécie predominantemente relacionada aos quadros
clinicos de candidiase, tanto cutaneos quanto invasivos (KUMAR et al. 2009). A
frequéncia de isolamento dessa espécie nos casos de infeccbes hematogénicas
€ de aproximadamente 40% em paises da América Latina e aproximadamente
70% em alguns paises da Europa (PFALLER; DIEKEMA, 2007; SILVA et al.,
2012). Embora C. albicans seja a mais comum, espécies nao-albicans como: C.
tropicalis, C. glabrata, C. krusei, C. parapsilosis e C. auris tém emergido como
patégenos clinicamente relevantes (SPOLIDORIO et al.,, 2009; BARBEDO;
SGARBI, 2010; SILVA et al., 2012; COLOMBO et al., 2013; ISHIDA et al., 2013;
QUINDOS, 2014; SARIGUZEL et al., 2015; ANEJA et al., 2016; MOHD et al.,
2018).

Trés classes principais de antifungicos sdo utilizados no tratamento das
candidiases, 0s quais atuam em componentes vitais para as células fangicas.
Duas dessas classes séo os azolicos e 0s poliénicos, que possuem a membrana
celular fangica como alvo, especificamente interferindo no ergosterol (BAILLY et
al., 2015). O esgosterol é o principal constituinte da membrana celular dos
fungos, possuindo estrutura semelhante ao colesterol presente nas células
humanas, fato que desfavorece o tratamento das candidiases por ocasionar
recorrente prejuizo ao hospedeiro. Além disso, espécies de Candida podem
desenvolver diferentes mecanismos de resisténcia aos principais antifingicos
disponiveis para uso clinico; essa resisténcia pode ser classificada em natural
(intrinseca) ou secundaria (adquirida) (SANGLARD et al., 2009; KHANDELWAL
et al., 2018). O consideravel aumento da resisténcia € uma das maiores
preocupacdes entre meédicos e cientistas (FUENTEFRIA et al., 2018), pois o
arsenal de farmacos antifUngicos disponiveis para o tratamento apresenta
limitacdes, sendo necesséario o desenvolvimento de novas terapias antifungicas
gue apresentem eficacia, toxicidade seletiva especificamente contra o patdégeno
e baixo custo (ORHAN et al., 2010; BOSTROM et al., 2012; ANEJA et al., 2016).

Diante do cenario apresentado, das dificuldades impostas pelo
surgimento da resisténcia microbiana e os efeitos adversos relativos a toxicidade
dos farmacos, pesquisas vém sendo conduzidas buscando terapias alternativas

para o tratamento de dermatofitoses e candidiases (FUENTEFRIA et al., 2018).
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Os estudos de novas classes de substancias vém sendo impulsionados pela
necessidade de novos farmacos para tratar infecgbes fungicas (ROLLAS;
KUCUKGUZEL, 2007; FUENTEFRIA, 2018). Dessa forma, 0os compostos
sintetizados laboratorialmente tém emergido como fator de interesse para a
biotecnologia médica. Entre esses, as classes dos tiocianatos alilicos (TAs), -
lactonas (&-Ls), 1,4-benzenodidis 2-substituidos (1,4-BZs) e os derivados
substituidos de 1,3-bisariloxipropano (1,3-BXPs) sdo promissores devido as
suas propriedades biolégicas (WANI et al., 1980; UMEZAWA et al., 1984; XU;
LING, 1985; OHKUMA et al.,, 1992; HARBONE; BAXTER; MOSS, 1999;
WHITTING, 2001; CAPON et al., 2004; KISHIMOTO et al., 2005; TANAKA et al.,
2007; ROLDOS et al., 2008; DAI; MUMPER, 2010; ANDERSON; LONG 2010;
YANG et al., 2011; SILVEIRA et al., 2012; OKSANA; MARIAN; MAHENDRA,
2012; DE ARIAS et al., 2012; CALEMAN et al., 2012; MODRANKA et al., 2012;
SA et al.,, 2014; BERGAMO et al., 2014; BERGAMO et al., 2015; SERNA et al.,
2015; DALLA LANA et al., 2015; FORTES et al., 2016; SOTO-HERNANDEZ;
PALMA-TENANGO; GARCIA-MATEOQS, 2017; VALENCIA-GALICIA et al., 2017;
LAVORATO et al, 2015; LAVORATO, 2016; LAVORATO et al., 2017;
LAVORATO; DUARTE; DE ANDRADE, 2017).

Propbe-se, portanto, nesse estudo, a Iinvestigagdo do potencial
antifangico, em uma ampla triagem, de 189 compostos pertencentes as classes
acima mencionadas. Para os compostos mais promissores de cada classe, o
perfil de toxicidade e o mecanismo de acdo antifingica foram determinados,
além de outras analises complementares para uma prospeccao mais efetiva
dessas moléculas como candidatos a antifungicos. Para o composto mais ativo
do total dos 189 compostos avaliados, que apresentou os menores valores de
CIM e com as melhores perspectivas em relacédo a citotoxicidade, desenvolveu-
se e caracterizou-se uma formulacdo semissolida para tratamento topico de
dermatomicoses. Realizou-se também um estudo inicial do potencial da
molécula 2] para uso sistémico, a partir de modelagem
farmacocinética/farmacodinamica com os dados de time Kkill e seu efeito protetor
em modelo de infeccéo fungica em mosca-das-frutas. Todas essas estratégias
experimentais foram estabelecidas a fim de auxiliar na pesquisa e descoberta de
novas opc¢oes terapéuticas para micoses reconhecidamente de dificil tratamento,

como as associadas a Candida spp.e dermatdfitos.
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Diante da necessidade e importancia da identificacdo de novas
substancias com atividade antifangica, este estudo propde a avaliagdo do
potencial antifingico de variadas classes de moléculas sintéticas (tiocianatos
alilicos, 6-lactonas, 1,4-benzenodidis 2-substituidos e derivados substituidos de
1,3-bisariloxipropano), frente a fungos patogénicos filamentosos e
leveduriformes (sensiveis e resistentes); bem como a caracterizacdo da
toxicidade e mecanismo de acdo dos compostos mais promissores. Inseridos

nesta proposta geral, 0os objetivos especificos incluem:

1. Revisar a literatura sobre os agentes etioldgicos, formas clinicas,
terapéutica convencional e novas perspectivas de tratamento das
dermatofitoses (Capitulo I);

2. Para a classe dos TAs: determinar a suscetibilidade in vitro de
dermatofitos e Candida spp., para moléculas da classe e nanoemulséao.
Verificar a eficacia do composto mais promissor em um modelo alternativo
de infecgdo fungica in vivo e avaliar a atividade antiquimiotéxica,
mecanismo de acédo antifingico e toxicidade (Capitulo Il);

3. Para a classe das d-Ls: avaliar a suscetibilidade de dermatofitos e
leveduras a uma série de compostos, definir as relacdes de estrutura
atividade por andlise exploratoria multivariada, e por fim, indicar o
principal mecanismo de acdo antifUngico envolvido e a toxicidade
(Capitulo IlI).

4. Para a classe dos 1,4-BZs: analisar a atividade antimicrobiana, incluindo
cepas bacterianas e fungos filamentosos ndo-dermatofiticos no estudo,
bem como sugerir 0 mecanismo de acdo antifingico e analisar a
toxicidade dos compostos da série, alguns de sintese inédita (Capitulo
IV);

5. Investigar, por microscopia eletrbnica de varredura, o processo de
invasdo ungueal (unhas humanas) por Microsporum canis (Capitulo V);

6. Para 1,3-BXPs: determinar as relagdes de estrutura-atividade de cento e
vinte e uma moléculas, bem como o perfil de toxicidade para os
compostos mais eficazes como antifingicos. Selecionar o composto mais
promissor (atividade antifungica/citotoxicidade) para elucidar o

mecanismo de acgéo, bem como desenvolver e caracterizar um hidrogel,
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como forma farmacéutica de aplicacéo topica contendo o composto de
interesse, para tratamento de dermatomicoses (Capitulo VI).
Adicionalmente, dar inicio aos estudos para um provavel uso sistémico
desse composto, com modelagem farmacocinética/farmacodinamica a
partir dos dados de time kill, bem como avaliar o respectivo efeito protetor

em modelo de candidiase sistémica em mosca-das-frutas (Capitulo VII).



MAPA CONCEITUAL DO ESTUDO
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1. Dermatomicoses

Dermatomicoses sao compreendidas como infec¢des superficiais e
cutdneas de tecidos queratinosos e membranas mucosas causadas por uma
variedade de agentes fangicos, sendo os mais comuns dermatofitos e leveduras.
No geral, o processo gradual da infeccdo do hospedeiro € semelhante entre as
principais espécies fungicas dermatomicoticas. Leveduras como Candida spp.
provocam um nivel relativamente mais ameno de danos e inflamagé&o no tecido
do hospedeiro durante a patogénese, enquanto os dermatofitos podem induzir
um nivel mais intenso de dano tecidual e reacdo inflamatéria. Ambos os
patbgenos podem, no entanto, manipular a resposta imune do hospedeiro,
garantindo a sobrevivéncia e tornando a infec¢do fungica em um processo
cronico. Sinais e sintomas comuns da maioria dos casos incluem eritema, ardor,
prurido, dentre outros, que afetam a qualidade de vida e a socializacdo dos
pacientes. A seguir, apresenta-se uma revisdo mais detalhada dos principais
agentes etiolégicos de dermatomicose, o tratamento e a problematica associada
a esse tipo de micose, altamente prevalente (HUBE et al., 2015; CHEON et al.,
2018).

2. Dermatofitos

Os dermatéfitos sdo um grupo de fungos filamentosos septados e hialinos
com caracteristicas morfologicas e fisiolégicas especializadas, tidos como os
agentes etiolégicos de dermatofitose. Esses fungos possuem a capacidade de
digerir a queratina da pele, cabelo e unhas, tanto em humanos quanto em
animais, e utilizd-la como nutriente durante o progresso da infeccdo
(ACHTERMAN; WHITE, 2013; SEGAL, 2015; PIHET; GOVIC, 2017). Por esse
forte biotropismo por estruturas queratinizadas como pele, pelo e unha, que a
habilidade dermatofitica de ocasionar a doenca € estabelecida (ANDOH;
TAKAYAMA; KURAISHI, 2014). Atualmente ja se sabe que fungos
dermatofiticos sdo capazes de formar biofilme, sendo esse um fator agravante
para a viruléncia e patogenicidade (COSTA-ORLANDI et al., 2014; DANIELLI et
al., 2017; TOUKABRI et al., 2018).

Em relacdo a ecologia, os dermatdfitos podem ser antropofilicos,
zoofilicos ou geofilicos, segundo seu habitat natural e preferéncia por hospedeiro
(KECHIA et al., 2014). Os fungos antropofilicos encontram-se restritos aos
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humanos e raramente infectam os animais (TAYLOR; GURR, 2014). Os
zoofilicos séo, primariamente, isolados de animais, mas podem causar a doenca
em humanos em contato com animais como gato, cdo, cavalo, entre outros
(SPIEWAK; SZOSTAK, 2000; TAYLOR; GURR, 2014). Os geofilicos ttm como
reservatorio o solo e apenas ocasionalmente infectam o homem (GALLO et al.,
2005). O estagio inicial de todos os dermatdfitos consistia no estagio geofilico.
Posteriormente, ocorreu a evolucdo de algumas espécies para 0 estagio
zoofilico, atacando roedores e, posteriormente, animais domésticos. Finalmente,
algumas espécies avancaram para 0 estagio antropofilico, ocasionando
infecgbes fangicas no ser humano (SPIEWAK; SZOSTAK, 2000). Evidencia-se
que todos os trés grupos incluem espécies que causam doencas em animais e
seres humanos, sendo que transmissdes de animais para outros animais,
animais para humanos, de humanos para outros e do solo para animais e
humanos sao possiveis (TAYLOR; GURR, 2014).

Quanto a distribuicdo, os dermatofitos sdo cosmopolitas, embora a real
ocorréncia seja influenciada por condicdes sociais e geoclimaticas. Os perfis
epidemioldgicos tornam-se assim variados, segundo fatores regionais,
estacionais, de faixa etéria, frequéncia de contato com animais, condi¢cdes
higiénico-sanitarias e exposicdo a locais publicos (AQUINO; CONSTANTE;
BAKOS, 2007). Clinicamente, os dermatéfitos ocorrem em varias espécies
animais e no homem, determinando de modo geral, lesdes secas, arredondadas
e, comumente, ndo pruriginosas, com areas de alopecia, bordos eritematosos e
vesiculares, que circunscrevem uma parte central descamativa, a qual se
distribui focalmente na superficie cutanea (INDIRA et al., 2014). Os dermatofitos
desenvolvem-se crescendo do centro da lesdo para as bordas, ocasionando
intensa descamacéo associada ou ndo a resposta inflamatoria, resultante da
atividade queratinolitica (SIDRIM; ROCHA, 2004).

Em cultura, os dermatofitos patogénicos produzem hifas septadas que se
ramificam e formam o micélio com estruturas de reproducdo assexuada, 0s
conidios. Microscopicamente, esses conidios diferem entre as espécies
dermatofiticas quanto a forma, ao tamanho, ao nimero e a disposicao ao longo
das hifas, sendo critérios essenciais para a identificacdo (SIDRIM; ROCHA,
2004; LEMSADDEK, 2008). A maioria das espécies de dermatdfitos produz dois
tipos de conidios: os grandes - macroconidios pluricelulares e os pequenos -
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microconidios unicelulares. A presenca/auséncia desses tipos de estruturas
reprodutivas e o aspecto da parede das mesmas (rugosa ou lisa, espessa ou
fina) sdo importantes para o correto reconhecimento das espécies, sempre se
correlacionando com a macromorfologia e com o caso especifico de cada
paciente (WOREK et al., 2014). Os dermatofitos crescem em temperatura 6tima
que varia entre 25 a 35 °C, mas a maioria apresenta uma termotolerancia que
lhes permite um bom crescimento a 37 °C (LEMSADDEK, 2008).

As espécies dermatofiticas sdo classificadas em trés géneros anamoérficos
(assexuados ou imperfeitos): Microsporum, Trichophyton e Epidermophyton, que
juntos compreendem mais de quarenta espécies (CAFARCHIA et al., 2013;
REFAI; EL-YAZID; EL-HARIRI, 2013), das quais vinte e sete sdo patogénicas,
quinze ocorrem no Brasil e sete sdo comuns no Rio Grande do Sul
(HAVLICHOVA; CZAIKA; FRIEDRICH, 2008). Esses géneros anamorficos sao
os de grande relevancia clinica, porém, a saber, os dermatofitos também
apresentam estagio de reproducdo sexuada (teleomérfico ou perfeito), nesse
caso sendo agrupados no género Arthroderma. Data-se o inicio da ocorréncia
dos dermatoéfitos em meados do século XIX, quando foi isolado o Achorion
schoenleinii (atualmente Trichophyton schoenleinii) de uma lesdo no couro
cabeludo de um paciente (CHABASSE, 2008). Dentre os dermatoéfitos de maior
relevancia clinica, ou seja, mais frequentemente relatados como causadores de
infeccdo em humanos e animais citam-se Microsporum canis, Microsporum
gypseum, Trichophyton mentagrophytes e Trichophyton rubrum (INDIRA et al.,
2014), os quais apresentam distribuicdo geografica bastante variavel,
dependendo das condigBes socioeconémicas, ambientais e higiénicas da
populacdo (SANTOS et al., 1997; FALAHATI et al., 2003; REZENDE et al., 2008,
MAGAGNIN et al., 2011).

M. canis, quando cultivado, apresenta um crescimento com cerca de 6 a
10 dias. Macroscopicamente, a coldnia apresenta textura cotonosa, discreto
relevo umbilicado, radiado e brancacento (Fig. 1la). JA o reverso possui
tonalidade amarelo-limdo, que com o passar do tempo tende a tornar-se
castanho por difusdo do pigmento no meio (MARTINEZ et al., 2014). O
pleomorfismo € evidenciado com rapidez, apresentando-se como colbnias
cotonosas. Micromorfologicamente, ha grande quantidade de macroconidios
fusiformes (20 a 80 x 40 a 120 ym), de paredes grossas, rugosas, com um pico
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terminal pontiagudo caracteristico e numerosas septacdes (até 15 septos) (Fig.
1b) (QUINN et al., 2002). Quando presentes, 0s microconidios sdo sésseis e sem
muito predicativo diagnéstico. Podem ainda ser observados clamidoconidios,
6rgéos nodulares e hifas pectinadas (MARTINEZ et al., 2014).

Figura 1. Imagens da macro (a) e micromorfologia (b) de M. canis (FONTE:
MYCOLOGY ONLINE — National Mycology Reference Centre, 2018).

M. gypseum cresce bem em Agar Sabouraud com cloranfenicol e
cicloheximida, incubado a temperatura ambiente ou a 37 °C. Essa espécie tem
um crescimento e maturagao das colonias entre 3 a 7 dias. Macroscopicamente,
as colbnias caracterizam-se por serem planas, com bordas irregulares e
extremamente pulverulentas, com pigmentacdo que varia a diversos tons de
amarelo a acastanhado (Fig. 2a). Tem uma forte tendéncia ao pleomorfismo e
nessas situacdes, observam-se coldnias cotonosas e brancacentas, constituidas
apenas por hifas estéreis (LACAZ et al., 2002; OLIVEIRA, 2014a). O reverso
apresenta cores que variam do alaranjado ao marrom. Microscopicamente,
observam-se para essa espécie, hifas hialinas septadas e macroconidios
abundantes (7 a 15 x 25 a 60 ym), “em forma de canoa” e simétricos (Fig. 2b),
de parede celular fina, com até seis septos e extremidades mais arredondadas
e menos afiladas que as do M. canis (QUINN et al., 2002). Algumas linhagens

ainda apresentam numerosos microconidios piriformes (OLIVEIRA, 2014a).

Figura 2. Imagens da macro (a) e micromorfologia (b) de M. gypseum (FONTE:
MYCOLOGY ONLINE — National Mycology Reference Centre, 2018).
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T. mentagrophytes apresenta rapido crescimento, com amadurecimento
entre 3-6 dias. Numerosas variagdes na morfologia da colbnia decorrem em
virtude das diferencas que compdem o complexo T. mentagrophytes. As
variacdes da espécie, T. mentagrophytes var. interdigitale e T. mentagrophytes
var. mentagrophytes podem apresentarem-se nas formas antropofilicas e
zoofilicas, respectivamente, acometendo o homem principalmente nas regifes
do couro cabeludo, pés, maos, unhas e regides interdigitais, sendo diferenciadas
por biologia molecular (SYMOENS et al., 2011). Quando essas lesfes sdo
provocadas por variacdes zoofilicas, apresentam maior intensidade inflamatoria
(OYECA, 2000). Em Agar Sabouraud Dextrose (ASD), a forma antropofilica mais
comum, T. mentagrophytes var. interdigitale, cresce com col6nias sobre-
elevadas que se estendem rapidamente, de coloracdo branca a creme e
superficie aveludada-algodonosa, mas também podem haver zonas mais lisas e
granulares, sendo que o0 reverso é pigmentado de amarelo a marrom,
escurecendo com o tempo (Fig. 3a) (KAUFMAN et al., 2005; OLIVEIRA, 2014a).
Em Agar Batata Dextrose (ABD), 0 micélio aéreo é esparso com numerosos
conidios. Para isolados clinicos zoofilicos (T. mentagrophytes var.
mentagrophytes), no ASD, observam-se colonias geralmente planas, de
coloracdo branca a creme e superficie mais granular; o reverso apresenta
pigmento marrom-acastanhado (OLIVEIRA, 2014a). Microscopicamente, 0
fungo possui hifas hialinas septadas, raros macroconidios, que séo longos (com
dimensdes em torno de 20-50 uym), chaturoides e de parede fina e lisa. A principal
caracteristica micromorfolégica de T. mentagrophytes € a presenca de
microconidios globosos e agrupados nas ramifica¢cdes das hifas, formando os
denominados “acladium”, cujo arranjo lembra um “cacho de uvas” (Fig. 3b)
(KONEMAN, 2006). Tipicamente esses microconidios possuem a forma de
“lagrima”, por vezes séo mais alargados e as hifas, de modo frequente, podem
ficar em espiral (“zarcilos”) (Fig. 3) (KAUFMAN et al., 2005; COSTA 2008;
OLIVEIRA, 2014a). Para diferenciacao das variagdes do complexo faz-se uso de
técnicas moleculares (SYMOENS et al., 2011).



Figura 3. Imagens da macro (a) e micromorfologia (b) de T. mentagrophytes
(FONTE: MYCOLOGY ONLINE — National Mycology Reference Centre, 2018).
T. rubrum possui uma taxa de crescimento relativamente lenta em Agar
Sabouraud. As colbnias, em seu crescimento primario, sdo geralmente
cotonosas e brancas, tornando-se aveludadas posteriormente (Fig. 4a). O
reverso apresenta pigmentacdo de coloracdo avermelhada ou vermelho-
parpura, que se difunde no meio de cultivo; melhor evidenciado em ABD
(OLIVEIRA, 2014). Em certas ocasifes, a coloracdo € inicialmente amarelada,
escurecendo gradativamente até tornar-se vermelha. As colbnias possuem
pregas radiais, formando uma pequena saliéncia central. Na micromorfologia,
observam-se hifas hialinas, septadas, com microconidios em forma de lagrima
ou gota, dispostos ao longo das mesmas ou em cachos (Fig. 4b) (OLIVEIRA,
2014a). Os macroconidios séo raros, produzidos geralmente por amostras mais
granulosas, esporulantes, formados no final das hifas e dispostos isoladamente
ou em grupo. Eles séo longos, estreitos, com bordas laterais bem paralelas e
paredes finas (HARVEY; CHAMPE; FISHER, 2008). Muitas vezes a identificacao
é dificil de ser feita apenas com esses dados, mesmo para micologistas
experientes, por isso em alguns casos faz-se o diagndstico diferencial, como a
capacidade que T. rubrum tem de produzir pigmento em Agar fuba a 1%, teste
de perfuracdo do pelo e urease negativos (SAENZ, 2001; OLIVEIRA, 2014a).

Figura 4. Imagens da macro (a) e micromorfologia (b) de T. rubrum (FONTE:
MYCOLOGY ONLINE — National Mycology Reference Centre, 2018).
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Os mecanismos de infeccdo por dermatofitos envolvem primordialmente
trés etapas (ESQUENAZI et al., 2004):

1) ruptura da camada intacta de queratina e a superacdo do mecanismo de
defesa do hospedeiro;

2) adesao decorrente da expressao de glicoproteinas adesinas que se ligam a
residuos de manose e galactose na superficie das células;

3) inicio da germinacao dos artroconidios favorecendo a penetracdo das hifas na
pele.

Apos a instalacédo do fungo no estrato cérneo da epiderme, esse passa a
utilizar as macromoléculas do hospedeiro como fonte de carbono, enxofre,
nitrogénio e fésforo, através da secrecdo de enzimas hidroliticas como,
nucleases, lipases, proteases e queratinases. Esse processo enzimatico € o
maior fator de viruléncia e a atividade queratinolitica esta intimamente ligada a
patogenicidade dos dermatofitos (GIDDEY et al., 2007; ROUZAUD et al., 2018).
Devido ao favoravel pH &cido da pele, o agente patogénico expressa a sintese
de queratinases e proteases ndo especificas. Entretanto, na sequéncia do
processo, com a utilizacao do substrato e conseguinte producao de aminoéacidos,
ocorre a alcalinizacdo do meio, favorecendo a atividade de queratinases com
atividade o6tima em pH alcalino, permitindo a manutencdo da infeccdo
(CERVELATTI et al., 2004).

A infeccéo é geralmente cutanea, restrita a camada cérnea e epidérmica,
devido a incapacidade do fungo de penetrar em tecidos profundos ou érgaos de
individuos imunocompetentes. Porém, em individuos imunocomprometidos,
existem inimeros relatos de infec¢des invasivas e profundas (SATO; TAGAMI,
2003; LANTERNIER et al., 2013; ACHTERMAN; WHITE, 2013; ROUZAUD et
al., 2015; SU, et al., 2017). A instalacdo de um processo patogénico em pele
glabra inicia-se sempre pela inoculacdo de um artroconidio ou fragmento de hifa
depositado sobre a pele, favorecido por uma lesdo cutdnea ou escoriagdo
preexistente, mesmo que minima (SIDRIM; ROCHA, 2004). O fungo se adere as
células, mediado por adesinas que interagem com receptores do hospedeiro. A
penetracdo no estrato corneo inicia-se com o0 desenvolvimento de tubos
germinativos a partir dos artroconidios. Apos sete dias de incubacéo, as hifas

comecam a formar artroconidios, completando assim, o ciclo vegetativo de
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crescimento do fungo. O fungo secreta proteases que degradam a queratina,
auxiliando na invasao (BALDO et al., 2012).

Os pelos sao atacados secundariamente a evolucdo de uma lesdo na
pele, que apresenta em sua superficie uma grande quantidade de foliculos
pilosos. O dermatofito remove a cuticula e tem acesso aos pelos, e sO cessa a
sua progressao quando nao encontra mais queratina no colete do bulbo pilar
(SIDRIM; ROCHA, 2004). Por ultimo, tem-se o comprometimento das unhas, que
ocorre apos a penetracdo do dermatdfito no estrato corneo (BRISTOW, 2004).

Para o estabelecimento da infeccdo, o contato do artroconidio ou
fragmento de hifa com a pele do hospedeiro € essencial. O fungo expressa
adesinas carboidrato especificas na superficie dos microconidios que
reconhecem a manose e a galactose. Espécies como T. mentagrophytes
desenvolvem projecdes fibrilares longas e curtas que ancoram e conectam 0s
artroconidios aos queratinécitos e a outros artroconidios (MARTINEZ-ROSSI,
PERES; ROSSI, 2008), além de proteases como as subtilisinas, dipeptidil
peptidases e metaloproteinases, que estdo diretamente envolvidas na adesao
aos queratindcitos e na invasdo ao estrato corneo. Essa adesdo € tempo
dependente e pode variar conforme a espécie de dermatoéfito (VERMOUT et al.,
2008; BALDO et al., 2012).

Durante a degradacdo da queratina, os dermatofitos secretam sulfito
(utilizando uma bomba de efluxo de sulfito, codificada pelo gene SSU1). O sulfito
€ um agente redutor que cliva as pontes dissulfito da queratina em cisteina e S-
sulfocisteina, deixando as proteinas capazes de serem digeridas por muitas
endo e exoproteases secretadas pelos fungos. A expressao elevada do gene
SSUL1 é caracteristica dos dermatdfitos e auxilia na degradacgéo eficiente dos
tecidos queratinizados pelos dermatofitos (BALDO et al.,, 2012). A maior
atividade queratinolitica esta diretamente relacionada a producéo de infec¢des
mais sintomaticas e a ativacao da resposta imune. A infeccdo dermatofitica induz
a hipersensibilidade do tipo tardia, que é caracterizada pela acdo dos
macréfagos como células efetoras e também pela agdo de algumas citocinas,
como interferon-y (INF- y) (VERMOUT et al., 2008). O padrao de secrecéo das
proteases desempenha um papel importante nas respostas imune e inflamatoria
(ACHTERMAN; WHITE, 2012).
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A intensidade da inflamacéo depende da profundidade da leséo na pele e
o dano é dependente da maior ou menor secre¢ao de proteases (VERMOUT et
al., 2008). Em um estudo conduzido por YOUNGCHIM et al. (2011), relatou-se a
producdo de melanina por varias espécies de dermatofitos. Sabe-se que a
melanina € considerada um fator de viruléncia em varias espécies de fungos,
uma vez que protege 0s microrganismos dos mecanismos de defesa do
hospedeiro e do meio ambiente. Contudo, ainda ndo h& evidéncias suficientes
para sugerir que a melanina exerca um papel crucial na patogénese desses
fungos (YOUNGCHIM et al., 2011).

Os dermatéfitos ocasionam infec¢cdes cutaneas bem caracteristicas e
definidas, sendo que uma espécie pode estar envolvida em diferentes formas
clinicas, dependendo do sitio anatdmico envolvido. Sendo assim, as infec¢des
dermatofiticas podem ser classificadas clinicamente de acordo com as
localizacBes anatdmicas das lesfes, utilizando-se a denominacao tinea (do latim
tinea = verme ou traca) para todas as dermatofitoses, seguida do sitio anatdmico
onde se localiza a infeccdo, também em latim (REFAI; EL-YAZID; EL-HARIRI,
2013). As modalidades dermatofiticas mais relevantes séo: tinea capitis (couro
cabeludo), tinea corporis (corpo), tinea cruris (grandes pregas), tinea unguium
(unha), tinea barbae (barba), tinea manuum (maos) e tinea pedis (pés) (Fig. 5;
WEITZMAN; SUMMERBELL, 1995; SEEBACHER; BOUCHARA; MIGNON,
2008; DIEGO, 2011; REFAI; EL-YAZID; EL-HARIRI, 2013; ALTER et al., 2018).

Maiores detalhes das formas clinicas acima mencionadas e epidemiologia
sao apresentados no Capitulo 1 (artigo de reviséo especifico sobre o tema —
dermatofitos e dermatofitoses, publicado na Clinical & Biomedical Research). Por
fim, o diagnostico € realizado pela observagéo de trés parametros em conjunto:
1) exame direto, 2) aspectos macro e micromorfologicos da cultura e 3)
epidemiologia correlacionada (BRASCH, 2014).


http://seer.ufrgs.br/hcpa

9 »

Figura 5. Imagens de lesBes caracteristicas das distintas formas clinicas de
dermatofitose: (a) tinea capitis (couro cabeludo), (b) tinea corporis (corpo), (c)
tinea cruris (grandes pregas), (d) tinea unguium (unha), (e) tinea barbae (barba),
(f) tinea manuum (maos) e (g) tinea pedis (pés) (FONTE: MYCOLOGY ONLINE
— National Mycology Reference Centre; DOCTOR FUNGUS, 2018).

3. Candida spp.

O primeiro relato de Candida no ser humano ocorreu em 1839 apés
isolamento de C. albicans da cavidade oral de um paciente com afta, que
posteriormente se tornaria a mais importante levedura de interesse médico. A
espécie foi classificada somente anos depois, em 1923, por Berkhout
(BARNETT; PAYNE; YARROW, 200; SIDRIM; ROCHA, 2004). Candida spp.
apresentam células em brotamento, que podem formar pseudohifas. A coloragéo

de suas colbnias pode variar de branca a creme, ligeiramente acinzentadas. Sua
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textura é cremosa ou membranosa com superficie rugosa, lisa ou sulcada e
brilhante. Geralmente sao circulares e as bordas podem ser regulares ou
irregulares. Leveduras desse género possuem importante capacidade adaptativa
e podem se desenvolver tanto em aerobiose, quanto em anaerobiose. Podem
ser encontradas na maioria dos ecossistemas, estando presentes no solo, na
agua, em alimentos e colonizando animais e homens (comensais, fazem parte
da microbiota normal do trato digestério, geniturinario, respiratorio e pele de
individuos sadios). A ocorréncia da candidiase depende da predisposicdo do
hospedeiro (imunodepressao), carga microbiana e viruléncia da espécie, logo,
quando estes trés fatores estéo presentes, as leveduras tornam-se oportunistas
e, portanto, patogénicas (BARBEDO; SGARBI, 2010; TRAGIANNIDIS et al.,
2012; PEIXOTO et al., 2014; NAGLIK; RICHARDSSON; MOYES, 2014).

Sabe-se que mais de 200 espécies de Candida estdo presentes na
microbiota normal do corpo humano e de animais (SARDI et al., 2013; NAGLIK;
RICHARDSSON; MOYES, 2014). Dentre essas, somente quinze espécies sao
comumente isoladas e identificadas como agentes infeciosos. Séao elas: C.
albicans, C. glabrata, C. tropicalis, C. parapsilosis, C. krusei, C. guilliermondii, C.
lusitaniae, C. dubliniensis, C. pelliculosa, C. kefyr, C. lipolytica, C. famata, C.
inconspicua, C. rugosa, e C. norvegensis. Embora a frequéncia com que sao
isoladas varie bastante, diferentes estudos nos ultimos 20 anos tém mostrado
que em 95% dos casos de candidiases, os patégenos envolvidos sdo C.
albicans, C. glabrata, C. parapsilosis, C. tropicalis e C. krusei (LEWIS, 2009;
DIEKEMA et al., 2012). Apesar de C. albicans ser a espécie mais isolada nos
casos de candidiases, espécies de CNA estdo emergindo como a segunda ou
terceira maior causa de candidemia principalmente em criancas (OLIVEIRA et
al., 2014b). Manifestacbes clinicas relevantes associadas a algumas dessas
espécies sao apresentadas na Tabela 1. Ha ainda a possibilidade de infec¢des
mistas envolvendo a associacdo de mais de uma espécie de Candida, isoladas
de um mesmo paciente e/ou sitio anatébmico (LIMA et al., 2008; BOUZA et al.,
2013).
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Tabela 1. Manifestacdes clinicas relevantes associadas a espécies de Candida
nao-albicans.

Espécie Manifestacdes clinicas

C. krusei Candidemia, endoftalmite, endocardite, osteomielite

C. glabrata Candidemia, candiduria, vulvovaginite, esofagite, candidiase orofaringea
C. tropicalis Candidemia, candidiase disseminada, candiddria associada a cateter,

candidiase orofaringea, vulvovaginite

C. parapsilosis | Candidemia, endoftalmite, endocardite, artrite séptica, peritonite e outras
infec¢Bes disseminadas associadas a dispositivos protéticos, candidiase

orofaringea

C. dubliniensis | Candidiase orofaringea em pacientes com sindrome da
imunodeficiéncia adquirida (SIDA). Raramente desencadeia candidiase

invasiva.

C. guilliermondii | Candidemia em doentes previamente sujeitos a cirurgias
cardiovasculares ou gastrointestinais, endocardite em individuos

toxicodependentes

C. lusitaniae Candidemia e outras formas de candidiase sistémica

FONTE: Adaptado de PEIXOTO et al. (2014); DEORUKHKAR; SAINI (2015); KOLACZKOWSKA,;
KOLACZKOWSKI (2016).

As espécies de Candida tém a capacidade de colonizar diversas regides
anatbmicas, causando infec¢des superficiais da pele e mucosas — candidiases
cutdneas e mucocutaneas (Quadro 1) — ou infec¢cdes disseminadas e
potencialmente fatais — candidemia e candidiases invasivas (Cl) (Quadro 1)
(SARDI et al., 2013). O tipo e dimensao da infeccdo sdo determinados pelo
estado imunolégico do hospedeiro (PEIXOTO et al., 2014). Durante as ultimas
décadas, as infec¢des por Candida tém aumentado ndo somente em ocorréncia,
mas também na gravidade da doenca (ZAUGG et al., 2001; PAPPAS et al.,
2004). O aumento das infec¢des, com lesdes graves, tem levado a um alto indice
de mortalidade, principalmente em pacientes imunocomprometidos
(GARNACHO-MONTERO et al., 2018).

Conforme Williams e Lewis (2011), as candidiases mucocutaneas
ocorrem com maior regularidade. Nesse sentido, 0os locais 0s quais sao mais
frequentes o isolamento de Candida correspondem ao trato geniturinario e
cavidade oral, sendo diagnosticadas infeccbes em cerca de 31-35% de
individuos saudaveis (SILVA et al., 2012). Candida spp. sé@o consideradas a

segunda causa de infec¢des vaginais, sendo que aproximadamente 75% das
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mulheres sofrem um episddio durante a idade fértil, e 40-50% poderao ter
recidivas. Apesar de 80-90% dos casos serem causados por C. albicans, assiste-
se a emergéncia de espécies de CNA, sendo 10-20% dos casos atribuidos a C.
tropicalis, C. glabrata, C. krusei, C. parapsilosis e C. guilliermondii (PAPON et
al., 2013; HOSPENTHAL; RINALDI, 2015; BHAWNA; SANGEETA; UDAYAN,
2015).

No estudo de Sadeghi et al. (2018), 79 casos de infecgcdo por CNA foram
confirmados em infec¢des cutaneas e sistémicas, sendo que C. parapsilosis
(36,8%) foi a espécie mais prevalente, seguida por C. glabrata (32,9%), C.
orthopsilosis (11,4%), C. tropicalis (8,9%), C. krusei (5%) e C. guilliermondii (5%).
Esses isolados foram identificados por técnicas morfoldgicas, bioquimicas e
moleculares (sequenciamento ITS). Os isolados clinicos de C. glabrata e C.
krusei ndo foram suscetiveis ao fluconazol, avaliados pela metodologia de
microdiluicdo em caldo.

Em pacientes com a imunidade debilitada, poderdo desenvolver-se
infeccdes sistémicas, as quais se revestem de grande importancia clinica dado
as elevadas taxas de mortalidade associadas — 71 a 79% (PATIL et al., 2015). A
incidéncia anual de CI é de 2.53-11/100.000 individuos nos paises Europeus e
6-23/100.000 individuos nos EUA. Num relatério global, verificou-se um
incremento de 10-11% nos casos de candidemia, num periodo de
aproximadamente 7 anos (PATIL et al., 2015).

Candida spp. sdo indicadas como responsaveis pela crescente incidéncia
de casos de septicemia nas unidades hospitalares (GIOLO; SVIDZINSKI, 2010;
OREN; PAUL, 2014; SANTANA et al., 2018), estando classificadas nos EUA
entre a terceira ou quarta causa de infecgdes nosocomiais (DEORUKHKAR;
SAINI, 2016). Essas infecgbes sdo mais comuns nas unidades de cuidados
intensivos (UCI), visto ser onde se encontram pacientes mais vulneraveis e
sujeitos a um maior numero de processos terapéuticos invasivos (VIRIATO,
2014). Na UCI, a taxa de mortalidade associada a Cl é cerca de 30-50%
(ZARRIN; MAHMOUDABADI, 2009; VAZQUEZ, 2010). Segundo Hospenthal e
Rinaldi (2015), 10-12% de todas as infeccfes nosocomiais sdo provocadas por
Candida, e 8-15% das infec¢des nosocomiais que afetam a corrente sanguinea

sao provocadas por espécies desse género.
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Quadro 1. Caracterizacao das candidiases cutaneas/mucocutaneas e invasivas.

Candidiases cutaneas e mucocutaneas

Caracteristicas

Candidiase orofaringea
Mucosa bucal, palato, lingua, cantos da boca (queilite
angular), amigdalas ou faringe

Candidiase pseudomembranosa aguda (“sapinhos): nédulos
brancos, aderentes e aspecto cremoso. Facilmente removiveis.
Candidiase _atréfica crbnica (“estomatite pelo uso de
dentaduras”): eritema doloroso, com auséncia de placas

Esofagite Geralmente assintomatica, associada a nauseas e vémitos;
Esb6fago Placas brancas eritematosas, disfagia e odinofagia,
hemametese e dor epigastrica
Balanite Eritema pruriginoso pustular e placas pseudomembranosas
Glande do pénis, podendo estender-se a virilhas e zona
perianal

Vulvovaginite
Mucosa vaginal

Eritema vulvar, prurido intenso, corrimento vaginal, disuria e
dispareunia

Mastite
Sulco inframamario

Leséo eritematosa e pruriginosa

Candidiases anais
Anus

LesGes pruriginosas bem delimitadas, sensacdo de queimadura
e maceracao da pele

Candidiases das unhas
Unha ou pele na sua periferia

Paroniquia (pele na periferia da unha): leséo inflamatéria,
eritematosa e dolorosa
Oniquia (unha): unhas espessas, opacas e friaveis

Candidiases mucocuténeas cronicas (CMC)
Mucosa oral, pele, unhas, couro cabeludo, tronco, méaos
e dedos

Lesbes vermelhas com hiperqueratinizagéo,
indolores

geralmente

Intertrigo
Zonas quentes e Umidas da pele (espagos interdigitais
das méos e pés, pregas submamarias ou supra pubica,
virilhas e axilas)

Lesdo eritematosa, descamativa, exsudativa e pruriginosa,
geralmente com bordas bem definidas, rodeadas por pequenas
vesiculas ou pustulas

Candidiases invasivas

Caracteristicas

Infeccdes disseminadas

Candidemia
Sangue

-Manifesta¢éo mais comum de candidiase disseminada
-Podera originar choque séptico ou candidiase disseminada,
apesar da auséncia de positividade nas hemoculturas
-Histopatologicamente: microabcessos em diversos 6rgéos
-Aparecimento de lesBes cutaneas e retinianas

Endocardite

-Complicacéo da candidemia
-Normalmente fatal

Candidiase disseminada crbénica
(Candidiase hepatoesplénica)

ApOs contagem normalizada de neutrdfilos:
-Febre alta
-Dor e sensibilidade no hipoc6ndrio direito

-Lesdes no figado e baco

Infeccdes f

ocais invasivas

Infec¢Bes do trato urinario
(Candiduria)

-Possibilidade de febre
-Dor na regido lombar
-Nauseas e vomitos

Infec¢cBes osteoarticulares

Febre e dores nas costas poderdo ocorrer semanas apos
episodio de fungemia

Endoftalmite
Normalmente por C. parapsilosis

LesGes brancas na retina que podem atingir humor vitreo e
conduzir a cegueira

Peritonite -Dor abdominal
-Febre
Meningite -Febre, rigidez no pescoco, dores de cabeca, alteracdo do

estado mental

FONTE: Adaptado de SILVA et al. (2012); PEIXOTO et al. (2014); PATIL et al. (2015); PAPPAS et al. (2016).
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As espécies distribuem-se de acordo com a populacdo em estudo (idade)
e respectiva regido geogréfica, bem como doencas subjacentes ao hospedeiro
e terapéuticas instituidas, podendo ainda ocorrer variagcdes entre hospitais de
uma mesma regido e entre as diversas unidades hospitalares (DEORUKHKAR;
SAINI, 2013; GUINEA, 2014; DEORUKHKAR; SAINI, 2015). Esse fato foi
demonstrado em um estudo de prevaléncia de C. albicans e das espécies de
CNA em amostras sanguineas, de pacientes em internamento, que foi variada
de acordo com as regibes geogréficas. Enquanto C. albicans foi
predominantemente isolada do Centro e Norte dos EUA, as espécies de CNA
foram principalmente isoladas na Asia, no Sul da Europa e na América do Sul
(FALAGAS; ROUSSOS; VARDAKAS (2010).

Em relacdo a patogénese, a capacidade que o microrganismo tem de
aderir a superficie das células do hospedeiro, representa o primeiro estagio deste
processo. Os mecanismos usados por espécies de Candida para aderir sdo
multiplos e ndo tém sido definidos precisamente (VIDOTTO et al., 2003). A
hidrofobicidade da superficie da mucosa, a presenca de acucar no meio e
formacdo de tubo germinativo parecem interferir no processo de adesédo
(MANFREDI et al., 2007). Doengas infecciosas, como a candidiase s&o
conhecidas por comecar com a fixacdo do patégeno a um alvo particular no
hospedeiro (CALDERONE; FRONZI, 2001).

As espécies de Candida podem também aderir a superficies de
dispositivos médicos e formar biofilmes. A adesdo de Candida em dispositivos
como o cateter facilita a ocorréncia de candidemia e a formacdo de uma massa
de microrganismos - denominada de biofilme, que torna a levedura mais
resistente aos antifungicos (AULER et al., 2009). Espécies como C. parapsilosis
e C. albicans tém sido constantemente descobertas como causadoras de
candidemia, acreditando-se que essa elevada frequéncia, principalmente
guando se refere a C. parapsilosis pode ser explicada pela alta capacidade desta
espécie de aderir a superficies plasticas tais como o cateter (DAGDEVIREN;
CERIKCIOGLU; KARAVUS, 2005).

Por fim, o diagndstico das candidiases cutaneas/mucocutaneas baseia-
se na realizacdo de exame direto de esfregacos de pele, unhas, mucosa oral e
vaginal, com o auxilio de hidréxido de potassio (KOH) ou de corantes como o

azul de metileno ou coloracdo de Gram, que permitem a observagdo ao
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microscopio das diferentes estruturas: leveduras, hifas e pseudohifas
(HOSPENTHAL,; RINALDI, 2015). A observacgédo e estudo macro e microscopico
das amostras clinicas, a sua inoculacdo em meios que permitem o isolamento
do agente causal e a avaliagdo da resposta imunitaria do hospedeiro destacam-
se como métodos convencionais de diagnostico geral de uma infeccdo por
Candida (QUINDOS et al., 2012; OREN; PAUL, 2014). Nos casos de infec¢éo
invasiva, o diagndéstico é bastante complexo e apresenta algumas limitacoes,
entre elas a baixa sensibilidade e morosidade dos métodos convencionais
(GOMEZ et al., 2010; QUINDOS et al., 2012).

4. Tratamento das infeccdes fungicas (dermatofitoses e candidiases) e
probleméatica associada

O tratamento das dermatofitoses e candidiases faz-se, de modo geral,
com o uso de antifungicos topicos elou sistémicos (PIRES et al.,, 2014;
BASSETTI; PEGHIN, M; TIMSIT, 2016). Na terapéutica das candidiases
cutdneas é comum o uso de pomadas e cremes de nistatina, de clotrimazol, de
terbinafina e de cetoconazol (BARBEDO; SGARBI, 2010; BASSETTI; PEGHIN;
M; TIMSIT, 2016). Para infec¢cdes na pele mais severas associadas a essas
leveduras, ou ainda se houver o agravamento para um caso mais disseminado,
opta-se pela terapia oral, com a utilizacdo de antifUngicos de trés principais
classes: azélicos (ex.: fluconazol, itraconazol, voriconazol), poliénicos (ex.:
anfotericina B) e equinocandinas (ex.: micafungina) (BARBEDO; SGARBI, 2010;
ROTTA et al.,, 2013; DATTA et al., 2018). Em relacdo a dermatofitose, nos
quadros mais simples da infec¢cdo, usa-se geralmente creme de ciclopirox
olamina, de terbinafina, de butenafina e de naftifina (GINTER-HANSELMAYER,
2012; KAUL; YADAV; DOGRA, 2017; KHURANA, 2018).

Adicionalmente, o esmalte de ciclopirox olamina € muito utilizado para os
casos de onicomicoses, tanto as de origem dermatofitica como as também
ocasionadas por Candida spp., apesar de que nas infec¢cdes das unhas indica-
se normalmente a associacao da terapia topica e sistémica, pois apenas com a
monoterapia as chances de recidivas sdo bem maiores (SHEMER, et al., 2010;
KHANNA; MANCHANDA; AGARWAL, 2014). Aléem desse caso, a terapia
sistémica das dermatofitoses € indicada quando as lesdes sédo generalizadas,
recorrentes, de carater crénico, ou quando ndo ha resposta a terapia topica. O
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tratamento sistémico oral € realizado principalmente pelo uso de derivados
azolicos como o cetoconazol, terbinafina e griseofulvina, os quais possuem
importante atividade antidermatofitica (LAKSHMIPATHY; KANNABIRAN, 2010;
PIRES et al., 2014; KAUL; YADAV; DOGRA, 2017).

A escolha do tratamento mais apropriado para cada caso € determinada
pela extensdo da infeccdo, pelo sitio afetado e pela espécie envolvida, tdo bem
quanto pela eficicia, perfil de seguranca e biodisponibilidade dos antifungicos
disponiveis (PIRES et al., 2014). A terapéutica pode ser conduzida topicamente,
sistematicamente ou associando-se ambas as formas, combinadas ou ndo a
antibacterianos e substancias queratoliticas (PIRES et al., 2014; LAWTON,
2017).

4.1. Derivados azolicos

Os antifungicos azolicos, de administracdo oral ou intravenosa, sdo
comumente utilizados no tratamento das micoses inibindo a producdo do
ergosterol (KLEPSER et al., 2000; SILVA, 2005; BROWN, 2007). Os compostos
dessa classe séo classificados como imidazdlicos ou triazolicos, diferindo-se nas
suas constituicdes quimicas, com base no numero de nitrogénios (N) presentes
no anel azélico - composto de cinco membros, sendo que os imidazélicos
possuem dois “N” e os triazolicos trés “N” no heterociclo, respectivamente
(LACAZ et al., 2002; ODSS; BROWN; GOW, 2003). Os parametros essenciais
para a acao antifingica sao a presenca de, pelo menos, um anel imidazélico e a
unido desse anel ao restante da molécula por ligagées “C-N" (LACAZ et al.,
2002).

Apesar das diversidades quimico-estruturais entre as classes de azdlicos,
gue de algum modo interferem no espectro de acao e toxicidade, 0 mecanismo
é o0 mesmo (HAMDAN; HAHN, 2006). Cetoconazol (imidazolico) e fluconazol,
itraconazol e voriconazol (triazdlicos) atuam bloqueando a enzima 14-o-
desmetilase, presente no citocromo P-450 da célula fangica, impedindo a
desmetilacdo do precursor lanosterol em ergosterol (VANDEN-BOSSCHE,
1997).

Cetoconazol (CTZ) foi o primeiro imidazolico oral biodisponivel, com
amplo espectro de agdo, e a primeira alternativa sistémica a griseofulvina no

tratamento das dermatofitoses, também se apresentando na opgdo topica
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(MOOSSAVI; BAGHERI; SCHER, 2001). CTZ é eficaz no tratamento da
blastomicose, histoplasmose, coccidioidomicose, paracoccidioidomicose, tinea
versicolor, candidiase mucocutanea cronica, oral e esofagiana, vulvovaginite por
Candida e infec¢Oes dermatofiticas cutaneas, ndo sendo muito recomendado na
terapéutica de aspergilose e mucormicose (PEI-LAN; LI-MIN; PO-REN, 2007).

Especificamente em relacdo as dermatofitoses, estudos demonstram que
o creme de cetoconazol 2% tem sido eficaz e seguro no tratamento de tinea
pedis, tinea cruris e tinea corporis, atuando em infec¢cdes ocasionadas pelas
espécies dos trés géneros — Microsporum, Trichophyton e Epidermophyton
(LESTER, 1995). As taxas de cura com CTZ referentes ao tratamento das tinhas
da pele glabra muito se assemelham com as taxas de resposta a terapéutica
com a griseofulvina (REFAI; EL-YAZID; EL-HARIRI, 2013). Em 2003, em um
estudo para avaliagdo in vitro do CTZ e outros agentes antifingicos contra
Trichophyton spp. e Microsporum spp., constatou-se valores de concentracéo
inibitéria minima (CIM) baixos para a maioria dos isolados clinicos, ou seja, as
espécies mostraram-se bastante sensiveis (GUPTA; KOHLI, 2003). Em 2013,
relatou-se o uso topico do xampu de CTZ em combinacdo com terbinafina oral,
durante trés meses, em uma crianca com tinea capitis, com melhora progressiva
da paciente (ANAHORY; SANTOS; BORGES, 2013).

Fluconazol (FLZ) é eficaz na maioria das infec¢des por Candida, sendo
capaz inclusive de penetrar no sistema nervoso central (NUCCI; COLOMBO,
2002). FLZ é usado como profilatico em pacientes neutropénicos com risco de
desenvolverem infeccdo fungica (BURGESS et al., 2000). A introducao deste
antifingico como profilaxia possibilitou a reducdo de candidiase invasiva de 10-
25% para pacientes transplantados alogénicos de células estaminais
hematopoiéticas (STABER et al., 2007). Embora a profilaxia com FLZ em
transplantados alogénicos tenha resultado na reducéo de infecgbes por Candida,
essencialmente por C. albicans, este procedimento estimulou uma mudanca de
etiologia. Espécies de Candida n&o-albicans, como C. krusei e C. glabrata
resistentes ao FLZ, tornaram-se emergentes, dificultando o tratamento para
estas infeccdes (RICHARDSON; LASS-FLORL, 2008).

O itraconazol (ITZ) € um antifingico de amplo espectro, disponivel em
duas formulacg@es: oral e intravenosa, sendo que esta Ultima é a mais utilizada.

Este farmaco, entretanto, deve ser administrado com cuidado, pois pode produzir
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efeitos tOxicos ao organismo do hospedeiro, como hipocalemia e edema
(KONTOYIANNIS et al., 2000). A absorcéo de ITZ em solucao apresenta-se com
maior eficacia do que quando formulado em capsulas. Bons resultados desta
formulacéo liquida em pacientes neutropénicos e submetidos a transplantes de
medula foram verificados (PRENTICE et al., 2000).

O voriconazol (VRZ) é um triazélico que estéa estruturalmente relacionado
ao FLZ, porém possui atividade tanto para Candida quanto para Aspergillus.
Efeitos adversos como rash cutaneo, toxicidade hepatica, e distlrbios visuais
podem ser vistos com o uso de VRZ. Maior eficacia de VRZ sobre o FLZ tem
sido observada, sendo que em casos de candidiase esbfagica, observou-se uma
cura em 94,8% dos pacientes tratados com VCZ sobre 90,1% dos tratados com
FLZ (MARTINEZ, 2006). Corroborando para estes dados, Hegener et al. (1998)
verificaram a eficacia de VRZ em 12 pacientes com SIDA refratarios ao FLZ.
Testes de suscetibilidade in vitro mostraram que este antifiangico apresenta
valores muito baixos de CIM, sendo que in vitro, VRZ é efetivo para varias
espécies de Candida inclusive C. glabrata, C. krusei e C. tropicalis
(GERZENSHTEIN et al., 2005).

Isolados clinicos de Candida resistentes aos azolicos e dificuldades no
tratamento tém emergido em pacientes com infec¢des flngicas oportunisticas
(FLECK; HOF, 2008; KHANDELWAL et al., 2018). C. glabrata e C. krusei tém se
mostrado comumente resistentes ao FLZ devido ao uso prolongado deste agente
antifingico (COLOMBO et al. 2002). Segundo Barchiesi et al. (2002), pacientes
infectados pelo virus da imunodeficiéncia humana (HIV), que fazem uso de
terapia antirretroviral altamente ativa (HAART), frequentemente apresentam
leveduras na cavidade bucal resistentes ao FLZ. Além disso, a prevaléncia de
resisténcia em cepas isoladas de infec¢do da corrente sanguinea esta cada vez
maior. Outra observacao interessante com relacdo a resisténcia aos azolicos,
refere-se a aderéncia e colonizagédo de dispositivos médico-hospitalares, como
o cateter, que devido ao favorecimento da formacéo de biofilmes, induz a uma
menor suscetibilidade ao FLZ (KHANDELWAL et al., 2018).

Sao conhecidos trés mecanismos de resisténcia aos azolicos: 1- Reducéo
do acumulo intracelular do farmaco resultante da utilizacdo reduzida deste
agente antifngico ou do aumento da excrecdo do farmaco devido a acdo de
produtos de genes de resisténcia aos antifungicos, 2- Alteracao estrutural da
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enzima 14-a-desmetilase, resultando em uma diminuicdo na sua ligacdo aos
azolicos, 3- Sintese aumentada de 14- a-desmetilase, devido a amplificacdo do
gene ERG11 (transformacdo de lanosterol em ergosterol ndo é totalmente

impedida quando sob a acéo do derivado azdlico) (HEILMANN et al., 2010).

4.2. Poliénicos

A anfotericina B (AFB) pertencente a ampla familia dos macrolideos
poliénicos, atua ligando-se ao ergosterol da membrana celular fingica, alterando
sua permeabilidade, o que acarreta desequilibrio osmatico pela perda de ions
intracelulares e consequentemente lise e morte das células (VANDEN-
BOSSCHE, 1997). AFB pode ser usada para o tratamento de doencas
endémicas causadas por diferentes agentes como Paracoccidioides brasiliensis,
Cryptococcus neoformans, Histoplasma capsulatum, que s&o causadores de
lesbes sistémicas graves, e também tem sido amplamente utilizada no
tratamento de Cl (CARRILLO-MURNOZ et al., 2001). Os efeitos adversos mais
comuns de AFB sao instabilidade cardiovascular, febre, hipoxemia e
nefrotoxicidade. Os riscos de nefrotoxicidade aumentam com a administracao
concomitante de outros agentes nefrotoxicos. Formula¢cdes com AFB, podem
diminuir a toxicidade desta substédncia como as preparacdes associadas a
lipidios, ou seja, AFB lipossomal (AmBisome®), dispersédo coloidal de AFB
(Amphotec®) e complexo lipidico de AFB (Abelcet®). Embora AFB e suas
formulacGes ndo sejam muito toleradas pelos pacientes, este farmaco tem sido
usado em casos de transplantados que nao respondem a demais tratamentos
(BROWN, 2007).

Poucos relatos sobre resisténcia aos poliénicos tém sido verificados.
Isolados de Candida, tais como, C. lusitaniae e C. tropicalis ja foram detectados
demonstrando resisténcia a poliénicos (BOFF et al., 2008). O mecanismo de
resisténcia a AFB pode ocorrer devido a uma alteracéo dos lipidios na membrana
celular do fungo, onde o ergosterol da lugar a formacéo de outros lipidios, ndo
reconhecidos pelo farmaco (SANGLARD, 2002).

4.3. Equinocandinas
E uma classe de farmacos, cujo mecanismo de acdo consiste na

capacidade que estas substancias tém de interferir na sintese da parede celular
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do microrganismo, inibindo a B-(1,3)-glucana-sintase, por consequéncia
impedindo a sintese de glucanas. O bloqueio da producéo de glucanas resulta
em desequilibrio osmético, o que interfere na viabilidade da célula fangica
(MARTINEZ, 2006). A inibicdo da sintese de glucanas também apresenta efeitos
secundarios sobre outros componentes da célula, como reducéo de lanosterol e
ergosterol e 0 aumento das concentragdes de quitina (DOUGLAS et al., 1997).
Entre as equinocandinas sdo conhecidas: micafungina (MCF), caspofungina
(CSF) e anidulafungina (ANF).

A MCF possui uma atividade fungicida natural para espécies de Candida
e € a Unica equinocandina aceita para tratamento de candidiase de neonatos
(THEURETZBACHER, 2004). MCF é também indicada nos casos de candidiase
esofagica, candidemia, peritonites e abscessos e como profilatico nas infec¢des
por Candida em pacientes submetidos a transplante de células progenitoras
hematopoiéticas (THEURETZBACHER, 2004). A CSF assim como o VRZ tem
demonstrado uma atividade antifingica in vitro contra Aspergillus spp. e
espécies de Candida, incluindo isolados resistentes ao FLZ (KARTSONIS et al.,
2002; HOLLENBACH, 2008).

A classe das equinocandinas € a menos toxica, comparando-se com as
demais ja citadas, e o desenvolvimento de resisténcia € raro (PARK et al., 2005;
PERLIN, 2015). O mecanismo de resisténcia de microrganismos a estes agentes
antifingicos pode ser decorrente de um aumento na sintese da proteina Shep
do complexo de Golgi, controlada pelo gene GAL1, que regula 0s mecanismos
de transporte de componentes celulares para a parede da célula fangica.
Moudgal et al. (2005) relataram o desenvolvimento de resisténcia de Candida a
multiplas equinocandinas durante a exposicdo a esses agentes antifungicos.
Dados preliminares de um estudo in vitro utilizando equinocandinas sugerem
CIMs desses farmacos maiores para isolados de C. parapsilosis do que para
outras espécies de Candida (PFALLER et al., 2002).

Em consequéncia da similaridade bioquimica e fisiol6gica existente entre
as células fangicas e células humanas, o arsenal terapéutico antifingico
disponivel para tratamento da candidiase torna-se bastante limitado. A maioria
dos agentes antifungicos disponiveis, como os derivados azolicos e AFB acima
mencionados, tem como alvo o ergosterol que € um esterol da membrana celular

fungica, que possui estrutura semelhante ao colesterol presente na célula
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humana (ODDS et al.,, 2003). Medicamentos como as equinocandinas,
representam hoje em dia uma das poucas alternativas para o tratamento de
candidiase ndo responsiva as demais classes de antifungicos. Equinocandinas
atuam sobre a parede celular fingica, que apresenta constituicdo diferenciada
das células dos mamiferos (LARKIN et al., 2018). Desse modo, com as
tendéncias atuais de aumento da resisténcia aos azoélicos e a emergéncia das
CNAs, diretrizes recomendam as equinocandinas como tratamento de primeira
linha para candidemia (LARKIN et al., 2018).

4.4. Ciclopirox olamina

Ciclopirox olamina (CPO) é um antimicético empregado muito
comumentemente por via topica, pertencente a classe das hidroxipiridonas, com
atividade antifungica e antibacteriana, através de multiplos mecanismos de acao.
De modo geral, CPO liga-se a cations trivalentes (por exemplo, Fe3*) e tem
capacidade de inibir varias enzimas fungicas citocromais metalo-dependentes
(BOHN; KRAEMER, 2000; SUBISSI et al., 2010; LECERF; ANDRE; RICHERT,
2014). Relata-se ainda que o CPO afeta a producéo energética mitocondrial,
reduz a acdo de peroxidases e catalases, as quais degradam peroxidos
prejudiciais e toxicos; e ainda afeta a sintese proteica e de acidos nucleicos da
célula fangica. Agindo por tantas vias, CPO tem, na maioria dos casos efeito
fungicida, dependendo sempre da concentragéo utilizada e do tempo correto de
tratamento (SUBISSI et al., 2010). Recomenda-se uma aplicacdo diaria do
esmalte de ciplopirox 8% por 24 a 48 semanas, para as unhas das maos e pés,
respectivamente (BOHN; KRAEMER, 2000; SUBISSI et al., 2010; LECERF;
ANDRE; RICHERT, 2014). Existem formulacdes do esmalte a base de quitosana
hidroxipropil, que facilitam mais a permeabilidade através da lamina ungueal.
Considera-se 0 uso do CPO nas onicomicoses subungueais (distal e lateral)
minimas, quando ndo houver mais de 50% da area total da unha comprometida
e/ou quando o paciente ndo € um bom candidato para a terapéutica antifingica
por via oral (BOHN; KRAEMER, 2000; SUBISSI et al., 2010; LECERF; ANDRE;
RICHERT, 2014).

A partir de 1976, numerosos estudos foram conduzidos com o CPO em
pacientes com infec¢Bes fungicas da pele, sendo que uma série de trabalhos foi
publicada desde entdo (SUBISSI et al.,, 2010). Em um levantamento de 20
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estudos, com 991 casos de doencas de pele, principalmente dermatofitoses
(71%), realizado com creme de CPO 1% e solucdo de CPO 1%, observou-se
que apdés um periodo de tratamento de trés semanas, a taxa de sucesso
terapéutico (cura clinica e micolégica) foi de 96% (DITTMAR, 1981). Em 2005,
avaliou-se a eficacia do gel de CPO 0,77% no tratamento da tinea pedis
interdigitalis, com infeccdo bacteriana secundaria, em um estudo prospectivo
duplo-cego, randomizado e controlado por placebo. Verificou-se, que o gel
aplicado uma ou duas vezes ao dia reduziu significativamente os sinais e
sintomas das lesdes, na oitava semana de tratamento. As taxas de cura
completa foram muito mais elevadas para CPO do que para o veiculo, e reducao
da contagem bacteriana foi também observada pos-tratamento com CPO
(GUPTA; SKINNER; COOPER, 2005). Em 2014, em um estudo da eficacia do
CPO 1% e cloridrato de terbinafina 1%, em um modelo de onicomicose
dermatofitica in vitro, notou-se alta taxa de permeacéo para ambos os compostos
analisados, que mostraram eficacia muito semelhante (TAUBER; MULLER-
GOYMANN, 2014). Além da atividade contra fungos e bactérias, recentemente
descobriram-se propriedades anticancer para o CPO (SHEN; ZHOU; HUANG,
2013).

4.5. Terbinafina

A terbinafina (TBF) € um antimicotico empregado, por via tépica e/ou oral,
no tratamento de infec¢gBes fungicas cutaneas e até mesmo subcutaneas. TBF
estabeleceu-se no mercado farmacéutico entre as décadas de 80-90
(PETRANYI; RYDER; STUTZ, 1984) e é considerada o principal antifangico mais
eficaz para dermatofitoses, visto que os dermatofitos, em geral, apresentam uma
elevada suscetibilidade, sendo especialmente empregada nos casos em que ha
condi¢cbes crbnicas da micose (SOARES et al., 2013). TBF pertence a classe
das alilaminas (alilamina terciaria), farmacos sintéticos que atuam de forma
distinta das demais classes de antifungicos e cuja atividade, in vitro e in vivo, é
direcionada especialmente contra dermatofitos e algumas leveduras, tendo
também acdo contra Sporothrix schenckii, Scopulariopsis brevicaulis e
Acremonium spp. (LACAZ et al., 2002). A acdo desse antifungico da-se pela
inibicdo ndo-competitiva, especifica e seletiva da esqualeno epoxidase, uma

enzima envolvida nas etapas iniciais da sintese do ergosterol, o principal esterol



62

componente da membrana celular fangica, acarretando tanto o acumulo de
esqualeno, como a deficiéncia do ergosterol (MOOSSAVI; BAGHERI; SCHER,
2001; ODSS; BROWN; GOW, 2003). Elevadas concentracbes de esqualeno
toéxico no citoplasma fangico podem interferir na funcdo da membrana e na
sintese da parede celular dos fungos, bem como niveis deficitarios de ergosterol
influenciam na manutencdo da célula, envolvendo tanto a membrana quanto a
parede dos fungos, com consequéncias fungicidas em espécies suscetiveis
(MOOSSAVI; BAGHERI; SCHER, 2001). TBF nao tem uma elevada afinidade
de ligacdo pela esqualeno epoxidase humana, e assim a producéo de colesterol
nao é fortemente afetada (WAKELIN; MAIBACH, 2003).

Em relacdo a farmacocinética, a TBF é um farmaco muito bem absorvido,
apos a sua administracdo oral e liga-se fortemente as proteinas plasmaticas
(MOOSSAVI; BAGHERI; SCHER, 2001). Essa ligacao ndo é especifica e a
eliminacéo plasmatica € lenta. A afinidade da TBF pelo citocromo P450 é baixa,
em contraste com os azéis, sendo essa uma das razfes para uma menor taxa
de interacbes da mesma com comediadores ou demais medicamentos, em
comparacao, por exemplo, com os triazélicos e imidazolicos (REFAI; EL-YAZID;
EL-HARIRI, 2013). Além disso, trata-se de um antifingico lipo e queratinofilico,
que é extensivamente distribuido pelo tecido adiposo, derme, epiderme e unhas.
Devido a isso e a eficacia comprovada, considera-se a TBF um dos antimicéticos
mais apropriados para o tratamento das dermatofitoses disseminadas de pele,
pelos e unhas, bem como para casos de candidiase cutanea (DARKES; SCOTT;
GOA, 2003).

Relata-se para o uso especifico da TBF no tratamento das dermatofitoses,
gue a mesma apresenta uma maior eficAcia contra espécies do género
Trichophyton (KAKOUROU; UKSAI, 2010). Logo, apds o inicio do uso da TBF,
alguns estudos passaram a recomenda-la topicamente para lesdes
dermatofiticas ndo muito extensas, tendo um custo-beneficio melhor que
miconazol e CTZ tépicos (MCCLELLAN; WISEMAN; MARKHAM, 1999). Em um
estudo de metandlise de ensaios clinicos randomizados, observou-se que
particularmente para a espécie T. tonsurans, a TBF e a griseofulvina tiveram uma
eficacia semelhante, porém o tempo necesséario de tratamento com TBF foi
menor (4 semanas), do que com a griseofulvina (8 semanas) (GUPTA;
DRUMMOND-MAIN, 2013). A dose habitual da TBF por via oral é 250 mg/dia.
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Para tinea corporis e tinea cruris, administra-se a mesma durante 2 a 4 semanas;
em tinea pedis, durante 2 a 6 semanas e em onicomicoses dermatofiticas,
durante 4 a 12 semanas (REFAI; EL-YAZID; EL-HARIRI, 2013). A TBF
demonstrou superioridade, em eficacia e seguranca, em relacdo ao esmalte de
CPO 8%, para o tratamento de onicomicoses em pacientes diabéticos
(MATRICCIANI; TALBOT; JONES, 2011). Mais recentemente, estuda-se a
administrac@o intralesional de injetaveis contendo microesferas de TBF, de
liberacdo controlada, para o tratamento de onicomicoses, como uma forma de

aplicacao mais localizada e direcionada do antifungico (ANGAMUTHU, 2014).

4.6. Griseofulvina

A griseofulvina (GSF) foi descoberta por Oxford et al. (1939), tendo origem
a partir do fungo Penicilium griseofulvum — foi o primeiro agente terapéutico
especifico para espécies flngicas (ODSS; BROWN; GOW, 2003). E um derivado
benzofurano, somente de administracdo via oral e com eficacia comprovada,
principalmente para o tratamento de micoses cutaneas e onicomicoses
dermatofiticas (LACAZ et al., 2002). O mecanismo de ac¢do da GSF consiste na
inibicdo da completa formacédo do fuso mitético, por meio da interacdo com
microtubulos polimerizados, inibindo, desse modo, a mitose e o consequente
desenvolvimento e crescimento fangico, tendo acéo fungistatica (MOOSSAVI;
BAGHERI; SCHER, 2001).

Comercialmente, a GSF esta disponivel em varias formas farmacéuticas
(comprimidos, suspenséo), porém a suspensao nao é uma formulacdo
licenciada, por exemplo, no Reino Unido, e os comprimidos jA& ndo estdo
disponiveis em alguns paises europeus, tendo sido substituidos por outros
agentes antifungicos (KAKOUROU; UKSAI, 2010). As dosagens recomendadas
variam muito com o tipo de formulacédo e o quao facilmente a mesma é absorvida
(FULLER et al., 2014).

A GSF se distribui largamente por variados tecidos queratinizados (pele,
pelos e unhas), sendo por isso, antes do surgimento da terbinafina e
imidazolicos, um dos primeiros antifungicos de escolha para a terapéutica das
tinhas. Sua indicacéo é direcionada especialmente aos casos de tinea corporis,
tinea capitis e tinea unguium. GSF apresenta uma maior aplicabilidade para o

tratamento das dermatofitoses ocasionadas por espécies do género
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Microsporum, especialmente M. canis (CHADEGANIPOUR; NILIPOUR,;
HAVAEI, 2004). A partir de sete estudos de metanalise, observaram-se taxas de
resposta terapéutica com o uso da GSF diferenciadas, em relacdo as espécies
dermatofiticas, evidenciando-se para espécies do género Microsporum, uma
taxa de aproximadamente 90% e para Trichophyton cerca de 70%, corroborando
com a afirmacéo de efetividade espécie-especifica desse antifiungico (GUPTA;
COOPER; BOWEN, 2008). Em concordancia a isso, outro estudo de metanalise
sugere que um tratamento de 8 semanas com GSF € bem mais efetivo que um
tratamento de 4 semanas com TBF em tinhas do couro cabeludo, envolvendo
espécies microspdricas, o que ndo se verifica para as espécies tricofiticas
(GUPTA; DRUMMOND-MAIN, 2013). Por ser um antifingico de baixa
solubilidade, envolvendo problemas de precipitacdo, ha pesquisas no
desenvolvimento e modulacéo da liberacéo in vitro e melhora da solubilidade da
GSF, utilizando, por exemplo, nanoparticulas de silica na formulacdo desse
composto (JAMBHRUNKAR et al., 2014).

4.7. Tratamento combinado

A associacao de antimicéticos tem produzido cada vez mais avancos, por
exemplo, no tratamento das dermatofitoses, principalmente quando se trata de
casos mais graves e disseminados. Ja foram descritas na literatura combinacdes
entre TBF e ITZ oral administrados de forma consecutiva; tioconazol topico e
GSF oral; TBF e CPO; GSF e amorolfina, entre outras (MAGAGNIN, 2010).
Algumas dessas combinacgdes ainda ndo possuem acéao total sobre dermatofitos
resistentes, porém, todas apresentam evidéncias de efetiva melhora dos
qguadros clinicos infecciosos, quando comparadas com a monoterapia oral ou
topica tradicional (GROVER et al., 2007; HAVLICKOVA; FRIEDRICH, 2008).

Pires et al. (2014) apontam que em relagdo ao tratamento de escolha para
a maioria das dermatofitoses, ha uma predominancia da terapia combinada com
antifangicos topicos e sistémicos (62,8%), sendo os azdlicos (33,1%) e CPO
(49%) os agentes sistémicos e tépicos mais comumente prescritos,
respectivamente (PIRES et al., 2014). A TBF vem sendo cada vez mais utilizada
em combinagdo com outros agentes antifingicos no tratamento das micoses
refratarias, como onicomicoses, devido a sua capacidade, observada in vitro, de

sinergismo com demais compostos. Usando-se modelos de farmacocinética e
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farmacodinamica, nota-se uma potente sinergia entre a TBF e antifungicos
azolicos, o que aumenta consideravelmente a chance de sucesso terapéutico.
Os mecanismos de acdo complementares da TBF e azoélicos em diferentes
pontos da via de biossintese do ergosterol fingico, teoricamente tém um impacto
maior na inibicdo e até mesmo morte do microrganismo (DOLTON et al., 2014).
Para os casos de tinea pedis com hipergueratose, observou-se que a utilizacao
da combinacdo de pomada de ureia a 10%, juntamente com TBF tépica e oral,
otimiza o tempo de tratamento, fazendo com que o paciente apresente maior
adesdo, além de ser segura e eficaz (SHI et al., 2014). No Brasil, sdo comumente
comercializadas associacfes dos antifungicos mais recomendados para as
tinhas com anti-inflamatérios e antibiéticos, por exemplo, CTZ e betametasona,
CTZ, betametasona e neomicina, dentre outras formulagdes, a fim de amenizar
os sinais inflamatorios locais decorrentes da infeccdo fungica, além de auxiliar

no processo de cicatrizagédo das lesbes (PERARO, 2001).

Por fim, apesar do arsenal disponivel de farmacos antifiUngicos agir por
diferentes mecanismos e vias, os alvos celulares séo limitados em funcéo da
similaridade que existe entre as células eucaritticas fungicas e humanas, em
varios aspectos (MARTINEZ-ROSSI; PERES; ROSSI, 2008). Os relatos de
recorrentes falhas na terapéutica sdo normalmente associados com a
descontinuacdo da terapia em decorréncia do tratamento prolongado, efeitos
adversos de alguns antifiingicos e com a cada vez mais comum problematica de
resisténcia fungica (MUKHERJEE et al., 2003; MARTINEZ-ROSSI; PERES;
ROSSI, 2008; PERES et al., 2010; VENA et al., 2012; TSAY et al., 2018). A
crescente incidéncia de infec¢des fungicas, aliado a SIDA e ao aumento da
utilizacdo de imunossupressores, foi seguido por uma utilizacdo
consequentemente mais ampla e frequente de antifiUngicos, com intencdes
profilaticas e terapéuticas. A utilizacdo demasiada ou em doses abusivas e
inadequadas dos antimicéticos faz com que as espécies fungicas desenvolvam
resisténcia, por evolugdes epigenéticas e em resposta ao estresse, fortemente
dificultando o tratamento (CALO et al., 2014). Essa resisténcia pode ser
intrinseca (todos os membros da espécie sao resistentes) ou extrinseco-
adquirida (quando as espécies se tornam resistentes mediante uma prévia
exposicdo ao agente antifiungico) (MARTINEZ-ROSSI; PERES; ROSSI, 2008).
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Em 2003, foi reportado o primeiro caso confirmado de resisténcia
dermatofitica in vivo (clinica) e in vitro a TBF (MUKHERJEE et al.,, 2003).
Tratavam-se de seis isolados clinicos de T. rubrum, originarios de um mesmo
paciente com onicomicose dermatofitica, cuja terapia oral com TBF (250 mg/dia
por 24 semanas) nao foi eficaz. Os isolados apresentaram in vitro um valor de
CIM para TBF 4.000 vezes maior do que o valor encontrado para cepas—
referéncia (sensiveis), com suscetibilidade também reduzida para outros
inibidores da esqualeno-epoxidase, incluindo naftidina, butenafina, tolnaftato e
tolciclato, sugerindo-se um mecanismo de resisténcia alvo-especifico
(MUKHERJEE et al., 2003). Em 2005, um estudo objetivou caracterizar as
possiveis modificacdes moleculares para a resisténcia dos isolados clinicos de
T. rubrum, relatados por Mukherjee e colaboradores (2003). Posterior ao
sequenciamento dos isolados e andlise, relataram-se substituicdes Unicas de
aminoacidos na enzima esqualeno epoxidase, o que explicaria a resisténcia, ja
que modificagbes no alvo implicam dificuldades no reconhecimento e
consequente acdo antifingica das alilaminas, no caso especifico dessa enzima
envolvida (OSBORNE et al., 2005).

Adicionalmente, dermatofitos mutantes resistentes & GSF sdo relatados
desde a década de 60 (LENHART, 1969). Em um estudo realizado no México,
em 2007, com 36 dermatofitos, detectou-se sete espécies (19,4%) — trés T.
rubrum, trés T. mentagrophytes e um T. tonsurans resistentes a um ou mais
antifangicos (MANZANO-GAYOSSO et al., 2008). Pesquisas mais recentes
constataram resisténcia multipla em cepas de T. rubrum em relacdo a TBF, ao
ITZ e a amorolfina (GHELARDI et al., 2014). Resisténcia aos azdlicos também
ja foi relatada para dermatofitos (GHANNOUM, 2015) e Candida spp.
(ACCOCEBERRY et al., 2018).

Agregando-se a toda essa problematica apresentada, infelizmente, o
arsenal terapéutico dos antifUngicos apresenta espectro de atividade muito
variavel, podendo levar a falhas no tratamento in vivo, possivelmente devido aos
multifatores ja mencionados, como baixa adesdo dos pacientes a terapia,
eventual baixa penetracdo do farmaco, problemas na biodisponibilidade do
medicamento, interagcdes medicamentosas ou (multi) resisténcia (MANZANO-

GAYOSSO et al., 2008). Desse modo, ha uma real necessidade de novos
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compostos mais eficazes e menos toxicos, o que torna a pesquisa por novos

agentes antifiingicos muito pertinente e relevante (SOARES et al., 2013).

5. Prospeccdo de compostos sintéticos e formulagbes como novos
agentes antifingicos

A procura por novos agentes antimicrobianos € objeto de continua
pesquisa na Quimica Medicinal. O arsenal terapéutico necessita de novos
representantes, em decorréncia da progressiva ineficacia dos agentes
farmacoldgicos atuais frente a resisténcia dos microrganismos e limitacfes
inerentes aos proprios farmacos (biodisponibilidade, toxicidade, farmacocinética,
farmacodinamica, etc.) (TEGOS; MYLONAKIS, 2012; DHANASEKARAN;
THAJUDDIN; PANNEERSELVAM, 2015).

Grandes vantagens sao verificadas durante o planejamento e
desenvolvimento racional de novos compostos, por via sintética. Essas
decorrem, entre outros fatores, do prévio conhecimento de suas propriedades,
rendimento e provaveis futuras aplicacdes, com base nas caracteristicas
quimicas. A sintese é um dos processos mais utilizados na obtencdo de
protétipos para o0 desenvolvimento de novas moléculas com potencial
terapéutico, cuja compreensao das caracteristicas fisico-quimicas interferentes
na acao antimicrobiana pode direcionar a pesquisa de novos agentes anti-
infecciosos (TEGOS; MYLONAKIS, 2012; DHANASEKARAN; THAJUDDIN;
PANNEERSELVAM, 2015; CAMPQOY; ADRIO, 2017).

O aprimoramento da Quimica Organica tem proporcionado um aumento
consideravel de compostos sintéticos para uso medicinal, os quais tém sido
empregados no combate a véarias doengas. O delineamento e a sintese de novas
substancias e a avaliacdo de suas possiveis atividades bioldgicas compdem a
primeira etapa para o surgimento de um novo composto potencialmente ativo,
que pode conduzir ao langamento de um novo farmaco (TEGOS; MYLONAKIS,
2012; DHANASEKARAN; THAJUDDIN; PANNEERSELVAM, 2015; CAMPOY;
ADRIO, 2017).

A abordagem mais comum em pesquisas sintéticas e semissintéticas é a
correlagcdo entre a estrutura e propriedade. Diferentemente dos compostos
naturais, as moléculas de origem sintética e semissintética apresentam

propriedades mais homogéneas e reprodutiveis, permitindo uma clara
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compreensao da correlacdo entre propriedade e estrutura. Assim, a maioria dos
antifingicos comumentemente usados oferece pelo menos uma etapa sintética,
produzindo moléculas que permitem avaliar seu mecanismo de agdo (CAMPOY;
ADRIO, 2017). Além disso, a sintese ainda oportuniza a otimizacéo estrutural,
com a producéao de analogos daquelas moléculas que se mostrarem mais ativas
frente a patégenos (TEGOS; MYLONAKIS, 2012; DHANASEKARAN;
THAJUDDIN; PANNEERSELVAM, 2015).

Em vista do exposto, a pesquisa e desenvolvimento de novos agentes
antifangicos, vem cada vez mais incluindo a triagem de algumas classes de
compostos sintéticos, como novos candidatos a tratamentos alternativos para
infecgcdes fungicas (FUENTEFRIA et al.,, 2018), tais como: SCY-078/MK-
3118/Enfumafungin — contra Candida spp. e Aspergillus fumigatus (JIMENEZ-
ORTIGOSA et al., 2014), piridazinonas — contra Candida spp., Aspergillus spp.,
C. neoformans, Fusarium spp. e Trychophyton spp. (ROEMER; KRYSAN, 2014),
luliconazol — contra dermatdfitos (SCHER NAKAMURA; TAVAKKOL, 2014), sais
imidazélicos — contra Trichosporon asahii, CNA, dermatofitos e Fusarium
graminearum (BERGAMO et al., 2014, DALLA LANA et al., 2015, RIBAS et al.,
2016), derivados de hidrazonas — contra Candida spp. e T. asahii (CASANOVA
etal., 2015), VT1161 — contra C. albicans (GARVEY et al., 2015), novos azélicos
alquilados — contra Candida spp. e Aspergillus spp. (SHRESTHA et al., 2017),
VT1129 — contra Cryptococcus spp. (CAMPOY; ADRIO, 2017), biafungina
(CD101/SP3025) — contra Aspergillus spp. e Candida spp. (CAMPQOY; ADRIO,
2017) e derivados cumarinicos contra Sporothrix spp. (FOREZI et al.; 2018).

Além desses, sabe-se que novos compostos estdo sendo sintetizados e
posteriormente serdo avaliados quanto a atividade biolégica, podendo exibir
mecanismos de acao inéditos, em alvos microbianos anteriormente né&o
explorados, ou usarem estratégias diferenciadas (pro-farmaco), o que pode
consolidar as tentativas de combate a emergéncia e resisténcia microbiana
(TEGOS; MYLONAKIS, 2012; DHANASEKARAN; THAJUDDIN;
PANNEERSELVAM, 2015).

Dentre as moléculas deste estudo, TAs sdo compostos organicos
contendo o nucleo S-C-N (SILVEIRA et al.,, 2012). Recentemente atividades

biolégicas comecaram a ser relatadas para essa classe, tais como:
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antituberculostatica (SILVEIRA et al., 2012), antimicrobiana (SA et al., 2014;
CAPON et al., 2014) e antitumoral (FORTES et al., 2016).

d-Ls s&o importantes constituintes de sabor e aroma em muitos produtos
naturais (ROMERO-GUIDO et al. 2011), mas também podem ter origem sintética
e vém sendo muito estudadas pelo seu potencial anticancer e antimicrobiano
(WANI et al., 1980; UMEZAWA et al., 1984; XU; LING, 1985; OHKUMA et al.,
1992; KISHIMOTO et al. 2005; TANAKA et al. 2007; YANG et al. 2011;
MODRANKA et al., 2012; VALENCIA-GALIZA et al., 2017).

Benzenodidis ou dihidroxibenzenos sdo compostos quimicos
organicos nos quais dois grupos hidroxila sdo substituidos em um anel de
benzeno. Estes compostos aromaticos sao classificados
como (poli)fendis. Existem trés isbmeros do benzenodiol: 1,2-benzenodiol
(oisbmero orto) € comumente conhecido como catecol, 1,3-benzenodiol
(o isbmero meta) é comumente conhecido como resorcinol e 1,4-benzenodiol
(o isbmero para) é comumente conhecido como hidroquinona. Todos os trés
isbmeros possuem a férmula quimica CsHsO2. Semelhante a outros fendis, os
grupos hidroxilas no anel aromatico de um benzenodiol sédo fracamente acidos
(LIMA; GRAZIANO; PANDOLFI, 2016). Os polifendis sdo amplamente
distribuidos na natureza e exibem uma gama notavel de atividades biolégicas e
farmacoldgicas (HARBONE; BAXTER; MOSS, 1999; WHITTING, 2001; DAI;
MUMPER, 2010; OKSANA et al., 2012; DE ARIAS ET AL., 2012; SERNA et al.,
2015; SOTO-HERNANDEZ; PALMA-TENANGO; GARCIA-MATEQOS, 2017).
Especificamente para as hidroquinonas, atividade tumoral também ja foi relatada
(SILESS et al., 2012).

1,3-BXPs sdo compostos sintéticos cujas atividades biolégicas
(leishmanicida - Leishmania amazonenses e tripanocida - Trypanosoma cruzi)
foram descobertas a partir de 2015 em amplas triagens, (LAVORATO et al.,
2015; LAVORATO, 2016; LAVORATO et al., 2017; LAVORATO; DUARTE; DE
ANDRADE, 2017). Essa prévia acdo antiprotozoarios despertou nosso interesse
para investigacdo da atividade antifungica desse grupo de compostos, visto que
nado ha nada na literatura até entdo relacionado a acao antifungica de seus
intermediarios e derivados sintéticos. O processo de sintese relativamente
simples e ja bem elucidado é muito vantajoso para a pesquisa e desenvolvimento

de 1,3-BXPs como candidatos a antifingicos.
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Além da sintese de novos compostos, a proposta de estudo das
formulagBes antifingicas estd em progresso. Tem-se de ter novas moléculas,
mas posteriormente é necessario pensar no modo de aplicacdo em alguma
forma farmacéutica e nas melhorias desse processo para um resultado ainda
mais vantajoso de eficacia/toxicidade (TEGOS; MYLONAKIS, 2012; AIAD et al.,
2017; STEIMBACH et al., 2017).

As nanoformulac¢des possuem qualidades Unicas que as tornam veiculos
ideais para o tratamento de muitas doencas infecciosas (ROLLER, 2014).
Nanoparticulas tém a capacidade de melhorar a solubilidade de antimicrobianos,
reduzir a citotoxicidade para o hospedeiro, alcancar maiores concentragdes
intracelulares e proporcionar terapia medicamentosa combinada (AIAD et al.,
2017). Além disso, permitem o direcionamento de acdo contra patdégenos
especificos (ROLLER, 2014). O desenvolvimento continuo de novos
antimicrobianos associados a nanotecnologia tem sido alvo de grande interesse
(YUEN-KI et al., 2017). Quanto aos antifangicos em particular, também cada vez
mais estudos sao reportados (KHALIL et al.,, 2018; SYLVIA et al., 2018). No
contexto farmacéutico, a nanotecnologia mostra ainda muito interesse na
resolucdo de problemas farmacotécnicos e farmacocinéticos, associados a
utilizacdo de alguns farmacos. Paralelamente, o uso de biomarcadores
possibilita uma aplicacdo conjunta de um nanossistema como meio terapéutico
e/ou de diagnostico (YUEN-KI et al., 2017).

Além disso, formula¢gBes semissdlidas, tais como hidrogéis, vém sendo
cada vez mais utilizadas para incorporagcao de agentes antifingicos visando o
tratamento tépico de dermatomicoses (WINNICKA et al., 2012; SAHOO et al.,
2014; MAHATA et al., 2014; ALDAWSARI et al.,, 2015; SHU et al., 2018).
Hidrogéis séo sistemas simples e vantajosos, uma vez que quando aplicados
sobre a pele, espalham-se facilmente; sendo que alguns ainda possuem
propriedades bioadesivas, o que favorece a acdo-local do antifungico e a
aderéncia do paciente ao tratamento (WINNICKA et al., 2012; SAHOO et al.,
2014; MAHATA et al., 2014; ALDAWSARI et al., 2015; SHU et al., 2018).
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CAPITULO | - Dermatofitoses: agentes etiolégicos, formas clinicas,
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Nota: Manuscrito publicado no periddico Clinical and Biomedical Research
(2016).
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RESUMO
As dermatofitoses tém ocorréncia mundial, sendo mais prevalentes em paises de

clima tropical e subtropical. Dados epidemioldgicos indicam que essas micoses figuram
entre as infeccbes fungicas de maior ocorréncia. O quadro clinico mais comum de
dermatofitose inclui despigmentacdo, placas anulares, prurido e perda de cabelo, com
lesGes tipicamente conhecidas como tineas, ocasionadas por fungos filamentosos
dermatofiticos de trés géneros anamdrficos: Microsporum, Trichophyton e
Epidermophyton. O tratamento das dermatofitoses, em geral, esta relacionado ao uso de
antifangicos topicos e/ou sistémicos, apresentando como problematica o surgimento de
espécies multirresistentes. Esta revisdo aborda as dermatofitoses e seus agentes
etiolégicos de forma aprofundada em aspectos epidemiolégicos, apresentando a
importéncia clinica do tema, com énfase na causa, prevencéo, tratamento e prognostico

dessa micose cutanea.

Palavras-chave: dermatofitoses, dermatofitos, epidemiologia, tratamento.

ABSTRACT

Dermatophytoses have worldwide occurrence with higher prevalence in tropical
and subtropical countries. Epidemiological data show that these mycoses are among the
most frequent fungal infections. The most common symptoms of dermatophytoses
include depigmentation, annular plaques, itching and hair loss, with lesions such as tinea,
caused by dermatophytic filamentous fungi of three anamorphic genera: Microsporum,
Trichophyton and Epidermophyton. Topical and/or systemic antifungal medications are
used in the treatment of dermatophytoses in general, resulting in problems such as the
emergence of multidrug-resistant species. This review discusses dermatophytoses and

their etiological agents with a focus on epidemiological aspects, presenting the clinical
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importance of the issue, with emphasis on cause, prevention, treatment and prognosis of

this skin mycosis.

Keywords: dermatophytoses, dermatophytes, epidemiology, treatment.

As dermatofitoses tém ocorréncia mundial, sendo prevalentes em paises de clima
tropical e subtropical. Sdo consideradas o terceiro distUrbio dermatolégico mais frequente
em criangas menores de 12 anos e o segundo mais frequente em adultos®. Em 2001, no
Japdo, constatou-se mais de 12 milhdes de individuos com dermatofitose, sendo que nesse
mesmo ano, nos EUA, a porcentagem de pacientes com essa micose cutanea chegava a
20%2.

No Brasil, a prevaléncia das dermatofitoses entre as lesdes cutaneas varia de 18 a
23%3. Em Porto Alegre, no Rio Grande do Sul (RS), realizou-se uma analise retrospectiva
dos exames micoldgicos do servico de dermatologia do Hospital de Clinicas de Porto
Alegre (HCPA), durante o periodo de 1998 a 2006, e constatou-se que das 5.077 amostras
coletadas, 2.033 (40%) foram positivas para dermatofitose, o que representa um elevado
percentual quando comparado a outros tipos de micose®.

O quadro clinico mais comum de dermatofitose inclui despigmentacdo, placas
anulares, prurido e perda de cabelo, lesdes tipicamente cutaneas conhecidas como tineas.
Essas lesBes, infectocontagiosas e extremamente impactantes na qualidade de vida dos
pacientes, sdo ocasionadas por fungos filamentosos dermatofiticos de trés géneros
anamarficos: Microsporum, Trichophyton e Epidermophyton®.

O tratamento das dermatofitoses € feito com uso de antifingicos topicos e/ou
sistémicos®. Uma das problematicas da terapéutica é que as espécies dermatofiticas vém

desenvolvendo resisténcia a terapéutica antifungica convencional, 0 que ocasiona uma
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suscetibilidade muito varidvel in vitro e in vivo, aumento progressivo do nimero de
recidivas e ndo responsividade aos farmacos antimicdticos usuais’.

Esta revisdo tem o propoésito de abordar as dermatofitoses e seus agentes
etiologicos, elucidando a importéncia clinica do tema, com énfase na causa e prevencao
dessa micose, bem como no diagnostico, tratamento e prognoéstico. Serdo abordadas
questdes como a prevaléncia de algumas espécies em determinadas regides, a
epidemiologia da micose, a relacdo com a queratina da pele e demais fatores de
patogenicidade, bem como o impacto da terapia antifingica em idosos e pacientes com
coinfec¢bes associadas. Por fim, serd discutida a relagdo do uso de antiflngicos
agronémicos com a predominéncia ou auséncia de algumas espécies flngicas nas

variadas regides do Brasil.

Metodologia

Realizou-se um estudo de revisdo bibliografica sisteméatica com pesquisas em
bancos de dados e cole¢des online da Elsevier Editora (ScienceDirect), da biblioteca
virtual de saude do National Institutes of Health (PubMed) e do Portal de Periédicos da
Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior do Ministério da
Educacdo (CAPES/MEC), no periodo de novembro de 2015 a novembro de 2016. Os
termos utilizados nas buscas eletronicas foram “dermatofitoses/dermatophytoses”,
“tineas” e ‘“dermatofitos/dermatophytes”. A revisdo teve como objetivo abordar os
aspectos mais atuais que contemplam agentes etioldgicos, formas clinicas, terapéutica
convencional e novas perspectivas de tratamento das dermatofitoses. A pesquisa foi
efetuada independentemente por dois pesquisadores (DFD e BGB) a partir da leitura de
titulo e resumo e, posteriormente, das obras completas que continham as caracteristicas

especificas dos descritores de busca. Os critérios de inclusdo foram artigos originais que
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se enquadrassem na tematica proposta, publicados entre os anos de 1990-2016. Foram
excluidos os estudos que ndo possuiam referéncias bibliogréaficas adequadas, que se
apresentavam incompletos ou com fontes terciérias. Além disso, optou-se por ndo incluir
teses, dissertacGes, monografias e livros, visto que a realizagdo de uma busca sistematica
dos mesmos é inviavel logisticamente. Ao final, 202 artigos atenderam a todos os critérios

acima mencionados e foram detalhadamente analisados para integrar este estudo.

Dermatofitoses
Agentes etioldgicos — fungos dermatofitos

Os dermatofitos, pertencentes a familia Arthrodermataceae, sdo fungos
filamentosos, hialinos, septados, queratinofilicos e queratinoliticos®. Esses fungos
possuem um forte biotropismo por estruturas queratinizadas, como pele, pelos e unhas,
sendo que a habilidade de ocasionar a micose esta diretamente relacionada a essa
dependéncia da queratina®.

Esses fungos apresentam perfis epidemiol6gicos variados com relacdo a fatores
regionais, estacionais, de faixa etaria, frequéncia de contato com animais, condi¢Bes
higiénico-sanitarias e exposicdo a locais publicos*. Desenvolvem-se do centro da lesdo
para as bordas, ocasionando intensa descamacéo associada ou ndo a resposta inflamatoria
resultante da atividade queratinolitical®. Seus metabolitos difundem-se pelas células da
epiderme, causando reacdes de hipersensibilidade. As manifestacdes das lesdes séo
decorrentes da resposta imune do hospedeiro aos metabolitos do fungo, da viruléncia da
espécie infectante e da localizagdo anatémica da infecgéo fingica®!.

Em cultura, observam-se hifas septadas que se ramificam e formam o micélio com
estruturas de reproducdo assexuada, 0s conidios. Microscopicamente, esses conidios

diferem entre as espécies quanto a forma, tamanho, nimero e disposic¢do ao longo das
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hifas, sendo esses critérios essenciais para a identificacido'?. A maioria das espécies de
dermatdfitos produz dois tipos de conidios: os macroconidios pluricelulares e os
microconidios unicelulares®.

Entre os dermatdfitos de maior relevancia clinica estdo Microsporum canis, M.
gypseum, M. nanum, Trichophyton mentagrophytes, T. rubrum, T. tonsurans, T.
violaceum, T. shoenlini e Epidermophyton flocosum?!,

M. canis é tido como um dos principais agentes etioldgicos de dermatofitose,
sendo o responsavel por cerca de 15% das infecgdes dermatofiticas em seres humanos®2.
Estudos epidemiologicos realizados no Rio de Janeiro, Rio Grande do Sul, Espirito Santo,
S4o Paulo, Africa e continente europeu indicam que M. canis é o agente mais isolado nos
casos de infec¢bes dermatofiticas do couro cabeludo, sendo responsavel por 67% dos
casos de tinea capitis'*. Corroborando esse achado, em um estudo realizado em Goiania,
foram examinadas 353 amostras de lesdes do couro cabeludo, das quais 164 (46,4%)
foram positivas para dermatéfitos e destas, 117 (71,3%) para M. canis®®.

M. gypseum infecta 0 homem com lesdes clinicas de intensa reacéo inflamatdriaZ®.
Sabe-se que pode provocar dermatites graves e cronicas em pacientes com
imunocomprometimento, como liipus eritematoso sistémicol’. Também ja se relatou na
literatura infeccdes em recém-nascidos*®.

M. nanum raramente causa micose em seres humanos, acometendo principalmente
gatos. Devido ao contato proximo desses animais com humanos e a possivel auséncia de
sintomas por parte dos animais, observamos um potencial de infeccdo em humanos por
esse dermatofito!?,

T. mentagrophytes tem ocorréncia em infecgdes em humanos e animais e ocasiona

lesGes dermatofiticas com intermediaria a intensa reacdo inflamatoria. A espécie parasita
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um numero elevado de animais (coelhos, cavalos, porcos, galinhas, etc.), razdo pela qual
a infeccdo em meio rural é até mais frequente que em meio urbano®.

T. mentagrophytes é a segunda espécie dermatofitica mais isolada nos casos de
dermatofitose em humanos?. No RS, entre os meses de novembro de 2010 e agosto de
2011, foram analisados laudos de pacientes submetidos a exames micoldgicos, com
suspeita de micose superficial, cutanea e profunda, encaminhados a um laboratério no
municipio de Novo Hamburgo, da Regido do Vale dos Sinos. Dos resultados positivos
para micoses superficiais e cutaneas, envolvendo pele e unha, a maioria (38,70%) foi
devido a T. mentagrophytes, sendo que as demais espécies relacionadas com esse tipo de
micose, em ordem de ocorréncia, foram Candida spp., M. canis, T. rubrum e T.
interdigitale®..

T. rubrum é responsavel por cerca de 70% de todas as infec¢des por dermatofitos,
sendo o agente mais isolado, especialmente de onicomicoses?2. A altissima prevaléncia
esta correlacionada com o fato de essa espécie ser geralmente refrataria ao tratamento
usual devido a sua grande adaptacao ao hospedeiro humano — dai sua maior facilidade em
burlar as defesas inatas do paciente e permanecer como uma infec¢do residual, com
eventuais complicagBes clinicas e sintomas mais severos?.

Na Alemanha, T. rubrum ja foi a espécie isolada em 85% dos casos de
dermatofitose?®, na Finlandia em 66% 24, na Russia em 70%2°, e na China em 44%2%. No
Brasil, em um estudo em Florianopolis, constatou-se que as infecgdes fungicas de maior
ocorréncia foram as dermatofitoses (22,1% dos casos), sendo que T. rubrum foi o isolado
mais frequentemente (52,3%), seguido de T. mentagrophytes, observado em 31,8% dos
casos?’. Essas altas porcentagens evidenciadas nos mais variados trabalhos corroboram o

documentado para os agentes etioldgicos das dermatofitoses, de que T. rubrum é de fato
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o principal dermatofito envolvido na maioria dos casos, no passado e também
atualmente®,

Outras espécies comumente relatadas como agentes etiolégicos sdo T. tonsurans,
T. schoenleinii e T. concentricum?®. No Brasil, o T. tonsurans apresenta uma acentuada
predominancia nas regides Norte/Nordeste, sendo um importante patdgeno emergente de
dermatofitose, mais especificamente no couro cabeludo®®.

T. violaceum est4 envolvido principalmente nos casos de tinea capitis, tinea
corporis e tinea ungueal. Smriti et al. (2015) relataram dois casos de tinea corporis e
tinea ungueal em criancas da India. Visto que infeccbes por essa espécie sdo raras e a
incidéncia varia geograficamente, € importante o relato das mesmas para que se evite a
transmiss&o por contato direto®. Magill et al. (2007) relataram um aumento na incidéncia
de T. violaceum e T. soudanense isolados de pele, cabelo e unhas na regido de Baltimore,
EUA, onde antes havia relatos esporadicos. Esse aumento esta relacionado a imigragédo
africana. Um estudo realizado na Finlandia reportou isolamento de T. violaceum onde
antes nao havia relatos, também relacionado a imigracdo africana. Na Libia, T. violaceum
é 0 agente etiolégico mais comum encontrado em tinea corporis, responsavel por 44%
do total de dermatofitoses®.

Epidermophyton floccosum é um dermatdfito patdgeno que se oportuniza
especialmente de pacientes imunocomprometidos, iniciando a infeccdo na pele do
hospedeiro. E descrito como um fungo que tém preferéncia por queratina em tecido
morto, sendo ele da virilha, pés e unhas, demonstrando também uma relacdo com tinea
ungueal e tinea manuum?*?,

Com relacdo a epidemiologia geral das espécies de dermatofitos em nivel de
Brasil, as condi¢des ambientais da Amazonia, como alta temperatura e umidade relativa

do ar, proporcionam circunstancias favoraveis a dispersdo e ao desenvolvimento de
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fungos, elevando a ocorréncia e propagacdo de infeccGes micdticas, de acordo com as
caracteristicas climaticas de cada area. A epidemiologia das espécies dermatofiticas e,
consequentemente, das infec¢des ocasionadas por esses fungos vem mudando no decorrer
dos anos devido as condic¢Bes proprias do ambiente, as caracteristicas socioecondmicas
da populacéo e ao turismo, que proporciona uma maior migra¢ao dos microrganismos de
sua regido de origem para regides onde antes essas espécies nao eram relatadas como
causadoras de dermatofitoses. Como resultado da migracdo, por exemplo, estdo sendo
relatados casos de infecgdo por T. violaceum e M. audouinii na Europa e América do
Norte, enquanto antes so existiam na Asia e na Africa do Sul®!. Desse modo, o perfil de
prevaléncia das espécies dermatofiticas ¢ bem variado?®, como se pode observar na Tabela
1.

As mudancas epidemioldgicas com relagdo a ocorréncia de dermatofitose torna
dificil determinar a incidéncia e prevaléncia desses fungos especificamente como
patdgenos, ja que muitas vezes estdo dispersos no meio e até presentes no hospedeiro,
sem necessariamente causar a infeccdo. Corroborando esse fato, a incidéncia de
determinadas espécies é claramente especifica a cada regido, visto que, no sul do Brasil,
M. canis é o principal causador de dermatofitoses, correspondendo a 60% dos agentes
etioldgicos. Ja na regido Norte do pais, encontramos relatos de T. tonsurans acometendo
74% dos pacientes infectados e M. canis representando a causa do desenvolvimento da
micose em apenas uma pequena parcela dos casos®..

Adicionalmente, um outro exemplo classico das variacfes epidemioldgicas dos
dermatofitos ocorre também para E. floccosum. Essa espécie ja foi muito relatada em
algumas regides, como no Brasil e Alemanha, onde atualmente ndo tem mais uma
prevaléncia consideravel?. As razdes pelas quais ha essa mudanca de perfil da presenca

de determinados dermatéfitos ou dermatofitoses em diferentes regides sdo mdaltiplas:
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(@) Aumento da expectativa de vida da populagdo, que eleva o indice de prevaléncia de
dermatofitoses, ja que essas sd0 comumente relatadas em idosos acima dos 65 anos®2.
Nessa populagdo, ¢ importante avaliar os fatores que afetam a resposta terapéutica®,
como anomalias de unha, comorbidades (doenga vascular periférica, diabetes,
imunossupressao e traumas fisicos)?, impacto farmacolégico, patgeno causador e risco
de interacbes medicamentosas®*;

(b) Aumento gradativo dos processos de migracdo e miscigenacdo, que afetam a
distribuicio das espécies dermatofiticas?®;

(c) Maior contato das pessoas com animais domésticos, que podem ser a fonte principal
de disseminac&o de alguns dermatofitos®;

(d) Impacto dos antifingicos ambientais (utilizados na area agrondmica), evidenciando
que, para os fungos, ha uma selecdo de determinadas espécies em meios nos quais faz-se
a utilizac&o de pesticidas ou agrotoxicos®. Tais produtos exercem efeito na ocorréncia ou
no desaparecimento de alguns fungos por regido. Espera-se, dessa forma, esse mesmo
comportamento de pressdo seletiva sobre as espécies dermatofiticas, o que corrobora a

epidemiologia variada desse tipo de fungo®’.

Formas clinicas

As infecgdes podem ser classificadas de acordo com a localizagdo anatbmica da
lesdo, utilizando a denominacdo tinea para todas as dermatofitoses, seguida do sitio
anatdmico onde se localiza a infeccdo. As modalidades dermatofiticas mais relevantes
sdo: tinea capitis, tinea corporis, tinea cruris, tinea unguium, tinea barbae, tinea manuum
e tinea pedis®®.

Tinea capitis acomete couro cabeludo, sobrancelhas e cilios, afetando

principalmente criancas e sendo pouco frequente em adultos®. E causada principalmente
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por fungos dos géneros Microsporum e Trichophyton, caracterizando-se por lesfes que
variam de uma forma branda e descamativa a uma forma mais eritematosa, acompanhada
de alopecia, e que podem tornar-se severamente inflamadas, formando les6es ulceradas
profundas®®. Podem apresentar-se sob trés formas: (a) favosa, com crostas compostas de
restos celulares epiteliais e massas densas de hifas; (b) tonsurante, mais comum,
caracterizada pela presenca de uma ou mais lesdes circulares e descamativas, podendo
ainda se diferenciar em dois tipos — microspdrica (lesdes Unicas, grandes e arredondadas)
e tricoficia (lesbes multiplas com intensa descamacdo); e (c) quérion, com quadro
inflamatodrio intenso®. Em funcéo dos agentes etioldgicos, as manifestacdes clinicas das
lesbes também podem variar. M. gypseum, T. mentagrophytes e T. verrucosum provocam
quadros agudos com intensa reacdo inflamatéria e lesdes na forma de quérion com
microabscessos. T. schoenleinii causa escutula favica, com crostas de coloracdo
amarelada extremamente aderentes ao couro cabeludo®. Além disso, os dermatdfitos
podem parasitar os pelos em trés padrdes principais: (a) endotrix (artroconidios
localizados no interior dos fios, comumente ocasionado pelas espécies T. tonsurans e T.
violaceum); (b) ectotrix (artroconidios em torno do eixo do cabelo, como observado em
M. canis e T. mentagrophytes); e (c) favus (hifas e espagos de ar no interior da haste
capilar, como ocorre para T. schoenleinii)®.

Tinea capitis tem ocorréncia mundial, sendo considerado um problema de saude
publica na Africa**. Em um estudo realizado em Camardes, pais da regio ocidental
da Africa Central, com 4.601 criangas entre 10 a 16 anos, 377 (= 8,2%) apresentavam
lesGes tipicas dessa patologia no couro cabeludo. O isolado mais prevalente foi T.
soudanense (56,8%), seguido por T. rubrum (29,2%)*'. Na Tunisia, 378 pacientes foram
diagnosticados com tinea capitis; desses, 367 eram criancas e 11 eram adultos. Um

percentual de =~ 64% estava relacionado com lesdes microsporicas, sendo M. canis o
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agente mais isolado nesses casos (99,14%), e = 36% manifestavam lesdes do tipo
tricoficias, com T. violaceum como principal responsavel por praticamente todos 0s casos
(98,48%)*2. Na Argélia, foi realizado um estudo retrospectivo dos casos dessa micose do
couro cabeludo durante 3 anos (2010 a 2013), sendo verificado que para um total de 213
amostras de cabelo, 133 foram positivas (exame direto ou cultura). A média de incidéncia
foi de 44 casos por ano, e 91% dos pacientes tinham menos de 12 anos. Trés espécies de
dermatofitos foram isoladas nesses casos: T. violaceum (66%), M. canis (32,5%) e T.
mentagrophytes (1,5%)*. Embora a incidéncia de tinea capitis seja evidentemente maior
em criancas e adolescentes, ndo s6 em regides africanas como em outros paises também*,
ja se relataram pequenos surtos em pacientes idosos, com grave acometimento do couro
cabeludo™®. Por consequéncia, é considerada uma das dermatofitoses de maior relevancia
clinica internacionalmente, tanto que, em 2014, a Associacdo Britanica de
Dermatologistas estabeleceu diretrizes padrdo para a deteccdo e principais tratamentos
desse tipo de micose*. No Brasil, T. tonsurans e M. canis sdo os principais agentes de
tinea do couro cabeludo, e as criangas pré-puberes representam o grupo demografico mais
acometido®*.

Tinea corporis acomete principalmente ombros, tronco, bragos e, de modo mais
ocasional, face, sendo frequentemente relatada em criancas*’. As lesdes se manifestam
geralmente com aspecto anelar, sob a forma de pequenos eritemas de contorno
delimitado®. Os principais fungos envolvidos pertencem as varias espécies de
Microsporum e Trichophyton®8. O dermat6fito mais comumente isolado em todo o0 mundo
nesses casos é o T. rubrum, seguido por T. mentagrophytes*’. Ha variantes cronicos de
tinea corporis, como granuloma de Majocchi, com vesiculas papulo-eritematosas, e tinea
imbricata, caracterizada por anéis concéntricos por todo o corpo, a qual ocorre

endemicamente entre os indigenas de certas ilhas do Oceano Pacifico, das Américas do



85

Sul e Central e sudeste da Asia, tendo T. concentricum como principal agente etioldgico
antropofilico®.

Na india, a tinea corporis é a mais comum dermatofitose observada, sendo mais
frequente em pacientes do sexo masculino®!. O principal agente etioldgico envolvido é T.
rubrum, e as lesdes mais observadas incluem placas anulares eritematosas'!. Na Franca,
identificou-se um caso em um paciente adulto com lesdes extensas no tronco e nos
membros inferiores®®, bem como na Espanha em uma paciente de 21 anos, com lesdo na
regido interescapular, isolando-se neste caso M. canis®. Na Alemanha, ja se relatou um
surto por T. tonsurans em 46 criangas e adolescentes, com idade entre 7 a 17 anos. Nesse
mesmo pais, em 2007, evidenciou-se a ocorréncia de cinco casos com lesdes atipicas
(bolhas na pele)®2,

No Brasil, 137 criangas menores de 12 anos clinicamente diagnosticadas com
tineas foram submetidas ao exame micolégico do raspado de pele e unhas, pelos e pus
das lesbes. Meninos na faixa etaria de 2 a 12 anos foram os mais acometidos; tinea capitis
por M. canis foi a mais frequente (78 casos) e tinea corporis por T. rubrum foi a segunda
forma clinica mais observada neste estudo (43 casos)®3. Em Sdo Paulo, entre os anos de
1992 e 2002, tinea corporis foi a forma clinica dermatofitica de maior ocorréncia nesse
estado, tendo como principal agente etiologico T. rubrum®. No RS, T. mentagrophytes
foi o principal dermatéfito envolvido na maioria dos casos?2.

Tinea cruris envolve as regides perineais, inguinais e perianais, de forma aguda
ou cronica, sendo mais frequente em adultos®. As lesdes se manifestam sob a forma de
placas avermelhadas, descamativas, marginadas, bilaterais ou unilaterais com sensacao
de queimagao e prurido intenso nas areas afetadas, chamadas de “eczema marginado de

hebra”. As principais espécies envolvidas sdo T. mentagrophytes, T. rubrum e E.
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floccosum. Encontra-se em todas as partes do mundo, mas é mais prevalente nas regides
tropicais, onde a umidade favorece a colonizacéo do dermato6fito®®.

Na india, tinea cruris é a segunda forma clinica de maior prevaléncia, sendo que
T. rubrum é o dermatéfito isolado da maioria dos casos'’. Na Espanha, em 2008,
descreveu-se casos em dois pacientes oriundos da Nigéria com lesbes nos gluteos,
ocasionadas por uma nova variedade de T. rubrum — T. rubrum var. raubitschekii®®. No
Brasil, um estudo cujo objetivo foi determinar a epidemiologia em S&o Paulo foi
conduzido de abril de 1995 a margo de 1997. Um total de 2.000 pacientes foram
investigados, dos quais 105 foram selecionados por apresentarem algum sintoma
condizente. A cultura foi positiva para os dermatofitos em ~ 63% dos casos, com T.
rubrum sendo a espécie mais prevalente (90% dos casos), seguido por T. tonsurans (6%)
e T. mentagrophytes (4%)®’.

Tinea unguium, tinea das unhas ou onicomicose dermatofitica € uma invasdo da
ldmina ungueal ocasionada por dermatofitos, considerada uma das micoses de
diagndstico e tratamento mais dificeis®. As unhas ficam extremamente frageis, podendo
ocorrer o aparecimento de sulcos, fraturas e calos, com aspecto geralmente amarelado,
também podendo ficar arroxeadas ou esbranquicadas. As unhas dos pés sdo mais
frequentemente infectadas por dermatdfitos do que as unhas das maos, sendo isso
resultado de uma possivel coinfeccdo dermatofitica nos pés®.

O comprometimento das unhas pode ser subungueal (distal e/ou proximal) ou
superficial (leuconiquia micdtica/tricofitica/branca), sendo T. rubrum e T.
mentagrophytes var. interdigitale as espécies mais frequentemente implicadas®. Digno
de nota, as onicomicoses em geral (infec¢6es fungicas das unhas) podem ser causadas por
agentes outros que ndo somente dermatofitos, tais como Candida albicans, Scytalidium

spp., Geotrichum candidum, Aspergillus spp., Trichosporon spp. e Scopulariopsis
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brevicaulis. Embora haja essa variedade de microrganismos como potenciais envolvidos
nos casos de micoses de unha, varios estudos citam os fungos dermatofiticos como 0s
principais envolvidos na totalidade das onicopatias micéticas (80% dos casos), seguidos
por leveduras (5 a 17%) e fungos filamentosos ndo dermatofiticos (2 a 12%)>°. As
onicomicoses dermatofiticas figuram entre as mais prevalentes formas clinicas de
dermatofitose, tendo inclusive testes especificos, mais recentemente, para deteccdo de
dermatofitos nas unhas®.

Dados epidemioldgicos indicam que a incidéncia de tinea unguium aumenta com
a idade, chegando a atingir 30% de individuos com mais de 60 anos®’ e sendo
pouquissimo frequente em criangas®®. Quanto aos dermatéfitos mais envolvidos estéo T.
rubrum (60%), T. mentagrophytes (20%) e E. floccosum (10%)%. No Ir4, realizou-se um
estudo, entre 1994 e 2004, com 590 pacientes com alguma onicopatia (354 do sexo
feminino e 236 do sexo masculino), constatando-se tinea unguium em 41 casos (7%);
entre esses, 66% foram ocasionados por dermatofitos zoofilicos, 31% por antropofilicos
e 3% por geofilicos®?.

Tinea barbae ou tinea da barba afeta regides pilosas do pescoco e da face e, por
consequéncia, ¢ mais restrita a homens adultos®®. Apresenta dois quadros clinicos
distintos: (a) o tipo leve/superficial, com lesBes vesiculo-pustulares e reagdo do
hospedeiro mais amena; e (b) o tipo mais profundo e pustuloso, com formacéo de puastulas
foliculares e crostas que podem resultar na formacéo de nddulos, semelhante clinicamente
a foliculite bacteriana®. Na Africa, tinea barbae é relativamente comum®. Nos EUA, em
2002, foi diagnosticado um caso em um paciente de 22 anos, ocasionado por uma espécie
do género Trichophyton®4. No Brasil, em um estudo na Paraiba, verificou-se a incidéncia

em 1% da populagao®.
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Tinea manuum refere-se as infec¢des por dermatdéfitos nas superficies planares das
maos e regides interdigitais. Quanto as manifestacbes clinicas, h& amplo
comprometimento palmar, geralmente com hiperqueratose unilateral difusa, lesdes
esfoliativas, eritematosas ou papulosas discretas. As espécies mais frequentemente
relacionadas sdo antropofilicas — T. mentagrophytes e T. rubrum®,

Na Italia, em 2003, relatou-se um caso de tinea manuum bolhosa em um agricultor
de 36 anos. A lesdo, na méo direita, assemelhava-se a dermatite de contato, isolando-se,
neste caso, T. verrucosum®. Em 2004, na Espanha, descreveu-se dois casos de intensa
inflamac&o em criangas®’. Na China, é considerada uma micose muito comum, sendo T.
rubrum seguida por E. floccosum, T. violaceum e T. mentagrophytes as espécies mais
relacionadas®®. No Brasil, em SP, entre 1992 e 2002, tinea manuum teve um percentual
de ocorréncia de =~ 2%, sendo T. rubrum o dermatdfito mais prevalente®.

Tinea pedis é uma infeccdo dermatofitica que envolve particularmente as solas e
os dedos dos pés. Considera-se uma das doenc¢as micéticas que mais acometem o homem,
figurando entre as de maior ocorréncia em todo 0 mundo®. Estima-se que 30 a 70% da
populagdo mundial apresentam ou apresentaram tinea pedis, muitas vezes com evolucao
clinica oculta ou subclinica®. E ocasionada particularmente por dermatofitos
antropofilicos — T. rubrum, T. mentagrophytes var. interdigitale e E. floccosum®.

Na Espanha, em 2009, procedeu-se um estudo epidemioldgico em criancas da
cidade de Barcelona, verificando-se tinea pedis como a micose mais frequente, com T.
mentagrophytes sendo a principal espécie relacionada aos casos. Em 2002, em Hong
Kong, foram investigados 1.014 pacientes, constatando-se pé de atleta em 20,4% dos
individuos analisados’®. Em 2011, na Bélgica, relatou-se um caso interdigital bem grave

em uma paciente diabética’. No Brasil, ja foram reportados alguns casos com lesdes mais
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localizadas na regido plantar do que interdigital e tendo T. rubrum como principal agente
etiologico’.

Além de todas as manifestacGes clinicas das formas de dermatofitose isoladas em
cada paciente, cabe ressaltar a ocorréncia de coinfecgbes dermatofiticast®. Ja foram
relatadas infec¢des mistas envolvendo mais de um tipo de tinea em um mesmo paciente,
ou um tipo de tinea ocasionada por varios agentes etioldgicos dermatdéfitos, ou ainda a
manifestacdo simultanea da tinea e outra patologia (de origem micética ou ndo) . Na
india, de 400 casos de dermatofitose, 14 (3,5%) eram infeccBes dermatofiticas
simultdneas em um mesmo individuo. Nesse mesmo estudo, verificou-se que o0 mais
ocorrente é a combinacgdo de tinea corporis com tinea cruris, e de tinea unguium com
tinea manuum?t, Ja foi relatado também um mix de parasitismo em infecgBes micoticas,
relacionado a coinfec¢des por dermatoéfitos e Aspergillus fumigatus, Candida albicans e
Mucor spp.’.

Uma combinacéo de fungos dermatdéfitos, fungos saprofitas, leveduras e bactérias
Gram-positivas e Gram-negativas pode ser evidenciada a partir de individuos com tinea
interdigital cronica™. Na erisipela, também pode ocorrer essa associa¢io entre fungos e
bactérias, acometendo gravemente os pacientes. Problemas decorrentes disso, assim
como a morbidade e o desconforto para o paciente, tém sido um fator importante para
novas investigacOes sobre o assunto, tendo em vista que muitos aspectos clinicos,
patogenicidade e tratamento dessas infeccdes ainda ndo estdo totalmente esclarecidos.
Um estudo analisou 200 pacientes com infeccdes de pele a fim de identificar erisipela;
dessas amostras, 93 (46,5%) foram diagnosticadas como tal, o que evidencia a
importancia clinica dessa doenca, principalmente em pacientes idosos’®.

O amplo espectro dos tratamentos topicos e sistémicos utilizados com

antifingicos, e até mesmo a presenca de bacterias capazes de fornecer efeito fungistatico
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ou fungicida, acabam por inibir os dermatofitos que possam estar causando determinada
infeccéo na pele, dificultando o isolamento e identificagdo do real agente causador. Desse
modo, os dermatéfitos desempenham um papel importante na patogénese de varias
doencas que ndo s6 exclusivamente micoses, podendo ocorrer em associagdo com outros
microrganismos. Em decorréncia desse contexto, a dificuldade de demonstrar a sua
presenca ndo significa sua auséncia propriamente dita, e as dificuldades de tratamento
nesses casos de coinfecgdes simultaneas tornam-se ainda maiores’.

Na Bulgéria e Grécia, ha prevaléncia de infec¢des fungicas em unhas de pacientes
com psoriase vulgar. Dos 228 pacientes com altera¢fes nas unhas e psoriase vulgar, 62%
tinham uma cultura de fungos positiva e, em 67% desses dermatéfitos foram isolados,
concluindo-se que a incidéncia de onicomicose de origem dermatofitica é maior em
pacientes com psoriase’’.

Outras patologias que servem como fator de predisposi¢éo ao desenvolvimento de
dermatofitose sdo: distarbios circulatérios, linfodema de membros inferiores e
microtraumas. Pode-se destacar diabetes melito, imunossupresséo, insuficiéncia venosa
cronica, perturbacdes da imunidade celular e predisposicdo genética como importantes

fatores de risco para o desenvolvimento de onicomicose?.

Terapéutica das dermatofitoses
Tratamento convencional

A escolha do tratamento mais apropriado € determinada pela extensao da infecgéo,
pelo sitio anatdmico afetado e pela espécie dermatofitica envolvida. Pode ser topico ou
sistémico®.

O tratamento com antifangicos topicos pode servir como apoio a terapéutica oral

ou profilaxia. Mais comumente sdo utilizados cremes com cetoconazol, isoconazol,



91

miconazol, clotrimazol, bifonazol, terbinafina, butenafina e ciclopirox olamina. O
ciclopirox olamina é popular na pratica clinica para o tratamento topico de onicomicoses®.
A terapia sistémica € indicada para lesbes generalizadas, recorrentes, de carater
crénico, ou quando ndo ha resposta a terapia tdpica. O tratamento sistémico oral é
realizado principalmente com uso de terbinafina, griseofulvina e derivados az6licos como
cetoconazol e fluconazol®.
Ciclopirox olamina: mostrou-se eficiente em estudos realizados para tratamento de
dermatofitoses com creme e gel®.
Terbinafina: apresenta eficacia contra espécies do género Trichophyton’, sendo
recomendado seu uso para lesdes ndo muito extensas®. O tempo de tratamento com
terbinafina é menor se comparado a outros antiftingicos®..
Butenafina: Possui atividade fungicida primaria contra dermatdéfitos, tais como T.
mentagrophytes, M. canis e T. rubrum. Relata-se que é eficaz mais especificamente no
tratamento de tinea pedis, tinea cruris e tinea corporis® &,
Griseofulvina: distribui-se largamente por variados tecidos queratinizados, caracteriza-
se como um dos primeiros antifingicos de escolha para a terapéutica das tineas e
apresenta uma maior aplicabilidade para o tratamento das dermatofitoses ocasionadas por
espécies do género Microsporum, especialmente M. canis®,
Cetoconazol: ¢ eficaz no tratamento da blastomicose, histoplasmose, coccidioidomicose,
paracoccidioidomicose, tinea versicolor, candidiase mucocutanea crbnica, oral e
esofagiana, vulvovaginite por Candida e infecgOes dermatofiticas cutaneas®®. Estudos
demonstram que o creme de cetoconazol a 2% tem sido eficaz e seguro no tratamento de
tinea pedis, tinea cruris e tinea corporis, atuando em infecgdes ocasionadas pelas

especies dos trés géneros — Microsporum, Trichophyton e Epidermophyton.
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Fluconazol: é uma opcdo terapéutica eficaz no tratamento da tinea capitis em criancas,
com aprovagédo pelo Infarmed — Autoridade Nacional do Medicamento e Produtos de
Saude, de Portugal, para uso em idade pediatrica®. Apesar de o fluconazol ser um dos
agentes antifungicos mais utilizados para o tratamento sistémico de dermatofitose,
constitui-se como 0 menos eficaz na prética clinica, pois sua atividade é bastante variada
em relacdo ao agente causador da infeccéo®.

Tratamento combinado: a associagdo de antifungicos tem produzido cada vez mais
avancos no tratamento das dermatofitoses, principalmente quando se trata de casos mais
graves e disseminados. Ja foram descritas na literatura combinacOes entre terbinafina e
itraconazol oral administrados de forma consecutiva, tioconazol topico e griseofulvina
oral, terbinafina e ciclopirox olamina, griseofulvina e amorolfina, entre outras®’. Algumas
dessas combinac@es ainda ndo possuem agdo total sobre dermatofitos resistentes; porém,
todas apresentam evidéncias de efetiva melhora dos quadros clinicos infecciosos quando
comparadas com a monoterapia oral ou topica tradicional®.

Nota-se uma potente sinergia entre a terbinafina e antifingicos azélicos, o que
aumenta consideravelmente a chance de sucesso terapéutico. Os mecanismos de agdo
complementares da terbinafina e az6is em diferentes pontos da via de biossintese do
ergosterol fungico, teoricamente, tém um impacto maior na inibicdo e até mesmo morte
do microrganismo®. No Brasil, sdo comumente comercializadas associacBes dos
antifangicos mais recomendados para as tineas com anti-inflamatorios e antibioticos, por
exemplo, cetoconazol e betametasona, ou cetoconazol, betametasona e neomicina, entre
outras formulacdes, a fim de amenizar os sinais inflamatdrios locais e gerais decorrentes

da infeccéo fungica, além de auxiliar no processo de cicatrizacio das lesdes®®.
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Novos compostos com potencial anti-dermatofitico

Com relagdo aos produtos de sintese, em 2001, a atividade antifungica de cinco
novos compostos sintéticos foi avaliada contra T. rubrum e E. floccosum, sendo que 0s
dois pirazodis-tiocianatos testados se mostraram altamente ativos contra ambas as espécies
dermatofiticas®. Em 2014, um estudo avaliou as atividades antifiingicas de naftoquinonas
sintéticas contra dermatofitos, constatando que todas apresentaram atividade contra M.
canis, M. gypseum, T. rubrum e T. tonsurans, relacionando-se 0 mecanismo de ac&o a lise

na membrana celular dermatofitica®’.

Problemas relacionados a terapéutica e resisténcia dermatofitica aos antifungicos

Apesar dos farmacos antifngicos atuarem por diferentes mecanismos e vias, 0s
alvos celulares sdo limitados em funcdo da similaridade que existe entre as células
eucaridticas fangicas e humanas®2. Os relatos de recorrentes falhas na terapéutica das
dermatofitoses sdo normalmente associados a descontinuacdo da terapia, aos efeitos
adversos de alguns antiflingicos e a problematica de resisténcia dermatofitica’.

Além dos inconvenientes da terapia anti-dermatofitica convencional prolongada e
dos efeitos adversos em alguns casos, comuns a qualquer medicamento, ndo soO
antifingicos, observa-se cada vez mais 0 surgimento de cepas resistentes ou
multirresistentes ao tratamento®®. O crescente aumento da incidéncia de infecgBes
fangicas, aliado a sindrome da imunodeficiéncia adquirida (SIDA) e ao aumento da
utilizacdo de imunossupressores, foi seguido por uma utilizagdo consequentemente mais
ampla e frequente de antiflngicos, com intengdes profilaticas e terapéuticas. A utilizacdo
demasiada ou em doses abusivas e inadequadas dos antimicoticos faz com que as espécies
fangicas desenvolvam resisténcia por evolucGes epigenéticas e em resposta ao estresse,

dificultando fortemente o tratamento. Essa resisténcia pode ser intrinseca ou adquirida®.



94

Antifangicos azois (por exemplo, fluconazol e itraconazol), que tém sido
amplamente utilizados no tratamento de infecgdes fungicas superficiais causadas por
dermatdfitos, sdo igualmente associados ao desenvolvimento de resisténcia®. Citam-se
como provaveis mecanismos de resisténcia ao fluconazol, por exemplo, 0 aumento do
efluxo do medicamento e a adaptagdo ao estresse — resposta ndo especifica a exposicao
do fungo ao antiflingico®.

Agregando-se a toda essa problemética apresentada, infelizmente, o arsenal
terapéutico dos antiflngicos apresenta espectro de atividade muito variavel, podendo
levar a falha no tratamento in vivo, possivelmente devido aos multifatores ja
mencionados®. Desse modo, ha uma real necessidade de novos agentes antiflingicos mais
eficazes e menos toxicos, 0 que torna a pesquisa com novos compostos anti-

dermatofiticos muito pertinente e relevante®’.
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Tabela 1. Principais dermatofitos antropofilicos e epidemiologia relacionada.

Epidermophyton floccosum

Cada vez mais raro, causa infecgdes nos pés, unhas dos pés
e virilha.

Microsporum audouinii

Sua incidéncia esta principalmente na Africa Subsaariana.

Microsporum ferrugineum

Encontrado principalmente na Asia e raramente na Africa
ou no Leste europeu.

Trichophyton concentricum

Presenca limitada ao sudeste da Asia, causador de tinea
imbricata.

Trichophyton interdigitale

Segundo dermatdéfito mais comum na Alemanha.

Trichophyton megninii

Muito raro, causador de tinea pedis, tinea manuum, tinea
ungueal e tinea barbae.

Trichophyton rubrum

Dermatdfito mais comum de incidéncia global, causa tinea
ungueal, tinea pedis e tinea corporis, com rara invasdo aos
cabelos.

Trichophyton rubrum var.
raubischekii

Variante do T. rubrum, presente basicamente na Africa,
com relatos isolados de infeccdo na Alemanha, Turquia,
Espanha e Asia.

Trichophyton schoenleinii

Raramente relatado na Europa.

Trichophyton tonsurans

Dermatd6fito muito comum na atualidade, é causador de
tinea capitis na América. Na Alemanha, acomete
praticantes de artes marciais.

Trichophyton violaceum

Principal dermatéfito da Africa.

Trichophyton soudanense

Encontrado mais especificamente na Africa, é
genotipicamente idéntico ao T. violaceum, mas os dois se
diferem fenotipicamente.

Trichophyton vanbreuseghemii

Muito raramente isolado a partir de seres humanos (pele)
ou do solo.
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ABSTRACT

We report the antifungal and antichemotactic activities of a series of allylic thiocyanates with low toxicity. We also
show improved antifungal activity of the most promising compound when used in a nanoemulsion (NE). The 4-
chlorophenyl-substituted allylic thiocyanate (compound 11) exhibited a broad spectrum of antifungal activity and
showed antichemotactic effects with 100% reduction in leukocyte migration. Minimal inhibitory concentrations
ranged from 25 to 50 pg mL2, and the mechanism of action was related to complexation with fungal ergosterol.
The NE containing compound 11 enhanced the antifungal activity approximately 64-fold for dermatophytes and 4-
fold for Candida spp.. Compound 11 was not mutagenic and did not cause cell death or significant haemoloysis,
although it exhibited mild dose-dependent DNA damage. It was not an irritant for chorioallantoic membrane of
fertile white eggs and exhibited 100% inhibition of fungal growth in an in vivo model of dermatophytosis. Our data
indicate that allylic thiocyanates are very promising for the antifungal potential in nanostructured systems, with

associated anti-inflammatory effect.
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Introduction

Fungal infections produce high rates of morbidity and mortality, especially in severely ill orimmunocompromised
patients.? Candida albicans is a prominent fungal pathogen in humans. It is responsible for a wide spectrum of
clinical presentations, and infection can lead to death.®lIn the last 20 years, C. albicans has been the most common
strain isolated from hospitalised patients. However, non—albicans Candida (NAC) infections are rapidly growing.
C. albicans, C. glabrata, C. tropicalis and C. krusei account for 95-97% of all invasive fungal infections caused by
yeast of this genus. In addition to yeast infections, fungal infections caused by dermatophytes have increased
during the last decades.®! These conditions also lead to morbidity-associated cutaneous mycoses that are
frequently ineffectively treated.

llinesses caused by Candida spp. are associated with inflammatory processes (also observed for
dermatophytoses)”8l that are possibly exacerbated by enzymes secreted by the fungus during invasion.[
Therefore, uncontrolled inflammation can compromise treatment and lead to other associated diseases.!**14
Chemical compounds have been investigated for their ability to inhibit leucocyte migration through an anti-
inflammatory mechanism (antichemotactic activity).*? Thus, it is interesting to investigate if new libraries of
molecules exert antifungal and anti-inflammatory effects.

Although numerous effective antifungal agents are available, their therapeutic outcome is less than optimal due
to limitations associated with toxicity and physicochemical characteristics. Nanoparticles hold the promise to
overcome these problems due to their ability to improve bioavailability, antifungal efficacy and aqueous solubility.
Further, drug incorporation into a nanoemulsion (NE) could greatly minimise its toxicity. Despite these potential
advantages, there are few marketed nanoparticle-based antifungal drug formulations, and thus research into
antifungal therapy with nanostructured systems is needed.[*3

Allylic thiocyanates showed moderate-to-high activity against methicillin-resistant Staphylococcus aureus
(MRSA),*4 Mycobacterium tuberculosis (Mtb),*% human cancer cells!*®l and other targets.l*”) Therefore, we present
the antifungal activity of functionalised allylic thiocyanates derived from the Morita-Baylis-Hillman reaction,! as
well as the toxicity and anti-inflammatory properties of this collection of sulphur-containing derivatives. The
antifungal activity of the most promising compound was also evaluated in NE and in an alternative fungal infection
model.

Results

Nanoemulsion

NE was prepared as a white and milky liquid with a macroscopically homogeneous appearance, bluish reflection
and a droplet size characteristic of colloidal systems. The pH of the thiocyanate-containing NE (NE-C, 7.45 £ 0.06)
was slightly higher compared to the placebo formulation (prepared without the compound 11 - NE-WC, 7.29 +
0.09). Granulometric analysis of the formulations revealed that the droplets were 190.42 + 8.64 nm for the NE
composed of the active thiocyanate 11 — NE-C and 225.3 £ 29.67 nm for NE-WC. Polydispersion index (PDI)
values were 0.120 = 0.04 and 0.200 * 0.07 for NE-C and NE-WC, respectively.

The zeta potential (ZP) values were -8.68 + 0.31 mV and -7.32 + 1.41 mV for NE-C and NE-WC, respectively.
ZP increased slightly for NE-C, which can be attributed to greater physicochemical stability of the developed
colloidal system. In addition, the compound showed high values of total content and encapsulation efficiency in the
NEs being 96% =+ 7.84 and 92%, respectively, which is attributed to the affinity of compound 11 with the oil phase
of the NE.

In vitro antifungal susceptibility tests

Eight fungal strains were initially used to evaluate the antifungal activity of allylic thiocyanates 1-15 (Scheme
1; Supporting Information, Table S1). Compounds 1, 4, 6, 7, 10, 12, 13 and 15 (Scheme 1) failed to inhibit fungal
growth up to the maximum evaluated concentration (50 ug mL™). Thiocyanates 2, 3, 5, 8, 9 and 14 (Scheme 1)
exhibited fungicide activity against Candida spp., with minimal inhibitory concentrations (MICs) of 50 ug mL™?, but
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were not effective against filamentous fungi. The 4-chloro-substituted allylic derivative 11 demonstrated a broad
fungistatic spectrum against dermatophytes and yeasts, with an MIC of 50 pg mL* (Supporting Information, Table
S1). It is noteworthy that 11 inhibited the growth of drug-resistant T. mentagrophytes, C. krusei, C. glabrata and C.
tropicalis (MICs and breakpoints of commercial antifungal agents are presented in Supporting Information, Table
S1). Based on these findings, compound 11 was chosen for the development of a NE.

The MICs of compound 11 in the free form and in a NE for 25 clinical strains of dermatophytes and Candida
spp. are presented in Table 1. For some species, such as T. rubrum, T. schoenleinii, C. parapsilosis and others,
thiocyanate 11 showed a MIC of 25 pug mL. With the comparison of the MIC values that inhibited approximately
50% of the clinical strains (MICsp) for the free compound 11 and thiocyanate-containing NE (NE-C) was possible
to observed that NE-C was much more active than the free compound (decrease of MIC values up to 64-fold for
dermatophytes and 4-fold for Candida spp.). In addition, NE-C was fungicidal at the MIC concentration for all fungal
species analysed. This is an important advantage, since free compound 11 was only fungistatic. NE-WC showed

no antifungal activity; thus, the other components of the NE do not exert antifungal activity.

0
R/“%[%kOCH3 NaSCN _ R NOCH;
16 Br

1-15 ~SCN
R’ R? R3
R3 0
=2 1 H H NO,
t[f:j/§§[%\OCH3 2 H NO, H
iy SCN 3 NO, H H
1-13 4 CHsO H H
5 H H H
0
6 CH; H H
A OCH,4 7 F H H
14 SCN 8 H H Br
9 Br H H
10 H H C
H
H

Q 1M ¢ H
[:::T/in/“iji%LYJCH3 12 ¢l Cl
- seN 13 OCH,0 H

Scheme 1. Chemical structure of allylic thiocyanates 1-15.
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Table 1. MIC/MFCs (ug mL™?) of free thiocyanate 11 and nanoemulsion containing compound 11 (NE-C).

Fungal strains Compound 11 NE-C
Dermatophytes (n=15)
Microsporum canis (MCA 01) 50/>50 1.56/1.56
Microsporum canis (MCA 33) 25/>25 0.78/0.78
Microsporum canis (MCA 38) 50/>50 0.78/0.78
Microsporum gypseum (MGY5 HCPA) 25/>25 1.56/1.56
Microsporum gypseum (MGY 42) 50/>50 1.56/1.56
Microsporum gypseum (MGY 50) 50/>50 1.56/1.56
Microsporum gypseum (MGY 58) 50/>50 1.56/1.56
Trichophyton mentagrophytes (TME 16*) 50/>50 0.78/0.78
Trichophyton mentagrophytes (TME 40) 25/>25 0.78/0.78
Trichophyton mentagrophytes (TME ) 50/>50 1.56/1.56
Trichophyton rubrum (TRU 2 HCPA) 25/>25 0.78/0.78
Trichophyton rubrum (TRU 3 HCPA) 25/>25 0.78/0.78
Trichophyton rubrum (TRU 45) 50/>50 0.78/0.78
Trichophyton rubrum (TRU 48) 50/>50 1.56/1.56
Trichophyton schoenleinii (TSHO 3 HCPA) 25/>25 0.78/0.78
MICso 50 0.78
MIC range 25-50 0.78 —1.56
Yeasts (n=10)
Candida albicans (CA ATCC 18804) 50/>50 12.5/12.5
Candida albicans (CA 01) 25/>25 25/25
Candida krusei (CK 02) 50/>50 50/50
Candida krusei (CK 03) 25/>25 12.5/12.5
Candida glabrata (CG 05) 50/>50 50/50
Candida glabrata (CG 09) 50/>50 50/50
Candida tropicalis (CT ATCC 750) 25/>25 12.5/12.5
Candida tropicalis (CT 72A%) 50/>50 50/50
Candida parapsilosis (CP 06) 50/>50 12.5/12.5
Candida parapsilosis (CP 07) 25/>25 12.5/12.5
MICso 50 125
MIC range 25-50 12.5-50

*Multidrug-resistant and resistant fungal isolates; MIC, minimal inhibitory concentration; MFC, minimal fungicidal
concentration; MICso, minimal inhibitory concentration that inhibits approximately 50% of the clinical strains
analyzed; MIC range, minimum and maximum limits of MIC values; n, number of clinical strains.

In vivo antifungal efficacy in Infected Egg Test-Chorioallantoic Membrane (IET-CAM)

For dermatophytes, infected CAM treated with thiocyanate 11 showed eggs without microbial growth in which
the embryos were still alive at the time of incubation (Supporting Information, Table S2). We initially counted 1 x
10? — 1 x 10° conidia mL™*. After the incubation period, the eggs treated with thiocyanate 11 showed the absence
of fungal growth (Supporting Information, Fig. S1). Thus, compound 11 presented 100% efficiency in in vivo
antifungal activity, considering that the infection did not develop and no embryos died after treatment with the
compound. While untreated eggs scored between 1 x 102— 1 x 10° conidia mL* (measured in triplicate), all eggs
showed fungal growth, and all embryos died.

For the examined yeast strains (Supporting Information, Table S2), fungal growth occurred on some embryos
(1 x 10*— 1 x 105 colony forming units [CFU] mL1) and consequently led to death. For all clinical Candida strains
analysed, only one out of the 3 eggs showed fungal growth after treatment with compound 11; this embryo
subsequently died. Thus, thiocyanate 11 was 66.6% effective in the yeast infection model (Supporting Information,
Table S2).

Embryonic death was evaluated both by egg transluminescence and embryo heartbeat cessation. After
treatment with compound 11 at a concentration 4 times higher than the MIC (200 ug mL™'), we observed perfectly
formed vessels just below the chorioallantoic membrane (Supporting Information, Fig. S1A), while these vessels
were absent in untreated controls (Supporting Information, Fig. S1B). This finding suggested overall disrupted

embryonic development and consequent non-viability.
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Antichemotactic assay

Antichemotactic activity was expressed as a percentage of neutrophil migration inhibition relative to controls.
Compound 11, for all tested concentrations, significantly inhibited the leukocytes migration. Lipopolysaccharide
from Escherichia coli (LPS; Table 2) was used as chemoattractant. Complete leucocyte migration inhibition
occurred at the maximum evaluated concentration (5 ug mL™), while the positive control, indomethacin, inhibited
approximately 60% of migration at the same concentration. Compound 11 demonstrated the potential for
antichemotactic action because at a concentration 10 times lower than the MIC it was able to inhibit leucocyte

migration completely.

Table 2. In vitro effect of allylic thiocyanate 11 and indomethacin compared to negative control.

Samples Concentration (ug mL™) Migration (um) Migration inhibition (%)
5 0.0+0.0 100.0*
1 16.0+2.8 78.0*
11 0.1 28.8+8.2 58.6*
0.01 51.2+8.0 26.2*
0.001 51.2+438 26.2*
5 326+7.8 59.7*
Indomethacin 1 34.0x£5.7 57.9*
0.1 40.8 + 14.5 49.5*
0.01 95.6+7.7 0
Negative Control - 80.8+8.4 0

Mean + standard deviation. *p < 0.05 indicates a significant difference compared to negative control (reference
chemoattractant - lipopolysaccharide from Escherichia coli (LPS)) (ANOVA-Tukey’s test).

Antifungal mechanism of action

Sorbitol assay

The MIC of allylic derivative 11 against Candida spp. and dermatophytes was evaluated in the presence and
absence of sorbitol at different times using anidulafungin (AND) as an antifungal control (Supporting Information,
Table S3). As expected, the MIC of 11 increased after 48, 96 and 168 h due to its fungistatic effect. However, the
MICs were the same regardless of being administrated with sorbitol. Meanwhile, the minimal effective
concentration (MEC) of AND changed abruptly (more than 8 times) in the presence of sorbitol (Supporting
Information, Table S3).

Ergosterol assay

The MIC of 11 increased after addition of ergosterol to all strains of Candida spp. and dermatophytes. For yeast
(C. albicans, C. tropicalis, C. krusei and C. glabrata), MICs increased 4-8-fold after addition of a total of 200 pg
mL™* (maximum concentration) of ergosterol during the 5 days of the experiment (Supporting Information, Table
S4). As expected, AmB demonstrated an ergosterol-dependent effect. For instance, after addition of 200 pug mL™*
of ergosterol, the MIC of amphotericin B (AmB) against C. tropicalis increased from 0.5 to >128 ug mL* (more than
256 times in this case; see Table S4). The same trend was observed for the dermatophytes studied. However,
MICs increased more discretely in the case of filamentous fungi (for example, 2-fold for 11; see Table S4).

Scanning electron microscopy (SEM) analysis

C. albicans was treated with either the antifungal itraconazole (ITZ) or the compound 11. Before addition of the
drugs, C. albicans cells appeared oval (as expected) without apparent alteration (Figure 1A-B). After treatment
with ITZ, changes in cell shape and size were remarkable (Figure 1C-D; yellow arrows point to damaged cells),
and damage was also observed from compound 11 treatment (Figure 1E-F; green arrows point to damaged cells).
For compound 11, the fungal cell appeared to rupture, and it was possible to visualise extravasation of intracellular

material (Figure 1E; green arrows).
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Figure 1. SEM images: (A and B) C. albicans ATCC 18804 without treatment (control); (C and D) treated with
itraconazole and (E and F) treated with thiocyanate 11.

Toxicity evaluation

Cytotoxicity, genotoxicity and mutagenicity assays

Compound 11 (50 ug mL*) caused DNA damage similar to the hydrogen peroxide (HO2; 100 uM) control
(Figure 2-A). However, at 25 ug mL?, the cell damage was not significant and was comparable to phosphate-
buffered saline (PBS, negative control; Figure 2-A). Approximately 70% and 90% of leucocytes were viable after
treatment with compound 11 at 50 and 25 yg mL*?, respectively (Figure 2-B). Finally, micronucleus was not
significantly observed after addition of 25-50 ug mL*of compound 11 (Figure 2-C).
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Figure 2. Effect of compound 11 (25 and 50 yg mL?) in DNA damage (A), cell viability (B) and micronucleus
frequency (C). P°p <0.05 indicates significant difference between the controls and the compound 11 (ANOVA
followed by Tukey’s test).

Hemolysis

The mean percentage of haemoloysis (+ SD) induced by compound 11 at 50 pg mL?* and 100 pg mL™*
(concentration 2 times higher than MIC) was 4.20% + 0.0028 and 4.35% + 0.0032, respectively. These values are
considered very low when compared to water, which causes 100% erythrocyte lysis. PBS did not cause significant

haemoloysis. These results corroborated the aforementioned cytotoxicity evaluation in human leucocytes.

Hen's Egg Test-Chorioallantoic Membrane (HET-CAM)
The HET-CAM analysis showed the irritation score (IS) of 3.06 + 0.50 for the allylic thiocyanate 11. This value
classifies the compound as a nonirritant, and suggests it is not allergenic to membranes and thus suitable for future

topical use.

Discussion

Previous data showed that thiocyanate derivative 11 exhibited moderate-to-good activity against C. albicans
(12.5 umol L) and C. tropicalis (25 umol L);*these findings corroborate to our results. Furthermore, compounds
8, 9, 11 and 14 inhibited MRSA growth, and thus demonstrated a broad spectrum of action against fungi and
bacteria. 4-chloro-substituted thiocyanate 11 and bromo-substituted analogues 8 and 9 exhibited promising
antitubercular activity against replicating and non-replicating forms of Mtb HzzRv (MIC 0.25 umol L) with relatively
low toxicity toward VERO cells.* Contrarily, 2-chloro-substituted analogues 10 and 12 were inactive against Mtb

(MICs >128 pumol L).1% The same trend was observed in the current study for adducts 10 and 12, since both were
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not active at concentrations up to 50 pg mL* (Supporting Information, Table S1). Thus, compound 11 is a potential
antimicrobial agent that exhibits broad-spectrum activity against MRSA, Candida spp., dermatophytes and Mtb.
This profile was previously verified for imidazolium salts, with chloro-derived compounds being the most effective
in vitro antifungal agents when compared to other analogues.™%

Lipophilicity at the 2- and 3-position of the aromatic ring seems to play a pivotal role for activity (Scheme 1;
Supporting Information, Table S1). The best results were achieved for thiocyanates 8 and 14, both of which
contained more lipophilic groups, such as 2-bromophenyl and 2-naphthyl, respectively. Other less lipophilic
analogues, such as the 2-nitro- and 2-chloro-substituted thiocyanates 1 and 10, were not active up to 50 ug mL™?.
The presence of an electron-withdrawing substituent at the aryl group, including nitro (2 and 3), bromo (9) and
chloro (11), seemed to improve activity. The only exception to this trend was the 4-fluoro-substituted thiocyanate
7 that was also inactive to the endpoint chosen in this study. Meanwhile, thiocyanates containing electron-donating
groups, including methoxy (4) and methyl (6), were not active up to 50 pg mL?. Chain elongation was also
deleterious to activity (see the cinnamoyl derivative 15; Supporting Information, Table S1) as well as the
simultaneous presence of two substituents at the aromatic ring, such as in 12 and 13. Hence, our screening of the
thiocyanates 1-15 against the present panel of fungi correlated with previous results for these compounds towards
Mtbi%! and bacteria,*4 allowed us to select compound 11 as the best lead for further evaluation to develop a new
broad spectrum drug and NEs to treat microbial skin infections. Therefore, its mechanism of antifungal action, anti-
inflammatory capacity and toxicity were determined.

Our NE displayed all characteristics expected to a nanostructure.?%-22 Droplet size and PDI may vary according
to the composition of the formulations and the method employed in the preparation.?®l The presence of thiocyanate
in the NE reduced the droplet size and the PDI values, and these observations indicate that this compound possess
some surface activity that contributes to the formation of smaller and uniform droplets. Additionally, the NE-C
showed a slightly higher pH value attributed to the weakly basic character of the thiocyano group. Incorporation of
compound 11 in the NE (NE-C) potentiated its in vitro antifungal activity, as shown by the considerable decrease
of the MIC values for dermatophytes and yeast (Table 1). AmB is a classic example of an antifungal agent that is
associated with improved performance, including the control of drug delivery, lower toxicity and improved
effectiveness, when it is administered in nanostructured formulations.?42%! In addition to the lipophilic nature of the
NE, high surface area due to reduced particle size improved drug permeation across biological membranes, and
resulted in better drug efficiency, and bioavailability.[*326]

With regards to in vivo testing, an alternative model of fungal infection in embryonated chicken eggs was utilised.
Thiocyanate 11 reversed the infectious process by dermatophytic clinical strains in 100% of the analyzed eggs.
For Candida spp., the efficiency of compound 11 was 66.6%. Thus, in addition to broad spectrum in vitro action,
thiocyanate 11 was also effective in vivo by greatly reducing the microbial load associated with the infectious
process, including for drug-resistant species. It is important to emphasise that our study represents for the first
time, an alternative model of fungal infection in chicken eggs that has been applied for the evaluation of antifungal
activity of new small molecules. Embryonic death in the treated eggs may be linked to infection by Candida spp.
or filamentous fungi strains, but there were also eggs treated with thiocyanate 11 that resulted in dead embryos.
These results, and the deaths of the embryos in the controls without inoculum, can be explained by manipulation
of the eggs, but may also be related to genetic defects or embryonic development; the latter two factors are
independent of the experimental procedure. The infection dose of 1 x 10® CFU mL was considered low and was
likely not the determining factor for the embryo inviability.?)

The Boyden chamber method (antichemotactic assay) was used to evaluate whether allylic thiocyanate 11
would inhibit polymorphonuclear neutrophil migration and to analyze the anti-inflammatory properties of the
compound. Leukocytes migration to the site of injury is considered one of the first major steps for inflammation. 28!
Our results suggested that compound 11 acted in response to an acute inflammatory process (Table 2).
Mechanisms that promote inflammation and impair the antifungal immune response are continually discovered. It
is known, for example, that C. albicans and Aspergillus fumigatus colonizations are associated with elevated levels
of pro-inflammatory cytokines (IL-17, IL-23 and Th17).%2% Fungal colonization, however, does not necessarily
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imply infection and disease development. The stability of the host—fungus relationship is maintained by a complex
balance of pro- and anti-inflammatory intracellular signals.°31 Consequently, control of the inflammatory response
may represent a strategy to combat fungal infections.**l Dermatophyte metabolites generally induce inflammation
at the site of infection.®? Occasionally, accentuated inflammatory responses are also associated with increased
severity and chronicity of mycoses.! Therefore, an antifungal substance with related anti-inflammatory properties
will likely more effectively ameliorate a fungal infection.’3 Compound 11 significantly reduced neutrophil migration
(part of the acute phase of inflammation) at 0.1 to 5 ug mL* (10 times lower than the MIC), and these results
suggest that this compound would work as a drug to treat fungal infections associated with inflammatory disorders.

Sorbitol exerts osmotic protection on the fungal cell wall by blocking chemicals from acting on this target,** and
antifungal activity will decrease in the presence of sorbitol if a drug acts on the cell wall. Our results indicated that
the antifungal effect of 11 was not related to the cell wall, since the MIC values did not vary with the addition of
sorbitol.

Some antifungal drugs act by interacting with ergosterol in the cell membrane; ergosterol is an important target
since it is not present in mammalian cells. The addition of ergosterol in growth medium will increase the
concentration of this substance outside of the membrane and allow the drug to more easily interact with it.
Consequently, if the drug’s mechanism of action involves the cell membrane, it would become less active (higher
MICs).B5361 Thus, MICs of the allylic thiocyanate 11 against all fungi strains were determined in the presence of
exogenous ergosterol. AmB, a commercial antifungal, was used as control (Supporting Information, Table S4).
MICs of 11 increased after addition of ergosterol to all Candida spp. and dermatophytes, and these findings
suggested a mechanism of action related to complexation with ergosterol in the cell membrane, as similarly
observed for AmB. The loss of activity in the presence of exogenous ergosterol was time- and dose-dependent for
Candida spp. (Supporting Information, Table S4). Since our results indicated that thiocyanate 11 acts on the fungal
cell membrane, we next evaluated the effect of 11 on the fungal cellular structure by SEM (Fig. 1). C. albicans was
treated with either the antifungal itraconazole or the compound 11. In both cases, treated cells lost their internal
contents in a process characteristic of plasmolysis. This observation corroborated the proposed mechanism of
action of 11 against all Candida spp. and dermatophytes strains presented in this study.

Next, cytotoxicity studies demonstrated that the cell damage was directly related to the concentration of 11. The
mutagenic effect of 11 evaluated by the micronucleus assay indicated that this compound does not generate
mutations at the concentration necessary for in vitro antifungal activity (Fig. 2). Besides, 11 did not cause significant
leucocyte death at the evaluated concentrations (Fig. 2). While 11 did not cause significant haemoloysis, we
observed a genotoxic effect at 50 ug mL™2.

Overall, a future topical formulation that contains the chloro-substituted allylic thiocyanate 11 would be safe.
This supposition is corroborated by the lack of allergenicity by HET-CAM. The HET-CAM, an alternative to the
Draize test, mimics vascular changes in the chorioallantoic membrane as a model for the conjunctival ocular
surface and can be a qualitative method of assessing the potential irritancy of chemicals.®”] Our results
demonstrated that embryonated eggs are highly susceptible to yeast and dermatophytes infection via the CAM
since these fungi proliferate radially on tissue and blood vessels. The compound 11 was classified as nonirritant
by the HET-CAM assay. This result is a good indication of general low membrane toxicity.

Conclusions

Fifteen allylic thiocyanates were screened against a panel of Candida spp. and filamentous fungi. Six
compounds exhibited fungicide activity against Candida spp. at 50 ug mL™. The 4-chlorophenyl-substituted allylic
thiocyanate 11 demonstrated a fungistatic effect (50 pg mL*) against the entire fungal panel, and exhibited anti-
inflammatory capability by reducing neutrophil migration. These results designate compound 11 as a possible
complement to conventional antifungal therapy with the advantage of an anti-inflammatory effect, which can
accelerate the relief of symptoms, facilitate healing and prevent infection dissemination. The incorporation of the
compound in a NE greatly potentiated the in vitro antifungal activity as denoted by reduced MIC values (MICso =
0.78 ug mL* for dermathophytes and 12.5 ug mL™ for Candida spp.). In the in vivo assay, 11 completely eliminated
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the dermatophytosis of infected egg chorioallantoic membrane. The mechanism of action of 11 was not related to
the fungal cell wall since MICs were not altered in the presence of sorbitol. However, compound 11 formed an
ergosterol complex similar to that observed for AmB, and this complex is possibly related to its broad-spectrum
activity. SEM images suggested cell damage through plasmolysis and modifications of the regular yeast cell shape.
Compound 11 also caused dose-dependent DNA damage in human leukocytes. Micronucleus did not occur after
treatment with compound 11 at 25-50 pg mL*, and this finding indicated that the compound does not induce
mutations in human leucocytes at concentrations that produce in vitro antifungal activity. In addition, 70% and 90%
of leukocytes became viable after treatment with 11 at 50 ug mL* and 25 ug mL™, respectively; the compound did
not cause haemolysis. The results of HET-CAM classified this compound as nonirritant. In addition to its antifungal,
antibacteriall*¥ and antituberculosis activities,'> compound 11 can be easily prepared from inexpensive and readily
available chemicals. NEs that use 11 as the active ingredient can be a future alternative or a complement to

conventional treatments for cutaneous mycoses caused by yeast and filamentous fungal pathogens.
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SUPPORTING INFORMATION

Nanoemulsion improves the antifungal activity of allylic thiocyanates against yeasts and filamentous
pathogenic fungi

Daiane F. Dalla Lana®, Laura M. Giuliani®, Jéssica B. Reolon®, William Lopes®, Marilene H. Vainstein®, Leticia J.
Danielli¥, Vanessa Z. Bergamo?, Bruna Pippi?, Miriam A. Apel?, Mario L. Teixeira®, Luis F.S. de Oliveira', Michel M.
Machadof, Saulo F. de Andraded, Marcus M. S&9, Misael Ferreirad, Laiéli S. Munaretto?, Leticia Cruz®, Gustavo P.
Silveirah, Edilma Elayne", Alexandre M. Fuentefria?

Experimental

Chemical Synthesis

Fifteen allylic thiocyanates 1-15 (Scheme 1) were readily synthesized from the corresponding allylic bromides
16 according to previously described methods.}-* The typical procedure for the synthesis of allylic thiocyanates 1-
15, consists of a stirred solution of allylic bromide 16 (1.0 mmol) in 4.0 mL of acetone/H,O (3:1 v/v) at 25 °C was
added 2.0 mmol of NaSCN. After stirring for 1 h, the final mixture was diluted with CH,Cl, and washed with H,O
and brine. The organic extract was dried over Na,SO,, filtered and concentrated under reduced pressure. The
resulting residue was purified by chromatography (hexane/ethyl acetate 9:1) to give the corresponding (2)-2-
(thiocyanomethyl)alkenoates. Spectral and analytical data for the novel compound 2: 2 Methyl (2)-3-(3-
nitrophenyl)-2-(thiocyanomethyl)-2-propenoate. Yield 98%; white solid, mp 71.0-72.0 °C. IR (KBr): vimad/cm™ 3085,
2952, 2155, 1716, 1532, 1351, 1270. *H NMR (400 MHz, CDCls): § 3.90 (s, 3H), 4.04 (s, 2H), 7.67 (t, J = 8.0 Hz,
1H), 7.75-7.78 (m, 1H), 8.00 (s, 1H), 8.22-8.27 (m, 2H). 3C NMR (100 MHz, CDCls): § 30.8, 53.2, 111.7, 124.1,
124.5, 129.1, 130.5, 135.0, 135.5, 141.9, 148.7, 165.8. Anal. Calcd for C12H10N204S (%): C, 51.79; H, 3.62; N,
10.07. Found: C, 51.78; H, 3.55; N, 9.98.

Each compound 1-15 was solved in DMSO and diluted using sterile ultrapure water to give solutions having
DMSO in concentrations lower than 1% for subsequent investigation of antifungal/antichemotactic activities and

toxicity determinations.

Preparation and physicochemical characterization of nanoemulsion (NE)

The NE were prepared in triplicate by the spontaneous emulsification solvent diffusion method, where an
organic phase preheated to 40 °C, composed of the active thiocyanate 11 (NE-C, 5 mg), the oil (medium chain
triglycerides — MCT, 0.15 g), the SPAN® 80 (0.077 g) and the solvent (ethanol, 27 mL), was injected under magnetic
stirring into an aqueous phase (distilled water, 53 mL) containing Tween® 80 (0.077 g). The emulsion formed was
kept under magnetic stirring for 10 min and then the organic solvent and part of the aqueous solvent were removed
on a rotary evaporator to a final volume of 10 mL. For comparison purposes, a NE was prepared without the
compound 11 (NE-WC).

The NEs were submitted to a physicochemical characterization, where all the parameters were evaluated in
triplicate. The pH of the NEs was determined directly on the samples by the use of a potentiometer. The NEs
diameter and polydispersion index (PDI) evaluation was performed by photon correlation spectroscopy, after
adequate dilution of an aliquot of the samples in ultrapure water (1:500) (Zetasizer Nanoseries, Malvern
Instruments, UK). The zeta potential (ZP) values were determined by micro electrophoresis after dilution of the
formulations into 10 mM NacCl solution.

The compound content in the formulations as well as the encapsulation efficiency was evaluated by high
performance liquid chromatography (HPLC). For this, an aliquot of the samples was diluted in 10 mL of methanol
and subsequently sonicated for 10 min to compound extraction. After, samples were filtered through a 0.45 pm
membrane and injected into the HPLC system. Chromatographic instruments and conditions were the following:
LC-10A HPLC system (Shimadzu, Japan) equipped with a LC-20AT pump, an UV-VIS SPD-M20A detector, a
CBM-20A system controller and a SIL-20A HT valve sample automatic injector. Separation was achieved at room
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temperature using an Inertsil ODS-3 Cis Gel Sciences column (150 mm x 4.6 mm, 5 ym) coupled with a C1g guard
column. The isocratic mobile phase consisted of methanol and water (80:20, v/v) at 1.2 mL min flow rate. The
compound was detected at 284 nm with a retention time of about 4.03 min. The analytical methodology was
previously validated. The method was found to be linear (r =0.995) at the concentration range of 2.5-12.5 pg mL*
and specific.

The encapsulation efficiency was determined by ultrafiltration/centrifugation technique. An aliquot of the
samples was placed in a 10.000 MW centrifugal device (Amicon®Ultra, Millipore) and free compound was
separated at 2200 x g for 10 min. The ultrafiltrate was analyzed by HPLC method. The encapsulation efficiency
(%) was calculated from the difference between the total and free drug concentrations. The results of this analysis
were expressed as averages followed by standard deviations.

In vitro antifungal susceptibility test

Fungal strains

Yeast species of the genus Candida (C. albicans - CA ATCC 18804, C. krusei - CK 02*, C. glabrata - CG 09*,
and C. tropicalis - CT 72A*) and dermatophytic filamentous fungi (Microsporum canis - MCA 01, Microsporum
gypseum - MGY 42, Trichophyton mentagrophytes - TME 16*, and Trichophyton rubrum - TRU 45) were selected
for the screening of antifungal activity. Subsequently, for the comparison of the free compound and incorporated
in the nanoformulation, more strains were included in this study. All fungal species are deposited in the Mycology
Collection of the research group in Applied Mycology, Faculty of Pharmacy (Universidade Federal do Rio Grande
do Sul, Brazil). For Candida spp. the resistance (*) was defined based on Kuriyama et al. (2005)®! and CLSI
breakpoints,® considering in this case the clinical isolates CK 02* resistant to: itraconazole (MIC =1 pg mL™) and
fluconazole (MIC 264 uyg mL), GC09* itraconazole (MIC >4 pug mL™) and miconazole (MIC =8 ug mL™), and CT
72A* resistant to itraconazole (MIC =1 pg mL™), miconazole (MIC >8 pug mL™), and voriconazole (MIC =2 pg mL
1). As for dermatophytes, the resistance (in the sense of reduced susceptibility) was established according to the
increase in minimal inhibitory concentration (MIC) values for some clinical strains in relation to the majority,
considering the following resistance threshold concentrations: terbinafine - MIC 21 pg mL?, griseofulvin - MIC 24
pg mL?, and ketoconazole - MIC 28 pg mL™. Consequently, the clinical isolate TME 16* was considered multidrug-
resistant by the considerable elevation of MICs of three antifungal agents of different classes (MIC terbinafine =4
pg mL1, MIC griseofulvin >32 pg mL? and MIC ketoconazole =16 pg mL1). The preparation, the origin and purity
of the antifungal drugs are available in supporting information.

Antifungal agents

Terbinafine (TBF), amphotericin B (AmB) and anidulafungin (AND), purity 297%, were supplied by Cristalia
(Sao Paulo, Brazil), griseofulvin (GSF), purity 297%, was acquired from Wallace Pharmaceuticals (Mumbai, India),
ketoconazole (KTZ), purity 296%, was obtained from All Chemistry (Sao Paulo, Brazil), fluconazole (FCZ) purity
298% was obtained from Sigma-Aldrich (Sao Paulo, Brazil), itraconazole (ITZ) purity 297%, was supplied by
Cassara laboratory (Dist. PHARMOS; Buenos Aires, Argentina), miconazole (MCZ) purity 297%, was supplied by
Valdequimica Chemical Products (Sao Paulo, Brazil), and voriconazole (VRZ); purity 298%, was supplied by Pfizer
(Sao Paulo, Brazil). The preparation of stock and work solutions followed the recommendations of the CLSI.1® The
commercial antifungals were used as reference substances for comparison with the synthetic compounds in the

tests conducted.

Determination of minimal inhibitory concentration (MIC) and minimal fungicidal concentration (MFC)
The series of synthetic compounds and the NE containing the compound 11 were evaluated for MIC
determination, through the broth microdilution technique.®-8 The inocula of yeasts (0.5x10° to 2.5x10° CFU mL™)

and dermatophytes (1.0x10° to 3.0x10° CFU mL™) were prepared from cultures grown on sabouraud dextrose agar
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(SDA; Kasvi, Brazil) and potato dextrose agar (PDA; Neogen, USA), respectively. =81 Posteriorly, aliquots of each
serial microdilution (corresponding to MIC, 2xMIC, and 4xMIC) were spread on SDA (Candida) and PDA
(dermatophytes), incubated at 35 °C,[*¢l and analyzed to determine the MFC, which was defined as the lowest

concentration that yielded up to three colonies.®!

In vivo antifungal efficacy in Infected Egg Test-Chorioallantoic Membrane (IET-CAM)

Fresh and fertile white eggs were kept under optimized incubation conditions (38—39 °C, 55-60% humidity, 12
days). On the 4" day, the CAM of eggs were infected with 0.1 mL inoculum 4x/day until the occurrence of the
infectious process was confirmed by the visualization of colonies onto the CAM. The preparation of the yeast (4x10°
CFU mL™) and filamentous fungi (1.0x10° CFU mL™) inocula followed the CLSI.[58 On the 8™ day of incubation,
the treatment was started. An aliquot of 0.1 mL of 11 (200 ug mL™%, 0.5% DMSO solution) and the negative control
(0.9% NaCl) was added onto the CAM. On the 12" day, eggs were reopened. 0.1 mL of the embryonic contents
were removed, spread on sabouraud agar plates, incubated and the viability of the embryo verified.%
Subsequently, counting of colony forming units was performed.l*? The study was submitted and approved by the
Committee on Ethics in the Use of Animals (CEUA n° 4/2016 - Instituto Federal Catarinense, Concordia, Brazil).
The experiment was carried out in triplicate.

Antichemotactic assay

The evaluation of antichemotactic activity was performed according to the method of the modified Boyden
chamber as described by Suyenaga et al. (2011).!% Prior to assay, neutrophils were treated with the allylic
thiocyanate 11 dissolved in Hank’s balanced salt solution (HBSS pH 7.4) in concentrations of 0.001 to 10 ug mL"
1 at 37 °C for 30 min. As negative control was used a neutrophils solution with no addition of antichemotactic
agent. Indomethacin was used as positive control. The protocol was approved by the Committee on the Ethics of
Animal Experiments of the Federal University of Rio Grande do Sul (Permission no. 32226, approved on April 24,
2017).

Investigation of antifungal mechanism of action

Sorbitol assay

The sorbitol solution (0.8 M, Sigma-Aldrich) was prepared and diluted in the culture medium (RPMI 1640;
Sigma-Aldrich). Then, microplates were incubated at 35 °C for 168 h. The MIC was visually determined in the
assay conducted in the presence and absence of sorbitol.*? The minimal effective concentration (MEC), which is
the lowest concentration of antifungal agent that leads to the growth of small, round and compact hyphal forms,

was determined in triplicate only for the antifungal anidulafungin (AND; drug control).6-8l

Ergosterol assay

The test was performed in triplicate according to the CLSI®-8l in the presence and absence of the exogenous
ergosterol (Sigma-Aldrich), at concentrations of 50 to 200 ug mL? and using amphotericin B (AmB) as drug
control.1*¥l The microplates were incubated (35 °C, 168 h) and MICs were determined visually in the presence and
absence of exogenous ergosterol.

Scanning electron microscopy (SEM) analysis

After the incubation period defined by the susceptibility test, wells containing the coverslips were washed three
times with phosphate-buffered saline (PBS). After washing, adhered cells received 500 uL of glutaraldehyde (2.5%,
type 1, Sigma-Aldrich), diluted with sodium cacodylate (0.1 mol L, pH 7.2, Sigma-Aldrich), and kept for 1 h at
room temperature. Then, the wells were washed three times with sodium cacodylate (0.1 mol L, pH 7.2)
containing sucrose (0.2 mol L) and MgCl, (2 mmol L?). Adhered cells were dehydrated in a series of freshly
prepared solutions of ethanol (30, 50, and 70%, for 5 min/step, 95% and 2x100%, for 10 min/step). Samples were
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subjected to critical point drying (EM CPD 300, Leica), mounted on metallic stubs, sputter-coated with a 15-20 nm
gold-palladium layer, and visualized in a scanning electron microscope (Carl Zeiss EVO® MA10, Germany)
operating at 10 kV. The images were performed with a strain of C. albicans (CA ATCC 18804) without treatment
(control) and treated with thiocyanate 11 (25 pug mL ! - subinhibitory concentration) and ITZ (1 ug mL™%, drug control).

Toxicity evaluation

Cell culture, cytotoxicity, genotoxicity and mutagenicity

Cell cultures of human leukocytes were prepared using venous blood collected by venipuncture from a male
volunteer (protocol #23.081.005770/009-38). Aliquots (1 mL) of whole blood were immediately transferred to 10
mL of RPMI 1640 medium supplemented with 1% phytohemagglutinin, 10% fetal bovine serum and 1%
streptomycin/penicillin.*4 Subsequently, cell culture treatments were performed with compound 11 (25 pg mL?
and 50 pug mL?, in 0.5% DMSO), hydrogen peroxide solution (H202, 100 umol L, positive control), and PBS
(negative control). Cell cultures were incubated (CO. incubator for cell culture, 5% CO,, Model MCO-19AIC,
Sanyo) at 37 °C for 72 h.I*! Cytotoxic, genotoxic, and mutagenic parameters were established, in triplicate. Cell
viability was assessed with 0.2% trypan blue (Sigma-Aldrich), according to Burow et al. (1998).*5! Genotoxicity
was performed by the comet assay. Cells were classified according varying from 0 (no visible damage) to 4
(maximum damage) to provide a unique damage index (ID) from 0 to 400.1¢! The assessment of mutagenicity was
carried out by Panético Rapido® (Laborclin), wherein all particles within the cells separated from the nucleus and

counted as micronuclei (MN).[417]

Hemolysis assay

The hemolysis assay was performed using rabbit blood. After collection, the blood was mixed with the
anticoagulant K2-EDTA. Rabbit erythrocytes were harvested by centrifugation for 5 min at 400 rpm and washed
three times in PBS. A suspension of the 1% erythrocytes was prepared in PBS. The compound 11 solution was
prepared and incubated with the erythrocyte suspension for 15 min h at 37°C. After incubation, the cells were spun
down by centrifugation, the supernatant was transferred to a 96-well plate and the absorbance (650 nm) measured
using a microplate spectrophotometer (BioTek Instruments). Two controls were used in this assay: (i) PBS was
used as a negative control (0% hemolysis), and (ii) water was used as positive control (100% hemolysis).

Hen's Egg Test-Chorioallantoic Membrane (HET-CAM)

Fresh and fertile white eggs (Lohmann selected Leghorn, LSL) were kept under optimized incubation conditions
(38-39 °C, 55-60% humidity, 10 days). On the 10" day, the eggshell, around the airspace, was removed with a
rotary tool (Dremel, WI). Subsequently, 0.3 mL of compound 11 (200 ug mL?, 0.5% DMSO solution) and controls
(negative control: 0.9% NacCl; positive control: 0.1 mol L** NaOH) were added to the CAM of the eggs.['® The irritant
effect was observed at three times: 30 sec, 2 min and 5 min after application of compound 11 and controls. The
result of the irritation score (IS) was calculated according to the [Eq. (1)]*® and presents a maximum value of 21.
The eggs were analyzed in relation to the appearance of hemorrhaging, lysis, and coagulation. Classification
criterion used: 0 to 4.9 nonirritant (or practically no irritation); 5.0 to 21 irritant (moderate to severe or extreme

irritation). The assay was performed in triplicate.

Equation 1. Formula for determination of irritation score (IS)

(301 — hemorrhage time ) (301 — lysis time) (301 — coagulation time)
IS-(( 300 x5 |+ BT E— x7 |+ 300 x9
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Statistical analysis
Differences between the control and treatments were statistically analyzed by ANOVA followed by Tukey'’s test
(p <0.05 was considered statistically significant). Data analysis was performed using the GraphPad Prism 5.0

software and expressed as mean + SD.

Results

Tables

Table S1. MIC/MFCs (ug mL™?) for allylic thiocyanates 1-15.

Table S2. Number of eggs with and without fungal growth and number of eggs with live and dead embryos after
treatment with compound 11 and controls.

Table S3. MICs (ug mL™?) for the allylic thiocyanate 11 and MECs (ug mL™) for AND in the presence and absence
of sorbitol.

Table S4. MICs (ug mL?) for the allylic thiocyanate 11 and AmB in the presence and absence of ergosterol.

Figures
Figure S1. Macroscopic changes in infected embryonated eggs; (A) Treatment with thiocyanate 11 (200 ug mL)
(B) Control, without treatment.
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Compounds Dermatophytes Candida spp.
and antifungal MCA 01 MGY 42 TME 16* TRU 45 CA ATCC 18804 CK 02* CG 09* CT 72A*
drugs
1 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50
2 >50/>50 >50/>50 >50/>50 >50/>50 50/50 50/50 50/50 50/50
3 >50/>50 >50/>50 >50/>50 >50/>50 50/50 50/50 50/50 50/50
4 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50
5 >50/>50 >50/>50 >50/>50 >50/>50 50/50 50/50 50/50 50/50
6 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50
7 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50
8 >50/>50 >50/>50 >50/>50 >50/>50 50/50 50/50 50/50 50/50
9 >50/>50 >50/>50 >50/>50 >50/>50 50/50 50/50 50/50 50/50
10 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50
11 50/>200 50/>200 50/>200 50/>200 50/>200 50/>200 50/>200 50/>200
12 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50
13 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50
14 >50/>50 >50/>50 >50/>50 >50/>50 50/50 50/50 50/50 50/50
15 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50 >50/>50
TBF 0.03 (S) 0.03 (S) 4 (R*) 0.06 (S) - - - -
GSF 1(9) 1(9) >32 (R*) 1(9) - - - -
KTZ 0.5(S) 1(S) 16 (R*) 1(S) 0.25 (S) 1(S) 0.5(S) 1(S)
FCz - - - - 1(S) =64 (R) 0.25 (DDS) 2(S)
ITZ - - - - - 1(R) >4 (R) 1(R)
MCZ - - - - - 0.5(S) >8 (R) >8 (R)
VRZ - - - - - - - 2 (R)

*Multidrug-resistant and resistant fungal isolates; MIC, minimal inhibitory concentration; MFC, minimal fungicidal
concentration; MCA, Microsporum canis; MGY, Microsporum gypseum; TME, Trichophyton mentagrophytes; TRU,
Trichophyton rubrum; CA, Candida albicans; CK, Candida krusei; CG, Candida glabrata; CT, Candida tropicalis.
TBF, terbinafine; GSF, griseofulvin; KTZ, ketoconazole; FCZ, fluconazole; ITZ, itraconazole; MCZ, miconazole;
VRZ, voriconazole; R, resistance; R*, resistance in the sense of reduced susceptibility compared to other strains;

S, susceptible; IR, intermediary resistance; DDS, dose-dependent susceptibility.[6-819]



Table S2. Number of eggs with and without fungal growth and number of eggs with live and dead embryos after treatment with compound 11 and controls.
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Compound 11 | Control 1 Control 2 Control 3
Fungi Eggs Embryos Efficiency Eggs Embryos Eggs Embryos Eggs Embryos
With Without Dead  Live (%) With Without Dead Live With Without Dead Live With Without Dead Live
microbial microbial microbial microbial microbial microbial microbial microbial
growth growth growth growth growth growth growth growth

MCA 01 0 3 0 3 100 3 0 3 0 2 1 2 1 1 2 1 2
MGY 42 0 3 0 3 100 3 0 3 0 3 0 3 0 2 1 2 1
TME 16* 0 3 0 3 100 3 0 3 0 3 0 3 0 1 2 1 2
TRU 45 0 3 0 3 100 3 0 3 0 3 0 1 2 3 0 3 0
CA ATCC 1 2 1 2 66.6 3 0 2 1 1 2 0 3 0 3 0 3
18804

CK 02* 1 2 1 2 66.6 3 0 2 1 1 2 0 3 0 3 0 3
CG 09* 1 2 1 2 66.6 3 0 3 0 3 0 1 2 2 1 0 3
CT 72A* 1 2 1 2 66.6 3 0 2 1 3 0 1 2 1 2 0 3

*Multidrug-resistant and resistant fungal isolates; MCA, Microsporum canis; MGY, Microsporum gypseum; TME, Trichophyton mentagrophytes; TRU, Trichophyton rubrum; CA, Candida
albicans; CK, Candida krusei; CG, Candida glabrata; CT, Candida tropicalis. Control 1 consists of chorioallantoic membrane of egg inoculated with the clinical strains; Control 2 normal

eggs without inoculation and without treatment; and Control 3 normal eggs without inoculation and with compound 11.



Figure S1. Macroscopic changes in infected embryonated eggs; (A) Treatment with thiocyanate 11 (200 ug mL?)
(B) Control, without treatment.



128

Table S3. MICs (ug mL™?) for the allylic thiocyanate 11 and MECs (ug mL™) for AND, in the presence and absence

of sorbitol.
Time 48 h 96 h 168 h

Dermatophytes 11 AND 11 AND 11 AND

and Candida spp. AS PS AS PS AS PS AS PS AS PS AS PS
MCA 01 - - - - 50 50 32 128 >800 >800 64 >256
MGY 42 - - - - 50 50 32 128 >800 >800 64 >256
TME 16* - - - - 50 50 32 128 >800 >800 64 >256
TRU 45 - - - - 50 50 32 128 >800 >800 64 >256
CA ATCC 18804 50 50 0.12 32 100 100 0.12 >64 >800 >800 0.12 >64
CK 02* 50 50 0.12 32 100 100 0.12 >64 >800 >800 0.12 >64
CG 09* 50 50 0.12 32 100 100 0.12 >64 >800 >800 0.12 >64
CT 72A* 50 50 0.12 32 100 100 0.12 >64  >800 >800 0.12 >64

*Multidrug-resistant and resistant fungal isolates. Abbreviations: MIC, minimal inhibitory concentration; MEC,
minimal effective concentration; AND, anidulafungin; AS, absence of sorbitol; PS, presence of sorbitol; MCA,
Microsporum canis; MGY, Microsporum gypseum; TME, Trichophyton mentagrophytes; TRU, Trichophyton
rubrum; CA, Candida albicans; CK, Candida krusei; CG, Candida glabrata; CT, Candida tropicalis.

Table S4. MICs (ug mL?) for the allylic thiocyanate 11 and AmB, in the presence and absence of ergosterol.

Fungi strains Reading 1 (ug mL™?) Reading 2 (ug mL™?)
11 MIC? MIC 2 MmIC3 MmIC 4 MIC® MIC? MIC 2 MmIC3 MIC# MIC®
MCA 01 50 50 50 50 50 50 50 50 50 100
MGY 42 50 50 50 50 50 50 50 50 50 100
TME 16* 50 50 50 50 50 50 50 50 50 100
TRU 45 50 50 50 50 50 50 50 50 50 100
CA ATCC 18804 50 50 100 100 200 50 100 100 100 200
CK 02* 50 50 50 100 100 50 50 100 200 200
CG 09* 50 50 50 200 200 50 50 100 400 400
CT 72A* 50 50 100 200 400 50 100 100 400 400
AmB MIC? MIC? MIC 3 MIC* MmIC 5 miCc?t MIC? MIC 3 MIC#4 MmIC 5
MCA 01 0.5 2 4 4 8 0.5 2 4 4 8
MGY 42 4 4 4 8 16 4 4 4 8 16
TME 16* 2 8 8 8 16 2 8 16 16 32
TRU 45 2 2 4 4 8 2 8 16 16 32
CA ATCC 18804 1 2 4 16 16 1 2 16 128 128
CK 02* 1 2 4 16 16 1 2 128 128 128
CG 09* 2 2 4 8 16 2 2 128 128 128
CT 72A* 0.5 2 4 32 128 0.5 2 >128 > 128 > 128

*Multidrug-resistant and resistant fungal isolates. AmB = Amphotericin B; CA = C. albicans (CA ATCC 18804); CT
= C. tropicalis (CT 72A*); CK= C. krusei (CK 02); CG= C. glabrata (CG 09); MCA= M. canis (MCA 01); MGY= M.
gypseum (MGY 42); TME = T. mentagrophytes (TME 16*); TRU= T. rubrum (TRU 50). MIC! corresponds to MIC
without addition of commercial ergosterol; MIC?, MIC2, MIC* and MIC®, correspond to MIC with addition of
ergosterol at the concentration of 50 pg mL*?, 100 pug mL?, 150 ug mL?, and 200 pg mL?, respectively. For
Candidas, readings 1 and 2 were performed after 2 and 5 days of incubation; for dermatophytes, readings 1 and
2 were performed after 4 and 7 days of incubation.
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Nanoemulsion Improves the Antifungal Activity of Allylic
Thiocyanates against Yeasts and Filamentous Pathogenic Fungi
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We report allylic thiocyanates as antifungal agents of broad spectrum, with associated anti-
inflammatory effect. A nanoemulsion with the most promising compound (4-chlorophenyl substituted
allylic thiocyanate) improved the antifungal activity. The mechanism of action was related to
complexation with fungal ergosterol, with low toxicity to human leukocytes and absence of irritability
to the chorioallantoic membrane. Finally, the most promising compound exhibited 100% inhibition of
fungal growth in an in vivo model of dermatophytosis.
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CAPITULO Il — Structure-based of §-lactones for new antifungal drugs

development: susceptibility, mechanism of action, and toxicity

Nota: Manuscrito publicado no periddico Folia Microbiologica (2019).
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ABSTRACT

Dermatophytes are the etiological agents of cutaneous mycoses, including the prevalent nail
infections and athlete’s foot. Candida spp. are opportunistic and emerging pathogens, causing superficial
to deeper infections related to high mortality rates. As a consequence of prolonged application of antifungal
drugs, the treatment failures combined with multidrug-resistance have become a serious problem in clinical
practice. Therefore, novel alternative antifungals are required urgently. 3-lactones have attracted great
interest owing to their wide range of biological activity. This article describes the antifungal activity of
synthetic &-lactones against yeasts of the genus Candida spp. and dermatophytes (through the broth
microdilution method), discusses the pathways by which the compounds exert this action (toward the fungal
cell wall and/or membrane), and evaluates the toxicity to human leukocytes and chorioallantoic membrane
(by the Hen's Egg Test-Chorioallantoic Membrane). Two of the compounds in the series presented broader
spectrum of antifungal activity, including against resistant fungal species. The mechanism of action was
related to damage in the fungal cell wall and membrane, with specific target action dependent on the type
of substituent present in the 8-lactone structure. The damage in the fungal cell was corroborated by electron
microscopy images, which evidenced lysed and completely altered cells after in vitro treatment with -
lactones. Toxicity was dose-dependent for the viability of human leukocytes, but none of the compounds
was mutagenic, genotoxic, or membrane irritant when evaluated at higher concentrations than MIC. In this
way, d-lactones constitute a class with excellent perspectives regarding their potential applications as

antifungals.
Keywords: Dermatophytes, Candida spp., d-lactones, Antifungal activity, Antifungal mechanism of

action, Toxicity.

Introduction
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Candida spp. are typically opportunistic pathogens, which are prone to attack
immunocompromised hosts or those with debilities to cause the infection of mucosa, skin, and deep-tissues,
including the life-threatening candidemia (Vieira et al. 2018). With the disseminated use of antimicrobial
drugs, immunosuppressive-cytotoxic agents, and catheters, as well as long periods in intensive care unit
stays, the risk of Candida-associated nosocomial infections is increasing remarkably (Guinea 2014;
Fuentefria et al. 2018). C. albicans is the main species involved in most infections, although, in recent
years, diseases caused by non-albicans Candida species (NACS), including C. tropicalis, C. glabrata, C.
dubliniensis, and C. krusei, are very prevalent (Eggimann et al. 2003; Naglik et al. 2014; Pfaller et al.
2015). Azoles, such as fluconazole, are the most frequently prescribed antifungals in candidiasis therapy,
which destroy the cellular structures of fungi by inhibiting the biosynthesis of membranous ergosterol.
However, long-term or repeated exposure to azoles in refractory infection can induce the emergence of
resistant strains (Berkow et al. 2017; Rocha et al. 2018).

Dermatophytes are the etiological agents of cutaneous mycoses, including the frequent nail
infections and athlete’s foot. Contamination by this type of filamentous fungus is the most common cause
of fungal infection worldwide (Dahdah et al. 2008; Dalla Lana et al. 2016). Developed countries have a
higher prevalence of onychomycosis and athlete’s foot, while developing countries have higher occurrences
of tinea capitis and tinea corporis (body). As an aggravating factor, drug resistance related to
dermatophytes has gained importance recently (Martinez-Rossi et al. 2008; Ghannoum 2015; Yamada et
al. 2017).

The symptomatology and recurrence of candidiasis and dermatophytosis, together with
epidemiological data, highlight the importance of these types of mycosis in clinical practice (Parker et al.
2014). In view of the scenario of fungal resistance and failures in current treatments of fungal infections,
novel and alternative agents are needed against a broad range of fungi, without toxicity to the host (i.e.,
selective action solely against the pathogen; Fuentefria et al. 2018).

8-Lactones are important flavor and aroma constituents in many natural products (Romero-Guido
et al. 2011). For many years, 8-lactones produced from plants or fungi, such as camptothecin (Wani et al.
1980), kazusamycin A (Umezawa et al. 1984), and sultriecin (Ohkuma et al. 1992), as well as synthetic
analogues, including 6-alkyllactones (Kishimoto et al. 2005; Tanaka et al. 2007; Yang et al. 2011) and o-
methylidene-3-lactones (Janecka et al. 2012; Modranka et al. 2012), have been studied for their antitumor
activity and antimicrobial properties. Therefore, this class of molecules have attracted great interest owing
to their wide range of biological activity.

Based on our ongoing program seeking new molecules with antimicrobial properties (Silveira et
al. 2012; Batista et al. 2017; Pippi et al. 2018) that can be developed as new leads for future in vivo studies,
this article describes the screening of a series of synthetic 3-lactones for their antifungal activity against
yeasts of the genus Candida spp. (C. albicans and NACS) and dermatophytes (Microsporum canis, M.
gypseum, Trichophyton mentagrophytes, and T. rubrum), discusses the pathways by which the compounds

exert this action, and assesses the toxicity to human leukocytes and chorioallantoic membrane.

Materials and methods
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Synthetic compounds

Eleven 5-lactones 1-11 (Table 1) were readily obtained from functionalized allylic bromides in a
water—isopropanol medium through a microwave-assisted one-pot synthesis according to previously
described methods (Ferreira et al. 2017). For the subsequent investigation of antifungal activity and
determination of toxicity, each compound 1-11 was solved in dimethyl sulfoxide (DMSQ) and diluted

using sterile ultrapure water to give aqueous solutions with DMSO concentrations lower than 1%.

In vitro antifungal susceptibility test

Antifungal agents

Terbinafine (TBF), amphotericin B (AmB), and anidulafungin (AFG), purity > 97%, were supplied
by Cristalia (Sao Paulo, Brazil), griseofulvin (GSF), purity > 97%, was acquired from Wallace
Pharmaceuticals (Mumbai, India), ketoconazole (KTZ), purity > 96%, was obtained from All Chemistry
(Sao Paulo, Brazil), fluconazole (FCZ), purity > 98%, was obtained from Sigma-Aldrich (Sao Paulo,
Brazil), itraconazole (ITZ), purity > 97%, was supplied by Cassara laboratory (Dist. PHARMOS; Buenos
Aires, Argentina), miconazole (MCZ), purity > 97%, was supplied by Valdequimica Chemical Products
(Sao Paulo, Brazil), and voriconazole (VCZ), purity > 98%, was supplied by Pfizer (Sao Paulo, Brazil).
The preparation of stock and work solutions followed the recommendations of the M38-A2 document
(CLSI, 2008). The commercial antifungals were used as reference substances for comparison with the

synthetic compounds screened.

Fungal strains

Yeast species of the genus Candida (C. albicans - CA ATCC 18804, C. krusei - CK 02*, C.
glabrata - CG 09*, and C. tropicalis - CT 72A*) and dermatophytic filamentous fungi (M. canis - MCA
01, M. gypseum - MGY 42, T. mentagrophytes - TME 16*, and T. rubrum - TRU 45) were selected for the
screening of antifungal activity. All fungal species are deposited in the Mycology Collection of the
Research Group in Applied Mycology, Faculty of Pharmacy (Universidade Federal do Rio Grande do Sul,
Brazil). For Candida spp., the resistance (*) was defined based on Kuriyama et al. (2005) and CLSI
breakpoints M27-A3 (2008) and M27-S4 (2012), considering in this case the clinical isolates CK 02*
resistant to ITZ (MIC = 1 pg/mL) and FCZ (MIC > 64 pg/mL); CG 09* resistant to ITZ (MIC > 4 pg/mL)
and MCZ (MIC =8 pg/mL); and CT 72A* resistant to ITZ (MIC = 1 pg/mL), MCZ (MIC > 8 pug/mL), and
VCZ (MIC =2 pg/mL). As for dermatophytes, the resistance (in the sense of reduced susceptibility) was
established according to the increase in MIC values for some clinical strains in relation to the majority,
considering the following resistance threshold concentrations: TBF - MIC > 1 ug/mL, GSF - MIC > 4
pg/mL, and KTZ - MIC > 8 pg/mL. Consequently, the clinical isolate TME 16* was considered multidrug-
resistant due to the considerable elevation of MICs of three antifungal agents of different classes (TBF -
MIC =4 pg/mL, GSF - MIC > 32 pg/mL, and KTZ - MIC = 16 pg/mL).
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Determination of minimal inhibitory concentration (MIC) and minimal fungicidal concentration (MFC)

The series of synthetic compounds were evaluated for MIC determination according to the M27-
A3 and M38-A2 documents (CLSI, 2008). The inocula of yeasts (0.5x10° to 2.5x10° colony forming units
(CFU)/mL) and dermatophytes (1.0x10° to 3.0x10° CFU/mL) were prepared from cultures grown on
sabouraud dextrose agar (SDA; Kasvi, Brazil) and potato dextrose agar (PDA; Neogen, USA), respectively.
The assays were conducted in duplicate, with RPMI medium containing L-glutamine (without NaHCO3;
USA), buffered to pH 7.0 with 3-(N-morpholino)propanesulfonic acid (MOPS; 0.165 mol/L, Neon, Brazil),
and incubation at 35 °C. The tested concentration of synthetic compounds ranged from 0.09 to 100 pg/mL.
Readings were performed in 24-48 h for Candida spp. and in 96 h for dermatophytes.

Aliquots of each serial microdilution (corresponding to MIC, 2xMIC, and 4xMIC) were spread
on SDA (Candida) and PDA (dermatophytes), incubated at 35 °C (M27-A3 and M38-A2 documents CLSI,
2008), and analyzed to determine the MFC, which was defined as the lowest concentration that yielded up

to three colonies (Espinel-Ingroff et al. 2002). This assay was performed in triplicate.

Multivariate exploratory analysis — structure-activity relationship

Two multivariate exploratory analyzes were performed: principal component analysis (PCA) and
hierarchical cluster analyses (HCA), both with the purpose of correlating the explained total variance. PCA
is a mathematical methodology that reduces the dimensionality of the data, thus allowing data sets to be
visualized in two or three dimensions (Jackson 2003). From the physicochemical data obtained through the
Chemdraw Ultra 12.0 software, the following parameters were determined for each compound: molecular
weight, melting point, boiling point, critical temperature, critical pressure, critical volume, Gibbs energy,
octanol/water partition coefficient (LogP), molar refraction (MR), Henry's law, heat of formation,
topological polar surface area (tPSA), calculated octanol/water partition coefficient (ClogP), calculated
molar refractivity (CMR) (Supplementary Information, Table S1). From this software, we selected the 14
previously described properties, thus associating these 14 physicochemical dimensions to each compound.
Consequently, PCA rotates these vectors to a new set of orthogonal axes called principal components,
where the variance retained from the original data is maximized in each successive major component
(Wenderski et al. 2015). In addition to the PCA, the HCA was performed, which is a two-dimensional
representation of the profile of similarity of the compounds, showing how similar are each of the molecules
studied based on their physicochemical parameters. ChemoStat - desktop software

(http://www.chemostat.com.br/) was also used to perform the multivariate analysis.

Antifungal mechanism of action

Sorbitol and ergosterol assay

The sorbitol solution (0.8 M, Sigma-Aldrich) was prepared and diluted in the culture medium
(RPMI 1640; Sigma-Aldrich). Then, microplates were incubated at 35 °C for 168 h. The MIC was visually
determined in the assay conducted with 5-lactones 3 and 10 in the presence and absence of external sorbitol

(Frost et al. 1995). The minimal effective concentration (MEC), which is the lowest concentration of
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antifungal agent that leads to the growth of small, round and compact hyphal forms, was determined in
triplicate only for the antifungal AFG (M27-A3 and M38-A2 documents— CLSI, 2008).

The assays determining the complexing effect with ergosterol were performed in triplicate for &-
lactones 3 and 10 and for AmB, used as the drug control, according to the M27-A3 and M38-A2 documents
(CLSI, 2008) in the presence and absence of the exogenous ergosterol (Sigma-Aldrich) (Carrasco et al.
2012). The microplates were incubated (35 °C, 168 h), and MICs were determined visually in the presence

and absence of exogenous ergosterol.

Scanning electron microscopy (SEM) analysis

After the incubation period defined by the susceptibility test, wells containing the coverslips were
washed three times with phosphate-buffered saline (PBS). After washing, adhered cells received 500 pL of
glutaraldehyde (2.5%, type 1, Sigma-Aldrich), diluted with sodium cacodylate (0.1 mol/L, pH 7.2, Sigma-
Aldrich), and kept for 1 h at room temperature. Then, the wells were washed three times with sodium
cacodylate (0.1 mol/L, pH 7.2) containing sucrose (0.2 mol/L) and MgCl, (2 mmol/L). Adhered cells were
dehydrated in a series of freshly prepared solutions of ethanol (30, 50, and 70%, for 5 min/step, 95% and
2x100%, for 10 min/step). Samples were subjected to critical point drying (EM CPD 300, Leica), mounted
on metallic stubs, sputter-coated with a 15-20 nm gold-palladium layer, and visualized in a scanning
electron microscope (Carl Zeiss EVO® MA10, Germany) operating at 10 kV. The images were performed
with a strain of C. albicans (CA ATCC 18804) without treatment (control) and treated with selected 5-
lactone 10 (25 pg/mL - subinhibitory concentrations), ITZ (1 pg/mL, drug control), and TBF (0.016 pg/mL,

drug control).

Toxicity evaluation

Cell culture and genotoxicity profile

Cell cultures of human leukocytes were prepared using venous blood collected by venipuncture
from a male volunteer. This study was approved by the Research Ethics Committee of the Federal
University of Pampa (n°. 27045614.0.0000.5323). Aliquots (1 mL) of whole blood were immediately
transferred to 10 mL of RPMI 1640 medium supplemented with 1% phytohemagglutinin, 10% fetal bovine
serum, and 1% streptomycin/penicillin (Montagner et al. 2014). Subsequently, cell culture treatments were
performed with selected 3-lactones 3 and 10 (25 pg/mL, 50 pg/mL, and 100 pg/mL, in 0.5% DMSO),
hydrogen peroxide solution (H20., 100 umol/L, positive control), and PBS (negative control). Cell cultures
were incubated (CO; incubator for cell culture, 5% CO,, Model MCO-19AIC, Sanyo) at 37 °C for 72 h
(Montagner et al. 2014). Cytotoxic, genotoxic, and mutagenic parameters were established in triplicate.
Cell viability was assessed with 0.2% trypan blue (Sigma-Aldrich), according to Burow et al. (1998).
Genotoxicity was performed by the comet assay. Cells were classified according to a variation from 0 (no
visible damage) to 4 (maximum damage) to provide a unique damage index (ID) from 0 to 400 (Singh et
al. 1988). The assessment of mutagenicity was carried out by Panotic Fast® (Laborclin), wherein all
particles within the cells separated from the nucleus and counted as micronuclei (MN) (Thomas et al. 2008;
Montagner et al. 2014).
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Hen's Egg Test-Chorioallantoic Membrane (HET-CAM)

Fresh and fertile white eggs (Lohmann selected Leghorn, LSL) were kept under optimized
incubation conditions (38-39 °C, 55-60% humidity, 10 days). On the 10™ day, the eggshell, around the
airspace, was removed with a rotary tool (Dremel, WI). Subsequently, 0.3 mL of selected 8-lactones 3 and
10 (100 pg/mL, 0.5% DMSO solution) and controls (negative control: 0.9% NaCl; positive control: 0.1
mol/L NaOH) were added to the CAM of the eggs (ICCVMA, 2010). The irritant effect was observed at
three times: 0.5 min, 2 min, and 5 min after application of compounds 3, 10, or controls. The result of the
irritation score (IS) was calculated according to the equation 1 (ICCVMA, 2010) and presents a maximum
value of 21. The eggs were analyzed in relation to the appearance of hemorrhage, lysis, and coagulation.
Classification criterion used: 0 to 4.9 nonirritant (or practically no irritation); 5.0 to 21 irritant (moderate to
severe or extreme irritation). The time of bleeding, lysis, and coagulation are expressed in seconds,
considering the first occurrence of blood hemorrhage, vessel lysis and protein coagulation, respectively.
The assay was performed in triplicate. The experiment was approved by the Animal
Use Ethics Committee of the Federal Catarinense Institute - Campus Concordia (n°. 11.794), that

establishes procedures for the scientific utilization of animals in researches.

Equation 1. Formula for determination of irritation score (IS)

(301 — hemorrhage time ) (301 — lysis time)
IS—(( 300 x5 | + 300 x7

N (301 — coagulation time) 9
300 X

Statistical analysis
Differences between the control and treatments were statistically analyzed by ANOVA followed
by Tukey’s test (p < 0.05 was considered statistically significant). Data analysis was performed using the

GraphPad Prism 5.0 software and expressed as mean + SD.
Results and discussion

In vitro antifungal susceptibility test

Eleven 3-lactones were synthesized and in vitro evaluated for the first time regarding the antifungal
potential against filamentous fungi and yeasts. Of all molecules analyzed, six showed satisfactory
performance with MICs < 50 pg/mL (Table 1) for Candida spp. and/or dermathophytes (compounds 3, 4,
6, 9, 10, and 11). In particular, 3-lactones 3 and 10 exhibited the broadest spectrum against C. albicans,

NACS, M. canis, M. gypseum, T. mentagrophytes, and T. rubrum (Table 1).
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Table 1 Chemical structures and MICs (ug/mL) of -lactones (1-11) for dermatophytes and Candida spp.

0] Dermatophytes Candida spp.
RN Y0
MCAOL MGY42 TME16* TRU45 CAATCC18804 CK 02* CGO09*  CT72A*
R
1 e
100 100 100 100 100 100 100 100
HyCO
2 &
@ 100 100 100 100 100 100 100 100
3 '
Q 50 25 50 25 50 50 50 50
4
CHACHLCH,- 50 50 50 50 100 100 100 100
5 100 100 100 100 100 100 100 100
CHa-
6 &
Q 50 50 50 50 100 100 100 100
Br
7 O i
( 100 100 100 100 100 100 100 100
(@]
8 Cl
)@3{ 100 100 100 100 100 100 100 100
Cl
Br
s fj: 100 50 100 50 100 100 100 100
10 i
@‘“«: 50 50 50 25 25 25 25 25
1A
@ 100 100 100 100 50 50 100 100
Cl
TBE 0.03(S) 003(S) 4(R*%  0.06(S) ; ; ; ;
GSF 1(5) 1(5) >32F®Y  1(5) ; ; ; ;
KTZ 0.5 (S) 1(9) 16 (R*) 1(5) 0.25 (S) 1(5) 0.5 (S) 1(5)
FCz ; - ) - 1() >64(R) 025(DDS)  2(S)
ITZ ; ; ; ; ; 1(R) >4 (R) 1(R)
MCZ ; ; ; ; ; 0.5 (S) > 8 (R) > 8 (R)
VCZ ; - ; - ] ; - 2 (R)

Asterisk (*) in clinical strains indicates multidrug-resistance and resistance; MIC, minimal inhibitory concentration;
MFC, minimal fungicidal concentration; MCA, Microsporum canis; MGY, Microsporum gypseum; TME,
Trichophyton mentagrophytes; TRU, Trichophyton rubrum; CA, Candida albicans; CK, Candida krusei; CG, Candida
glabrata; CT, Candida tropicalis. TBF, terbinafine; GSF, griseofulvin; KTZ, ketoconazole; FCZ, fluconazole; ITZ,
itraconazole; MCZ, miconazole; VCZ, voriconazole; R, resistance; R*, resistance in the sense of reduced susceptibility
compared to other strains; S, susceptible; DDS, dose-dependent susceptibility.

The 2-chlorophenyl substituted derivative 10 presented the lower values of geometric mean (GM),
minimal concentration that inhibits approximately 50% of the strains (MICsp), and minimal concentration
that inhibits approximately 90% of the strains (MICg) in pg/mL and nmol/mL (see Supplementary
Information, Table S2). In addition, 10 was the only 5-lactone with fungicide activity at the MFC value of
4xMIC, for all fungal species studied. Remarkably, this compound was also active against resistant species

of Candida (C. krusei, C. glabrata, and C. tropicalis) and a multidrug-resistant dermatophyte (T.
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mentagrophytes). Other compounds of the series were fungistatic at the three concentrations assessed (MIC,
2xMIC, and 4xMIC).

Antifungal activity for other natural and synthetic d-lactones have already been reported
(Kishimoto et al. 2005; Ohkuma et al. 1992; Yang et al. 2011). The MIC values previously reported for this
class are of the same order as those displayed in Table 1: sultriecin (metabolite of Streptomyces
roseiscleroticus) - 25 pg/mL for Candida spp. and dermatophytes (species of the genus Trichophyton)
(Ohkuma et al. 1992); 5-decalactones - 62 to 250 ug/mL for Aspergillus niger and C. albicans (Kishimoto
et al. 2005). However, Yang et al. (2011) reported much higher MICs of 5-dodecalactone against various
fungi and bacteria, ranging from 350 to 6250 mg/mL. Strong antifungal activity of 5-dodecalactone was
only observed against molds, such as A. flavus, A. fumigatus, A. petrakii, A. ochraceus, A. nidulans, and
Penicillium roqueforti. Antibacterial activity was evident but less potent than the antifungal activity (Yang
et al. 2011). Interestingly, the three tested yeast strains of C. albicans reported by Yang et al. (2011) were
more resistant than the molds, which is the same profile observed in our studies, since the 3-lactones had
the lowest MIC values for dermatophytes (Table 1; Table S2).

Multivariate exploratory analysis — structure-activity relationship

A PCA (Figure S1-A) was performed to evaluate the common characteristics of the compounds
(Table S1) that presented antifungal activity in relation to those that had no activity or were less active
(higher values of inhibitory concentration - MIC and/or lower activity spectrum). The physicochemical
properties were evaluated for each 6-lactone, so we can anticipate the most important properties for the
occurrence of antifungal activity. 8-Lactone 10 showed the highest antifungal efficacy (lower MIC values
for yeasts and filamentous fungi), followed by compound 3. Both compounds are very closely situated at
the PCA analysis, with similarity of more than 90% between the compounds in the analysis of HCA (Fig.
1).

PCA and HCA are useful tool in the design and planning of chemical libraries and can be used to
reveal differences in structural and physicochemical parameters among various compounds and display
them in a convenient graphical format (Jackson, 2003). Here, we demonstrate the use of PCA to obtain
information on the structural characteristics and properties of each compound that would explain the
biological activity in question.

Although the isomeric &-lactones 10 and 11 have the same predicted physicochemical parameters
(Table S1; data from ChemDraw Ultra 12.0), and consequently the same profile in multivariate tests (Fig.
1), distinct MIC values were observed for them (Table 1), with a higher potential of antifungal activity
observed for compound 10. Therefore, it is evident that the aromatic position of the chloro group (ortho- in
10 and para- in 11) is important for the activity under evaluation. A similar trend occurs with isomeric
compounds 6 and 9, but in this particular case they exhibit relative similarity when fungal activity is
compared, with compound 6 being slightly more active against filamentous species. The same selectivity
did not occur for the chloro-substituted lactones 10 and 11, nor for the dichloro derivative 8, which was not
active against any fungi, at concentrations < 50 pg/mL. For the latter case, it is interesting to note that the
simultaneous presence of chloro atoms in both the ortho- and para- positions in 8 led to total suppression

of activity, possibly due to the large electronic delocalization that occurred in the aromatic ring. According
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to El Hage et al. (2011), it is important that the molecule has an appropriate distribution of the electrostatic

potential, which seems indispensable for the antifungal potential. Two-dimensional PCA interpretation did
not resolve between compounds 10 and 11 due to their high similarity, requiring three-dimensional PCA
(Fig. S1-B) to separate them. The same happens with the predicted properties for isomeric compounds 6

and 9, which are also overlapped due to the equivalence of the physicochemical parameters. The vector

distance between the points becomes more evident with one more vector component, this third PC being

essential to distance the compounds with interesting antifungal activity.
Nevertheless, if we visualize Fig. S1-A, in which the PCA is placed with the biplot, where the

loadings are willing together with the scores, we see that the most prevailing physicochemical parameters

for the separation seen between two main components were CLogP, LogP, and Gibbs Free Energy (Fig.
S1-A). Correlating the data obtained in the PCA analysis together with the MIC data, we hypothesized that
the most important physicochemical data for the antifungal potential were those previously described.
Among the parameters cited above one of the most important is the CLogP (lipophilicity), as it identifies
the ability of the molecule to cross biological barriers activity as the fungal cells in this case (Topliss, 1996;

Tavares, 2004; Santos et al. 2009).
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Antifungal mechanism of action

Sorbitol and ergosterol assays

MICs of the &-lactones 3 and 10 for eight dermatophytes and Candida were evaluated in the
presence and absence of external sorbitol, at different times, using ANF as antifungal control (MEC of the
antifungal agent — Table S3). For &-lactone 3, the addition of sorbitol in the assay caused an expressive
variation of the MIC for Candida spp., where an 8-fold increase was observed in the last reading (Table
S3); for dermatophytes, the increase in MIC was 4-fold for this molecule (Table S3). On the other hand,
the presence of external sorbitol did not affect the activity of compound 10, with the MIC values being
unchanged for both Candida and dermatophytes. In contrast, the MICs of ANF increased sharply after the
addition of sorbitol, both for Candida spp. as for dermatophytes (Table S3).

A certain osmotic protection is exerted by sorbitol to the fungi cell wall, chasing chemicals to act
on this target (Frost et al. 1995). Consequently, antifungal activity decreases if the drug acts on the cell
wall. Hence, loss of activity in the presence of sorbitol is a strong indication that a specific molecule is
acting on this target. Thus, 8-lactone 10 does not seem to be related with fungi cell wall, since the MIC
values did not vary according to the presence or absence of sorbitol, while for 3, the increase in the MICs
observed in the sorbitol assays is suggestive of a mechanism of action involving the cell wall of filamentous
and yeast species.

Regarding the addition of ergosterol in the medium, substantial enhancement of the MIC (4-to-8
fold) of 3-lactone 3 for both dermatophytes and Candida spp. were observed in the first and last reading
(Table S4). For compound 10, a pronounced increase of the MIC was observed in both readings of the tests
(up to 32-fold for yeasts and 16-fold for dermatophytes; Table S4). For AmB —drug control, MICs increased
sharply in the presence of ergosterol (Table S4).

Some antifungals act by interacting with ergosterol in the cell membrane, which is an important
target since mammalian cells lack this sterol. Thus, the addition of ergosterol at the medium increases the
concentration of this substance outside of the membrane allowing the drug to interact more easily with this
free ergosterol. Consequently, the drug becomes less activated (higher MICs) indicating a mechanism of
action on the cell membrane due to the competitive binding with ergosterol, such as AmB (Carrasco et al.
2012; Montagner et al. 2014). AmB is one of the most effective drugs in fungal infections (Fernandez-
Garcia et al. 2017), so having a new prototype with similar mechanism of action is very advantageous.

Interestingly, although the substituted 3-lactones 3 and 10 pertain to the same class, each one
generates distinct effects. While the methyl-substituted 5-lactone 3 acts in the fungal cell wall (higher MICs
in the presence of sorbitol) and by complexation with ergosterol at the membrane, the chloro-substituted
compound 10 exerts a more specific effect toward the fungal cell membrane, as observed previously for
AmB. These effects can also occur by the lipophilicity of the compounds, evidenced in the chemometric
analysis, which facilitates the interaction of both molecules with the fungal cell membrane. Therefore, it
becomes evident that the substitution pattern on the 8-lactone is directly related to the type of mechanism
of action against the pathogens under study.

Two structurally similar compounds, differentiating only by an atom or position that it occupies

in the molecule, may present differences in their physicochemical properties and, consequently, in
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biological action, both quantitatively and qualitatively. The therapeutic action of drugs occurs through
interactions of these with biological systems and is dependent on factors related to their chemical structure
and physicochemical characteristics. These factors, whether electronic, steric or hydrophobic, influence the
relationship of the drug with biophase and its distribution in the compartments that make up the biological
system or target. Understanding this process is fundamental for planning new substances that have a

therapeutic profile more suited to current needs (Tavares, 2004; Fuentefria, 2018).

SEM analysis

The yeast C. albicans was treated separately with the antifungal 1TZ and the compound 10. It was
noticed that before the addition of the substances, C. albicans cells presented the expected oval shape
without alteration (Fig. 2A). After treatment with ITZ, changes in cell shape and size were remarkable (Fig.
2B; arrows point to damaged cells), as observed for compound 10, which causes complete yeast cell lysis
- presence of pores in blastoconidia (Fig. 2C; arrows point to damaged cells). For M. canis, the intact hyphae
were observed in the untreated control, apparently without structural damage (Fig. 2D). After treatment
with terbinafine (TBF, Fig. 2E; arrows point to damaged cells), the hyphae collapsed to a very different
appearance from the untreated control (Fig. 2D). Similar trends were observed for compound 10, which

causes ruptures of the tubular structures of the molds (Fig. 2F; arrows point to damaged cells).

Toxicity evaluation

Cell viability and genotoxicity profile

For &-lactones 3 and 10, at the highest concentration evaluated, the viability of human leukocytes
was approximately 75% and 85%, respectively, differing statistically from the negative control
(approximately 90% cell viability; Fig. 3A). However, both compounds at 100 pg/mL (2xMIC) did not
cause significant DNA damage (Fig. 3B) and were not mutagenic, since no significant micronucleus
frequency was observed after in vitro treatment with these compounds (Fig. 3C).

The comet assay relates the genotoxicity potential of substances to affect the cell integrity and its
genetic material (Batista et al. 2017), while the micronuclei test indicates a possible mutagenicity of the
compounds (Batista et al. 2017). The evaluation of the toxicological profile of 3-lactones 3 and 10 over
human leucocyte cells provided important input on their dose-dependent safety in biological applications.
Both compounds were shown to be safe for genotoxicity and mutagenicity when evaluated at concentrations
2-fold higher than MIC (Fig. 3 B-C).
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Fig. 2 SEM images; (A) C. albicans without treatment - arrows indicating blastoconidium without change,
(B) C. albicans treated with itraconazole (1 pg/mL) - arrows indicating blastoconidium with irregular
surface and size and dehydrated appearance, (C) C. albicans treated with &-lactone 10 (12.5 pg/mL) -
arrows indicating blastoconidium with irregular surface and size and dehydrated appearance with pores,
(D) M. canis without treatment - arrows indicating characteristic hyphae of the species with no apparent
change in shape and surface, (E) M. canis treated with terbinafine (0.016 pg/mL) - arrows indicating
superficially altered and collapsed hyphae, and (F) M. canis treated with 10 (25 pug/mL) - arrows indicating

superficially altered and collapsed hyphae, with signs of rupture and pores
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Fig. 3 Toxicological analysis; (A) cell viability, (B) DNA damage, and (C) micronucleous frequency effects
of compounds 3 and 10, in three different concentrations (25, 50, and 100 pg/mL). Bars with the same
letters indicate statistical similarity (ANOVA-Tukey’s test)

Evaluation of the effect on chorioallantoic membrane of the chicken eggs

Results of the HET-CAM tests show the relationship between IS and the logarithms of the
concentrations of 3-lactones 3 and 10. This relationship is represented by equation 1 as a function of the
log concentration for each tested molecule. The IS for 3 was 3.96 and for 10 was 3.34 (Figure S2), both
being classified as nonirritant according to the methodology. Toxicological studies using alternative models
such as the ex vivo porcine skin model and HET-CAM allow determining the permeation profile of new

organic compounds and discriminate levels of potential irritancy by means of the IS calculation (Batista et
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al. 2017). The HET-CAM is an ex vivo method alternative to the Draize Rabbit Eye test which measures
vascular changes in the CAM. The membrane is analog of the ocular conjunctive and responds to injuries
caused by processes such as inflammation similarly to what is observed in the conjunctival tissue of rabbit’s
eyes. Since substances are directly applied over the CAM, the results obtained are generally more sensible
than animal models (ICCVMA, 2010). Results from HET-CAM using embryonated eggs demonstrated that
d-lactones 3 and 10 are nonirritant of the CAM (ICCVMA, 2010). Therefore, according to these assays,

these molecules would be safely applied over the human mucosa, at the analyzed concentration (2xMIC).

Conclusions

Finally, the findings of this study showed that -lactones exhibited a broad spectrum of antifungal
activity against Candida spp. and dermatophytes. The mechanism of antifungal action was related to
damages in the fungal cell wall and membrane. The preference for compounds target cell wall or membrane
is influenced by the type of substituent of the basic chemical structure. Regarding the toxicity to human
leukocytes, d-lactones are not mutagenic, and genotoxic. In addition, the molecules tested were not
allergenic to chorioallantoic membrane of the chicken eggs. Thus, compounds of this class are very
promising as hits for the design of new antifungal drugs and topical formulations for the treatment of

dermatophytoses and candidiasis.
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Table S1 Chemical data* for 3-lactones 1-11

Parameters 1 2 3 4 5 6 7 8 9 10 11
Formula CuH1603  Ci3H1402  CusHigO2  CioHis02  CgHi1202 Ci3H1sBrO;  CiaH140s  Ci3H12ClO2  Ci3HisBrO,  CiHisCIO; Ci3H13CIO,
Molecular weight (g/mol) 232.28 202.25 216.28 168.23 140.18 281.14 246.26 271.14 281.14 236.69 236.69
Solubility DMSO DMSO DMSO DMSO DMSO DMSO DMSO DMSO DMSO DMSO DMSO
Boiling point (K) - 599.59 627.45 504.27 458.51 670.73 697.74 684.41 670.73 642 642
Melting point (K) - 329.3 353.09 269.7 246.53 401.62 440.93 414.18 401.62 371.74 371.74
Critical Temperature (K) - 852.13 854.17 774.17 754.43 880.69 887.19 880.56 880.69 866.26 866.26
Critical Pressure (Bar) - 26.41 23.63 25.28 30.97 27.94 26.93 23.80 27.94 25.05 25.05
Critical volume (cm3/mol) - 613.5 669.5 553.5 441.5 675.5 669.5 7115 675.5 662.5 662.5
Gibbs energy (KJ/mol) - -45.27 -46.48 -182.94 -199.78 -40.58 -159.89 -88.39 -40.58 -66.83 -66.83
LogP - 2.77 3.26 2.42 1.58 3.60 2.55 3.89 3.60 3.33 3.33
MR (cm3mol) - 59.53 65.43 49.03 39.84 67.23 67.71 68.74 67.23 64.14 64.14
Henry's Law - 3.69 3.64 1.90 2.14 4.09 6.62 3.95 4.09 3.82 3.82
Heat of Formation (KJ/mol) - -249.73 -281.84 -424.34 -383.06 -234.87 -464.17 -304.15 -234.87 -276.94 -276.94
tPSA 50.7 26.3 26.3 26.3 26.3 26.3 44,76 26.3 26.3 26.3 26.3
CLogP 1.912 3.488 3.987 2517 1.459 4.351 3.453 4914 4.351 4.201 4.201
CMR 6.555 6.225 6.689 4.877 3.949 7.002 6.817 7.208 7.002 6.7166 6.7166

*(ChemDraw Ultra 12.0); LogP, octanol/water partition coefficient; MR, molar refraction; tPSA, topological polar surface area; CLogP, calculated octanol/water partition
coefficient; CMR, calculated molar refractivity; DMSO, dimethyl sulfoxide.
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Table S2 MICs, individual and general GM, MICsq, and MICg of §-lactones 1-11. Values in pg/mL (nmol/mL)

Clinical strains 1 2 3 4 5 6 7 8 9 10 11
MCA 01 100 (430.5) 100 (494.4) 50 (231.2) 50 (297.2) 100 (713.4) 50(177.8) 100 (406.1) 100 (368.8) 100(355.7) 50 (211.2) 100 (422.5)
MGY 42 100 (430.5) 100 (494.4) 25 (115.6) 50 (297.2) 100 (713.4) 50 (177.8) 100 (406.1) 100 (368.8) 50 (177.8) 50(211.2) 100 (422.5)
TME 16* 100 (430.5) 100 (494.4) 50 (231.2) 50 (297.2) 100 (713.4) 50(177.8) 100 (406.1) 100(368.8) 100(355.7) 50(211.2) 100 (422.5)
TRU 45 100 (430.5) 100 (494.4) 25 (115.6) 50 (297.2) 100(713.4) 50(177.8) 100 (406.1) 100 (368.8) 50(177.8) 25(105.6) 100 (422.5)

GM 100 (430.5) 100 (494.4)  35.4 (163.7) 50 (297.2) 100(713.4) 50(177.8) 100 (406.1) 100 (368.8) 70.7 (251.5) 42 (177.4) 100 (422.5)
MICso 100 (430.5) 100 (494.4) 25 (115.6) 50 (297.2) 100(713.4) 50(177.8) 100 (406.1) 100 (368.8) 50(177.8) 50(211.2) 100 (422.5)
CA ATCC 18804 100 (430.5) 100 (494.4) 50 (231.2) 100 (594.4) 100(713.4) 100(355.7) 100 (406.1) 100(368.8) 100(355.7) 25 (105.6) 50(211.2)
CK 02 100 (430.5) 100 (494.4) 50 (231.2) 100 (594.4) 100(713.4) 100(355.7) 100 (406.1) 100(368.8) 100(355.7) 25(105.6) 50(211.2)
CG09 100 (430.5) 100 (494.4) 50 (231.2) 100 (594.4) 100(713.4) 100(355.7) 100 (406.1) 100(368.8) 100(355.7) 25(105.6) 100 (422.5)
CT 72A* 100 (430.5) 100 (494.4) 50 (231.2) 100 (594.4) 100(713.4) 100(355.7) 100 (406.1) 100(368.8) 100(355.7) 25(105.6) 100 (422.5)
GM 100 (430.5) 100 (494.4) 50 (231.2) 100 (594.4) 100 (713.4) 100 (355.7) 100 (406.1) 100 (368.8) 100(355.7) 25(105.6) 70.7 (298.7)
MICso 100 (430.5) 100 (494.4) 50 (231.2) 100 (594.4) 100 (713.4) 100 (355.7) 100 (406.1) 100 (368.8) 100(355.7) 25(105.6) 50(211.2)
GM general 100 (430.5) 100 (494.4) 42 (194.2) 70.7 (420.3) 100 (713.4)  70.7(251.5) 100 (406.1) 100 (368.8) 84 (298.8) 32.4(136.9) 84 (354.9)
MICgo 100 (430.5) 100 (494.4) 50 (231.2) 50 (297.2) 100 (713.4) 50 (177.8) 100 (406.1) 100 (368.8) 100 (355.7) 25 (105.6) 100 (422.5)

Asterisk (*) in clinical strains indicates multidrug- resistance and resistance; MICs, minimal inhibitory concentration; GM, geometric mean; MICso, minimal concentration that
inhibits approximately 50% of the strains; MICg, minimal concentration that inhibits approximately 90% of the strains, considering dermatophytes and Candida spp.. MCA,
Microsporum canis; MGY, Microsporum gypseum; TME, Trichophyton mentagrophytes; TRU, Trichophyton rubrum; CA, Candida albicans; CK, Candida krusei; CG, Candida glabrata; CT,
Candida tropicalis.
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Table S3 MICs (ug/mL) for the 3-lactones 3 and 10 and MECs (ug/mL) for ANF in the presence and absence of sorbitol, with readings performed at different times (48 h, 96
h, and 168 h)

48 h 96 h 168 h
Dermatophytes 3 10 ANF 3 10 ANF 3 10 ANF
and Candidaspp. S- S+ S- S+ S- S+ S- S+ S- S+ S- S+ S- S+ S- S+ S- S+
MCA 01 - - - - - - 50 50 50 50 32 128 50 400 50 50 64 >256
MGY 42 - - - - - - 25 25 50 50 32 128 25 200 50 50 64 >256
TME 16* - - - - - - 50 50 50 50 32 128 50 400 50 50 64 >256

TRU 45 - - - - - - 25 25 25 25 32 128 25 200 25 25 64 >256
CA ATCC 18804 50 50 25 25 012 32 50 50 25 25 012 >64 50 400 25 25 0.12 >64
CK 02* 50 50 25 25 012 32 50 50 25 25 012 >64 50 400 25 25 0.12 >64
CG 09* 50 50 25 25 012 32 50 50 25 25 012 >o04 50 400 25 25 0.12 >64
CT 72A* 50 50 25 25 012 32 50 50 25 25 012 >o64 50 400 25 25 0.12 >64

*Multidrug-resistant and resistant fungal isolates. Abbreviations: MIC, minimal inhibitory concentration; MEC, minimal effective concentration; ANF, anidulafungin; S -,
absence of sorbitol; S +, presence of sorbitol; MCA, Microsporum canis; MGY, Microsporum gypseum; TME, Trichophyton mentagrophytes; TRU, Trichophyton rubrum; CA,
Candida albicans; CK, Candida krusei; CG, Candida glabrata; CT, Candida tropicalis.
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Fungi strains Reading 1 Reading 2
3 MIC! MIC2 MIC® MIC* MIC® MIC! MIC? MIC® MIC* MICS
MCA 01 50 50 50 50 100 50 50 50 100 400
MGY 42 25 25 25 50 100 25 25 25 100 100
TME 16* 50 50 50 50 100 50 50 50 100 400
TRU 45 25 25 25 50 100 25 25 25 100 100
CA ATCC 18804 50 50 50 100 200 50 50 50 200 400
CK 02* 50 50 50 100 200 50 50 50 200 400
CG 09* 50 50 50 200 200 50 50 50 200 400
CT 72A* 50 50 50 200 200 50 50 50 200 400
10 MIC! MIC2 MIC® MIC* MIC® MIC! MIC? MIC® MIC* MICS
MCA 01 50 50 100 100 800 50 50 100 200 800
MGY 42 50 50 50 50 400 50 50 50 200 800
TME 16* 50 50 50 50 400 50 50 50 200 800
TRU 45 25 25 50 50 200 25 25 50 200 400
CA ATCC 18804 25 25 200 400 800 25 25 200 400 800
CK 02* 25 25 200 400 800 25 25 200 400 800
CG 09* 25 25 200 400 800 25 25 200 400 800
CT 72A* 25 25 200 400 800 25 25 200 400 800
AmB MIC! MIC? MIC® MIC* MIC® MIC! MIC?2 MIC® MIC* MICS
MCA 01 0,5 2 4 4 8 0,5 2 4 4 8
MGY 42 4 4 4 8 16 4 4 4 8 16
TME 16* 2 8 8 8 16 2 8 16 16 32
TRU 45 2 2 4 4 8 2 8 16 16 32
CA ATCC 18804 1 2 4 16 16 1 2 16 128 128
CK 02* 0,5 2 4 32 128 0,5 2 >128 > 128 > 128
CG 09* 1 2 4 16 16 1 2 128 128 128
CT 72A* 2 2 4 8 16 2 2 128 128 128

*Multidrug-resistant and resistant fungal isolates. AmB = Amphotericin B; CA = C. albicans; CT = C. tropicalis; CK= C. krusei; CG= C. glabrata; MCA= M. canis; MGY=
M. gypseum; TME = T. mentagrophytes; TRU= T. rubrum. MIC! corresponds to MIC without addition of commercial ergosterol; MIC2, MIC3, MIC# and MICS, correspond to
MIC with addition of ergosterol at the concentration of 50 pg/mL, 100 pg/mL, 150 ug/mL, and 200 ug/mL, respectively. For Candidas, readings 1 and 2 were performed after
2 and 4 days of incubation; for dermatophytes, readings 1 and 2 were performed after 4 and 7 days of incubation.
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Fig. S1 (A) Principal component analysis (PCA) with two main components - A (PC1xPC2). (B) PCA with
the three main components representing 97.53% of the total variance of the model with the 14 original
physico-chemical characteristics. The colors identify the same points of bidimensional PCA representation
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Fig. S2 Dose-response relationship for compounds 3 (e) and 10 (o), negative control (0.9% NaCl) (¢) and
positive control (0.1 NaOH) (m). Each point represents one experiment (n = three eggs). Concentrations
were transformed logarithmically: 0.05 to 2



CAPITULO IV - Design, synthesis, and avaluation of novel 2-substituted
1,4-benzenediol library as antimicrobial agents against clinically relevant

pathogens

Nota: Manuscrito submetido ao periédico New Journal of Chemistry.
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ABSTRACT

Development of new antimicrobial agents, capable of combating resistant and
multidrug-resistant fungal and bacterial clinical strains, is necessary. This study presents
the synthesis and antimicrobial screening of 42 2-substituted-1,4-benzenediols, being 11
novel compounds. In total, 23 compounds showed activity against fungi and/or bacteria.
Benzenediol compounds 2, 5, 6, 8, 11, and 12 demonstrated broad spectrum antimicrobial
actions, including resistant and multidrug-resistant species of dermatophytes
(Trichophyton mentagrophytes), Candida spp. and the ESKAPE panel of bacteria.

Minimum inhibitory concentrations of these compounds for fungi and bacterial strains
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ranged from 25-50 pg/ml and 8-128 pg/ml, respectively. The antifungal mechanism of
action is related to the fungal cell wall of dermatophytes and membrane disruption to
dermatophytes and yeasts, in the presence of compound 8. Specific structural changes,
such as widespread thinning along the hyphae and yeast lysis, were observed by scanning
electron microscopy. The effects of compound 8 on cell viability are dose-dependent;
however they did not cause genotoxicity and mutagenicity in human leukocyte cells nor
haemolysis. Moreover, the compounds were identified as nonirritant by the ex-vivo Hen’s
egg test-chorioallantoic membrane (HET-CAM). The furan-1,4-benzenediol compound
5 showed in vivo efficacy to combat S. aureus infection using embryonated chicken eggs.
Therefore, the compounds 8, and 5 are promising as hits for the development of new
antimicrobial drugs with reduced toxicity.

KEYWORDS: Fungi, ESKAPE pathogens, 1,4-benzenediol derivatives, Antimicrobial
activity, Mechanism of action, Toxicity.

1. Introduction

Fungal infections occur on the skin and mucous membranes causing invasive and
systemic diseases in humans (Kim, 2016; Fuentefria et al., 2018). Dermatomycoses, or
cutaneous mycoses, are the most prevalent fungal infections worldwide. Although these
diseases are rarely life-threatening, they reduce the quality of life and are the main reason
for patients to see a dermatologist (Pfaller et al., 2006; Nenoff et al., 2014; Dalla Lana et
al., 2016). Between 2001 and 2011 in France, a retrospective study surveying human skin
and nail infections showed that dermatophytes such as M. canis, M. gypseum, T.
mentagrophytes, and T. rubrum were responsible for approximately 70% of cases of
superficial infections (Chermette et al., 2008; Faure-Cognet et al., 2015). In addition, cats
and dogs can become infected and also represent a source of dermatophytosis for humans
(Chermette et al., 2008). Fusarium, another genus of filamentous fungi, is an emerging
opportunistic fungal pathogen that causes local or systemic infections. Reports of
multidrug-resistance are frequent. Hence, the successful use of a therapeutic drug, or
combination of antifungal therapies against these species, is compromised (Batista et al.,
2017).

C. albicans is the most frequently isolated fungus in humans (Li et al., 2013).

However, an increase in infections caused by other Candida spp. has been observed, such
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as: C. krusei, C. tropicalis, C. glabrata, C. guilliermondii, and C. parapsilosis (Kaur et
al., 2016). Fungal diseases caused by Candida spp. are not routinely diagnosed.
Consequently, hospitalized patients, especially in intensive care units, are often
inappropriately treated with broad-spectrum antibiotics. Bloodstream infection and
invasive candidiasis are substantially more common than realized and probably result
from multiple factors, including: unrestrained antibiotic use, indwelling devices,
immunocompromised patients, and renal support (Denning et al., 2017).

The Infectious Diseases Society of America classified a panel of six pathogens
capable of escaping the biocidal action of drugs and responsible for a large part of the
nosocomial infectious around the world as ESKAPE. This acronym is used as reference
to the group of bacteria: E. faecium, S. aureus, K. pneumonia, A. baumannii, P.
aeruginosa, and Enterobacter spp. (Pendleton et al., 2013). Most of these strains are
multidrug-resistant which makes the development of new drugs to combat infections
caused by this panel of pathogens imperative (Santajit and Indrawattana, 2016).

Polyphenols are commonly found in nature and demonstrate a remarkable range
of biological activities ( Harborne et al., 1999; Whitting, 2001; Dai and Mumper, 2010;
Oksana et al., 2012; De Arias et al., 2012; Soto-Hernandez et al., 2017). The potent in
vitro and in vivo pharmacological activity of the 2,5,4 -trihydroxybibenzyl against
Leishmania spp. was reported (Roldos et al., 2008; Serna et al., 2015). This result
motivated us to synthesize a library of 2-substituted-1,4-benzenediols and investigate
their antimicrobial effect. Therefore, this study presents the antimicrobial activity of new
2-substituted-1,4-benzenediol derivatives against a panel of clinical fungal and bacteria
strains, as part of our ongoing program for the identification of new leads for the
development of new antimicrobials (Silveiraet al., 2012; Batista et al., 2017). In addition,
the target and mechanism of action of the 1,4-benzenediols on fungal cells and the toxicity
of these hits were investigated. Finally, an alternative in vivo S. aureus (ATCC 25923)
model of infection followed by the treatment using a 1,4-benzenediol was demonstrated.

2. Materials and methods

2.1. Chemicals

In total, 42 1,4-benzenediol derivatives were evaluated for antifungal and
antibacterial activity. The synthesis of compounds 1-4, 9-18, 22, 23, 25-31, 36, and 39
(Lima et al., 2016), 5, 19, 32, 33, and 38 (Roldn et al., 2018), 20, and 40 (Ozaki et al.,
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1997 (a); Ozaki et al., 1997 (b)) were previously demonstrated (Ozaki et al., 1997 (a);
Ozaki et al., 1997 (b), Lima et al., 2016; Roldn et al., 2018). General procedures for
preparation of novel compounds 6-8, 21, 24, 34, 35, 37, 41, and 42, and the hydrogen
characterization data of other compounds that not yet been presented (20, and 40) are
shown in the supp. info. All compounds were dissolved in dimethyl sulfoxide (DMSO)
and diluted using sterile ultrapure water to give solutions with DMSO concentrations
lower than 1% for subsequent investigation of biological activities, mechanism of action

and toxicity.

2.2. In vitro susceptibility tests

2.2.1. Antifungal agents

Terbinafine (TBF), amphotericin B (AMB), and anidulafungin (AFG), purity >
97%, were supplied by Cristalia (Sao Paulo, Brazil), griseofulvin (GSF), purity > 97%,
was acquired from Wallace Pharmaceuticals (Mumbai, India), ketoconazole (KTC),
purity > 96%, was obtained from All Chemistry (Sao Paulo, Brazil), fluconazole (FLC)
purity > 98% was obtained from Sigma-Aldrich (Sao Paulo, Brazil), itraconazole (ITC)
purity > 97%, was supplied by Cassara laboratory (Dist. PHARMOS; Buenos Aires,
Argentina), miconazole (MCZ) purity > 97%, was supplied by Valdequimica Chemical
Products (Sao Paulo, Brazil), and voriconazole (VRC); purity > 98%, was supplied
by Pfizer (Sao Paulo, Brazil). The preparation of stock and work solutions followed the
recommendations of the CLSI (M38-A2, 2008). Commercial antifungals were used as

references.

2.2.2. Fungal strains

Candida spp. (C. albicans - CA ATCC 18804, C. krusei - CK 02*, C. glabrata -
CG 09*, and C. tropicalis - CT 72A*), dermatophytic filamentous fungi (M. canis - MCA
01, M. gypseum - MGY 42, T. mentagrophytes - TME 16*, and T. rubrum - TRU 45), and
other filamentous fungi (G. fujikuroi — F2 and F. solani — F9 were selected to evaluate
the antifungal activity of the 1,4-benzenediols. Some clinical strains are resistant or
multidrug-resistant (*). For Candida spp. the resistance was defined based on Kuriyama
et al. (2005) and the Clinical and Laboratory Standards Institute (CLSI) breakpoints
(M27-A3, 2008; M27-S4, 2012) considering, in this case, the minimum inhibitory
concentration (MIC) values: CK 02* resistant to: ITC (MIC =1 pg/ml) and FLC (MIC >
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64 ug/mL), GC09* ITC (MIC > 4 pg/ml) as well as MCZ (MIC = 8 ug/ml) resistant, and
CT 72A* resistant to ITC (MIC = 1 pg/ml), MCZ (MIC > 8 pg/ml), and VRC (MIC =2
pg/ml). As for dermatophytes, the resistance (in the sense of reduced susceptibility) was
established considering the following resistance threshold concentrations (MICs):
terbinafine (> 1.0 pg/ml), griseofulvin (> 4.0 pg/ml), and ketoconazole (> 8.0 pg/ml).
Clinical isolate TME 16* was considered multidrug-resistant (MIC terbinafine = 4 pug/ml,
MIC griseofulvin > 32 pg/ml and MIC ketoconazole = 16 pg/ml). G. fujikuroi and F.
solani are resistant to itraconazole and fluconazole (MICs >128 pg/ml). All the clinical
and reference strains used in this study are deposited in the Mycology Collection of the
Federal University of Rio Grande do Sul, Porto Alegre, RS, Brazil.

Susceptibility tests were performed for determining the MIC and the minimum
fungicidal concentration (MFC). The MIC was determined by the broth microdilution
method, according to the protocol established for yeasts - M27-A3 (CLSI, 2008) and
filamentous fungi - M38-A2 (CLSI, 2008). The inoculum of yeasts (0.5 x 10°to 2.5 x 103
CFU/mI) and filamentous fungi (1.0 x 10° to 3.0 x 10°® CFU/ml) were prepared from
cultures grown on sabouraud dextrose agar (SDA; Kasvi, Curitiba, Brazil) and potato
dextrose agar (PDA; Neogen, Lansing, USA), respectively. The assays were conducted
in duplicate, with RPMI medium, containing L-glutamine (without sodium bicarbonate;
Gibco, USA), buffered to pH 7.0 with 0.165 M of 3-(N-morpholino)propanesulfonicacid
(MOPS; Neon, Sdo Paulo, Brazil), with subsequent incubation at 35 °C. The analysed
concentrations of the synthetic compounds ranged from 0.03-50 pg/ml. The reading of
the results for Candida spp. and Fusarium spp. was performed in 24-48 h, and for
dermatophytes after 96 h of incubation. MIC was defined as the lowest concentration of
the substance capable of inhibiting the visible fungal growth. Sterility control (drug-free
medium only) and positive control (inoculum and culture medium only, for evaluation of
the fungal cell viability) were used.

To determine the MFC, aliquots of each serial microdilution (corresponding to
MIC, 2xMIC and 4xMIC) were spread on SDA (Candida) and PDA (filamentous fungi),
which were incubated at 35 °C and analysed. The MFC was defined as the lowest drug
concentration that yielded up to three colonies (i.e., > 99% of the inoculum was killed)
(Espinel-Ingroff et al., 2002). The assay was performed in triplicate.

2.2.3. Antibacterial agents
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Oxacillin, ampicillin, gentamicin and imipenem purity > 97% were purchased

from Sigma-Aldrich (Sao Paulo, Brazil).

2.2.4. Bacterial strains

E. coli (ATCC 25922) and ESKAPE panel of pathogens, including strains of S.
aureus methicillin-resistant (ATCC 33591) and methicillin-susceptible (ATCC 25923),
E. faecalis (ATCC 29212) and (ATCC 51299), K. pneumoniae (ATCC700603), P.
aeruginosa (ATCC 27853), A. baumanni (ATCC 19606), A. baumanni (I0OC 3174), and
E. aerogenes (ATCC 13048) were obtained by donation from Instituto Oswaldo Cruz,
RJ, Brazil. Evaluation of MICs followed the CLSI microdilution method using BBL™
Mueller Hinton Il broth (Interlab, Brazil) as described previously - M100 (CLSI, 2018).
Briefly, two-fold serial dilutions of each compound were prepared in triplicate in 96-well
plates and inoculated with 5 x 10° CFU/mI of the bacterial suspension. Plates were
incubated at 37 °C for 16—20 h (CLSI, 2018). Antibiotics abovementioned were used as

controls.

2.3. In vivo antifungal efficacy in Infected Egg Test-Chorioallantoic Membrane
(IET-CAM)

Fresh and fertile white eggs (Lohmann selected Leghorn, LSL) were kept under
optimized incubation conditions (38—39 °C, 55-60% humidity, 12 days). The preparation
of S. aureus strain (ATCC 25923) inoculum followed the M100 document
recommendations (CLSI, 2018). On the 4" day, the CAM of eggs were infected with 0.1
ml inoculum 4x/day and the infectious process confirmed by the visualization of colonies
onto the CAM (holes sealed with parafilm). The treatment started on the 8" day of
incubation. An aliquot of 0.1 ml of the compound 5 (64 pg/ml, 0.5% DMSO solution) or
0.1 ml 0.9% NaCl (negative control) was added onto the CAM. On the 12" day, eggs
were opened and 0.1 ml aliquot removed and spread into Blood agar. Then, the plates
were incubated at 35 °C for 48 h, for subsequent counting of CFU/mI (Jacobsen et al.,
2010). This study is approved by the Animal Ethics Committee (CEUA), protocol number
4/2016 (Instituto Federal Catarinense, Concordia, Brazil). The experiment was carried

out in triplicate.

2.4. Investigation of antifungal mechanism of action
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2.4.1. Sorbitol assay

The effect of the benzenediol derivatives on the integrity of the fungal cell wall
was evaluated by sorbitol protection assay (Frost et al., 1995, Escalante et al., 2008).
MICs were determined by the standard broth microdilution (M27-A3 (CLSI, 2008) for
Candida spp. and M38-A2 (CLSI, 2008) for dermatophytes) in the absence and presence
of 0.8 M sorbitol (Sigma-Aldrich) added to the RPMI 1640 growth medium (Gibco) as
an osmoprotectant. The minimal effective concentration (MEC), which is the lowest
concentration of antifungal agent that leads to the growth of small, round and compact
hyphal forms, was determined only for the antifungal AFG (M38-A2 document— CLSI,
2008). Microplates were incubated at 35 °C for 168 h. AFG (Pfizer, New York, USA)
was used as positive control. MICs were measured after 48, 96, and 168 h for Candida
spp.; and after 96 and 168 h for dermatophytes (Frost et al., 1995, Escalante et al., 2008).

Experiments were carried out in triplicate.

2.4.2. Ergosterol assay

The ability of the benzenediol derivatives to complex with ergosterol in the fungal
membrane was evaluated by ergosterol binding assay. The MICs were determined by the
standard broth microdilution following the documents M27-A3 and M38-A2 (CLSI,
2008) in the absence and presence of different concentrations (50—200 mg/ml) of external
ergosterol (Sigma-Aldrich, St. Louis, MO, USA) added to the RPMI 1640 growth
medium. The plates were incubated at were incubated at 35 °C for 168 h. AMB was used
as positive control. MICs were measured after 2 and 5 days for Candida spp.; and after 4
and 7 days for dermatophytes (Escalante et al., 2008; Carrasco et al., 2012). Experiments

were carried out in triplicate.

2.4.3. SEM analysis

The experiment followed the M27-A3 and M38-A2 guidelines (CLSI, 2008): C.
albicans and M. canis adhered cells obtained from the susceptibility test were washed
with phosphate buffer saline (PBS). Then, 500 ul glutaraldehyde (2.5%, type 1, Sigma
Aldrich) was poured into the cells and the mixture diluted with 50 ml sodium cacodylate
(0.1 M, pH 7.2, Sigma Aldrich) and kept for 1 h at room temperature. Next, the cells were
washed three times with sodium cacodylate (0.1 M, pH 7.2, 10 ml) containing sucrose
(0.2 M) and MgCl, (2 mM). Adhered cells were dehydrated using solutions of ethanol
(30, 50 and 70%, for 5 min, then 95% and 100% (2x) for 10 min). Samples were subjected
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to critical point drying (EM CPD 300, Leica) immediately after dehydration, mounted on
metallic stubs, sputter-coated with a 15-20 nm gold-palladium layer, and visualized in a
scanning electron microscope (Carl Zeiss EVO® MAL0, Oberkochen, Germany)
operating at 10 kV. Concentration evaluated 8 (25 pg/ml). Drug controls: TBF (0.016
pg/ml for M. canis) and ITC (1 pg/ml for C. albicans).

2.4.4. Epifluorescence microscopy

C. albicans and M. canis samples (approximately 200 pl) treated with the
compound 24 (50 pg/ml) from the susceptibility test were used to epifluorescence
microscopy analysis (Silveiraetal., 2017; Soo et al., 2017). This mixture was placed over
a slide and analysed by the epifluorescent microscope (Bel Photonics®) (B—green filter,
C-UV filter) equipped with a CCD blacklight camera. Photos were taken with a digital
camera (NIKON model D600, macro mode, 60 mm, f/3.2D) after 60 s (dermatophytes)
and 5 s (Candida spp.) (Barros et al., 2016).

2.6. Toxicity evaluation

2.6.1. Cell culture, cytotoxicity, genotoxicity and mutagenicity

Cell cultures of human leukocytes were prepared using venous blood collected by
venepuncture from a male volunteer (number of the approval protocol of the Ethics
Committee: 23.081.005770/009-38). Aliquots (1 ml) of whole blood were immediately
transferred to 10 ml of RPMI 1640 medium supplemented with 1% phytohaemagglutinin,
10% foetal bovine serum and 1% streptomycin/penicillin (Montagner et al., 2010).
Subsequently, cell culture treatments were performed with compound 8 (25 pg/ml and 50
pg/ml, in 0.5% DMSO), hydrogen peroxide solution (H202, 100 uM, positive control),
and PBS (negative control). Cell cultures were incubated (CO: incubator for cell culture,
5% CO., Model MCO-19AIC, Sanyo) at 37 °C for 72 h (Montagner et al., 2010).
Cytotoxic, genotoxic, and mutagenic parameters were established in triplicate. Cell
viability was assessed with 0.2% trypan blue (Sigma-Aldrich), according Burow et al.
(1998). Genotoxicity was performed by the comet assay. Cells were classified from 0 (no
visible damage) to 4 (maximum damage) to provide the damage index (DI) from 0 to 400
(Singh et al., 1988). The assessment of mutagenicity was by Panético Rapido®
(Laborclin). In total, 100 cells were counted per slide. All particles within the cells were
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separated from the nucleus and counted as micronuclei (MN) (Thomas et al., 2008;
Montagner et al., 2010).

2.6.2. Haemolysis assay

Fresh rabbit blood was mixed with the anticoagulant K2-EDTA. Rabbit
erythrocytes were harvested by centrifugation for 5 min at 400 rpm and washed three
times with PBS buffer. Serial dilutions of 1,4-benzenediol derivatives 2, 5, 8, and 12 (25
to 100 pg/ml) were prepared and incubated with 1% erythrocyte suspension (PBS) for 15
min at 37 °C. Then, the cells were spun down by centrifugation and the supernatant
transferred to a 96-well plate. Next, the absorbance (650 nm) was measured using a
microplate spectrophotometer (BioTek Instruments). PBS (negative, 0% haemolysis) and

water (positive, 100% haemolysis) were used as controls.

2.6.3. Hen's egg test-chorioallantoic membrane (HET-CAM)

Fresh and fertile white eggs (Lohmann selected Leghorn, LSL) were kept under
optimized incubation conditions (38—39 °C, 55-60% humidity, 10 days). On the 10" day,
the eggshell, around the airspace, was removed with a rotary tool (Dremel, WI).
Subsequently, 0.3 ml of the compounds 2, 5, and 12 (64 pg/ml, 0.5% DMSO solution), 8
(50 pg/ml, 0.5% DMSO solution) and controls (negative control: 0.9% NacCl; positive
control: 0.1 M NaOH) were added to the CAM of the eggs (Pammi et al., 2013). The
irritant effect was observed at three times: 30 sec, 2 min, and 5 min after application of
substances and controls. The result of the irritation score (IS) was calculated according to
the equation 1 (Pammi et al., 2013) and presents a maximum value of 21. The eggs were
analysed in relation to the appearance of haemorrhaging, lysis and coagulation.
Classification criterion used: 0 to 4.9 nonirritant (or practically no irritation); 5.0 to 21
irritant (moderate to severe or extreme irritation). The time of bleeding, lysis, and
coagulation are expressed in seconds, considering the first occurrence of blood
haemorrhage, vessel lysis and protein coagulation, respectively. The assay was performed
in triplicate.

Equation 1. Formula for the determination of irritation score (IS)

(301 — hemorrhage time ) (301 — lysis time)
IS—(( 300 x5 | + 300 x7

N (301 — coagulation time) 9
300 *
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2.7. Statistical analysis
Differences between controls and treatments were statistically analysed by
ANOVA followed by the Tukey’s test (p < 0.05 was considered statistically significant).

Data analysis was performed using the GraphPad Prism 5.0 software.

3. Results

3.1. Chemicals

3.1.1 Synthesis of 2-substituted 1,4-benzenediols

We developed a synthetic method for the synthesis of 2-substituted 1,4-
benzenediols (Lima et al., 2016; Roldn et al., 2018) based on green chemistry principles
(Anastas and Warner, 1998). This strategy involves a tandem aldolic
condensation/isomerization/aromatization between 1,4-cyclohexanedione and the
selected aldehyde, to give 2-substituted-1,4-benzenediol derivatives with moderate to
excellent yields (see supp. info; Scheme S1 and S2). Unfortunately, the nitro group could
not be introduced because of synthetic unsuitability. Our groups are focusing in preparing
the CF3 derivative to support SAR observations and the results will be reported in the due
course (see supp. info.). All spectral and chemical data for the new molecules are
available at the supp. info. (FIG. S1-S30).

3.1.2 General procedure for the synthesis of (E)-2-(2,5-dihydroxystyryl) quinoline:

Diacetoxystyryl quinolines were prepared based on Polansky’s method (Polanski
et al., 2002). Methylquinaldine derivatives were treated with 2,5-dihydroxybenzaldehyde
in acetic anhydride to obtain the desired diacetoxystyryl analogues after an aldolic
condensation reaction. This procedure takes advantage of using the acidity of the methyl
group of methylquinaldines. Then, the diacetoxy derivatives obtained were hydrolysed in
sulfuric acid (12 M) under reflux until the reaction was completed by thin layer
chromatography (TLC) analysis (see supp. info.; Scheme S4).

3.1.3 General procedure for the synthesis of 2-(2,5-dihydroxyphenethyl) quinoline
derivatives:
2,5-Dihydroxyphenethyl quinoline derivatives were synthetized from the

respective unsaturated starting material under usual catalytic hydrogenation conditions



169

(see supp. info.; Scheme S5). Surprisingly, low yields were obtained, which might be
associated with the quinolone moiety absorption over the charcoal used as a support for

the metal catalyst during catalysis.

3.2. In vitro susceptibility tests

3.2.1. Fungal and bacterial strains

Eight strains were used to determine the MICs and the MFCs of 42 1,4-
benzenediol derivatives. In total, 12 compounds showed antifungal activity: 1-12 (Table
1). 1,4-Benzenediols 1 and 10 were fungicide for all Candida spp. analysed at 50 pg/ml.
Derivative 7 was fungistatic at 25 pg/ml for the whole panel of yeasts, which was the
lowest MIC observed for the library. Compounds 2, 4, and 6 exhibited action only against
dermatophytes, being fungistatic at 50 pg/ml. Meanwhile, 1,4-benzenediols 9 and 11
proved to be fungicides at 50 pug/ml, Table 1. The furan derivative 5 was active against
just one Candida strain (CA ATCC 18804) and the whole panel of dermatophytes tested.
Compounds 3 and 12 inhibited the growth of G. fujikuroi and F. solani (50 pug/ml). These
two strains are resistant to ITC and FLC (MICs >128 ug/ml). Finally, the fluorogquinoline
derivative 8 (fungicide, MICs = MFCs of 50 pg/ml, Table 1) demonstrated broad
spectrum antifungal activity against the entire panel of dermatophytes and yeasts tested.
This panel includes the multidrug-resistant and resistant species of T. mentagrophytes, C.
krusei, C. glabrata, and C. tropicalis (MICs and breakpoints of commercial antifungal
agents are presented in Table 1).

Next, 17 compounds were found to be active (MICs < 128 pg/ml) against the
Gram-positive bacteria (S. aureus methicillin sensitive (ATCC 25923), S. aureus
methicillin resistant (ATCC 33591), E. faecalis (ATCC 29212), and E. faecalis (ATCC
51299)) from the ESKAPE panel of pathogens: 2, 5, 6, 8, 11-23. The furan derivative 5
demonstrated the highest activity of the library of 1,4-benzodiols (MICs 8-64 pg/ml,
Table 2).

1,4-Benzenediols 2, 5, 19, and 20 were also active (MICs < 64 pg/ml) against E.
coli (ATCC 25922), which is used as a model for identification of molecules that could

inhibit the growth of Gram-negative bacteria, Table 2.
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TABLE 1. MICs/MFCs (ug/ml) of 1,4-benzenediols derivatives against a panel of eight

filamentous fungi and yeasts.

OH Dermatophytes Candida spp.
i R
MCA 01 MGY 42 TME16* TRU45 CAATCC 18804 CK02* CG 09* CT 72A*
OH
R
}<\© >50/>50 >50/>50 >50/>50 >50/>50 50/50 50/50 50/50 50/50
1
%2\©\ 50/>50 50/>50 50/>50 50/>50 >50/>50 >50/>50 >50/>50 >50/>50
cl
y:@\m 50/>50 50/>50 50/>50 50/>50 >50/>50 >50/>50 >50/>50 >50/>50
*%*
NH,
><4\©/ 50/>50 50/>50 50/>50 50/>50 >50/>50 >50/>50 >50/>50 >50/>50
0
5 ‘ P 50/>50 50/>50 50/>50 50/>50 50/>50 >50/>50 >50/>50 >50/>50
_N
6 X 50/>50 50/>50 50/>50 50/>50 >50/>50 >50/>50 >50/>50 >50/>50
= /N Cl
7N >50/>50 >50/>50 >50/>50 >50/>50 25/>50 25/>50 25/>50 25/>50
/N F
8 X 50/50 50/50 50/50 50/50 50/50 50/50 50/50 50/50
‘ 50/50 50/50 50/50 50/50 >50/>50 >50/>50 >50/>50 >50/>50
D
‘ >50/>50 >50/>50 >50/>50 >50/>50 50/50 50/50 50/50 50/50
oD
}{:O 50/50 50/50 50/50 50/50 >50/>50 >50/>50 >50/>50 >50/>50
AN NN
12 50/>50 50/>50 50/>50 50/>50 >50/>50 >50/>50 >50/>50 >50/>50
**
TBE 0.03 (S) 0.03 (S) 4 (R*) 0.06 (S) - - - -
GSF 1(8) 1(8) >2(R%)  1(9) - - - -
KTC 0.5 (S) 1(S) 16 (R*) 1(S) 0.25 (S) 1(S) 0.5 (S) 1(S)
FLC - - - - 1(S) >64([R) 0.25(DDS) 2(9)
ITC - - - - - 1(R) >4 (R) 1(R)
MCZ - - - - - 05(S) >8 (R) >8 (R)
VRC - - - - - - - 2 (R)

*Multidrug-resistant and resistant fungal isolates; MIC, minimal inhibitory concentration; MFC, minimal fungicidal concentration;
MCA, Microsporum canis; MGY, Microsporumgypseum; TME, Trichophyton mentagrophytes; TRU, Trichophyton rubrum; CA,
Candida albicans; CK, Candida krusei; CG, Candida glabrata; CT, Candida tropicalis. TBF, terbinafine; GSF, griseofulvin; KTC,
ketoconazole; FLC, fluconazole; ITC, itraconazole; MCZ, miconazole; VRC, voriconazole; R, resistance; R*, resistance in the sense
of reduced susceptibility compared to other strains; S, susceptible; DDS, dose-dependent susceptibility. **1,4-benzenodiols 3 and 12
showed antifungal activity at 50 pg/ml for Gibberella fujikuroi (F2) and Fusarium solani (F9), which are resistant to ITC and FLC
(MICs >128 pg/ml).
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TABLE 2. MICs (ug/ml) of 1,4-benzenediols derivatives against the Gram-positive
strains S. aureus, E. faecalis and the Gram-negative strain E. coli.

OH Bacteria
R
©/ S. aureus S. aureus E. faecalis E. faecalis E. coli ATCC
OH ATCC 259232 ATCC 33591 ATCC 51299 ATCC 29212 25922
R
%13\@ >128 8 32 16 >128
F
%2\©\ 64 8 >128 16 32
Cl
j(\Ej\ >128 32 >128 >128 >128
14 CN
){\@\ o
15 Hk >128 32 8 32 >128
F
X\é >128 64 64 128 >128
16
Br
k\é >128 64 32 8 >128
17
OH
>128 >128 64 64 >128
18
OH
N\
\ 128 64 >128 >128 64
19\~
AN
| N 128 64 16 32 32
20 F
(o]
s 1) 8 8 64 16 8
/N
64 16 64 128 >128
6 X
¥ N F
8 >128 64 >128 >128 >128
RN N
m >128 64 32 >128 >128
3{\0 >128 >128 8 >128 >128
1
}{/2/\ >128 32 128 16 128
P NN
12 16 64 8 8 >128
3&)\ >128 32 16 32 >128
23
oxacilin 0.5 2 16 i,
ampicilin 1 1 1 1 4

aresistant to methicillin.

1,4-Benzenediols 2, 5, 19, and 20 were screened against the entire Gram-negative

ESKAPE panel. The 4-chlorophenyl derivative 2 presented moderate activity (32—-128
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pg/ml) against the strains tested. This substance showed a broad spectrum of action
inhibiting the growth of Gram-negative and Gram-positive bacteria from the ESKAPE
panel. Meanwhile, the furan benzenediol 5 demonstrated an MIC of 8 pg/ml to K.
pneumoniae (ATCC 700603) being the most active molecule of the library on this strain,
Table 3.

TABLE 3. MICs (ug/ml) of 1,4-benzenediol derivatives against Gram-negative ESKAPE
panel bacteria.

OH Bacteria
R K. P.
pneumoniae aeruginosa A. baumannii A. baumanni E.aerogenes
OH ATCC700603  ATCC 27853 ATCC 19606 10C 3174 ATCC 13048
R
@\ 64 32 64 64 128
2 cl
(o]
;iﬂ/) 8 >128 >128 >128 >128
N\
| >128 >128 >128 >128 >128
19 7
X
\;\G“ 128 128 64 128 128
20
Antibiotic >128° 1° 2° 2¢ 1¢

fampicilin; °gentamicin; imipinem; IOC: Instituto Oswaldo Cruz

Another 19 1,4-benzenediols synthesized neither showed in vitro antifungal nor
antibacterial in vitro activities, up to the highest concentration tested for fungi and

bacteria, 50 pug/ml and 128 pg/ml, respectively (see supp. info; FIG S31).

3.3. Antifungal mechanism of action

3.3.1. Sorbitol assay

The influence of sorbitol on the MICs of the vinyl-fluoroquinoline-1,4-
benzenediol 8 against the whole panel of dermatophytes and Candida spp. were
evaluated, using the AFG as antifungal control. For dermatophytes, after 168 h of
incubation, MICs (Table 1) to 8 folded once in the presence of sorbitol, whereas for AFG
the MICs (Table 1) increased more than four times (Table S1). MICs (Table 1) changed
more abruptly when sorbitol was added to the yeast medium in the presence of compound
8: twice at 96 h and 16-fold after 168 h. MICs to Candida spp., using AFG as control,
changed over 500-fold for the whole period of analysis (data are present in the supp. info.,
Table S1).



173

3.3.2. Ergosterol assay

After addition of ergosterol to the culture medium of the susceptibility test with
Candida spp. and dermatophytes, MICs of compound 8 rose. For yeasts (C. albicans, C.
tropicalis, C. krusei, and C. glabrata), MICs increased up to 4-8-fold after adding a total
of 200 pg/ml of ergosterol, during five days of the experiment. As expected, the AMB
drug control demonstrated an ergosterol dependent effect. For instance, after adding 200
pg/ml of ergosterol, MIC of AMB against C. tropicalis jumped from 0.5 to > 128 pg/ml.
The same trend was observed for the dermatophytes. However, MICs increased more
discretely in the case of filamentous fungi (twice for compound 8 and up to 16 times for
AMB, after 7 days and maximum concentration of ergosterol). Data are present in the
supp. info., Table S2.

3.3.3. SEM analysis

C. albicans was treated separately with ITC (drug control) and compound 8. It
was noticed that before the addition of the substances, C. albicans cells presented the
expected oval shape without alteration (FIG 1A). After treatment with ITC, changes in
cell shape and size were remarkable (FIG 1B; arrows point to damaged cells). The same
was observed in the cells in the presence of 8. This compound appeared to lyse yeast cells
(FIG 1C; arrows point to damaged cells). Intact hyphae of M. canis (dermatophyte) were
observed, and are indicated in FIG 1D. After treatment with TBF, hyphae collapsed (FIG
1E; arrows point to damaged cells). The same was observed for the vinyl fluoroquinoline-

benzenediol 8 (FIG 1F; arrows point to damaged cells).

3.3.4. Epifluorescence microscopy

C. albicans and M. canis were treated with the fluorescent vinyl-fluoroquinoline-
1,4-benzenediol 24 which was inactive against both fungi (MICs > 50 ug/ml, Table 1).
After 5 min, fungi cells were observed under white light using an epifluorescence
microscope equipped with a digital camera. The characteristic oval and filamentous
shapes of yeasts and filamentous fungi cells were noted, respectively. Then, fungi cells
were exposed to an ultraviolet light source with a 365 nm wavelength. Pictures were taken
successively after 5 s for C. albicans and 60 s for M. canis using the confocal microscope
(FIG 2, B-E and G-I, respectively). The last photo was taken of M. canis after 300 s from

the beginning of the experiment (FIG 2J). The quinoline derivative 24 was able to
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penetrate into both fungi cells (FIG 2, B-D and G-1) and deteriorated much faster inside
C. albicans than M. canis due to the UV-light (FIG 2).

FIG 1 SEM images; (A) C. albicans without treatment, (B) C. albicans treated with ITC,
(C) C. albicans treated with compound 8, (D) M. canis without treatment, (E) M. canis
treated with TBF, and (F) M. canis treated with compound 8.

-

FIG 2 Epifluorescence microscopy. (A) C. albicans before adding the fluorescent probe
the vinylfluoroquinoline-1,4-benzenediol 24; (B, C, D and E): C. albicans treated with
24. Picture taken after 5 s; (F) M. canis before adding 24; (G, H and I): M. canis treated
with 24. Pictures were taken after 60 s, and (J) after 300 s.

3.4. Toxicity evaluation
3.4.1. Cytotoxicity, genotoxicity and mutagenicity

The viability of human leukocytes was approximately 70% in the presence of the
vinyl-fluoroquinoline 8 (50 ug/ml), FIG 3(a). Meanwhile, PBS used as negative control
demonstrated approximately 100% cell viability, FIG 3(a-c). However, at this
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concentration (50 ug/ml), compound 8 did not cause significant DNA damage (FIG 3(c))
and was not mutagenic (since there was no significant micronucleus frequency after in

vitro treatment with this compound (FIG 3(b)).

leus Frequency (%)

0
o
-
DMNA Damage Index (DDI) o
z
i I i i i

Micronuc

. .
& Compound 8 & & Compound 8 & q{"\ Compound &

FIG 3 Toxicological analysis; (a) cell viability, (b) micronucleus frequency, and (c) DNA
damage effects of compound 8. Bars with the same letters indicate statistical similarity
(ANOVA-Tukey’s test).

3.4.2. Haemolysis

The mean percentage of rabbit erythrocytes haemolysis (x standard deviation
(SD)) of 1,4-benzenediol derivatives 2, 5, 8, and 12, at 100 pg/ml (concentration was two
times higher than MIC) were 4.22 + 0.0045, 4.25 £ 0.0052, 4.37 + 0.0021 and 3.88 +
0.0007, respectively.

3.4.3. HET-CAM

The HET-CAM test resulted in an IS for 2 (64 ug/ml), 5 (64 ug/ml), 8 (50 pug/ml),
and 12 (64 pg/ml) of 2.66, 2.48, 2.94, and 2.62, respectively (see supp. info. — Figures
S32 and S33), which classify these compounds as nonirritants, according to the

methodology.

3.5. IET-CAM

The results of the IET-CAM showed eggs with an initial colony count of 10%-103
CFU/ml for S. aureus (ATCC 25923). After the incubation period, the absence of
bacterial growth in the plates after treatment with 64 pg/ml of the furan-benzenediol 5
(FIG 4B) was observed. In contrast, 10* to 10° CFU/ml for untreated eggs (FIG 4A) was

noted.
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FIG 4 Macroscopic changes in infected embryonated eggs. Eggs were infected on the 4"
developmental day. (A) Control, no treatment (unviable embryo; S. aureus (ATCC
25923)). (B) After treatment with the furan derivative, compound 5 (64 pg/ml) - viable
embryo.

4. Discussion

A library of 1,4-benzenediol derivatives were screened against eight fungi strains
(four filamentous and four yeasts), as well as ten Gram-positive and Gram-negative
bacteria. This library was prepared by the reaction of an aldehyde with 1,4-
cyclohexanedione, using green chemistry conditions: K>COs as a base, in water:ethanol
(9:1) mixture as solvent. Twelve new compounds were prepared by this methodology (see
supp. info.; Scheme S1).

The fluoroquinoline-1,4-benzenediol 8 was identified as the best line of attack to
the fungi strains, with the fungicidal action at 50 pug/ml for the whole panel (Table 1).
This compound was further evaluated to determine its mechanism of action using the
sorbitol and ergosterol assays.

Sorbitol exerts osmotic protection to the fungi cell wall (Frost et al., 1995; Batista
etal., 2017). Consequently, the addition of sorbitol to the medium will decrease antifungal
activity, if the drug acts on this target. In the presence of sorbitol, MICs for 8 increased
abruptly, indicating that this molecule acted on the fungal cell wall of the yeasts and
filamentous fungi. This effect seems to be weaker on filamentous fungi since MICs were
raised just two times their initial values.

Ergosterol is an essential chemical found on the fungal membrane. Drugs, such as
AMB, have an affinity to sterols. Accordingly, it is possible to determine if a new
antifungal candidate is able to act on the fungal cell membrane by supplying ergosterol
to the culture medium (Pippi et al., 2015; Batista et al., 2017). Mammals count on



177

cholesterol, instead of ergosterol, as an essential structural component of cells. Thus,
targeting ergosterol is very attractive for developing selective antifungal agents (Pippi et
al., 2015). The fluoroquinoline derivative 8 was shown to act on cell membranes of
dermatophyte and Candida spp., since MICs were increased in the presence of exogenous
ergosterol.

Analysis of SEM images verified specific structural changes for C. albicans and
M. canis after in vitro treatment with compound 8 (25 pg/ml). For the dermatophyte,
morphological modifications of tubular structures were noted with 8, when compared to
the untreated control (FIG 1F). For C. albicans, the cellular damage was observed on the
blasticonidium, which was fully lysed by 8 (FIG 1C). The rupture of the cell could be
related to the effect of the molecule on the cell wall and consequent death of the
microorganism (fungicidal effect). The same morphological damage in fungi cells was
recently observed in related studies using SEM, after treating the strains with a variety of
others organic compounds (Dalla Lana et al., 2015; Batista et al., 2017).

Epifluorescence microscopy was used as an auxiliary technique to observe the
possible internalization of molecules into the fungal cell. Compound 8 presents two
independent aromatic rings separated by two methylene carbons, which do not allow for
electrons to flow over the whole aromatic system. Meanwhile, the presence of a double
bond connecting the aromatic rings of compound 24 creates a strong UV-VIS absorption
band not observed with 8. In addition, compound 24 presented neither a fungicidal nor
fungistatic effect over Candida spp. or filamentous fungi employed in this study (MICs
> 50 pg/ml, Table 1). Therefore, 24 was chosen as a fluorescent probe to test the
hypothesis that 1,4-benzenediols are able to cross the cell wall and membrane of fungi
cells. C. albicans and M. canis were treated with the fluorescent probe (compound 24)
and observed by epifluorescence microscopy. A great number of cells of both fungi were
noted with white light, as expected, since 24 is inactive (FIG 2A and 2F). Then, after
turning on the UV-light (365 nm), we noticed that cells lit up due to the presence of probe
molecules inside them (FIG 2B and 2G). The UV-light faded until pictures became fully
dark (FIG 2E and 2J). The UV-light degraded 24 much faster inside C. albicans, which
indicates that M. canis cells demonstrated some level of UV protection.

Toxicological assays were performed using human leukocytes to identify levels
of toxicity of compound 8. The fluoroquinoline-1,4-benzenediol 8 exhibited cell viability
of 70% at 50 pg/ml, which is statistically similar to 100 uM (3.4 ug/ml) of hydrogen

peroxide used as a positive control (FIG 3(a-c)). However, the fluoroquinoline derivative
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8 did not induce DNA damage, in the comet assay (FIG 3(c)) which relates the
genotoxicity potential of substances to affect the cell integrity and its genetic material
(Batista et al., 2017). The micronucleus analysis also indicated that 8 is not capable of
producing genetic mutations at 50 pg/ml (FIG 3(b)). Additionally, the fluoroquinoline-
1,4-benzenediol 8 did not cause haemolysis, even at 100 pg/ml (section 2.4.2).

Toxicological studies using alternative models, such as HET-CAM it is also very
advantageous to predict the toxicity of the compound to membranes (Batista et al., 2017).
The HET-CAM is an ex vivo method alternative to the Draize rabbit eye test, which
measures vascular changes in the CAM. The membrane is an analogue of the ocular
conjunctive and responds to injuries caused by processes such as inflammation similarly
to what is observed in the conjunctival tissue of rabbits eyes. Since substances are directly
applied over the CAM, the results obtained are generally more practical than animal
models (ICCVMA, 2010). Results from HET-CAM using embryonated eggs
demonstrated that compounds 2, 5, 8, and 12 are nonirritants of the CAM (ICCVMA,
2010).

Electron donating groups present in the aryl rings of the benzenediols were shown
to be deleterious for bacterial activities. On the other hand, the best results against S.
aureus and E. faecalis (MICs < 32 pg/ml for at least two S. aureus and E. faecalis strains)
were obtained for derivatives containing electron withdrawing groups such as halogens
(compounds 18, Table 2, and 25-27, 31 and 36, supp. info.; FIG S31 vs compounds 2, 13
and 17). A second aromatic ring, such as the one present on quinolines (compounds 6, 8
and 21, Table 2, and 24, 33, 34 and 42, supp. info.; FIG S31) also resulted in benzenediol
derivatives whose MICs > 32 ug/ml for Gram-positive strains (Table 2). In fact, the
presence of nitrogen practically did not increase Gram-positive activities (compounds 19,
20, 6, 8 and 21, Table 2 and 24, 29, 31, 34, 37, 38, 40, 41 and 42, see supp. info.; FIG
S31). The only exception was noted for the 4-aminoacetylphenyl-1,4-benzenodiol 15
which demonstrated MICs 8-32 pg/ml for three Gram-positive strains (Table 2). Alkyl
benzenediol derivatives were also active against Gram-positive bacteria (compounds 22,
12 and 23). Of these, the most promising was the hexyl-1,4-benzenediol 12 (MICs 8—64
pg/ml to all S. aureus and E. faecalis tested, Table 2). These results are similar to the ones
obtained for the furan-1,4-benzenediol 5 (MICs 8—64 pg/ml, Table 2).

Although E. coli (ATCC 25922) is not included in the ESKAPE panel, due to its
fast growth, this strain was chosen as a model for fast identification of molecules with
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Gram-negative potential. 1,4-Benzenediol derivatives 2, 5, 19, and 20, presented MIC <
64 pg/ml against E. coli (Table 2). These compounds were further screened against the
entire Gram-negative ESKAPE panel. The best activity was observed for the furan-1,4-
benzenediol compound 5 against K. pneumoniae (ATCC 700603) (MIC 8 ug/ml, Table
3) which is known to be clinically resistant to most antibiotics. The thiophene-1,4-
benzenediol 32 (5 isostere, supp. info.; FIG S21) and the benzofuran-1,4-benzenediol 35
(5 with an extra ring, supp. info.; FIG S31) were also prepared. However, both 1,4-
benzenediols were inactive against all bacteria tested.

Since the furan-1,4-benzenediol 5 was identified as the best hit to Gram-positive
strains and also active against K. pneumoniae (ATCC 700603), this molecule was chosen
to have its potency tested in an in vivo experiment using the CAM. Thus, the CAM was
infected with S. aureus (ATCC 25923) after four days of embryo development. Then,
after another four days, a solution of compound 5 (64 pg/ml) was added over the CAM.
On the 12" day of the experiment, eggs were opened to check the number of CFUs still
present. The furan derivative 5 was able to kill the bacteria without affecting embryo
development (FIG 4B). Infected eggs not treated with the furan derivative 5 did not have
normal embryo maturity (FIG 4A).

In vitro (Schlecht et al., 2015) and in vivo/ex vivo (Pammi et al., 2013) studies
have demonstrated a synergistic effect as a consequence of co-infection of Candida spp.
with some Gram-positive bacteria, such as Staphylococci or Enterococci. It is believed
that Gram-positive bacteria adhere or bind to the hyphae of Candida spp. It was shown
that C. albicans can transport S. aureus into tissues, disseminating the infection in an oral
co-colonization model. Therefore, co-infection of Candida spp. and S. aureus results in a
more serious infection than each microorganism alone (Pammi et al., 2013). Besides the
Gram-positive activities of the furan benzenediol 5, this molecule was also active against
dermatophytes screened (MICs < 50 pg/ml, Table 1) and C. albicans (MICs 50 ug/ml,
Table 1). Therefore, as a study perspective, the furan derivative 5 could be used to prepare
formulations to combat infections both associated with bacteria and fungi (Silveira et al.,
2017). Besides, S. aureus is one of the most virulent pathogens of skin and soft tissue
infections. These infections may be local and progress to become invasive (Tong et al.,
2015). Formulations containing the furan-1,4-benzenodiol 5 could be applied for the
treatment of chronic wound infections, where higher concentrations of compounds, such
as 5, could be used to tackle Staphylococcus infections without cytotoxicity concerns.

Finding new ways of treating wound infections is of major importance, since 1 to 2% of
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populations in developing countries will develop chronic skin wounds which cost $ 25
billion/year just in the United States (Soo et al., 2017).

5. Conclusions

The present study determined the antifungal (filamentous fungi and yeasts of the
genus Candida) and antibacterial activity (ESKAPE panel) of a novel library of 2-
substituted-1,4-benzenediols easily synthesized in just one chemical step using
inexpensive commercially available reagents and mild green chemistry conditions
(K2COg, ethanol and water). 1,4-Benzenediols demonstrated a broad spectrum of action
and reduced toxicity to human leukocytes. The mechanism of antifungal action was
identified targeting the cell wall and membrane of yeasts and dermatophytes. Benzenediol
compounds 5 (for bacteria) and 8 (for fungi) were classified as the most promising for
further in vivo studies. Although benzenediols presented moderate activities, 1,4-
benzenediols 5, 12, and 22 showed an antimicrobial profile. In addition, the furan-1,4-
benzenediol 5 was demonstrated to be active in an ex vivo model, as well as nonirritant
to the mucous membranes. Therefore, the development of antimicrobials using 5 (or even
8 for fungicides) as the active component of antimicrobial formulations seems quite

promising.
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1. Methodologies and complementary results

1.1. Synthetic procedures and structural characterization

All commercially available reagents were purchased and used without further purification
(Aldrich, Fluka). All solvents including, EtOH, AcOEt and n-hexanes were purified by
distillation. All reactions were monitored by thin layer chromatography (TLC) performed
on 0.25 mm silica gel glass-plates (60 F2s4) using UV light, lodine and Brady solution as
visualizing agents. Flash column chromatography was carried out with silica gel
(spherical, neutral, 63-210 mm grade). Yields refer to chromatographically and
spectroscopically homogeneous materials. Melting points were measured on a melting
point apparatus (Gallenkamp) and were uncorrected. Mass spectra (EI MS) was obtained
on a Shimadzu GC-EI MS QP 1100 EX spectrometer. *H-NMR spectra (400 MHz) and
13C-NMR (100 MHz) were recorded in the indicated solvent on a Bruker Advance DPX
400 MHz spectrometers. Chemical shifts (d) are reported in delta (d) units, parts per


javascript:void(0)

187

million (ppm). Chemical shifts for *H-NMR spectra are given relative to signals for
internal tetramethylsilane (0 ppm) or residual nondeuterated solvents, i.e., methanol (3.30
ppm). Chemical shifts for *C-NMR spectra are given relative to the signal for
chloroform-d (77.0 ppm) or dimethyl sulphoxide-ds (39.5 ppm). Multiplicities are
reported by the following abbreviations: s (singlet), d (doublet), t (triplet), p (pentet), m
(multiplet), dd (double doublet), dt (double triplet), br-s (broad singlet). Coupling
constants (J) are represented in hertz (Hz). Compounds 1-3, 9-13, 15-18, 21, 22, 25-31,36,
and 39 (Peixoto et al., 2016) and compounds 5, 19, 32, 33, and 38 (Roldn et al., 2018)
were previously synthesized and characterized (Peixoto et al., 2016; Rolon et al., 2018).
The synthesis and characterization of new compounds 6-8, 20, 24, 34, 35, 37, 40, 41, and
42 are presented (Scheme S1).

Green OH
Chemistry
o conditions R
Jo
H R
o) OH

R=alkyl, aryl-substituted
Scheme S1. Synthesis of 2-substituted 1,4-benzenediols.
1.2. General procedure for the synthesis of 2-alkylated 1,4-benzenediol derivatives

A solution of K>COs (1 mmol) in a water ethanol 9:1 mixture (20 mL) is heated with
stirring. Once the solution is under reflux, 1,4-cyclohexanedione (1 mmol) is gently
added. Then, the aldehyde (2 mmol) is added slowly in portions. Once the reaction is
complete by TLC, right after removing the heating,HCI 10%is dropwiseuntil neutral
(especially with amphotheric compounds) or slightly acidic pH is reached. The aqueous
solution is extracted with ethyl acetate (3X 10 mL) and the organic phase washed with
brine (10 mL), dried with Na>SOg, filtered, and rotaevaporated under reduced pressure.
Purification is performed by column chromatography.

o OH
0 H,O/EtOH(9:1) R

+ >

H R K2CO3; A
o) OH

Scheme S2. Synthesis of 2-alkylated 1,4-benzenediol derivatives.

1.3. General procedure for the synthesis of (E)-2-(2,5-diacetoxystyryl) quinolone
(Polanski et al., 2002)

2,5-dihydroxybenzaldehyde (1.0 mmol) is added to a solution of the substituted
quinaldine (1.0 mmol) in acetic anhydride (3 mL/mmol). The resulting mixture is heated
under reflux until the reaction is completeby TLC and then concentrated in vacuo. The
crude is dissolved in dichloromethane (20 mL) and washed with sodium bicarbonate
saturated (3x 10 mL). The aqueous solution is checked to basic pH and then the organic
layer is washed with brine (10 mL), dried with Na>SOs, filtered, and rotaevaporated under
reduced pressure. Purification is performed by column chromatography (SiO2/ AcOEt:
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Hex (3/7)).
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Scheme S3. Synthesis of (E)-2-(2,5-diacetoxystyryl) quinolines.

1.4. General procedure for the synthesis of (E)-2-(2,5-dihydroxystyryl) quinoline
derivatives (Polanski et al., 2002)

(E)-2-(2,5-diacetoxystyryl) quinoline derivative (1 mmol) is dissolved in 6 N sulfuric acid
(4 mL/mmol) and the resulting solution is heated under reflux until the reaction is
complete. After cooling, the mixture is neutralized with sodium carbonate. The aqueous
mixture is extracted with ethyl acetate (3x 10 mL) and the combined organic layers are
washed with brine (10 mL), dried with Na:SOg, filtered, and concentrated in vacuo.
Purification is performed by column chromatography (SiO2/AcOEt: Hex (1/1)).

R: H,CI,F

Scheme S4. Reaction of synthesis of (E)-2-(2,5-dihydroxystyryl) quinoline derivatives.

1.5. General procedure for the synthesis of 2-(2,5-dihydroxyphenethyl) quinoline
derivatives 3)

A mixture of (E)-2-(2,5-dihydroxystyryl) quinoline derivative (0.2mmol) and 20% of
Pd/C (10 wt. %) in 10 mL MeOH is shacked under 4 atm of H> during 24 hours (Scheme
S5). The catalyst is filtered and the solution is concentrated in vacuo. Purification is
performed by column chromatography (SiO2/AcOEt: Hex (1/1)).

Pd/C; MeOH

H, (4 atm)

R: H,CILF

Scheme S5. Reaction of synthesis of 2-(2,5-dihydroxyphenethyl) quinoline derivatives
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1.6. Characterization data

1.6.1. 2-(quinolin-2-ylmethyl)benzene-1,4-diol 6

IH-NMR (400MHz, CDCls; Fig. S1): 8(ppm) = 4.20 (s, 2H), 6.61 (dd, J1=2.9 Hz J,=8.5
Hz, 1H), 6.73 (d, J=2.9 Hz, 1H), 6.85 (d, J=8.5 Hz, 1H), 7.42 (d, J=8.4 Hz, 1H), 7.52
(ddd; J1=8.4 Hz J,=6.9 Hz Js=1.1 Hz, 1H), 7.71 (ddd; J1=8.4 Hz J,=6.9 Hz Js=1.1 Hz,
1H), 7.79 (d, J=8.4 Hz, 1H), 8.02 (d, J=8.4 Hz, 1H), 8.16 (d, J=8.4 Hz, 1H);'*C-NMR
(100 MHz, (CD3)2S0; Fig. S2): (ppm) = 42.0, 115.0, 116.9, 119.0, 121.2, 126.5, 126.7,
126.9, 127.6, 127.8, 130.3, 138.3, 146.3, 149.3, 149.8, 161.4; EI MS m/z: 251 (M*, 84),
234 (100); Mp=166-169°C; Yield: 70%.
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Figure S1.*H-NMR spectrum of compound 6 (400MHz, CDCls).
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Figure S2. 3C-NMR spectrum of compound 6 (100 MHz, (CD3).S0).
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Figure S3. Mass spectrum (EI MS) of compound 6.
1.6.2. (E)-2-(2-(7-chloro-2-quinolinyl)styryl)-1,4-benzenediol 7

'H-NMR (400MHz, (CD3)2SO; Fig. S17): & (ppm) = 6.68 (d, J1=2,9 Hz J>=8,7 Hz, 1H),
6.77 (d, J=8.7 Hz, 1H), 7.04 (d, J=2.9 Hz, 1H), 7.41 (d, J=15.9 Hz, 1H), 7,64 (d, J=9.1
Hz, 1H), 7.98 (d, J=6.8 Hz, 1H), 8.05-8.09 (m, 3H), 8.51 (d, J=8.2 Hz, 1H); *C-NMR
(100 MHz, (CDs)2SO; Fig. S18): &(ppm) = 113.1, 117.0, 118.3, 120.4, 122.7, 125.5,
127.1, 130.0, 133.2, 135.2, 135.3, 138.2, 138.3, 149.4, 150.0, 156.6, 156.7; EI MS m/z:
299 (M?* [¥'Cl], 17), 298 (17), 297 (M* [*CI], 50), 296 (24), 282 (33), 281 (19), 280
(100), 163 (23); Mp=212°C dec.; Yield: 80%.
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Figure S6. Mass spectrum (ElI MS) of compound 7.

1.6.3. 2-(2-(7-fluoro-2-quinolinyl)ethyl)-1,4-benzenediol 8

IH-NMR (400MHz, CDCl3;Fig. S19): 8 (ppm) = 3.10 (t, J=6.7 Hz, 2H), 3.36 (t, J=6.7
Hz, 2H), 6.58 (dd,J1=3.0 Hz J,=8.6 Hz, 1H), 6.68 (d, J=3.0 Hz, 1H), 6.75 (d, J=8.6 Hz,
1H), 7.27 (d, J=8.5 Hz, 1H), 7.31 (dt, J:=2.5 Hz J,=8.9 Hz, 1H), 7.74 (dd, J;=2.5 Hz
3,=10.3 Hz, 1H), 7.78 (dd, J1=6.1 Hz J,=8.9 Hz, 1H), 8.07 (d, J=8.5 Hz, 1H); *C-NMR
(100 MHz, CDCls;Fig. S20): 8(ppm) = 27.6, 39.3, 111.4 (d, J=21,0 Hz), 114.3, 116.6 (d,
J=25.2 Hz), 116.7, 117.8, 121.4 (d, J=2.5 Hz), 123.9, 129.4, 129.7 (d, J=10.0 Hz), 137.0,
1475 (d, J=12.6 Hz), 147.8, 150.0, 162.5, 163.1 (d, J=250.5 Hz): EI MS m/z: 283 (M",
30), 279 (30), 161 (100); Mp=149-151°C; Yield: 38%.
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Figure S7.'H-NMR spectrum of compound 8 (400MHz, CDCls).
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Figure S8. 3C-NMR spectrum of compound 8 (100 MHz, CDCls).
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Figure S9. Mass spectrum (ElI MS) of compound 8.

1.6.4. 2-(4-pyridinemethyl)-1,4-benzenediol 20

'H-NMR (400MHz, (CD3)2S0): & (ppm) = 3.81 (s, 2H), 6.47-6.49 (m, 2H), 6.65 (d, J=9.1
Hz, 1H), 7.20 (d, J=6,0 Hz, 2H), 8.43 (d, J=6,0 Hz, 2H), 8.69 (s, 1H), 8.82 (s, 1H);
Mp=119-121°C; Yield: 61% (Ozaki et al., 1997a; Ozaki et al., 1997Db).

1.6.5. 2-(2-(2-quinolinyl)ethyl)-1,4-benzenediol 21

IH-NMR (400MHz, CDCls;Fig. S11): 8 (ppm) = 3.14 (t, J=6.6 Hz, 2H), 3.39 (t, J=6.6
Hz, 2H), 6.58 (dd, J1=3.0 Hz J,=8.6 Hz, 1H), 6.69 (d, J=3.0 Hz, 1H), 6.75 (d, J=8.6 Hz,
1H), 7.29 (d, J=8.5 Hz, 1H), 7.53 (ddd, J1=1.1 Hz J,=7.0 Hz Js=8.1 Hz, 1H), 7.74 (ddd,
3=1.5 Hz J,=7.0 Hz Js=8.4 Hz, 1H), 7.79 (dd, J1=1.1 Hz J,=8.1 Hz, 1H), 8.08 (d, J=8.4
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Hz, 1H), 8.13 (d, J=8.5 Hz, 1H); 3C-NMR (100 MHz, CDCls; ;Fig. S12): §(ppm) = 27.2,
39.5, 114.3, 116.8, 118.1, 122.1, 126.4, 126.9, 127.4, 127.6, 129.8, 130.1, 137.2, 146.5,
147.9, 149.9, 161.1; EI MS m/z: 265 (M", 26), 143 (100); Mp=142-145°C; Yield: 38%.
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Figure S10.'H-NMR spectrum of compound 21 (400MHz, CDCls).
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Figure S12. Mass spectrum (EI MS) of compound 21.
1.6.6. (E)-2-(2-(7-fluoro-2-quinolinyl)styryl)-1,4-benzenediol 24

'H-NMR (400MHz, CD3),S0O; Fig. S15): § (ppm) = 6.64 (dd, J1=2.9 Hz J,=8.6 Hz, 1H),
6.74 (d, J=8.6 Hz, 1H), 7.04 (d, J=2.9 Hz, 1H), 7.32 (d, J=16.4 Hz, 1H), 7.47 (td, J1=2.6
Hz J,=8.8 Hz, 1H), 7.71 (dd, J1=2.6 Hz J,=10.6 Hz, 1H), 7.76 (d, J=8.6 Hz, 1H), 7.99-
8.04 (m, 2H), 8.36 (d, J=8.6 Hz, 1H), 8.86 (s, 1H), 9.34 (s, 1H); 3C-NMR (100 MHz,
(CD3)2S0; Fig. S16): 6(ppm) = 111.9 (d J=19,8 Hz), 112.5, 116.0 (d, J=25.2 Hz), 116.9,
117.5, 119.8, 123.1, 124.2, 127.2, 130.4, 130.4 (d, J=9.9 Hz), 136.6, 148.7 (d, J=12.8
Hz), 148.9, 150.0, 157.2, 162.7 (d, J=247.0 Hz); EI MS m/z: 281 (M*, 53), 264 (100), 147
(33), Mp=218°C dec.; Yield: 85% (2 steps).
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Figure S14. 3C-NMR spectrum of compound 24 (100 MHz, (CD3)2SO).
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Figure S15. Mass spectrum (EI MS) of compound 24.
1.6.7. 2-(3-(2-chloro-6-methoxy)quinolinyl)methyl-1,4-benzenediol 34

IH-NMR (400MHz, (CD3)2SO; Fig. S3): & (ppm) = 3.85 (s, 3H), 4.00 (s, 2H), 6.38 (d,
J=2.9 Hz, 1H), 6.50 (dd, J1=2.9 Hz J,=8.6 Hz, 1H), 6.68 (d, J=8.6 Hz, 1H), 7.33 (d, J=2.8
Hz, 1H), 7.38 (dd, J1=2.8 Hz J,=9.1 Hz, 1H), 7.84 (d, J=9.1 Hz, 1H), 7.89 (s, 1H), 8.62
(s, 1H), 8.81 (s, 1H); *C-NMR (100 MHz, (CD3);SO; Fig. S4): 5(ppm) = 33.0, 55.7,
1055, 114.1, 115.8, 116.7, 122.5, 124.9, 128.5, 128.9, 132.8, 137.1, 141.7, 147.7, 148.2,
149.9, 157.8; EI MS m/z: 317 (M2* [¥'Cl], 21), 315 (M'[®CI], 61), 280 (100), 279 (80),
278 (56), 264 (35), 236 (30), 235 (31), 194 (30), 193 (33); Mp=198-202°C; Yield: 25%.
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Figure S16.'H-NMR spectrum of compound 34 (400MHz, (CD3)2S0).
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Figure S17. *3C-NMR spectrum of compound 34 (100 MHz, (CD3)2SO).
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Figure S18. Mass spectrum (EI MS) of compound 34.
1.6.8. 2-(2-benzofuranemethyl)-1,4-benzenediol 35

IH-NMR (400MHz, CDCls; Fig. S5): & (ppm) = 4.06 (s, 2H), 6.39 (d, J=0.9 Hz, 1H), 6.60
(dd, J1=2.9 Hz J,=8.5 Hz, 1H), 6.65 (d, J=2.9 Hz, 1H), 6.70 (d, J=8.5 Hz, 1H), 7.13-7.21
(m, 2H), 7.38-7.40 (m, 1H), 7.43-7.46 (m, 1H): 3C-NMR (100 MHz, CDCls; Fig. S6)
S(ppm) = 29.0, 103.1, 110.8, 114.3, 116.1, 117.0, 120.3, 122.4, 123.1, 124.8, 129.0, 147.7,
149.7, 154.9, 157.7; EI MS m/z: 240 (M*, 100), 122 (48), 118 (72); Mp=104-105°C;
Yield: 87%.
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1.6.9. 2-(2-chloro-3-pyridinemethyl)-1,4-benzenediol 37

'H-NMR (400MHz, (CDs),SO: Fig. S7): & (ppm) = 3.87 (s, 2H), 6.34 (d, J=2,9 Hz, 1H),
6.47 (dd, J1=2,9 Hz J,=8,6 Hz, 1H), 6.64 (d, J=8,6 Hz, 1H), 7.35 (dd, J1=4,7 Hz J,=7,6
Hz, 1H), 7.55 (dd, J1=1,9 Hz J,=7,6 Hz, 1H), 8.27 (dd, J1=1,9 Hz J,=4,7 Hz, 1H), 8.62
(s, 1H), 8.80 (s, 1H); *C-NMR (100 MHz, (CD3),SO; Fig. S8): &(ppm) = 32.7, 114.0,
115.7,116.6, 123.3, 124.9, 134.9, 139.7, 147.4, 147.6, 149.8, 150.4; EI MS m/z: 237 (M2+
[¥7CI], 31), 235 (M* [*3CI], 93), 200 (100), 198 (65); Mp=201-203°C: Yield: 33%.
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Figure S22.'H-NMR spectrum of compound 37 (400MHz, (CD3)2S0).
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Figure S23. *3C-NMR spectrum of compound 37 (100 MHz, (CD3)2SO).
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Figure S24. Mass spectrum (EI MS) of compound 37.

1.6.10. 2-(3-pyridinylmethyl)-1,4-benzenediol 40

'H-NMR (400MHz, (CD3)2S0): & (ppm) = 3.78 (s, 2H), 6.43 (dd, J1=2.9 Hz J,=8.3 Hz,
1H), 6.45 (d, J=2.9 Hz, 1H), 6.60 (d, J=8.3 Hz, 1H), 7.28 (dd, J1=4.8 Hz J,=7.8 Hz 1H),
7.57 (dt, J1=1.9 Hz J,=7.8 Hz, 1H), 8.37 (dd, J:=1.5 Hz J,=4.8 Hz, 1H), 8.44 (d, J=1.9
Hz, 1H), 8.62 (s, 1H), 8.77 (s, 1H); *C-NMR (100 MHz, (CD3)2SO §(ppm): 32.7, 113.8,
115.2, 115.8, 116.8, 123.5, 127.2, 136.2, 136.9, 147.0, 147.4, 149.8, 149.9; EI MS m/z:
201 (M*, 100), 200 (48); Mp=145-148°C; Yield: 43% (Ozaki et al., 1997a; Ozaki et al.,
1997D).
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1.6.11. (E)-2-(2-(2-quinolinyl)styryl)-1,4-benzenediol 41

'H-NMR (400MHz, (CDs),SO; Fig. S9): 8(ppm) = 6.63 (dd, J1=2.9 Hz J,=8.6 Hz, 1H)
6.74 (d, J=8.6 Hz, 1H) 7.04 (d, J=2.9 Hz, 1H) 7.32 (d, J=16.4 Hz, 1H) 7.54 (ddd, J;=12
Hz J,=6.9 Hz J3=8.1 Hz, 1H) 7.73 (ddd, J:=1.5 Hz J,=6.9 Hz J5=8.4 Hz, 1H), 7.79 (d,
J=8.6 Hz, 1H), 7.93 (dd, J1=1.2 Hz J>=8.4 Hz, 1H), 7.96-8.00 (m, 2H), 8,32 (d, J=8.6 Hz,
1H), 8.87 (s, 1H), 9.32 (s, 1H); 3C-NMR (100 MHz, (CD3).SO; Fig. S10): §(ppm) =
112.4,116.8,117.2,120.1, 123.2, 125.9, 126.9, 127.6, 127.8, 128.6, 129.7, 129.8, 136.4,
147.7, 148.7, 150.0, 156.1; EI MS m/z: 263 (M, 59), 246 (100), 129 (45); Mp=215°C
dec. ; Yield: 89% (2 steps).
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Figure S25.*H-NMR spectrum of compound 41 (400MHz, (CD3)2S0O).
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Figure S26. 3C-NMR spectrum of compound 41 (100 MHz, (CD3).SO).
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Figure S27. Mass spectrum (EI MS) of compound 41.
1.6.12. (E)-2-(2-(7-fluoro-2-quinolinyl)styryl)-1,4-diacetoxybenzene 42

'H-NMR (400MHz, CDCls; Fig. S13): & (ppm) = 2.33 (s, 3H), 2.43 (s, 3H), 7.08 (dd,
J1=2,6 Hz J,=8.8 Hz, 1H), 7.15 (d, J=8.8 Hz, 1H), 7.27-7.33 (m, 2H), 7.51-7.54 (m, 2H),
7.67-7.78 (m, 3H), 8.11 (d, J=8.5 Hz, 1H); *C-NMR (100 MHz, CDClIs; Fig. S14):
d(ppm) = 21.1, 21.2, 113.0 (d, J=20.2 Hz), 116.9 (d, J=25.5 Hz), 119.2 (d, J=2.4 Hz),
119.7,122.7,123.9, 124.6, 127.3, 129.6 (d, J=10,0 Hz), 130.3, 131.5, 136.5, 146.2, 148.5,
149.3 (d, J=12.8 Hz), 156.2, 163.4 (d, J=249.8 Hz), 169.3, 169.4; EI MS m/z: 364 (21),
363 (88), 346 (31), 322 (21), 321 (100), 304 (51), 279 (65), 278 (85), 262 (69), 250 (26),
145 (31), 43 (43); Mp=171-173°C; Yield: 93%.
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1.7. 1,4-benzenediol derivatives biologically tested
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Figure S31. 1,4-Benzenediol derivatives (24-42) which neither presented in vitro
antifungal nor antibacterial activities. *28 was not screened against bacteria.

1.8. Investigation of the mechanism of antifungal action

Table S1. MICs (ug/mL) for the 1,4-benzenediol 8 and MECs (ug/mL) for the AFG,
before and after adding sorbitol.

Time 48 h 96 h 168 h
Dermatophytes 8 AFG 8 AFG 8 AFG
And Candida spp. S(-)  S(+) S(-) S(+) S(-) S(+) S(-) S(+) S(-) S(+) S(-) S(+)
MCA 01 - - - - 50 50 32 128 50 100 64 >256
MGY 42 - - - - 50 50 32 128 50 100 64 >256
TME 16* - - - - 50 50 32 128 50 100 64 >256
TRU 45 - - - - 50 50 32 128 50 100 64 >256
CA ATCC 18804 50 50 0.12 32 50 100 0.12 >64 50 800 0.12 >64
CK 02* 50 50 0.12 32 50 100 0.12 >64 50 800 0.12 >64
CG 09* 50 50 0.12 32 50 100 0.12 >64 50 800 0.12 >64
CT 72A* 50 50 0.12 32 50 100 0.12 >64 50 800 0.12 >64

*Multidrug-resistant and resistant fungal isolates. Abbreviations: MIC, minimal inhibitory concentration; MEC,
minimal effective concentration; AFG, anidulafungin; S(-), absence of sorbitol in the test; S(+), presence of sorbitol in
the test; MCA, Microsporumcanis; MGY, Microsporumgypseum; TME, Trichophyton mentagrophytes; TRU,
Trichophyton rubrum; CA, Candida albicans; CK, Candida krusei; CG, Candida glabrata; CT, Candida tropicalis.
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Table S2. MICs against eight fungi isolates for the 1,4-benzenediol 8 and AMB, in the
presence and absence of ergosterol.

Fungi strains Reading 1 Reading 2
8 MiIC? MIC? MiC? MiIC* MIC? MIC!? MIC? MiIC?3 MIC* MIC?
MCA 01 50 50 50 50 100 50 50 100 100 200
MGY 42 50 100 100 100 100 50 200 200 200 200
TME 16* 50 50 50 100 100 50 50 50 100 200
TRU 45 50 50 50 200 200 50 50 50 400 400
CA ATCC 18804 50 100 200 400 400 50 100 400 400 400
CK 02* 50 50 200 400 400 50 50 400 400 400
CG 09* 50 50 200 400 400 50 100 400 400 400
CT 72A* 50 100 200 400 400 50 100 400 400 400
AMB MIC? MIC? MiIC? MiIC* MIC? MIC!? MIC? MiIC?3 MIC* MIC?
MCA 01 0.5 2 4 4 8 0.5 2 4 4 8
MGY 42 4 4 4 8 16 4 4 4 8 16
TME 16* 2 8 8 8 16 2 8 16 16 32
TRU 45 2 2 4 4 8 2 8 16 16 32
CA ATCC 18804 1 2 4 16 16 1 2 16 128 128
CK 02* 1 2 4 16 16 1 2 128 128 128
CG 09* 2 2 4 8 16 2 2 128 128 128
CT 72A* 0.5 2 4 32 128 0.5 2 >128 > 128 > 128

*Multidrug-resistant and resistant fungal isolates. AMB = Amphotericin B; CA = C. albicans (CA ATCC 18804); CT
= C. tropicalis (CT 72A%*); CK= C. krusei (CK 02); CG= C. glabrata (CG 09); MCA= M. canis (MCA 01); MGY= M.
gypseum (MGY 42); TME = T. mentagrophytes (TME 16*); TRU= T. rubrum (TRU 50). MIC! corresponds to MIC
without addition of commercial ergosterol; MIC2, MIC3, MIC?% and MICS, correspond to MIC with addition of
ergosterol at the concentration of 50 pg/mL, 100 pg/mL, 150 pg/mL, and 200 pg/mL, respectively. For Candidas,
readings 1 and 2 were performed after 2 and 5 days of incubation; for dermatophytes, readings 1 and 2 were performed
after 4 and 7 days of incubation.
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1.9.Toxicicity
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Figure S32. Dose-response relationship of 8 (o), negative control (0.9% NaCl) (¢) and
positive control (0.1M NaOH) ([1). Each point represents one experiment (n = three eggs).
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Figure S33. Dose-response relationship for 1,4-benzenediol derivatives. 2 (x), 5 (m), and
12 (#), negative control (0.9% NaCl) (o) and positive control (0.1M NaOH) ([1). Each
point represents one experiment (n = three eggs).
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Invasion of human nails by Microsporum canis with biofilm formation
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Onychomycosis; Human nails.

Dermatophytes are the main etiological agents of onychomycosis, known
clinically for the difficult treatment. Our research group first reported biofilm formation
by Microsporum canis [1]. Considering this finding, the purpose of this study was to
evaluate for the first time the invasion process of the human nail plate by this
dermatophytic species through scanning electron microscopy (SEM). The infected human
nail plate (donated nails of healthy individuals, without fungal disease) was removed from
the Potato Dextrose Agar (Gibco®) plate after incubation at 35 °C with the inoculum (10°
UFC/mL) for 7 days, and fixed. Nails without inoculum were also incubated under the
same conditions as control. Then, the samples was washed, postfixed, dehydrated,
displaced, dried, sprayed, and chemically dried. Carl Zeiss EVO® SEM (MALO,
Oberkochen, Germany), operating at 10kV, was used to observe and photograph the
samples.

SEM images demonstrate the human nail plate without infection, in its normal
aspect (Fig 1 - A, B, and C) and the nail invasion of the hyphae of M. canis, it being
possible to observe ultra-structurally how the pathogens colonize and explore the nail
surface (Fig 1 - D, E, and F). The strategy of biofilm formation by M. canis in the human
nail is also evident (extracellular matrix; Fig. 1 — E, and F - white arrows indicating),
which favors virulence and resistance. Therefore, these results corroborate for the better
knowledge of the invasion of human nails by dermatophytes, especially for the recently
discovered biofilm forming species — M. canis, and consolidates the use of the SEM
technique to analyze and confirm infectious fungal processes
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Fig. 1. Scanning electron micrographs of human nails invasion by Microsporum canis illustrating biofilm characteristics and details of the nail attack. (A, B, and C) General
view of normal human nail, without fungal invasion, in different magnifications. (D, E, and F) Invasion of the hyphae of Microsporum canis on the nail plate, with the observation
of the presence of biofilm produced by the species (indicated by white arrows), in different magnifications.
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ABSTRACT

In this study, the antifungal activity of one hundred and twenty-one molecules,
intermediates or derivatives of the 1,3-bis(aryloxy) class was investigated. The compound
1,3-bis(3,4-dichlorophenoxy)propan-2-aminium chloride (2j) was the most active
fungicide against dermatophytes and Candida spp., at very low concentrations (0.39 —
3.12 pg/ml), including action on resistant and multidrug-resistant clinical strains.
Compound 2j has presented a promising toxicity profile, showing selectivity index > 10,
relative to human lymphocytes. The compound was classified as non-irritant by the HET-
CAM test and did not cause histopathological alterations in pig ear skin, thus presenting
an excellent perspective for topical application. 2j targets the fungal cell wall, which was
confirmed by scanning electron microscopy images, which also indicated the additional
ability of 2j to inhibit the Candida albicans pseudohyphae formation and biofilm of
Microsporum canis. Compound 2j was incorporated in a hydrogel with bioadhesive
potential. The results of the human skin permeation showed that 2j remained significantly
in the epidermis, ideally for the dermatomycosis treatment. Therefore, the compound 2j
demonstrated the potential for antifungal drug development, with a mechanism of action
elucidated and already applied in a semisolid formulation aimed a new therapeutic option
for fungal skin infections not responsive to conventional treatment.

Keywords: 1,3-bis(aryloxy) class, fungicide, dermatomycoses treatment, dermatophytes,
Candida spp., hydrogel
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1. Introduction

Dermatomyecosis are fungal infections that involve the most superficial layers of
the skin - stratum corneum and epidermis, and the appendages, such as hair, nails, and
the mucomembranous surface (Stojanov et al., 2011; Hube et al., 2015). Positioned as 4"
most prevalent dermatological pathology in the last years and affecting 20-25% world’s
population, they cause high morbidity rates (Peres et al., 2010; Sharma et al., 2015; Kim
etal., 2015). They have as etiological agents mainly dermatophytic filamentous fungi and
yeasts as Candida spp. (Vineetha et al., 2018; Metin et al., 2018).

Dermatophytes are keratinophilic fungi, comprising species of three anamorphic
genera - Microsporum, Trichophyton, and Epidermophyton (Dalla Lana et al., 2016;
Vineetha et al., 2018). Trichophyton rubrum, Trichophyton mentagrophytes, and more
recently Microsporum canis has been identified as a biofilm-forming species, which
worsens the therapeutic response (Costa-Orlandi et al., 2014; Danielli et al., 2017). In
immunocompromised patients, dermatophytes are capable of causing deeper and more
serious mycoses (Nir-Paz et al., 2003; Rouzaud et al., 2018), and also represent a
veterinary problem (Moriello et al., 2017). Candida spp. are considered opportunistic
fungi, which take advantage of an imbalance of the host to become pathogenic (Khosravi
et al., 2018; Desai et al., 2018). Candida albicans and non-albicans Candida infections
are very prevalent and reported in the literature, representing a considerable clinical
problem too due to the capacity of biofilm formation (Khosravi et al., 2018; Desai et al.,
2018).

The development of antimicrobial drug resistance is a relentless fact that is
universal in the microbial world. The uncontrolled use of antimycotics in
immunocompromised patients marked the onset of antifungal drug resistance (Pai et al.,
2018). The first reported occurrences of dermatophytic resistance was with griseofulvin
(Michaelides et al., 1961). Approximately 20% of azole resistance in dermatophytes has
been observed in some countries such as the United States and India (Pai et al., 2018).
Primary resistance of Trichophyton rubrum to terbinafine in cases of onychomycosis was
described in 2003 (Mukherjee et al., 2003), being that still in 2018 the resistance of
dermatophytes continues being reported (Martinez-Rossi et al., 2018). For Candida spp.,
in patients of chronic mucocutaneous candidiasis, resistance to ketoconazole was first
verified in 1980, being that the problem of yeast resistance to azoles continues today,
almost 40 years after this first report (Pai et al., 2018). Also considering the few options
of antifungal drugs available, one of the main strategies of improving the mycoses therapy
is overcoming antifungal resistance and all limitations involved in the in the process
(Fuentefria et al., 2017; Nicola et al., 2018). Therefore, the prospection of new drugs and
formulations to treat dermatomycosis is needed, to bring advances and insights that
facilitate the development of novel strategies for antifungal therapy.

In this context, we propose the extensive investigation of the in vitro antifungal
activity of one hundred twenty-one synthetic compounds of the following chemical
classes: 1,3-bis(aryloxy)-2-propanol derivatives, 1,3-bis(aryloxy)-2-propanamines
derivatives, 2-(2-oxo-2(arylamino)ethyl)isothiouronium chloride derivatives, 1,3-
bis(aryloxy)-2-methanesulfonyloxypropane  derivatives, and 1,3-bis(aryloxy)-2-
azidopropane derivatives. Recently, some molecules of these classes have already
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presented promising antiprotozoal activity against Leishmania amazonensis promastigote
forms (Lavorato et al., 2017a; Lavorato et al., 2017b), so our interest in testing them in
relation to fungi. We further researched the mechanism of action, toxicity and application
of the most promising compound (antifungal efficacy/toxicity profile) in a hydrogel for
topical treatment of dermatomycosis associated with susceptible and multidrug-resistant
pathogenic fungal species.

2. Material and methods

2.1. Chemicals - General procedure for synthesis of compounds

In total, one hundred twenty-one compounds were evaluated for antifungal
activity: group (1) — 1,3-bis(aryloxy)-2-propanol derivatives (la—1gg; thirty three
compounds), group (2) — 1,3-bis(aryloxy)-2-propanamines derivatives (2a—2bb; twenty
eight compounds), group (3) — 2-(2-oxo-2(arylamino)ethyl)isothiouronium chloride
derivatives  (3a-3j; ten compounds), group (4) - 1,3-bis(aryloxy)-2-
methanesulfonyloxypropane derivatives (4a—4y; twenty five compounds), and group (5)
— 1,3-bis(aryloxy)-2- azidopropane derivatives (5a-5y; twenty five compounds). The
compounds were synthesized according to Lavorato et al. (2017a,b). All reagents were
obtained from commercial suppliers and used without further purification. Melting points
were determined on Microquimica MQAPF 301 apparatus. The 1H and 13C NMR spectra
were obtained on a Bruker Avance DPX-200 spectrometer. The proton and carbon
chemical shifts (5) are given with respect to TMS. IR spectra were recorded on a Spectrum
One, Perkin-Elmer ATR system. Column chromatography was performed on silica gel
0.063-0.200 mm/70-230 mesh Merck. Pyridine was dried over KOH pellets. Anhydrous
DMF was obtained from commercial supplier (Sigma-Aldrich). Anhydrous sodium
sulfate was used as drying agent after work up when extraction was applied. The spectral
characterization data of the unpublished compounds which showed antifungal activity are
described below and the data of unpublished compounds without activity are shown in
the supplemental information. These compounds were dissolved in DMSO (Sigma-
Aldrich) and diluted in a medium assay to obtain a maximum concentration of 1% DMSO
in the experiments.

1a: IR (ATR) Vmax 3555, 3071, 2944, 2881, 1614, 1587, 1504, 1454, 1257, 1107, 1041
cm™'; *H NMR (CDCls, 200 MHz): ¢ = 7.12-6.86 (8H, m, H-3’, H-4’, H-5’, H-6), 4.43
(1H, gn, J = 5.0 Hz, H-2), 4.25 (2H, dd, J = 9.8 Hz, 5.0 Hz, H-1a), 4.20 (2H, dd, J = 9.8
Hz, 5.0 Hz, H-1b), 2.63 (1H, s, OH); ¥3C NMR (CDCls, 50 MHz): 6 = 153.0 (C, C-2', J
= 244.1 Hz), 146.7 (C, C-1°, J = 10.7 Hz), 124.6 (CH, C-5>, J = 3.5 Hz), 122.1 (CH, C-
4’,J=6.8 Hz), 116.5 (CH, C-3’, J = 18 Hz), 115.6 (CH, C-6, J = 1.5 Hz), 70.2 (CH,, C-
1), 68.8 (CH, C-2).

1b: IR (ATR) Vimax 3526, 3053, 2941, 1605, 1510, 1455, 1267, 1161, 1016 cm™'; 'H NMR
(CDCls, 400 MHz): = 7.11-7.04 (2H, m, H-5"), 6.79-6.73 (2H, m, H-2"), 6.65-6.61 (2H,
m, H-6"), 4.36 (1H, asx, J = 5.2 Hz, H-2), 4.11 (2H, dd, J = 9.6 Hz, J = 4.8 Hz, H-1a),
4.07 (2H, dd, J = 9.6 Hz, J = 5.6 Hz, H-1b); 3C NMR (CDCls, 100 MHz): 6 = 154.8 (C,
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C-1',J = 8.6 Hz, 2.1 Hz), 150.7 (C, C-3', J = 246.7 Hz, 13.8 Hz), 145.6 (C, C-4’, J =
239.6 Hz, 12.7 Hz), 117.6 (CH, C-5', J = 18.4 Hz, 1.2 Hz), 110.1 (CH, C-6', J = 5.7 Hz,
3.5 Hz), 104.6 (CH, C-2', J = 20.2 Hz), 69.6 (CH2, C-1), 68.7 (CH, C-2).

1c: IR (ATR) Vinax 3400, 2942, 1592, 1492, 1449, 1233, 1162, 1064 cm™'; 'H NMR
(CDCls, 400 MHz): § = 7.41 (2H, t, J = 8.0 Hz, H-5), 7.25 (2H, d, J = 8.0 Hz, H-6"),
7.18 (2H, s, H-2"), 7.11 (2H, dd, J = 8.0 Hz, 2.4 Hz, H-4"), 4.43 (1H, asx, J = 5.2 Hz, H-
2), 4.27 (2H, dd, J = 9.6 Hz, 4.8 Hz, H-1a), 4.19 (2H, dd, J = 9,6 Hz, 6.0 Hz, H-1b), 2.60
(1H, d, J = 5.2 Hz, OH); *C NMR (CDCls, 100 MHz): § = 158.7 (C, C-17), 132.2 (C, C-
3’, J = 32.4 Hz), 130.4 (CH, C-5"), 124.1 (C, CFs3, J = 270.6 Hz), 118.3 (CH, C-4', J =
3.9 Hz), 118.2 (CH, C-6'), 111.7 (CH, C-2', J = 3.8 Hz), 69.1 (CHp, C-1), 68.8 (CH, C-
2).

2d: IR (ATR) Vimax 2855, 1594, 1521, 1488, 1451, 1266, 1132, 1050 cm™!; 'H NMR
(DMSO-ds, 200 MHz): & = 8.82 (3H, s, NH3), 7.35 (2H, td, J = 8.0 Hz, 8.0 Hz, H-5"),
6.92-6.78 (6H, m, H-2’, H-4’, H-6"), 4.41-4.24 (4H, m, H-1), 3.90 (1H, gn, J = 4.8 Hz,
H-2); *C NMR (DMSO-ds, 50 MHz): 6 = 162.8 (C, C-3', J = 241.0 Hz), 159.2 (C, C-1",
J=11.0 Hz), 130.8 (CH, C-5°, J = 9.5 Hz), 111.0 (CH, C-6"), 108.0 (CH, C-4", J = 21.2
Hz), 102.4 (CH, C-2', J = 24.6 Hz), 65.4 (CH2, C-1), 49.0 (CH, C-2).

2¢: IR (ATR) Vimax 2877, 1608, 1511, 1470, 1263, 1159, 1042 cm™'; 'H NMR (DMSO-ds,
200 MHz): 6 = 8.83 (3H, s, NHs"), 7.46-7.31 (2H, m, H-5"), 7.20-7.12 (2H, m, H-2"),
6.89-6.84 (2H, m, H-6"), 4.35 (2H, dd, J = 10.8 Hz, J = 5.0 Hz, H-1a), 4.28 (2H, dd, J =
10.8 Hz, J = 4.6 Hz, H-1b), 3.92-3.85 (1H, m, H-2); 3C NMR (DMSO-ds, 50 MHz): J =
154.4 (C, C-1',J = 7.5 Hz), 147.0 (C, C-3'), 142.1 (C, C-4’, J = 12.9 Hz), 117.7 (CH, C-
5.3 =18.1 Hz), 111.3 (CH, C-6'), 104.7 (CH, C-2', J = 19.9 Hz), 66.1 (CH2, C-1), 49.1
(CH, C-2).

2i: IR (ATR) Vmax cm'; *H NMR (DMSO-ds, 400 MHz): 6 = 8.80 (3H, s, NHs), 7.35
(2H, d, J = 2.4 Hz, H-3"), 7.42 (2H, dd, J = 8.8 H, 2.4 Hz, H-5"), 7.28 (2H, d, J = 8.8 Hz,
H-6"), 4.47 (2H, dd, J = 10.4 Hz, 5.2 Hz, H-1a), 4.42 (2H, dd, J = 10.4 Hz, 5.6 Hz, H-
1b), 3.99 (1H, agn, J = 5.6 Hz, H-2): *C NMR (DMSO-ds, 100 MHz): J = 152.3 (C, C-
1), 129.4 (CH, C-3"), 128.3 (CH, C-5"), 125.6 (C, C-4"), 123.0 (C, C-2"), 116.0 (CH, C-
6'), 66.6 (CHa, C-1), 48.7 (CH, C-2).

2j: IR (ATR) Vmax 2882, 1589, 1569, 1511, 1478, 1460, 1231, 1049 cm™"; 'H NMR
(DMSO-ds, 200 MHz): 6 = 8.79 (3H, s, NHs*CI"), 7.56 (2H, d, J = 8.8 Hz, H-5"), 7.32
(2H, d, J = 2.8 Hz, H-2"), 7.05 (2H, dd, J = 8.8 Hz, 2.8 Hz, H-6"), 3.90 (1H, dd, J = 5.2
Hz, J = 4.6 Hz, H-2), 4.39 (2H, dd, J = 10.5 Hz, J = 4.6 Hz, H-1a), 4.31 (2H, dd, J = 10.5
Hz, J = 5.2 Hz, H-1b); *C NMR (DMSO-ds, 50 MHz): 6 = 157.5 (C, C-1), 131.6 (C, C-
3"), 131.1 (CH, C-5°), 123.3 (C, C-4'), 116.9 (CH, C-2), 115.8 (CH, C-6), 65.8 (CHa, C-
1), 49.0 (CH, C-2).
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2n: IR (ATR) Vmax 2916, 2875, 1604, 1504, 1464, 1252, 1134, 1057 cm™'; *H NMR
(DMSO-dg, 400 MHz): 6 = 8.78 (3H, s, NHz), 6.96 (2H, s, H-3"), 6.96 (2H, d, J = 8.8 Hz,
H-5°), 6.85 (2H, d, J = 8.8 Hz, H-6"), 4.31 (2H, dd, J = 10.4 Hz, 4.8 Hz, H-1a), 4.27 (2H,
dd, J = 10.4 Hz, 5.6 Hz, H-1b), 3.89 (1H, agn, J = 5.2 Hz, H-2); 13C NMR (DMSO-ds,
100 MHz): ¢ = 153.7 (C, C-1"), 131.3 (CH, C-3°), 129.7 (C, C-4’), 127.0 (CH, C-5’),
126.1 (C, C-2'), 111.5 (CH, C-6"), 65.2 (CHz, C-1), 49.4 (CH, C-2), 20.1 (CH3, ArCHz),
15.9 (CHs, ArCHs).

2.2. Antifungal drugs

Terbinafine, amphotericin B, and anidulafungin, purity > 97%, were supplied by
Cristalia (Sao Paulo, Brazil), griseofulvin, purity > 97%, was acquired from Wallace
Pharmaceuticals (Mumbai, India), ketoconazole, purity > 96%, was obtained from All
Chemistry (Sao Paulo, Brazil), fluconazole purity > 98% was obtained from Sigma-
Aldrich (Sao Paulo, Brazil), itraconazole purity > 97%, was supplied by Cassara
laboratory (Dist. PHARMOS; Buenos Aires, Argentina), miconazole purity > 97%, was
supplied by Valdequimica Chemical Products (Sao Paulo, Brazil), and voriconazole;
purity > 98%, was supplied by Pfizer (Sao Paulo, Brazil). The preparation of stock and
work solutions followed the recommendations of the CLSI (M38-A2, 2008). These
antifungaldrugs were used as references for the assays conducted in this study.

2.3. Fungal strains

Yeast species of the genus Candida (C. albicans - CA ATCC 18804, C. krusei -
CK 02*, C. glabrata - CG 09*, and C. tropicalis - CT 72A*) and dermatophytic
filamentous fungi (M. canis - MCA 01, Microsporum gypseum - MGY 42, T.
mentagrophytes - TME 16*, and T. rubrum - TRU 45) were selected for the broad
antifungal activity screening with all molecules. Subsequently, for the most promising
compound observed at screening, more clinical strains (17) were included in this study:
C. albicans (CA 01), C. krusei (CK 03), C. glabrata (CG 05), C. tropicalis (CT ATCC
750), C. parapsilosis (CP 06, CP 07), M. canis (MCA 33, MCA 38), M. gypseum (MGY5
HCPA, MGY 50, MGY 58), T. mentagrophytes (TME 32, TME 40), T. rubrum (TRU 2
HCPA, TRU 3 HCPA, TRU 48), and Trichophyton schoenleinii (TSHO 3 HCPA). All
species are deposited into the Mycology Collection of Universidade Federal do Rio
Grande do Sul (Porto Alegre, Brazil). Standard strains of C. albicans (ATCC 18804) and
C. tropicalis (ATCC 750) were obtained from American Type Culture Collection,
Manassas (ATCC, VA, USA) and were included as controls.

2.4. In vitro susceptibility test

Susceptibility tests were performed for determining the Minimum inhibitory
concentrations (MIC) and the minimum fungicidal concentration (MFC). The MIC was
defined by the broth microdilution method, according to the protocol established for
yeasts - M27-A3 (CLSI, 2008) and filamentous fungi - M38-A2 (CLSI, 2008). The
inoculum of yeasts (0.5 x 10° to 2.5 x 10% CFU/mI) and filamentous fungi (1.0 x 10° to
3.0 x 10° CFU/mI) were prepared from cultures grown on sabouraud dextrose agar (SDA;
Kasvi, Curitiba, Brazil) and potato dextrose agar (PDA; Neogen, Lansing, USA),
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respectively. The assays were conducted in duplicate, in three independent essays, with
RPMI medium, containing L-glutamine (without sodium bicarbonate; Gibco, USA),
buffered to pH 7.0 with 0.165 M of 3-(N-morpholino)propanesulfonic acid (MOPS;
Neon, S&o Paulo, Brazil), with subsequent incubation at 35 °C. The analysed
concentrations of the synthetic compounds ranged from 0.03-50 pg/ml. The reading of
the results for Candida spp. was performed in 24-48 h, and for dermatophytes after 96 h
of incubation. MIC was defined as the lowest concentration of the substance capable of
inhibiting the visible fungal growth. Sterility control (drug-free medium only) and
positive control (inoculum and culture medium only, for evaluation of the fungal cell
viability) were used.

To determine the MFC, aliquots of each serial microdilution (corresponding to
MIC, 2xMIC and 4xMIC) were spread on SDA (Candida) and PDA (dermatophytes),
which were incubated at 35 °C and analysed. The MFC was defined as the lowest drug
concentration that yielded up to three colonies (i.e., > 99% of the inoculum was killed)
(Espinel-Ingroff et al., 2002). The assay was performed in triplicate.

2.5. Toxicity Profile

2.5.1. Lymphocytes culture and determination of cell viability

Human lymphocytes have been isolated from peripheric blood of healthy donators
(5 ml; all the consents, procedures and documents were approved by Universidade
Federal do Rio Grande do Sul - Ethical Committee under authorization number
666.655/2014). These cells were maintained in RPMI-1640 medium (Sigma, St Louis,
USA) supplemented with 10% (v/v) fetal bovine serum (Gibco, Grand Island, NY, USA),
0.5% de penicillin/streptomycin e 1% de amphotericin B, at 37°C in a humidified
atmosphere (5% COy). Cells were seeded in 96-well plates (5 x 10* cells per well) and
after 24 h of incubation, they were treated with some of the most promising compounds
for 48 h (Waechter et al., 2017). The compounds were initially dissolved in DMSO and
then with the medium to be tested at a maximum concentration of 50 pg/ml. The DMSO
concentration was kept below 1% which was non-toxic to cells used. The viable cells
counting was performed by FACSVerse™ Flow cytometer, equipped with 488 nm blue
laser and BD Biosciences flow sensor (San Jose, CA, EUA) (BD FacSuite™ Software).
Results were expressed as % relative to the control and 1Cso values (concentration causing
50% reduction in lymphocytes viability) and were calculated using nonlinear regression
analysis with GraphPad Prism 6.0 software. The selectivity index (SI) of the compounds
was calculated based on the antifungal subinhibitory concentrations (MIC/2) and ICso
results for each compound, with the following equation 1.

Equation 1. SI = IC50/average of subinhibitory concentrations (MIC/2) for
dermatophytes and Candida spp.

2.5.2. Hen's Egg Test-Chorioallantoic Membrane (HET-CAM)
Fresh and fertile white eggs (Lohmann selected Leghorn, LSL) were kept under
optimized incubation conditions (38—39 °C, 55-60% humidity, 10 days). On the 10" day,
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the eggshell, around the airspace, was removed with a rotary tool (Dremel, WI).
Subsequently, 0.3 ml of the most promising synthetic compound (50 pg/ml, 0.5% DMSO
solution) and controls (negative control: 0.9% NacCl; positive control: 0.1 mol/l NaOH)
were added to the CAM of the eggs. The irritant effect was observed at three times: 30
sec, 2 min and 5 min after application of compound and controls. The result of the
irritation score (IS) was calculated according to the equation 2 and presents a maximum
value of 21 (ICCVMA, 2010). The eggs were analyzed in relation to the appearance of
hemorrhaging, lysis, and coagulation. Classification criterion used: 0 to 4.9 nonirritant
(or practically no irritation); 5.0 to 21 irritant (moderate to severe or extreme irritation).
The assay was performed in triplicate.

Equation 2 1S = (((301—hem(;1(‘)1;)hage time )) X5> n (((301—1;/;2)5 time)) X7> n

301—coagulation time
((( g )) x9>
300

2.5.3. Histopathological evaluation

Tissue samples from adult male pigs, freshly slaughtered at the Instituto Federal
Catarinense, were used to evaluate the formation of tissue damage due to the action of the
most promising synthetic compound. Pigs were slaughtered according to the rules of the
Brazilian Ministry of Agriculture, respecting animal welfare (Brazil, 2013). Ear skin of
pigs was used in this study. The tissues were removed within a period of 5 min after the
slaughter; the hairs were carefully removed by an electric trimmer and transported to the
laboratory in an ice-cold Krebs-Hepes buffer (INLAB, S&o Paulo, Brazil). Skin samples
were mounted in Franz diffusion cells (Logan Instrument Corp., Somerset, NJ, USA) with
the diffusion area of approximately 1.75 cm?. The epidermal side of the skin was exposed
to a phosphate-buffered saline (PBS) pH 7.0 (negative control), to 0.1 M NaOH solution
(positive control), and to synthetic compound, for a period of 6 h (time that the permeation
profile is more intense). The compound were dissolved in a PBS pH 7.0 at a
concentrations of 20, 40, and 80 pg/ml (concentrations up to 50 times higher than MIC).
The epidermal side of the skin was subjected to extract contact with this solution for a
period of 6 h. Fragments of these tissues were harvested, fixed in 10% neutral-buffered
formalin, processed routinely, stained with hematoxylin and eosin, and examined under
light microscopy. The procedure was performed in triplicate.

2.6. Mechanism of action

2.6.1. Sorbitol protection assay

The effect of the most promising synthetic compound on the integrity of the fungal
cell wall was evaluated by sorbitol protection assay. MICs were determined by the
standard broth microdilution (document M38-A2 for dermatophytes, and document
M27-A3 for Candida spp.) (CLSI, 2008), in the absence and presence of 0.8 M sorbitol
(Sigma-Aldrich) added to the RPMI medium as an osmoprotectant. Microplates were
incubated at 35 °C. Experiments were carried out in duplicate. Anidulafungin was used
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as positive control. MICs were measured after 4 and 7 days for dermatophytes, and after
2 and 5 days for Candida spp. (Frost et al., 1995; Escalante et al., 2008).

2.6.2. Ergosterol binding assay

The capacity of the most promising synthetic compound to complex with
ergosterol in the fungal membrane was investigated by ergosterol binding assay. The
MICs were determined by the standard broth microdilution, documents M27-A3 and
M38-A2 (CLSI, 2008), in the absence and presence of different concentrations (50-250
pg/ml) of exogenous ergosterol (Sigma-Aldrich, St. Louis, MO, USA) first dissolved in
dimethylformamide (Sigma-Aldrich, St. Louis, MO, USA) and subsequently added to
RPMI medium. The plates were incubated at 35 °C. Experiments were carried out in
duplicate. Amphotericin B was used as positive control. MICs were measured after 4 and
7 days for dermatophytes, and after 2 and 5 days for Candida spp. (Escalante et al., 2008;
Carrasco et al., 2012).

2.6.3. Scanning electron microscopy (SEM)

Morphological changes in C. albicans (ATCC 18804) and M. canis (MCA 01)
grown in the presence of the most promising synthetic compound were determined using
the macro broth dilution method, according to the documents M27-A3 and M38-A2
(CLSI, 2008). Treated and untreated (control) cells were analyzed by SEM. After the
incubation period (C. albicans: 48 h at 35 °C and M. canis: 96 h at 35 °C), fungal cells
treated with the most promising synthetic compound in subinhibitory concentrations
(MIC/2) and untreated cells were washed three times with PBS (3000 rpm for 5 min.
Biosystems MCD2000, Curitiba, Brazil). Anidulafungin (Pfizer, New York, USA) was
used as a positive control of fungal cell damage. After washing, cells were fixed in 1 ml
of modified Karnovsky’s fixative adapted from Joubert et al. (2015). Then, the wells were
washed three times (3000 rpm for 5 min) in 0.1 M sodium cacodylate buffered at pH 7.2
containing 0.2 M sucrose, and 2 mM MgClI. with the aid of two pipettes, which were used
for addition and concurrent removal to avoid air exposure. Cells were adhered in
coverslips previously functionalized with poly- L-lysine for 1 h. Adhered cells were
dehydrated in a series of freshly made solutions of graded acetone 30, 50, 70, 95 (5 min)
and 100% (10 min) (Dalla Lana et al., 2018; Pippi et al., 2018). Samples were then
subjected to critical point drying (EM CPD 300, Leica), mounted on metallic stubs,
sputtercoated with a 15-20 nm gold-palladium layer and visualized in a scanning electron
microscope (Carl Zeiss EVO-MA10 Carl, Oberkochen, Germany) operating at 10 kV.

2.7. Hydrogel (HG) preparation and characterization

To obtain the hydrogel, Pemulen® TR2 (0.7%) was initially milled in a mortar and
then dispersed in water. The dispersion was neutralized with triethanolamine (De Lima
et al., 2017). The HG containing the most promising compound - 2j (0.5 mg/g HG) was
prepared by solubilizing the compound in DMSO, and then incorporated into the hydrogel
base. All hydrogels were prepared in triplicate, packaged in plastic container and stored
at room temperature (25 + 2 °C).
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2.7.1. pH determination

The pH values were evaluated in HG aqueous dispersion (10%, w/v), in
potentiometer (Model pH 21, Hanna Instruments, Brazil) previously calibrated, at room
temperature.

2.7.2. Quantification of 2j in HG

The total 2j content in the hydrogel was assayed by diluting a sample aliquot in
methanol: water (90:10) and subjecting it to shake for 15 min and sonication for 15 min.
Samples were filtered through a 0.45 pm membrane and injected into the High
performance liquid chromatography (HPLC) system. The quantitative analyses were
performed on a LC-10A HPLC system (Shimadzu, Japan) equipped with a SIL-20A HT
valve sample automatic injector, an UV-VIS SPD-M20A detector, a LC-20AT pump,
CBM-20A system controller, a guard column, and a Inertsil® ODS-3 Cis column (150
mm x 4.60 mm, 5 um; 110 A), which was kept at room temperature. The mobile phase
consisted of methanol and water pH 9.0 (90:10, v/v) at isocratic flow rate (1.2 ml/min).
The wavelength used for 2j detection was 283 nm and a sample volume of 20 ul was
injected into the equipment. This HPLC method was previously validated and proved to
be linear (r > 0.9998) in the range from 2 to 16 ug/ml, specific and precise.

2.7.3. Spreadability determination

The spreadability was evaluated according to the methodology described by Rigo
et al. (2012). The sample was placed in a central hole (1 cm diameter) of a mold glass
plate that was positioned on a scanner surface (HP Officejet, model 4500 Desktop). The
mold plate was removed and the sample was subsequently pressed with glass plates of
known weights, in intervals of 1 min between each plate. The spreading area images were
captured at each 1 min interval employing the desktop scanner. The software Image J
(Version 1.49q, National Institutes of Health, USA) was used to calculate the captured
images areas. Results were expressed in terms of the spreading area as a function of the
cumulative weight of the plates. The spreadability factor (Sf) was also calculated and it
represents the spreading capacity on a smooth horizontal surface when one gram of
weight is added to it. The equation 3 was employed to calculate the Sf:

Equation 3. Sf=A/W

In which, Sf is the spreadability factor (mm?g), A is the maximum spread area (mm?)
after addition of the total number of plates, and W is the total weight added (g).

2.7.4. Evaluation of the rheological behavior

Rheology analyzes of the hydrogels were carried out at 25 £ 1 °C using a rotational
viscometer (RVDV | — PRIME model, Brookfield, USA) and a spindle RV-06. For this,
about 30 g of the formulations were used. A shear stress (t) ramp was run up and down
from 6.0 to 100.0 rpm, registering 7 points. Rheograms were obtained by plotting the
shear stress (1) as a function of the shear rate (y). The rheograms were analyzed using
different flow models: Bingham (ideal plastic, T = to + 1y), Casson (plastic, 1% = 7,>° +



230

n%°y%%), and Ostwald (pseudoplastic, T = Ky"), where 1o is the yield stress, n is the
viscosity, n is the index of flow, and K is the index of consistency (Kim et al., 2003).

2.7.5. In Vitro release assay

The 2j in vitro release from HG was studied through vertical Franz diffusion cells,
at32 £ 0.5 °C (n = 3) (Marchiori et al., 2017). The area for diffusion was 3.14 cm?. Mixed
Cellulose Esters (MCE) membrane (Unifil®; 0.45 um pore size) was fit between donor
and receptor compartments. The receptor media employed in the assay was ethanol and
water (70:30) (Alvorado et al., 2015), contemplating the sink condition or a more
physiological condition, respectively. A formulation amount correspondent to a 0.5 g
(infinite dose) of HG containing 2j was spread on the membrane surface. Regarding the
intervals of 1, 2, 3, 4, 5, 6, 7 and 8 h, 0.5 ml receptor medium was collected and replaced
by an equal volume of fresh medium to maintain sink conditions. Aliquots were analyzed
by HPLC method previously developed, validated and described in the item 2.7.2.

2.7.6. Human skin penetration/permeation studies

Cutaneous permeation of compound 2j was investigated using abdominal skin of
female human with no damages, stretch marks or scars (obtained from plastic surgeries
with permission and informed consent - Research Ethics Committee of the UFSM,
CAAE: 55220016.3.0000.5346; Project approval number: 1.632.595). Immediately after
surgical removal, the subcutaneous layer of the skin was removed, the skin was washed
with PBS and kept in a freezer (-20 °C) until the day of the experiment. During the
experiment, with the defrosted skin (< 6 months), the HG-2j (0.50 g) were placed in the
donor compartment of Franz diffusion cells, maintaining complete and intimate contact
with the skin membrane surface (Balzus et al., 2017). The receptor compartment
contained a mixture of ethanol:water (70:30 v/v) to ensure the sink condition during all
the experiment. This compartment was constantly stirred and kept at 32 °C for 8 h. Then
the excess material loosely attached to the skin surface was carefully removed by the tape
stripping technique - 18 pieces of adhesive tape (Scotch 3M, 3545 mm), were used. The
remained piece of skin was then separated into the epidermis and dermis by heat-
separation, immersing it in a water bath at 60 °C for 45 s (De Andrade et al, 2015). Then
the dermis and epidermis were mechanically separated with the aid of a spatula and was
cut in small pieces. The amount of 2j was extracted from the stratum corneum, epidermis
and dermis with methanol, using a vortex stirrer (2 min) and ultrasonic bath (15 min).
Samples were filtered through a 0.45 pm membrane before HPLC analysis by a
previously validated method for quantification of 2j as described previously in section
2.7.2. All analyses were carried out right after the end of the penetration experiment,
conducted with five replicates (n=5).

2.8. Statistical Analysis

Analysis of the data was performed with GraphPad Prism® software, version 5.0
(San Diego, CA, USA). All the results are expressed as the mean value * the standard
deviation of the mean and statistically analyzed using variance analysis (ANOVA).
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Results presenting p < 0.05 were considered statistically different. The comparisons
among the averages were performed using Tukey’s test.

3. Results and discussion

3.1. In vitro susceptibility and structure—activity relationship

An initial screening of antifungal activity was performed with the compounds
considering the concentration of 50 pg/ml. From the total of one hundred twenty-one
molecules analyzed (supplementary Information, Scheme S1), eighteen (approximately
15%) of these showed anti-Candida spp. or anti-dermatophytes activity in concentrations
< 50 pg/ml (Scheme 1). Generally, they present simple structures, constituted by two
aromatic moieties linked together by a spacer. The main structural differences among
these substances are the nature and substitution pattern of aromatic moiety and the nature
and size of the spacer. The aromatic moieties of these compounds are commonly
substituted. To the best of our knowledge, there are no studies on the potential of these
classes as antifungal agents, which can be prepared in four simple steps from the reaction
of inexpensive epichorohydrin with appropriately substituted aryloxy molecules.

For these active molecules, the MICs (Table 1) and MFCs were determined. The
active compounds were those belonging to groups 1 (1,3-bis(aryloxy)-2-propanol
derivatives) and 2 (1,3-bis(aryloxy)-2-propanamines derivatives), with emphasis on
group 2 in relation to the low MIC values, which can be observed in Table 1. Group 1
presented compounds with activity only for dermatophytes, while group 2 exhibited a
broader action against filamentous and yeast. For group 1 the halogen substituent fluorine
plays a crucial role in the antidermatophytic activity. The molecule disubstituted by
fluorine (1b) has lower MICs when compared to monosubstituted (1a). The activity is
even more pronounced with the substituent, also fluorinated, CF3 (1c). All compounds of
group 1 were fungistatic (MFC > 4xMIC).

For the group 2, the most promising of the entire chemical series tested, an
important substituent regarding antifungal efficacy was chloride, as can be verified for
the molecules 2f, 29, 2h, 2i, and 2j, with compound 2j (1,3-bis(3,4-
dichlorophenoxy)propan-2-aminium chloride/ Ci1sH14CIsNO2) being identified as the
most potent. As 2j was the compound that most stood out for the wide activity against
filaments and yeasts with low MICS, we determined their MICs for a greater number of
clinical and ATCCs strains (n = 17; Table S1). The MIC range for dermatophytes was
0.39 — 3.12 pg/ml, and for yeast was 0.78 — 1.56 pg/ml, reinforcing the data from the
screening that this compound is actually active at very low concentrations. In other
studies, the presence of the chloride element in chemical structures investigated as to the
antifungal application has already been verified as determinant for effective activity
(Dalla Lana et al., 2015; Bergamo et al., 2016; Ngo et al., 2016; Dalla Lana et al., 2018).
Structurally, the position of the chlorine is important for improving the antifungal action,
since the 3(meta),4(para)-diCl position of the disubstituted molecule 2j was more
advantageous (smaller MICs) than the 2(orto),4(para)-diCl position of 2i. These results
corroborate with the finding by Lavorato et al. (2017a), with some molecules of the same
class investigated in this study: for meta-substituted compounds, was observed that the
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electronic effect of ring substituent has a greater influence on antileishmanial activity
(Lavorato et al., 2017a).

The compounds 2a, 2b, 2f, 2g, 2h, 2j, 2k, and 2m were fungicides, presenting
MFC = MIC values (Table 1), and so they were selected to integrate the toxicity analysis
on human lymphocytes. The other compounds of groups 3, 4, and 5 had no antifungal
activity up to 50 pg/ml (supplementary Information, Scheme S1).

Noteworthy, the compounds of groups 1 and 2, with emphasis on compound 2],
showed activity against resistant yeast species and a multidrug-resistant dermatophyte (T.
mentagrophytes; Table 1), closely related to difficult-to-treat dermatomycoses (Nigam,
2015; Drakensjo et al., 2017; Fuentefria et al., 2017). Considering the fungal species
presented in Table 1, for Candida spp. the resistance (*) was defined based on Kuriyama
et al. (2005) and CLSI breakpoints (M27-A3, 2008, and M27-S4, 2008): C. krusei (CK
02*) resistant to itraconazole (MIC = 1 pg/ml) and fluconazole (MIC > 64 ug/ml), C.
glabrata (CG09*) resistant to itraconazole (MIC > 4 pg/ml) and miconazole (MIC =8
pg/ml), and C. tropicalis (CT 72A*) resistant to itraconazole (MIC = 1 pg/ml),
miconazole (MIC > 8 pg/ml), and voriconazole (MIC = 2 pg/ml). As for dermatophytes,
the resistance (in the sense of reduced susceptibility) was established according to the
increase in minimal inhibitory concentration (MIC) values for some clinical strains in
relation to the majority, considering the following resistance threshold concentrations:
terbinafine - MIC > 1 pgml, griseofulvin - MIC > 4 pg/ml, and ketoconazole - MIC > 8
pg/ml. Consequently, the clinical isolate TME 16* was considered multidrug-resistant by
the considerable elevation of MICs of three antifungal agents of different classes (MIC
terbinafine = 4 ug/ml, MIC griseofulvin > 32 pug/ml and MIC ketoconazole = 16 pg/ml).

i Gmup1 ‘ l Group 2 l

NH:,*’CI
(o] o]
ol ° \7 R ()/ \/\/ \O
‘ /
l 1a: R=2-F ] 2a: R = 2,3-diBenzo

\/\/
1b: R = 3 4-diF 2b: R = 3,4-diBenzo

1c: R = 3-CF3 2¢: R = 3-OCH3
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Scheme 1. Chemical structure of the compounds with in vitro anﬁungal activity.
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Table 1. Minimal inhibitory concentrations of compounds that exhibited in vitro
antifungal activity in relation to species of dermatophytes and yeasts of the genus
Candida.

Compounds Dermatophytes Yeasts

and
antifungal MCAO01 MGY42 TME16" TRU45 CAATCC18804 CKO02" CG 09" CT 72A"
drugs

Group 1

la 50 25 25 50 > 50 > 50 > 50 > 50
1b 25 3.12 25 25 > 50 > 50 > 50 > 50
1c 3.12 3.12 3.12 3.12 > 50 > 50 > 50 > 50
MIC range 3.12-50 > 50

Group 2

2a 3.12 0.78 3.12 6.25 3.12 3.12 6.25 3.12
2b 1.56 0.78 50 50 50 50 50 50
2c 50 50 50 50 > 50 > 50 > 50 > 50
2d 50 125 50 50 > 50 > 50 > 50 > 50
2e 25 3.12 50 25 50 25 50 25
2f 25 125 12.5 12.5 50 50 50 50
29 6.25 1.56 125 6.25 12,5 12.5 12.5 12.5
2h 3.12 3.12 6.25 6.25 6.25 6.25 12.5 6.25
2i 50 50 > 50 > 50 6.25 25 12.5 50
2j 1.56 1.56 3.12 3.12 1.56 1.56 1.56 1.56
2k 25 6.25 12.5 25 > 50 > 50 > 50 > 50
2l 50 50 > 50 50 50 50 50 50
2m 25 12.5 25 25 25 25 50 25
2n 0.78 0.78 0.78 0.78 12.5 12.5 12.5 25
20 3.12 3.12 3.12 3.12 12.5 25 6.25 25
MIC range 0.78 —>50 1.56->50

Terbinafine 0.03 (S) 0.03 (S) 4 (R*) 0.06 (S)

Griseofulvin 1(9) 1(9) >32 (R¥) 1(9)

Ketoconazole 0.5 (S) 1(9) 16 (R*) 1(S) 0.25(S) 1(S) 0.5 (S) 1(S)
Fluconazole 1(S) >64(R) 0.25(DDS) 2(S)
Itraconazole 1(R) >4 (R) 1(R)
Miconazole 0.5 (S) > 8 (R) > 8 (R)
Voriconazole 2 (R)

*Multidrug-resistant and resistant fungal isolates; MIC, minimal inhibitory concentration; MCA,
Microsporum canis; MGY, Microsporum gypseum; TME, Trichophyton mentagrophytes; TRU,
Trichophyton rubrum; CA, Candida albicans; CK, Candida krusei; CG, Candida glabrata; CT, Candida
tropicalis. R, resistance; R*, resistance in the sense of reduced susceptibility compared to other strains; S,
susceptible; DDS, dose-dependent susceptibility.

3.2. Toxicity Profile

3.2.1. Lymphocytes culture

The toxicity profile was established for the fungicidal compounds of the group 2.
The ICso values of active compounds ranged from 7.10 to 29.67 pg/ml. The results are
shown in Table 2. The Sl for the active compounds presented in Table 2 correspond to
the ratio between the ICso (concentration required to inhibit 50% of the human
lymphocytes viability) and the average of subinhibitory concentrations (MIC/2; MICs are
presented in table 1) for dermatophytes and Candida spp.. Usually, a SI value higher than
10 is recommended to ensure the safety of an antimicrobial substance (Pires et al., 2013;
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Vincent et al., 2016; Lavorato et al., 2017). How much higher the Sl value of a substance,
the better is its selective performance against the pathogen and the lower the toxicity
against the studied host cell (lymphocytes; Pires et al., 2013; Vincent et al., 2016;
Lavorato et al., 2017). In this study, the only compound with IS > 10 was the 2j, presented
the safest biological profile with selectivity against dermatomycosis fungi. So this
compound was chose for other toxicity studies, the mechanism of action investigation and
development of a semisolid formulation.

Table 2. In vitro toxicity profile (ICso and S1) of compounds 2a, 2b, 2f, 2g, 2h, 2j, 2k,
and 2m, for dermatophytes / yeasts, respectively.

Compounds SC* (ug/ml) £ SD SC* (uM) £ SD 1Cs0 (ug/ml) £ SD 1Cs0 (uM) £ SD Sl

2a 1.66+1.12/1.95+0.78 4.36£2.95/5.13+2.05 7.10+£0.52 18.69+0.52 4.28/3.64
2b 12.79+14.10 / 250 33.68+37.11/65.81+0 12.02+1.47 31.64+1.47 0.93/0.48
2f 7.81+£3.13/ 2540 22.41+8.96 / 71.71+0 22.55+1.95 64.68+1.95 2.88/0.90
29 3.32+2.24 1 6.25+0 9.52+6.44 / 17.930 29.67+1.16 85.10+1.16 8.93/4.74
2h 2.34+0.90 / 3.90£1.57 6.71+2.58 /11.19+4.49 20.22+1.76 58+1.76 8.64/5.18
2j 1.17+0.45/0.78+0 2.80+1.08 /1.87+0 21.94+1.04 52.55+1.04 18.75/28.12
2k 8.59+4.69 / Inactive 27.91+15.23 / Inactive 8.93+0.72 29.01+0.72 1.03

2m 10.94+3.13/15.63+6.25  35.53+10.15/50.76+20.30 8.31+0.47 27£0.47 0.75/0.53

SC*, average of subinhibitory concentrations of fungi (MIC/2; MICs in table 1); ICso, the concentration of
each compound required to inhibit 50% of the human lymphocytes viability; SI, selective index (1Cs/SC*).

3.2.2. HET-CAM

The HET-CAM test resulted in an IS (equation 2) for compound 2j (when
evaluated at concentrations up to 50xMIC) of 3.14 £0.08, which classify these compounds
as nonirritant (or practically no irritation; IS < 4.9) according to the methodology and
showing statistical similarity with the negative control 0.9% NaCl (IS = 1.02+0.10) and
significant difference when compared with the positive control (IS = 19.93+0.03). It is
very relevant to carry out toxicological studies using models such as HET-CAM, which
allow to discriminate various levels of toxicity by means of the IS calculation. The HET-
CAM is a sensitive assay to determine the irritation effect associated with topical use.
Thus, this technique becomes an alternative to other in vivo trials ICCVMA, 2010; Dalla
Lana et al.; Pippi et al.,, 2018). So, the compound 2j showed an appropriate score
confirming their potential.

3.2.3. Histopathological evaluation

The result of the histopathological evaluation of ear skin incubated with different
concentrations (higher values of MIC) of compound 2j showed no microscopic lesions
(Figure 1), demonstrating a low topical toxicity of the compound, with images (Fig. 1 —
1A, 2A, 1B, 2B, 1C, and 2C) similar to the negative control (PBS; Fig. 1 - 1D, and 2D).
Toxicological studies using models such as the ex vivo porcine skin model for determining
the histopathological damage is very useful for predicting the potential for topical
application of an antimicrobial compound (Pippi et al., 2018). Combined with the HET-
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CAM result, 2j was nonirritant and did not possess dermatologic toxicity, presenting a
good perspective of application in a topical formulation for the treatment of
dermatomycosis.
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Figure 1. Hlstopathologlcal evaluation of porcine cells treated with 2] and negatlve
control at 100 and 400 times magnification. 1A. Swine epidermal cells treated with 2j
(concentration 20 pg/ml) at 100 times magnification. 1B. Swine epidermal cells treated
with 2J (concentration 40 pg/ml) at 100 times magnification. 1C. Swine epidermal cells
treated with 2j (concentration 80 pg/ml) at 100 times magnification. 1D. Swine epidermal
cells treated with PBS pH 7.0 at 100 times magnification. 2A. Swine epidermal cells
treated with 2j (concentration 20 pg/ml) at 400 times magnification. 2B. Swine epidermal
cells treated with 2j (concentration 40 pg/ml) at 400 times magnification. 2C. Swine
epidermal cells treated with 2j (concentration 80 pg/ml) at 400 times magnification. 2D.
Swine epidermal cells treated with PBS pH 7.0 at 400 times magnification.

3.3. Mechanism of action

3.3.1. Sorbitol protection assay

When dermatophytes and Candida spp. were treated with compound 2j in a
medium supplemented with sorbitol, MICs increased after seven days of incubation
compared to MIC in medium without sorbitol (Table 3 and 4). MICs of 2j increased for
all dermatophytes (M. canis, M. gypseum, T. mentagrophytes, T. rubrum, and T.
schoenleinii; Table 3) and Candida spp. (C. albicans, C. krusei, C. glabrata, C. tropicalis,
and C. parapsilosis; Table 4) tested. After addition of sorbitol into the medium, the MIC
values of anidulafungin (positive control) increased 4-32x for dermatophytes and 16—
128x for yeasts, in seven days. For the anidulafungin, according to M38-A2 (CLSI, 2008),
the minimum effective concentration (MEC) was determined, which is the lowest
concentration of antifungal agent that leads to growth of small, rounded and compact
hyphal forms compared to untreated controls. This terminology is used for echinocandins.
For compound 2j, a MIC increase profile was also observed with the presence of sorbitol



in the test: 8-32x for dermatophytes and 8-16x for yeasts, in seven days. Then, to gain
insight into the capacity of active compound 2j to interfere on fungal cell wall, this assay
was conducted in the presence of the osmotic cell wall protector sorbitol. If the compound
has reduced activity (increased MIC) in the presence of sorbitol, as found in this study, it
previously indicates an action mechanism targeting the fungal cell wall. Since fungal but
not mammalian cells possess a cell wall, these structures appeared as promissory leads
for the development of selective novel antifungal compounds (Vargas et al., 2003).

Table 3. Effect of sorbitol on the minimum effective concentration (MEC; pg/ml) of
anidulafungin and minimum inhibitory concentration (MIC) of compound 2j against
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dermatophytes.

Dermatophytes Anidulafungin Compound 2j

Day 4 Day 7 Day 4 Day 7
S¢() S+ S() S(*)  S() S S() S(¥)
MCA 01 32.00 32.00 32.00 256.00 1.56 1.56 1.56 50.00
MCA 33 16.00 16.00 16.00 128.00 1.56 6.25 1.56 25.00
MCA 38 8.00 8.00 8.00 3200 0.78 0.78 0.78 25.00
MGY5 HCPA 8.00 16.00 8.00 6400 156 3.12 156 12.50
MGY 42 32.00 32.00 32.00 256.00 156 3.12 156 12.50
MGY 50 16.00 16.00 16.00 256.00 0.78 0.78 0.78 25.00
MGY 58 400 4.00 400 6400 156 1.56 1.56 25.00
TME 16 32.00 32.00 32.00 128.00 3.12 3.12 3.12 25.00
TME 32 400 8.00 400 6400 0.78 0.78 0.78 12.50
TME 40 8.00 8.00 8.00 64.00 0.39 0.39 039 6.25
TRU 45 32.00 32.00 32.00 256.00 3.12 3.12 3.12 1250
TRU 2 HCPA 16.00 16.00 16.00 128.00 1.56 1.56 1.56 25.00
TRU3HCPA 800 8.00 8.00 64.00 3.12 6.25 3.12 50.00
TRU 48 400 8.00 400 6400 156 156 1.56 50.00
TSHO 3HCPA 4.00 8.00 400 128.00 0.78 0.78 0.78 25.00

MCA: Microsporum canis, MGY:

(+): growth medium with sorbitol.

Microsporum gypseum, TME: Trichophyton mentagrophytes, TRU:
Trichophyton rubrum, TSCHO: Trichophyton schoenleinii, S (-): growth medium without sorbitol, and S



237

Table 4. Effect of sorbitol on the minimum inhibitory concentration (MIC; pg/ml) of
anidulafungin and compound 2j in relation to Candida spp.

Yeasts Anidulafungin Compound 2j

Day 2 Day 5 Day 2 Day 5

S S S S S S S S
CAATCC18804 012 012 012 400 156 312 156 25.00

CAO01 0.12 0.25 012 400 0.78 0.78 0.78 12.50
CK 02 0.12 0.12 012 800 156 6.25 156 12.50
CK 03 0.06 0.06 0.06 100 156 3.12 1.56 12.50
CG 05 0.06 0.06 0.06 100 156 156 1.56 25.00
CG09 0.12 0.12 012 800 156 156 156 12.50

CT 72A 0.12 0.50 0.12 16.00 156 3.12 156 25.00
CTATCC 750 0.06 0.06 0.06 400 078 1.56 0.78 12.50
CP 06 0.06 0.06 0.06 400 156 156 156 1250

CP 07 0.12 0.12 0.12 16.00 156 3.12 1.56 25.00

CA: Candida albicans, CK: Candida krusei, CG: Candida glabrata, CT: Candida tropicalis, CP: Candida
parapsilosis, S (-): growth medium without sorbitol, and S (+): growth medium with sorbitol.

3.3.2. Ergosterol binding assay

MICs of compound 2j against dermatophytes (Table S2; supplementary
information) and Candida spp. (Table S3; supplementary information) did not increase
after adding different concentrations of ergosterol (50-250 pg/ml). Therefore, compound
2] does not appear to target the fungal cell membrane, targeting only the fungal cell wall,
as found in the sorbitol assay. As expected, in the presence of ergosterol, an increase until
256xMIC was observed for amphotericin B (positive control). All isolates tested behaved
similarly. Amphotericin B is a well-known an antifungal that targeting the fungal
membrane. This antifungal agent complex with membrane-ergosterol forming pores into
the membrane, allowing permeability of ions and other elements (Scorzoni et al., 2017),
so it has been selected as drug control this test.

3.3.3. SEM images

Further additional level of evidence on the mode of action was assessed by SEM
images, treating fungal cells of dermatophytes and yeasts with compound 2j and
antifungal drugs controls and observing the possible morphological damage of these
fungal cells (Fig. 2). Fungal cells were subjected to subinhibitory concentration (MIC/2)
of compound 2j and anidulafungin, the drug that also acts at the fungal cell wall.

For C. albicans (ATCC18804; Fig. 1- A and B; “no drug’’ control), was observed
that compound 2j inhibits pseudohyphae formation (Fig. 1 — | and J), as well as
anidulafungin (Fig. 1 — E and F), this being an important finding. One of the main
virulence properties of C. albicans has been attributed to its capacity to undergo reversible
morphological conversion between blastoconidia and pseudohyphae (a variety of shapes
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from attached strings of yeast-like cells to long filaments with constriction at the septa)
(Hwang et al., 2003). These flexible morphological spectra are thought to be required
for adaptation in hosts, rapid colonization of tissues, adhesion to epithelial and
endothelial cells, escape from phagocytes and immune evasion, and facilitated spread of
infection. The ability of filamentous forms formation is an important factor for
pathogenicity at dermatomycosis and invasive fungal infections (Lu et al., 2014). In view
of this, many studies have investigated the potential of yeasts pseudohyphae inhibition as
new therapies for treatment of mycoses in general (Lu et al., 2014; Pippi et al., 2018; Lee
etal., 2018).

In addition to the inhibition of pseudohyphae formation in C. albicans, was also
demonstrated for this yeast that the cell surface appeared to be altered and irregular by
the compound 2j (Fig. 1 —J) and anidulafungin (Fig. 1 — F), as evidenced by dehydrated
and wilted blastoconidia with abnormal size. This finding corroborates with the previous
results (sorbitol protection test) of the effect of compound 2j especially targeting the
fungal cell wall. Similar superficial changes in C. albicans cells have also been reported
by Pippi et al. (2018), evidencing the action of the 8-hydroxyquinoline derivatives on the
cell wall in that study. Cicatricial and multiple sprouts were also perceived on cells treated
with 2j (Fig. 1 — J) suggest that the normal blastoconidium division process may have
been impaired resulting in single cells with multiple attempts cycle defects, which has
already been verified for Candida cells exposed to fluconazole (Harrison et al., 2014).

Structural changes in fungi after in vitro treatment with compound 2j were also
evaluated by SEM. In the same way as for yeast, we identified irregular and abnormal
hyphal dermatophytes 2j-exposed (Fig. 2 — K and L). These modifications may also be a
consequence of deregulation in the permeability of tubular cells, which is also observed
for anidulafungin (Fig. 2 — G and H). With SEM images of M. canis without treatment
(Fig. 2 — C and D) is possible to observe the presence of exopolimeric matrix -
characterizing the biofilm, recently reported for this species by our research group
(Danielli et al., 2017). The treatment with 2j (0.78 pg/ml) was able to completely
eliminate the biofilm, as well as anidulafungin (16 pg/ml), which is very promising.
Fungal biofilm has demonstrated increasing drug resistance. Studies have reported an
increase in resistance to antifungal agents commonly used to treat cutaneous
mycoses, including dermatophytosis. Some features, including the ability to form
biofilms, may be associated with dermatophyte unresponsiveness to antifungals (Peres et
al., 2010; Martinez-Rossi et al., 2018). Therefore, the prospect of a drug such as
compound 2j that is able to inhibit biofilm formation of filamentous species, at very low
concentrations, is selective against the pathogen as already demonstrated and still inhibits
yeast virulence factors is very good to indeed have a novel treatment for nonresponsive
mycoses.
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Figure 2. Fungal images of scanning electron microscopy (SEM): (A, B) C. albicans ATCC 18804 without treatment (control); (C, D) M. canis (MCA 01) without treatment
(control); (E, F) C. albicans ATCC 18804 treated with anidulafungin (0.06 pug/ml); (G, H) M. canis (MCA 01) treated with anidulafungin (16 pg/ml); (1, J) C. albicans ATCC
18804 treated with compound 2j (0.78 pg/ml); (K, L) M. canis (MCA 01) treated with compound 2j (0.78 ug/ml). Bars representing 2 um.
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3.4. HG containing compound 2j

The hydrogel containing de compound 2j presented a bright and homogeneous
white appearance. The HPLC assay revealed 2j contents close to the theoretical value
(0.50 + 0.06 mg/g of HG), showing that there were no losses of the active in the
preparation process. The hydrogel presented pH value close to 7.0 (7.22 £ 0.11), which
is adequate for cutaneous administration (Marchiori et al., 2017).

In relation to the spreadability determination, this evaluation indicates how the
formulation spreads on the application site, which influences the correct transference of
the dose. The value of Sf was 4.66 + 0.60 mm&/g. The complete spreadability profile is
available in the supplementary information (Fig. S1), in which it is possible to observe
that the applied weight is directly the spread area of HG. The rheological data obtained
for HG-2j are presented in Fig. S2. The rheograms were compiled by plotting shear stress
(mPa.s) against shear rate (s™) showed non-Newtonian flow with pseudoplastic behavior.
The regression coefficients (r?) for the different flow models of each rheogram were
0.6955 + 0.143 (Bingham) 0.8630 + 0.006 (Casson) and 0.9983 + 0.001 (Ostwald). Being
thus, the Ostwald flow model fitted best to the data and was chosen to describe the
rheological behavior (r? > 0.99). Flow index (n = 0.628 + 0.01) and consistency index (K
= 48268 + 2289) were also established. Accordingly, the HG-2j formulation is considered
a no Newtonian and pseudoplastic fluid, does not need initial tension to start flowing,
which is ideal for effective topical application (Marchiori et al., 2017).

The in vitro drug release profile of 2j from HG using vertical Franz diffusion cells
is depicted in Fig. S3. The amount of 2j released after 8 h was 22.89 + 3.39 pg/cm?
demonstrating its ability to leave the hydrogel. With this profile, the compound 2j can be
easily released from the hydrogel to exert its antifungal effect in the treatment of
dermatomycosis.

Lastly, in order to determine the drug location and to quantify the amount of 2j
delivered to each skin layer after the HG-2j application, human skin retention and
permeation studies were performed using verrtical Franz diffusion cells. 2j was analyzed
in the stratum corneum and in the subjacent layers, viable epidermis and dermis,
according to the tape stripping and skin extraction techniques, respectively. Fig. 3 shows
the amount of 2j accumulated in the skin after topical application. After this experiment,
it was possible to observe that 2j is more significantly retained in the outermost layers of
the skin (stratum corneum and especially in the epidermis, approximately 58%) (Fig. 1),
when compared to the dermis (less than 2% of 2j amount). Noteworthy, the drug was not
detected in the receptor compartment solution. Compound retained in these outermost
layers of the skin is extremely advantageous for the treatment of dermatomycoses, such
as dermatophytosis and superficial/cutaneous candidiasis, which possess the epidermis as
the main site of infection and which are recognized as being difficult to treat (Bondaryk
et al., 2013; Dalla Lana et al., 2016). This result being in the human skin brings a more
real approximation of its potential therapeutic use.

Pemulen® TR2 used in the HG-2j formulation is a polymer of anionic character
composed of acrylic block copolymers with high molecular weight and its bioadhesivity
is due to its interpenetration in skin chains. Bioadhesion involves an interaction with the
biological surface, which provides an intimate contact between the formulation and the
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application area improving the drug bioavailability (Suresh et al., 2013; De Lima et al.,
2017). Hydrogel with Pemulen®, containing clotrimazole-loaded cationic nanocapsules,
has already been developed for vulvovaginal candidiasis treatment (De Lima et al., 2017).
Formulations based on Pemulen® polymers deposit an occlusive layer on the skin,
delivering the topical medication in the form of low-irritancy lotions and creams with
elegant skin feel. Pemulen® TR2 polymer can also be used for high-clarity topical gels
with ionic components (Suresh et al., 2013; Simovic et al., 1999).

Finally, hydrogel is certainly a very applied system for the incorporation of active
antifungal agents, being an appropriate formulation for the purpose of treating a tissue
area injured by mycosis (Winnicka et al., 2012; Sahoo et al., 2014; Shu et al., 2018). They
are simple formulations of easy spreadability, which promotes patient adherence to
therapy (Winnicka et al., 2012; Sahoo et al., 2014; Shu et al., 2018).

1007

80 1

% 2jretained

Figure 3. Amount of 2j retained in the stratum corneum, epidermis, and dermis after 8 h.
The values are expressed as mean + standard deviation (n = 5) (ANOVA, Tukey’s test,
*

p <0.05).

4. Conclusions
Finally, this study provides an explanation on research and development of new

chemical entities and formulation for the treatment of dermatomycoses. After observing
the in vitro antifungal activity of one hundred twenty-one compounds and the toxicity
profile, we verified that the molecule 2j is the most promising, with selectivity against
the pathogens and low MICs. 2j appears to target the fungal cell wall and to act to inhibit
virulence factors of Candida spp. and dermatophytes. 2j was not irritant and therefore
aimed its application in a topical formulation - a hydrogel with bioadhesive potential. The
human skin permeation profile of the compound in the hydrogel was excellent, remaining
mostly in the more superficial layers of the skin, which is very advantageous for topical
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treatments. 2j thus proved to have a promising antifungal activity and a desirable safety
profile for use in formulations as a new alternative for fungal infections related to
Candida spp. and dermatophytes that do not respond to currently available drugs.
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1. Material and methods

Chemicals - General procedure for synthesis of compounds

Spectral characterization data of the unpublished compounds that did not present
antifungal activity:

Group (1)

19: IV (¥max, cm™): 3226 (O-H; secondary alcohol); 3051 (C-H; aromatic); 2930, 2875
(Csp®-H); 1592, 1571, 1500, 1463 (C=C; aromatic); 1260, 1077 (C-O; phenylalkyl ether);
1105 (C-O; secondary alcohol); RMN de *H (6, CDCls, 200 MHz): 8,89 (dd; %Js.7- = 4,2
Hz; “Jss-= 1,2 Hz; 2H; H-8°); 8,17 (dd; 3Js:7- = 8,4 Hz; *Js:5- = 1,2 Hz; 2H; H-6"); 7,49-
7,38 (m; 6H; H-3°, H-4’, H-7"); 7,22 (dd; 3J>:3- = 6,4 HZ; *J>.4- = 2,4 Hz; 2H; H-2"); 4,94
(s; 3H; OH, H20); 4,78 (qa; 1H; H-2); 4,57 (dd; *J1a1b = 10,0 HZ; 3J1a2 = 5,4 Hz; 2H; H-
1a); 4,52 (dd; 2J1p1a = 10,0 Hz; 3J1p2 = 5,6 Hz; 2H; H-1b). 7,00 (d;3J = 9,0 Hz; 4H; H-
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2’ e H-6°); 5,05 (s; 4H; H-1); RMN de 13C (5, CDCls, 50 MHz): 201,62 (C-2); 157,98
(C-19); 130,23 (C-3* e C-5%); 126,66 (C-4%); 117,23 (C-2¢ ¢ C-6°); 72,05 (C-1).

1n: IR (ATR) Vimax 3383, 3013, 2940, 1684, 1663, 1586, 1509, 1463, 1265, 1131, 1024
cm!; IH NMR (CDCls, 200 MHz): 6 = 9.86 (2H, s, CHO), 7.44 (4H, d, J = 8.8 Hz, H-
5%), 7.42 (2H, s, H-3"), 7.05 (2H, d, J = 8.8 Hz, H-6"), 4.54 (1H, aqn, J = 5.0 Hz, H-2),
4.31 (2H, s, H-1a), 4.30 (2H, s, H-1b), 3.91 (6H, s, OCH3), 2.78 (1H, s, OH); 13C NMR
(CDCls, 50 MHz): § = 191.1 (CH, CHO), 153.5 (C, C-1'), 150.1 (C, C-2"), 130.9 (C, C-
4%), 126.8 (CH, C-5'), 112.6 (CH, C-6"), 109.6 (CH, C-3'), 70.1 (CHz, C-1), 68.5 (CH, C-
2), 56.1 (CH3, OCHa).

10: IR (ATR) Vinax 3485, 2844, 1674, 1595, 1579, 1508, 1449, 1251, 1163, 1004 cm™*; 1H
NMR (CDCls, 200 MHz): ¢ = 9.90 (2H, s, CHO), 7.88 (4H, d, J = 8.6 Hz, H-3", H-5"),
7.17 (4H, d, J = 8.6 Hz, H-2’, H-6"), 4.82 (1H, s, OH), 4.44-4.25 (5H, m, H-1, H-2); 13C
NMR (CDCls, 50 MHz): ¢ = 191.3 (CH, CHO), 164.8 (C, C-1), 132.6 (CH, C-3', C-5"),
131.4 (C, C-4"), 115.9 (CH, C-2', C-6), 70.6 (CHz, C-1), 69.0 (CH, C-2).

1p: IR (ATR) vmax 3397, 3284, 3149, 2972, 1600, 1543, 1507, 1454, 1263, 1170, 1137,
1008 cm"; IH NMR (DMSO-ds, 200 MHz): 5 = 11.31 [2H, 5, HC=NNHC(=S)NH], 8.14
[2H, s, HC=NNHC(=S)NHz], 8.01 [2H, s, HC=NNHC(=S)NHz], 7.97 (2H, s,
HC=NNHC(=S)NH2], 751 (2H, s, H-3"), 7.14 (2H, d, J = 8.2 Hz, H-5"), 7.01 (2H, d, J =
8.2 Hz, H-6"), 5.43 (1H, d, J = 4.2 Hz, OH), 4.17-4.07 (5H, m, H-1, H-2), 3.81 (6H, s,
OCHj3); BC NMR (DMSO-ds, 50 MHz): § = 177.6 [C, HC=NNHC(=S)NH], 149.9 (C,
C-1), 149.4 (C, C-2'), 142.5 [CH, HC=NNHC(=S)NHg], 127.3 (C, C-4"), 122.1 (CH, C-
5%), 112.7 (CH, C-6'), 108.9 (CH, C-3"), 70.0 (CHz, C-1), 67.4 (CH, C-2), 55.8 (CHs,
OCHpa).

19: IR (ATR) Vmax 3350, 3206, 3160, 1600, 1588, 1508, 1451, 1237, 1170, 1138, 1008
cm™'; *H NMR (DMSO-ds, 200 MHz): 6 = 11.31 [2H, s, HC=NNHC(=S)NH-], 8.11 [2H,
s, HC=NNHC(=S)NH2], 7.99 (2H, s, HC=NNHC(=S)NH], 7.92 [2H, s,
HC=NNHC(=S)NH;], 7.73 (4H, d, J = 8.4 Hz, H-3’, H-5"), 6.99 (4H, d, J = 8.4 Hz, H-
2’, H-6"), 5.45 (1H, d, J = 4.4 Hz, OH), 4.16-4.10 (5H, m, H-1, H-2); 3C NMR (DMSO-
ds, 50 MHz): § = 177.6 [C, HC=NNHC(=S)NH,], 160.0 (C, C-1"), 142.2 [CH,
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HC=NNHC(=S)NH;], 128.9 (CH, C-3’, C-5°), 126.9 (C, C-4'), 114.7 (CH, C-2’, C-6"),
69.3 (CH2, C-1), 67.4 (CH, C-2).

1t: IR (ATR) Vimax 3336, 3074, 2951, 2881, 1608, 1593, 1490, 1276, 1134, 1073 cm™*; *H
NMR (CDCls, 200 MHz): § = 7.29-7.17 (2H, m, H-4"), 6.74-6.61 (6H, m, H-2’, H-5", H-
6), 4.39 (1H, aqn, J = 5.6 Hz, H-2), 4.15 (2H, dd, J = 9.8 Hz, J = 4.8 Hz, H-1a), 4.10
(2H, dd, J = 9.8 Hz, J = 6.0 Hz, H-1b), 2.42 (1H, s, OH): *C NMR (CDCls, 50 MHz): &
= 163.8 (C, C-2', J = 244.2 Hz), 159.9 (C, C-1', J = 11.0 Hz), 130.6 (CH, C-5°, J = 10.0
Hz), 110.4 (CH, C-6", J = 2.3 Hz), 108.4 (CH, C-4’, J = 21.2 Hz), 102.6 (CH, C-2’, J =
24.7 Hz), 69.1 (CHa, C-1), 68.7 (CH, C-2).

1u: IR (ATR) Vmax 3511, 3073, 2921, 2873, 1500, 1452, 1276, 1198, 1125, 1012 cm!;
IH NMR (CDCls, 200 MHz): § = 7.02-6.83 (8H, m, H-2’, H-3’, H-5", H-6"), 4.36 (1H,
agn, J = 5.6 Hz, H-2), 4.13 (2H, dd, J = 9.8 Hz, J = 4.8 Hz, H-1a), 4.07 (2H, dd, J = 9.8
Hz, J = 5.8 Hz, H-1b), 2.66 (1H, s, OH); $*C NMR (CDCls, 50 MHz): § = 157.7 (C, C-4',
J =237.5 Hz), 154.7 (C, C-1', J = 2.0 Hz), 116.1 (CH, C-3°, C-5°, J = 23.9 Hz), 115.8
(CH, C-2’, C-6", J = 8.8 Hz), 69.6 (CHz, C-1), 69.0 (CH, C-2).

1v: IR (ATR) Vmax 3304, 3091, 2945, 2884, 1604, 1508, 1459, 1260, 1207, 1142, 1031
cm™!; 'H NMR (CDCls, 400 MHz): § = 6.97 (2H, ddd, J = 9.2 Hz, 9.2 Hz, 4.8 Hz, H-6"),
6.86 (2H, ddd, J = 11.2 Hz, 8.4 Hz, 4.8 Hz, H-3"), 6.79 (2H, dddd, J = 9.2 Hz, 8.0 Hz, 2.8
Hz, 1.8 Hz, H-5"), 4.38 (1H, asx, J = 5.6 Hz, H-2), 4.21 (2H, dd, J = 9.6 Hz, J = 4.8 Hz,
H-1a), 4.18 (2H, dd, J = 9.6 Hz, J = 5.6 Hz, H-1b), 2.72 (1H, d, J = 5.6 Hz, OH); 1*C
NMR (CDCls, 100 MHz): 6 = 157.2 (C, C-2', J = 241.3 Hz, 10.3 Hz), 153.0 (C, C-4', J =
247.9 Hz, 12.0 Hz), 143.3 (C, C-1', J = 10.8 Hz, 3.5 Hz), 116.7 (CH, C-6", J = 9.4 Hz,
2.4 Hz), 110.8 (CH, C-5’, J = 22.5 Hz, 4.0 Hz), 105.2 (CH, C-3’, J = 26.6 Hz, 21.8 Hz),
71.3 (CHz, C-1), 68.9 (CH, C-2).

12 IR (ATR) Vimax 3527, 2948, 1589, 1566, 1478, 1465, 1455, 1227, 1064, 1121 cm™; *H
NMR (CDCls, 200 MHz): 6 = 7.33 (2H, d, J = 9.0 Hz, H-5"), 7.03 (2H, d, J = 2.6 Hz, H-
2), 6.78 (2H, dd, J = 9.0 Hz, 2.6 Hz, H-6"), 4.37 (1H, s, H-2), 4.11 (4H, d, J = 4.8 Hz,
H-1), 2.59 (1H, s, OH); 3C NMR (CDCls, 50 MHz): § = 157.5 (C, C-1"), 133.2 (C, C-3),
131.0 (CH, C-5°), 125.0 (C, C-4"), 116.7 (CH, C-2'), 114.7 (CH, C-6'), 69.3 (CH, C-1),
68.6 (CH, C-2).



250

199: IR (ATR) Vimex 3528, 3024, 2920, 2872, 1605, 1587, 1504, 1453, 1251, 1162, 1027
cm!; *H NMR (DMSO-ds, 400 MHz): § = 7.02 (2H, d, J = 8.4 Hz, H-5"), 6.74 (2H, s, H-
2), 6.67 (2H, d, J = 8.4 Hz, H-6"), 4.34 (1H, asx, J = 5.2 Hz, H-2), 4.12 (2H, dd, J = 9.6
Hz, 4.8 Hz, H-1a), 4.08 (2H, dd, J = 9.6 Hz, 5.6 Hz, H-1b), 2.64 (1H, d, J = 4.8 Hz, H-
2),2.22 (3H, s, ArCHjz), 2.19 (3H, s, ArCH3); 3C NMR (DMSO-ds, 100 MHz): § = 156.8
(C, C-1"), 138.0 (C, C-3"), 130.5 (CH, C-5"), 129.4 (C, C-4’), 116.4 (CH, C-2"), 111.7
(CH, C-6), 69.1 (CHj, C-1), 69.1 (CH, C-2), 20.2 (CH3, ArCHs), 19.0 (CH3, ArCHs).

Group (2)

20: IR (ATR) Vmax 2922, 2867, 1608, 1584, 1501, 1455, 1250, 1044 cm™!; *H NMR
(DMSO-ds, 400 MHz): § = 8.70 (3H, s, NHs), 7.05 (2H, d, J = 8.4 Hz, H-5°), 6.81 (2H,
d, J=2.4 Hz, H-2"), 6.72 (2H, dd, J = 8.4 Hz, 2.4 Hz, H-6"), 4.26 (2H, dd, J = 10.4 Hz,
5.2 Hz, H-1a), 4.21 (2H, dd, J = 10.4 Hz, 6.0 Hz, H-1b), 3.86-3.80 (1H, m, H-2); *C
NMR (DMSO-ds, 100 MHz): ¢ = 155.9 (C, C-1'), 137.4 (C, C-3"), 130.2 (CH, C-5"),
128.9 (C, C-4%), 116.0 (CH, C-2'), 111.8 (CH, C-6'), 65.0 (CH3, C-1), 49.4 (CH, C-2),
19.6 (CHs, ArCHz), 18.4 (CHs, ArCHa).

2y: IR (ATR) Vimax 3049, 2801, 2762, 1591, 1505, 1471, 1457, 1255, 1111, 1054 cm™*; *H
NMR (DMSO-ds, 200 MHz): 6 = 8.90 (3H, s, NHs), 7.26-6.99 (8H, m, H-3°, H-4’, H-5",
H-6"), 4.43 (4H, d, J = 4.6 Hz, H-1), 3.94 (1H, gn, J = 4.6 Hz, H-2); 3C NMR (DMSO-
de, 50 MHz): § = 151.9 (C, C-2/, J = 241.9 Hz), 145.6 (C, C-1°, J = 10.3 Hz), 124.9 (CH,
C-4’,J = 3.8 Hz), 122.3 (CH, C-3’, J = 6.5 Hz), 116.4 (CH, C-5"), 116.0 (CH, C-6',J =
2.4 Hz), 66.4 (CHz, C-1), 49.1 (CH, C-2).

27: IR (ATR) Vmax 2876, 1599, 1504, 1463, 1251, 1201, 1095, 1047 cm™'; 'H NMR
(DMSO-ds, 200 MHz): 6 =8.95 (3H, s, NH3), 6.87 (4H, s, H-3’, H-5"), 6.84 (4H, s, H-2,
H-6"), 4.21 (4H, s, H-1), 3.77 (1H, s, H-2); 3C NMR (DMSO-ds, 50 MHz): § = 158.0 (C,
C-2',J = 238.0 Hz), 153.8 (C, C-1"), 116.3 (CH, C-3", C-5°, J = 10.9 Hz), 116.0 (CH, C-
2, C-6°,J = 4.3 Hz), 65.1 (CH,, C-1), 50.8 (CH, C-2).

Group (3)
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3a: IV (Vmax, cm™): 3337, 3246, 3178, 3039 (N-H secondary amide and amidinium); 3064
(C-H aromatic); 2985, 2966, 2940, 2907 (Csp3-H); 1698 (C=0 aromatic ester); 1681
(C=0 secondary amide); 1655 (N-C=N amidinium); 1595 (C=C aromatic); 1543 (C-N
amide and def. angular N-H); 1508, 1474 (C=C aromatic); 1287, 1110 (C-O aromatic
ester); 863 (def. angular C-H aromatic system 1,4- disubstituted); RMN de *H (§; DMSO-
ds; 200 MHz): 11,26 (s; 1H; ArNHCO); 9,32 (s; 4H; NH amidinio); 7,92 (d; J=8,4 Hz;
2H; H-2 e H-6); 7,77 (d; J=8,4 Hz; 2H; H-3 e H-5); 4,37-4,22 (m; 4H; H-8 e H-11); 1,33
1,26 (m; 3H; H-9). RMN de 3C (8; DMSO-ds; 50 MHz): 169,77 (C-12); 165,76; 165,28
(C-7, C-10); 142,90 (C-4); 130,30 (C-2 e C-6); 124,82 (C-1); 118,70 (C-3 e C-5); 60,53
(C-8); 34,86 (C-11); 14,23 (C-9).

3b: IV (Vmax, cm™): 3196, 3089 (N-H secondary amide and amidinium); 1712 (C=0
aromatic ester); 1689 (C=0 secondary amide); 1646 (N-C=N amidinium); 1560 (C-N
amide and def. angular N-H e C=C aromatic); 1287, 1110 (C-O aromatic ester); 753, 680
(C-H aromatic system 1,3- disubstituted); RMN de 'H (5; DMSO-dg; 200 MHz): 11,14
(s; 1H; ArNHCO); 9,34 (s; 1H; NH amidinium); 8,30 (s; 1H; H-2); 7,86 (d; J=7,8 Hz;
1H; H-4); 7,68 (d; J=7,8 Hz; 1H; H-6); 7,48 (t; J=7,8 Hz; 1H; H-5); 4,34-4,28 (m; 4H;
H-8 e H-11); 1,31 (t; J=7,0 Hz; 3H; H-9). RMN de 3C (5; DMSO-ds; 50 MHz): 169,79
(C-12); 165,56; 165,49 (C-7, C-10); 138,93 (C-4); 130,52 (C-1); 129,35 (C-5); 124,46
(C-4); 123,71 (C-6); 119,64 (C-2); 60,89 (C-8); 34,70 (C-11); 14,19 (C-9).

3c: IV (Vmax, cm™): 3187, 3036 (N-H secondary amide and amidinium); 1650 (C=0
secondary amide and N-C=N amidinium); 1598 (C=C aromatic); 1548 (C-N amide, def.
angular N-H, C=C aromatic); 1496 (C=C aromatic); 752, 688 (def. angular C-H
monosubstituted aromatic system); RMN de *H (8; DMSO-ds; 200 MHz): 10,85 (s; 1H;
ArNHCO); 9,39-9,27 (m; 2H; NH amidinio); 7,60 (d; J=6,0 Hz; 2H; H-2 e H-6); 7,31 (s;
2H; H-3 e H-5); 7,09 (d; 1H; H-4); 4,28 (s; 2H; H-8). RMN de *C (§; DMSO-ds; 50
MHz): 170,08 (C-9); 165,59 (C-7); 138,57 (C-1); 129,08 (C-3 e C-5); 124,25 (C-4);
119,58 (C-2 e C-6); 34,94 (C-8).

3d: IV (Vmax, cm™): 2982, 2556 (N-H secondary amide and amidinium, O-H carboxylic
acid); 1661 (C=0 aromatic carboxylic acid and C=0 secondary amide); 1638 (N-C=N
amidinium); 1597 (C=C aromatic); 1535 (C-N amide, def. angular N-H e C=C aromatic);
1297 (C-O carboxylic acid); 951 (def. angular O-H carboxylic acid); 865 (def. angular



252

C-H 1,4-disubstituted aromatic system); RMN de ‘H (5; DMSO-dgs; 200 MHz): 11,19 (s;
1H; ArNHCO); 9,30 (s; 4H; NH amidinium); 7,91 (d; J=8,4 Hz; 2H; H-2 e H-6); 7,74 (d;
J=8,4 Hz; 2H; H-3 e H-5); 4,35 (s; 2H; H-9). RMN de *C (5; DMSO-ds; 50 MHz): 169,74
(C-10); 166,84; 165,68 (C-7, C-8); 142,56 (C-4); 130,47 (C-2 e C-6); 125,76 (C-1);
118,61 (C-3 e C-5); 34,86 (C-9).

3e: IV (Vimax, cm™): 3387, 3364, 3187, 3080 (N-H secondary amide, primary sulfonamide
and amidinium); 1692 (C=0 secondary amide); 1657 (N-C=N amidinium); 1594 (C=C
aromatic); 1520 (C-N amide, def. angular N-H amide e sulfonamide, C=C aromatic);
1320, 1161 (S=O sulfonamide); 831 (def. angular C-H 1,4-disubstituted aromatic
system); RMN de 'H (8; DMSO-dgs; 200 MHz): 11,24 (s; 1H; ArNHCO); 9,30 (s; 4H; NH
amidinium); 7,78 (s; 4H; ArSO2NHz, H-3 e H-5); 7,30 (s; 2H; H-2 e H-6); 4,35 (s; 2H;
H-8). RMN de C (§; DMSO-ds; 50 MHz): 169,71 (C-9); 165,70 (C-7); 141,44 (C-1);
138,92 (C-4); 126,78 (C-3 e C-5); 118,85 (C-2 e C-6); 34,81 (C-8).

3f: IV (Vmax, cm™): 3085 (N-H secondary amide and amidinium); 1693 (C=0 aromatic
ketone); 1652 (C=0 secondary amide e N-C=N amidinium); 1597 (C=C aromatic); 1538
(C-N amide, def. angular N-H e C=C aromatic); 835 (def. angular C-H 1,4-disubstituted
aromatic system); RMN de *H (5; DMSO-ds; 200 MHz): 11,27 (s; 1H; ArNHCO); 9,35
(s; 4H; NH amidinium); 7,94-7,77 (m; 4H; H-2, H-3, H-5 e H-6); 4,37 (s; 2H; H-8); 2,50
(s; 3H; H-11). RMN de *3C (5; DMSO-ds; 50 MHz): 196,59 (C-10); 169,73 (C-9); 165,74
(C-7); 142,85 (C-1); 132,20 (C-4); 129,53 (C-3 e C-5); 118,58 (C-2 e C-6); 34,87 (C-8);
26,46 (C-11).

39: IV (Vmax, cm™): 3054 (N-H secondary amide and amidinium); 1651 (C=0 secondary
amide, N-C=N amidinium); 1602 (C=C aromatic); 1531 (C-N amide, def. angular N-H e
C=C aromatic); 1493 (C=C aromatic); 822 (def. angular C-H 1,4-disubstituted aromatic
system); RMN de 'H (8; DMSO-dgs; 200 MHz): 11,10 (s; 1H; ArNHCO); 9,33 (s; 4H; NH
amidinium); 7,67 (d; J=8,4 Hz; 2H; H-2 e H-6); 7,38 (d; J=8,6 Hz; 2H; H-3 e H-5); 4,32
(s; 2H; H-8). RMN de *C (5; DMSO-ds; 50 MHz): 169,77 (C-9); 165,37 (C-7); 137,52
(C-1); 128,76 (C-3 e C-5); 127,43 (C-4); 120,80 (C-2 e C-6); 34,67 (C-8).

3h: IV (Vmax, cm™): 3184, 3056 (N-H secondary amide and amidinium); 1672 (C=0
secondary amide); 1648 (N-C=N amidinium); 1601 (C=C aromatic); 1532 (C-N amide,
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def. angular N-H e C=C aromatic); 1489 (C=C aromatic); 820 (def. angular C-H 1,4-
disubstituted aromatic system); RMN de *H (5; DMSO-ds; 200 MHz): 11,09 (s; 1H;
ArNHCO); 9,33 (s; 4H; NH amidinio); 7,61 (d; J=8,2 Hz; 2H; H-2 e H-6); 7,50 (d; J=8,2
Hz; 2H; H-3 e H-5); 4,31 (s; 2H; H-8). RMN de *C (5; DMSO-ds; 50 MHz): 169,74 (C-
9); 165,37 (C-7); 137,93 (C-1); 131,66 (C-3 e C-5); 121,17 (C-2 e C-6); 115,50 (C-4);
34,70 (C-8).

3i: IV (Vmax, cm™): 3381, 3128, 3022 (N-H secondary amide and amidinium); 1691 (C=0
secondary amide); 1652 (N-C=N amidinium); 1595 (C=C aromatic); 1557 (C-N amide,
def. angular N-H e C=C aromatic); 1492 (C=C aromatic, N=0); 1339 (N=0); 858 (def.
angular C-H 1,4-disubstituted aromatic system); RMN de *H (5; DMSO-ds; 200 MHz):
11,57 (s; 1H; ArNHCO); 9,31 (s; 4H; NH amidinium); 8,23 (d; J=8,4 Hz; 2H; H-3 e H-
5); 7,89 (d; J=8,4 Hz; 2H; H-2 e H-6); 4,41 (s; 2H; H-8). RMN de 3C (5; DMSO-ds; 50
MHz): 169,63 (C-9); 166,03 (C-7); 144,73 (C-1); 142,57 (C-4); 125,03 (C-3 e C-5);
119,01 (C-2 e C-6); 34,97 (C-8).

3j: IV (Vmax, cm™): 3075 (N-H secondary amide and amidinium); 1651 (C=0 secondary
amide e N-C=N amidinium); 1603 (C=C aromatic); 1534 (C-N amide, def. angular N-H
e C=C aromatic); 1511 (C=C aromatic); 813 (def. angular C-H1,4-disubstituted aromatic
system); RMN de 'H (8; DMSO-ds; 200 MHz): 10,86 (s; 1H; ArNHCO); 9,37 (s; 4H; NH
amidinium); 7,51 (d; J=8,4 Hz; 2H; H-2 e H-6); 7,11 (d; J=8,4 Hz; 2H; H-3 e H-5); 4,29
(s; 2H; H-8); 2,24 (s; 2H; H-10). RMN de *3C (8; DMSO-ds; 50 MHz): 169,90 (C-9);
165,15 (C-7); 136,01 (C-4); 132,90 (C-1); 129,19 (C-3 e C-5); 119,27 (C-2 e C-6); 34,60
(C-8); 20,47 (C-10).

Group (4)

4k: IR (ATR) Vimax 3047, 2941, 1614, 1591, 1507, 1459, 1342, 1257, 1173, 1110, 1054
cm ™' *H NMR (CDCls, 200 MHz): 6 = 7.13-6.90 (8H, m, H-3", H-4", H-5", H-6"), 5.26
(1H, gn, J = 5.4 Hz, H-2), 4.40 (2H, d, J = 5.4 Hz, H-1), 3.21 (3H, s, 0S0>CHs); 13C
NMR (CDCls, 50 MHz): § = 152.9 (C, C-2', J = 244.0 Hz), 146.1 (C, C-1°, J = 10.7 Hz),
124.7 (CH, C-5, J = 3.4 Hz), 122.6 (CH, C-4>, J = 6.6 Hz), 116.7 (CH, C-3', J = 18 Hz),
115.6 (CH, C-6'), 78.3 (CH, C-2), 68.6 (CHz, C-1), 38.5 (CH3, 0SO2CHj).
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41: IR (ATR) Vmax 3040, 2940, 1613, 1588, 1488, 1447, 1344, 1277, 1176, 1164, 1130,
1074 cm™'; 'H NMR (CDCls, 200 MHz): § = 7.31-7.20 (2H, m, H-4"), 6.75-6.62 (6H, m,
H-2’, H-5", H-6"), 5.24 (1H, qn, J = 5.2 Hz, H-2), 4.31 (2H, d, J = 5.2 Hz, H-1), 3.15 (3H,
s, 0S0;CHs); *C NMR (CDCls, 50 MHz): ¢ = 163.8 (C, C-2', J = 244.5 Hz), 159.2 (C,
C-1',J = 10.9 Hz), 130.8 (CH, C-5°, J = 10.0 Hz), 110.3 (CH, C-6), 108.9 (CH, C-4’, J
= 21.3 Hz), 102.7 (CH, C-2, J = 24.9 Hz), 77.7 (CH, C-2), 67.2 (CHa, C-1), 38.7 (CHs,
0S0,CHb).

4m: IR (ATR) Vmax 3080, 2934, 2875, 1504, 1464, 1454, 1346, 1240, 1172, 1027 cm™";
IH NMR (CDCls, 200 MHz): § = 7.04-6.83 (8H, m, H-2’, H-3’, H-5", H-6"), 5.21 (1H,
qn, J = 5.2 Hz, H-2), 4.28 (2H, d, J = 5.2 Hz, H-1), 3.15 (3H, s, 0SO,CHs); *C NMR
(CDCls, 50 MHz): 6 = 158.0 (C, C-4', J = 238.3 Hz), 154.2 (C, C-17), 116.3 (CH, C-3’,
C-5°,J =23.3 Hz), 115.9 (CH, C-2°, C-6°, J = 7.9 Hz), 78.2 (CH, C-2), 67.7 (CHz, C-1),
38.7 (CH3, 0SO,CHb).

4n: IR (ATR) vmax 3093, 3069, 2946, 2891, 1608, 1560, 1513, 1458, 1344, 1262, 1158,
1024 cm™"; *H NMR (CDCls, 400 MHz): d = 7.13-7.06 (2H, m, H-5"), 6.78-6.73 (2H, m,
H-2%), 6.64-6.62 (2H, m, H-6"), 5.21 (1H, qn, J = 4.8 Hz, H-2), 4.27 (4H, d, J = 4.8 Hz,
H-1), 3.14 (3H, s, 0SO2CHs); 3C NMR (CDCls, 100 MHz): § = 154.2 (C, C-1,J = 8.6
Hz, 2.3 Hz), 150.8 (C, C-3', J = 247.4 Hz, 13.9 Hz), 145.9 (C, C-4’, J = 240.5 Hz, 12.5
Hz), 117.7 (CH, C-5", J = 18.9 Hz), 110.1 (CH, C-6¢', J = 5.9 Hz, 3.6 Hz), 104.8 (CH, C-
2',J=20.4 Hz), 77.3 (CH, C-2), 67.7 (CH2, C-1), 38.7 (CH3, OSO2CHy).

4r: IR (ATR) Vmax 3042, 2940, 2883, 1593, 1566, 1478, 1452, 1345, 1231, 1176, 1057
cm™'; *H NMR (CDCls, 200 MHz): 6 = 7.35 (2H, d, J = 8.8 Hz, H-5%), 7.03 (2H, d, J =
3.0 Hz, H-2"), 6.78 (2H, dd, J = 8.8 Hz, 3.0 Hz, H-6"), 5.21 (1H, qn, J = 5.2 Hz, H-2),
4.29 (4H, d, J = 5.2 Hz, H-1), 3.15 (3H, s, 0SO2CHj3); *C NMR (CDCls, 50 MHz): 6 =
156.9 (C, C-1'), 133.4 (C, C-3"), 131.2 (CH, C-5"), 125.5 (C, C-4"), 116.8 (CH, C-2"),
114.6 (CH, C-6"), 77.1 (CH, C-2), 67.4 (CHa, C-1).

Group (5)

51: IR (ATR) Vmax 3072, 2940, 2880, 2099, 1613, 1591, 1504, 1456, 1256, 1109, 1035
cm™!; H NMR (CDCls, 200 MHz): & = 7.10-6.89 (8H, m, H-3’, H-4’, H-5, H-6"), 4.37-
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4.12 (5H, m, H-1, H-2), 4.40 (2H, d, J = 5.4 Hz, H-1); 3C NMR (CDCls, 50 MHz): J =
153.2 (C, C-2', J = 244.3 Hz), 146.4 (C, C-1°, J = 10.8 Hz), 124.6 (CH, C-5", J = 3.6 Hz),
122.6 (CH, C-4’,J=6.7 Hz), 116.7 (CH, C-3’,J = 18.1 Hz), 116.1 (CH, C-6'), 69.2 (CHy,
C-1), 59.7 (CH, C-2).

5m: IR (ATR) Vmax 3077, 2934, 2881, 2097, 1610, 1592, 1489, 1449, 1277, 1135 cm™';
IH NMR (CDCls, 200 MHz): 6 = 7.31-7.19 (2H, m, H-4"), 6.74-6.63 (6H, m, H-2, H-5",
H-6"), 4.23-4.14 (5H, m, H-1, H-2); 3C NMR (CDCls, 50 MHz): 6 = 163.8 (C, C-2', J =
244.6 Hz), 159.5 (C, C-1", J = 10.8 Hz), 130.6 (CH, C-5°, J = 9.9 Hz), 110.4 (CH, C-6’,
J=2.4Hz), 108.7 (CH, C-4>, J = 21.2 Hz), 102.7 (CH, C-2’, J = 24.8 Hz), 67.8 (CH,, C-
1), 59.4 (CH, C-2).

5n: IR (ATR) Vmax 3055, 2934, 2877, 2098, 1602, 1502, 1460, 1244, 1198 cm™'; *H NMR
(CDCls, 200 MHz): 6 = 7.04-6.84 (8H, m, H-2’, H-3’, H-5", H-6"), 4.21-4.05 (5H, m, H-
1, H-2); 13C NMR (CDCls, 50 MHz): 6 = 157.9 (C, C-4', J = 237.6 Hz), 154.4 (C, C-1"),
116.2 (CH, C-3°, C-5°, J = 23.4 Hz), 115.9 (CH, C-2°, C-6", J = 8.3 Hz), 68.3 (CHa, C-
1), 59.6 (CH, C-2).

50: IR (ATR) Vimax 3090, 3069, 2941, 2885, 2143, 2100, 1608, 1511, 1477, 1465, 1252,
1155, 1027 cm™'; 'H NMR (CDCls, 400 MHz): 6 = 7.12-7.05 (2H, m, H-5), 6.79-6.74
(2H, m, H-2*), 6.65-6.62 (2H, m, H-6"), 4.17-4.11 (5H, m, H-1, H-2); 3C NMR (CDCls,
100 MHz): 6 = 154.5 (C, C-1', J = 8.5 Hz, 2.2 Hz), 150.7 (C, C-3', J = 246.9 Hz, 13.8
Hz), 145.8 (C, C-4’, J = 240.0 Hz, 12.8 Hz), 117.7 (CH, C-5', J = 18.4 Hz), 110.1 (CH,
C-6,J = 5.8 Hz, 3.5 Hz), 104.7 (CH, C-2', J = 20.4 Hz), 68.3 (CH2, C-1), 59.3 (CH, C-
2).

5s: IR (ATR) Vinax 2940, 2882, 2144, 2094, 1590, 1567, 1478, 1454, 1231, 1023 cm™'; H
NMR (CDCls, 200 MHz): 6 = 7.34 (2H, d, J = 8.8 Hz, H-5"), 7.03 (2H, d, J = 2.8 Hz, H-
2), 6.79 (2H, ddd, J = 8.8 Hz, 2.8 Hz, 0.4 Hz, H-6"), 4.20-4.11 (5H, m, H-1, H-2); 13C
NMR (CDCls, 50 MHz): 6 = 157.2 (C, C-1'), 133.3 (C, C-3'), 131.1 (CH, C-5°), 125.3
(C, C-4"), 116.7 (CH, C-2'), 114.7 (CH, C-6"), 68.0 (CHz, C-1), 59.3 (CH, C-2).
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2. Results
[ Group 1 l I Group 2 ]
1a:R=2-F OH NH;*CI
1b: R = 3,4-diF = O\)\/O = 0 O~
1c: R = 3-CF3 R_Q/ | R R©/ | R
1d:R=H -m
1e: R = 2,3-diBenzo
1f: R = 3,4-diBenzo 1t R = 3.F 2a:. R i 2,3-d|_Benzo 2;0.. !;:;:,4-d|CH3
1g: R = [2,3-b]Pyrrole A 2b: R = 3,4-diBenzo P: :
1h: R = 2-CN bbb 2¢: R = 3-OCH3 ;q R=2-CN
1i: R = 3-CN W R = 2.0l 2d:R=3F rR=3CN
1j: R = 4-CN 2e: R = 3 4-diF 2s: R=4-CN
1k: R = 2-OCHs xR =3-Cl 2f: R = 2-C| 2t R = 2-OCHj3
11 R = 3-0CH, 1y: R =4-C| 2g: R = 3-Cl 2u: R = 4-OCHj4
1m: R = 4-OCHj3 1z: R = 3,4-diCl 2h: R = 4-Cl 2v: R = 2-COOCH;
1n: R = 2-OCH3,4-COH 1aa: R = 2-NO; 2i: R = 2 4-diCl 2w: R = 3-COOCH;
10: R = 4-COH :bb_: R=3-NO 2j: R = 3.4-Cl 2x: R = 4-COOCHj3
1p: R = 2-OCHs, ce:R = 4-NO, 2k: R = 2-CH3 2y:R=2-F
4-CH=NNHC(=S)NH, 1dd: R = 2-CHz 21: R = 3-CHs 2z:R=4-F
19: R = 4-CH=NNHC(=S)NH, 1¢& R=3-CHs 2m: R = 4-CHs 2aa: R = 3-NO,
1r: R = 2-COOCH; 1f: R = 4-Chs 2n: R=24-diCH;  2bb: R =4-NO
1s: R = 4-COOCH; 199: R = 3,4-diCH; SAREA ' 2
[ Group 3 ] I Group 4 } l Group § ]
T OMs N3
s O O~ e O A0~y
= NHyCr RO R L~ R
HNW/\SJLNHZ
(0] 4da-R=H 4n R = 4-F 5a:R=H Sm: R = 3-F
4b:R=23-dBenzo , " 3’4_diF 5b: R = 2,3-diBenzo Z" R=4F
4o:R=34-diBenzo 4 oo’ 5c: R = 3,4-diBenzo 5°j 2 - g"gld":
3a;R=4-SO;NH,  4d:R=2-CN 4q: R =3-Cl 5d:R =2-CN sp- R = 3-Cl
3b: R = 4-OCHjz 4e:R=3-CN ar R aol 5e: R = 3-CN aR=s
3c:R=3-COOC,H;  4f:R=4-CN 4s:R=34dic T R=4CN :r'- R o 5 ad
3d: R=4-COOC,Hs 49: R =2-OCHjs 4t R = 2_'N02 59: R = 2-OCHs 5:'}';_' 23 ,:g.ol
3e: R = 4-COOH 4h: R = 3-OCH; duR=3NO, MR=4-0CH;s s S
3f: R = 4-COCH3 4i: R = 4-OCH3 4v R=4No, 5iR=20CHs, 5”j R=3-NO,
3g: R =4-Cl 4j: R = 2-COOCH "‘R=2- 4-COH ViR= AN
] 3 4w: R = 2-CH3 PR =0 5w: R = 2-CH
3h: R = 4-Br 4k R=4-COOCHs 4ax:R=acHs )R- 2:COOCH: ¢
3 R = 4-NO, R e SkR=4CO0CH; 5 R=3CHy
3j: R = 4-CHy am: R =3-F YRITER ShR=2E %' R=4-CHa

Scheme S1. Chemical structure of all compounds evaluated in relation to in vitro

antifungal activity.
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Table S1. Minimal inhibitory concentrations of compound 2j in relation of
dermatophytes and yeasts of the genus Candida.

Dermatophytes (n=11) MIC 2j
Microsporum canis (MCA 33) 1.56
Microsporum canis (MCA 38) 0.78
Microsporum gypseum (MGY5 HCPA) 1.56
Microsporum gypseum (MGY 50) 0.78
Microsporum gypseum (MGY 58) 1.56
Trichophyton mentagrophytes (TME 32) 0.78
Trichophyton mentagrophytes (TME 40) 0.39
Trichophyton rubrum (TRU 2 HCPA) 1.56
Trichophyton rubrum (TRU 3 HCPA) 3.12
Trichophyton rubrum (TRU 48) 1.56
Trichophyton schoenleinii (TSHO 3 HCPA) 0.78
MICso 1.56
MIC range 0.39-3.12
Candida spp. (n=6) MIC 2j
Candida albicans (CA 01) 0.78
Candida krusei (CK 03) 1.56
Candida glabrata (CG 05) 1.56
Candida tropicalis (CT ATCC 750) 0.78
Candida parapsilosis (CP 06) 1.56
Candida parapsilosis (CP 07) 1.56
MICso 1.56
MIC range 0.78 — 1.56

MICso, minimal concentration that inhibits approximately 50% of the strains.
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Table S2. Effect of different concentrations of external ergosterol (50-250 pg/ml) on the minimum inhibitory concentration (MIC; pg/ml) of
Amphotericin B and compound 2j against dermatophytes.

4 days 7 days
Dermatophytes o . o .
Amphotericin B Compound 2j Amphotericin B Compound 2j

Ergosterol concentration (ug/ml) Ergosterol concentration (ug/ml) Ergosterol concentration (ug/ml) Ergosterol concentration (ug/ml)
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250

MCA 01 050 1.00 2.00 4.00 16.00 640 156 156 156 156 156 1.56 1.00 32.00 64.00 64.00 256.00 256.00 156 1.56 1.56 1.56 1.56 1.56
MCA 33 2.00 4.00 4.00 800 16.00 320 156 1.56 1.56 1.56 1.56 1.56 2.00 32.00 64.00 64.00 256.00 256.00 1.56 156 1.56 1.56 1.56 1.56
MCA 38 1.00 100 200 400 16.00 320 0.78 0.78 0.78 0.78 0.78 0.78 200 32.00 6400 64.00 128.00 256.00 0.78 0.78 0.78 0.78 0.78 0.78
MGY5HCPA 100 1.00 200 4.00 16.00 320 156 156 156 1.56 1.56 1.56 1.00 16.00 32.00 32.00 64.00 6400 156 156 156 1.56 1.56 1.56
MGY 42 4.00 16.00 32.00 32.00 32.00 640 156 156 156 156 156 1.56 400 64.00 128.00 128.00 128.00 128.00 1.56 1.56 1.56 1.56 1.56 1.56
MGY 50 025 025 100 100 4.00 160 0.78 0.78 0.78 0.78 0.78 0.78 0.50 16.00 32.00 32.00 128.00 128.00 0.78 0.78 0.78 0.78 0.78 0.78
MGY 58 1.00 100 100 200 400 160 156 156 156 156 1.56 1.56 1.00 16.00 64.00 64.00 128.00 128.00 156 1.56 1.56 1.56 1.56 1.56
TME 16 2.00 2.00 4.00 400 16.00 320 312 312 312 312 312 3.12 2.00 8.00 32.00 3200 6400 128.00 3.12 312 3.12 3.12 3.12 3.12
TME 32 050 1.00 2.00 4.00 16.00 320 0.78 0.78 0.78 0.78 0.78 0.78 0.50 16.00 32.00 32.00 128.00 256.00 0.78 0.78 0.78 0.78 0.78 0.78
TME 40 1.00 1.00 2.00 4.00 16.00 320 0.39 0.39 0.39 0.39 0.39 0.39 2.00 32.00 64.00 64.00 128.00 128.00 0.39 0.39 0.39 0.39 0.39 0.39
TRU 45 200 4.00 4.00 4.00 16.00 320 312 312 312 3.12 312 3.12 200 32.00 64.00 64.00 128.00 128.00 3.12 3.12 3.12 3.12 312 3.12
TRU2HCPA 025 025 1.00 200 16.00 320 156 156 1.56 1.56 1.56 1.56 0.25 4.00 16.00 16.00 6400 128.00 156 156 1.56 1.56 1.56 1.56
TRU3HCPA 025 025 1.00 200 4.00 160 3.12 3.12 312 312 312 3.12 0.25 800 3200 32.00 128.00 128.00 3.12 3.12 3.12 3.12 312 3.12
TRU 48 025 025 050 200 16.00 320 156 1.56 1.56 1.56 1.56 1.56 0.25 8.00 32.00 32.00 128.00 128.00 156 156 1.56 1.56 1.56 1.56

TSHO3HCPA 025 025 1.00 100 4.00 160 0.78 0.78 0.78 0.78 0.78 0.78 0.50 8.00 32.00 3200 64.00 128.00 0.78 0.78 0.78 0.78 0.78 0.78
MCA: Microsporum canis, MGY: Microsporum gypseum, TME: Trichophyton mentagrophytes, TRU: Trichophyton rubrum, TSCHO: Trichophyton schoenleinii.
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Table S3. Effect of different concentrations of external ergosterol (50-250 pg/ml) on the minimum inhibitory concentration (MIC; pg/ml) of
amphotericin B and compound 2j against Candida spp.

2 days 5 days

Candida spp. Amphotericin B Compound 2j Amphotericin B Compound 2j

Ergosterol concentration (pug/ml) Ergosterol concentration (ug/ml) Ergosterol concentration (pug/ml) Ergosterol concentration (pg/ml)
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
CAATCC 18804 1.00 2.00 4.00 8.00 16.00 3200 156 156 156 156 1.56 156 1.00 64.00 128.00 256.00 256.00 256.00 156 1.56 1.56 1.56 1.56 1.56

CAO01 0.50 1.00 1.00 2.00 800 16.00 0.78 0.78 0.78 0.78 0.78 0.78 0.50 16.00 64.00 128.00 128.00 128.00 0.78 0.78 0.78 0.78 0.78 0.78
CK 02 1.00 4.00 4.00 8.00 16.00 32.00 156 156 156 1.56 156 156 2.00 64.00 128.00 256.00 256.00 256.00 1.56 1.56 1.56 1.56 1.56 1.56
CK 03 0.50 1.00 2.00 4.00 16.00 32.00 156 156 156 156 156 156 1.00 32.00 64.00 128.00 128.00 128.00 1.56 1.56 1.56 1.56 1.56 1.56
CG05 0.25 0.50 050 1.00 4.00 16.00 156 1.56 156 156 156 156 0.25 16.00 64.00 128.00 128.00 128.00 1.56 1.56 1.56 1.56 1.56 1.56
CG 09 2.00 4.00 8.00 8.00 16.00 64.00 156 1.56 1.56 1.56 156 1.56 2.00 128.00 128.00 128.00 128.00 128.00 1.56 1.56 1.56 1.56 1.56 1.56
CT 72A 0.50 1.00 1.00 4.00 16.00 32.00 156 1.56 156 156 156 156 0.50 3200 64.00 128.00 128.00 128.00 1.56 1.56 1.56 1.56 1.56 1.56
CT ATCC 750 0.25 050 0.50 1.00 4.00 16.00 0.78 0.78 0.78 0.78 0.78 0.78 0.25 16.00 32.00 64.00 6400 6400 0.78 0.78 0.78 0.78 0.78 0.78
CP 06 0.25 1.00 2.00 4.00 16.00 32.00 156 1.56 156 156 1.56 156 0.50 3200 64.00 128.00 128.00 128.00 1.56 156 1.56 1.56 1.56 1.56
CP 07 0.50 1.00 1.00 2.00 400 16.00 156 156 156 156 156 156 0.50 32.00 64.00 128.00 128.00 128.00 1.56 1.56 1.56 1.56 1.56 1.56

CA: Candida albicans, CK: Candida krusei, CG: Candida glabrata, CT: Candida tropicalis, CP: Candida parapsilosis.
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CAPITULO VII — Bisaryloxypropanamines derivative exhibiting protective

effect against fungal infection in Drosophila melanogaster minihost model

Nota: Manuscrito em fase de redagdo. Posteriomente sera submetido ao
periodico Mycoses.
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ABSTRACT

Background: The number of deaths due to systemic fungal infections is
increasing alarmingly, which is aggravated by the limitations of traditional treatments and
the multidrug-resistance. Therefore, the research and development of new therapeutic
options against pathogenic fungi is an urgent need. Objectives: To evaluate the fungicidal
activity of a synthetic compound derived from 1,3-bis(aryloxy)-2-propanamines (2j),
through time-kill studies and pharmacokinetic/pharmacodynamic (PK/PD) modeling.
The protective effect of the compound was also evaluated, using the Drosophila
melanogaster minihost model of candidiasis. Methods: Mathematical modeling of time-
kill data of compound 2j was performed to obtain pharmacodynamic characteristics.
Additionally, Toll-deficient D. melanogaster flies were infected with a Candida albicans
strains and treated with 2j. Results: We observed that compound 2j demonstrated a time-
and dose-dependent fungicidal effect against Candida spp. and dermatophytes, even at
low concentrations, and rapidly achieved kill rates reaching the maximum effect in less
than one hour. The efficacy of the compound against systemic candidiasis in D.
melanogaster flies was comparable to that achieved by fluconazole. Conclusions: These
results support the potential of compound 2j as a systemic antifungal agent candidate and

serve as a starting point for further studies involving mammalian animal models.

Keywords: 1,3-bis(aryloxy)-2-propanamines, antifungal, dermatophytes, Candida spp.,
time kill, PK/PD modeling, fruit fly.

1. Introduction

Global mortality rates due to systemic infections by human fungal pathogens are
increasing alarmingly.>? In the last decade, the yeast Candida albicans has become the
fourth leading cause of hospital-acquired bloodstream diseases.™?3 Although C. albicans
is still the most isolated species in intensive care units, there is currently a growing trend
of non-albicans candidemia (NAC) infection. NAC account for an average of
approximately 40% of nosocomial cases.* The major risk factors for candidemia include
invasive procedures, multisite yeast colonization, broad-spectrum antibiotics, and
immunosuppressive pathologies. Increased hospital costs and prolonged length of stay
associated with invasive candidiasis contribute to a major financial burden, which is

believed to exceed billions annually.*° Dermatophytes are keratinophilic fungi that cause
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benign and common forms of ringworm worldwide. However, they can lead to serious
and rare diseases in immunocompromised patients.® Severe forms include invasive and/or
extensive dermatophytosis.”#910

Current antifungal drugs suffer from a number of drawbacks, including toxicity to
the host, high costs, and a limited spectrum of action.'* These restrictions are further
aggravated by antifungal resistance, an increasingly reported and worrying fact.121314 The
emergence of strains resistant both to newer members of the echinocandin class and to
azole drugs is considered a major threat by the Centers for Disease Control and Prevention
(CDC).™ Therefore, better antifungal therapies are needed to address this escalating
problem and are key factors in optimizing patient outcomes.1°

In this context, we propose the applied mathematical modeling on time-kill data
of Candida spp. and dermatophytes to obtain pharmacodynamic characteristics of a novel
synthetic molecule (compound 2j; 1,3-bis(3,4-dichlorophenoxy)propan-2-aminium
chloride) belonging to class of 1,3-bis(aryloxy)-2-propanamine derivatives. Recently,
some compounds of this class have already presented promising antiprotozoal activity
against Leishmania amazonensis promastigote forms.!” We further researched the
potential protective effect of compound 2j using the Drosophila melanogaster minihost

model of systemic candidiasis.

2. Materials and methods

2.1. Synthesis of compound 2j
The compound (Fig. 1) was synthesized according to Lavorato et al. (2017)'" and
was dissolved in dimethylsulfoxide (DMSO; Sigma-Aldrich) and diluted in sterile

distilled water to obtain a maximum concentration of 1% DMSO for the experiments.
NHz*CI
cl o\)\/o cl
cl Cl

Fig. 1. Chemical structure of compound 2j.
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2.2. Time-kill curves

A time-kill assay was carried out with yeast species of the genus Candida (C.
albicans - CA ATCC 18804, and C. tropicalis - CT 72A*) and dermatophytic filamentous
fungi (Microsporum canis - MCA 01, and Trichophyton mentagrophytes - TME 16*). All
fungal species are deposited in the Mycology Collection of the research group in Applied
Mycology (Universidade Federal do Rio Grande do Sul, Brazil). For Candida spp. the
resistance was defined based on Kuriyama et al. (2005)'® and CLSI breakpoints,®2°
considering the following minimum inhibitory concentrations (MICs): CT 72A resistant
to itraconazole (MIC = 1 pg/mL,; Cassara laboratory, Argentina), miconazole (MIC > 8
pg/mL, Valdequimica, Brazil), and voriconazole (MIC = 2 pg/mL; Pfizer, Brazil). For
dermatophytes, the resistance (or decreased susceptibility) was established according to
the increase in minimal inhibitory concentration (MIC), considering the following
resistance threshold concentrations: terbinafine (Cristalia, Brazil) - MIC > 1 pg/mL,
griseofulvin (Cristalia, Brazil) - MIC >4 ug mL™, and ketoconazole (Cristalia, Brazil) -
MIC > 8 pg/mL. Consequently, the clinical isolate TME 16 was considered multidrug-
resistant (MIC terbinafine = 4 pg/mL, MIC griseofulvin > 32 pg/mL and MIC
ketoconazole = 16 pug/mL). The procedures were conducted with RPMI 1640 medium
(Gibco®) buffered with MOPS. Compound 2j was tested over a range of concentrations:
0 (control - drug free), 1, 2, 4 and 8 times the MIC for each clinical strain.?*?2 The MIC
was defined according to the microdilution technique of the document M27-A3 (CLSI,
2008)*° for yeasts and M38-A2 (CLSI, 2008)? for dermathophytes.

For yeasts, prior to time-kill evaluation, isolates were subcultured twice on
Sabouraud dextrose agar (SDA) with chloramphenicol for 24 to 48 h at 35 °C. The
inoculum was adjusted spectrophotometrically at 530 nm to the density of a 0.5
McFarland turbidity standard. The adjusted inoculum suspension was diluted 1:10 in
RPMI 1640 medium containing the appropriate concentrations of 2j, and tubes with the
test solution were incubated at 35 °C without agitation; the final volume was 2 mL. This
procedure yielded an initial inoculum ranging from 1-5 x 10° colony-forming units
[CFU]}/mL and 2j concentrations of 1.56 (MIC), 3.12 (2xMIC), 6.24 (4xMIC), and 12.48
(8XMIC) ng/mL, for both species — C. albicans (CA ATCC 18804) and C. tropicalis (CT
72A). At predetermined time points (0, 2, 4, 8, 12, 24, 36, and 48 h), an aliquot was
aseptically removed from the control tube (drug free) and each tube with a test solution

and serially diluted 10-fold (10 to 10®) with sterile water. Then, 20 uL was plated on
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SDA plates for determination of CFU counts (drop method). Colony counts were
determined following incubation at 35 °C for 24 to 48 h.

For filamentous fungi, prior to time-kill evaluation, isolates were subcultured
twice on potato dextrose agar (PDA) plates for 96 h at 35 °C. The inoculum was adjusted
to 1-3 x 10° CFU/mL in RPMI 1640 medium with or without (control) the desired amount
of compound 2j, and tubes with the test solution were incubated at 35 °C; the final volume
was 2 mL. Concentrations of 2j were 1.56 (MIC), 3.12 (2xMIC), 6.24 (4xMIC), and 12.48
(8XMIC) pg/mL for M. canis (MCA 01) and 3.12 (MIC), 6.24 (2xMIC), 12.48 (4xMIC),
and 24.96 (8xMIC) pg/mL for T. mentagrophytes (TME 16). At predetermined time
points (0, 3, 6, 12, 24, 48, and 96 h), an aliquot was aseptically removed from both the
control tube (drug free) and each tube with a test solution and serially diluted 10-fold (10
! to 10%) with sterile water. Then, 20 uL directly from the test solution and each dilution
solution were plated onto a PDA plate, using a Drigalski spreader. Plates were incubated
at 35 °C and colonies were counted at 96 h.

The CFU for each incubation time-point per mL was plotted as a function of time,
resulting in time—Kill curves, including the standard deviations. A fungicidal effect was
considered when there was a decrease of >99.9% in the logio of the number of CFU/mL
compared with starting inoculum. The results were reported as the mean colony counts

from triplicate experiments.

2.3. Pharmacokinetic/pharmacodynamic (PK/PD) modeling

Time-kill curve data of compound 2j for C. albicans (CA ATCC 18804), C.
tropicalis (CT 72A), M. canis (MCA 01), and T. mentagrophytes (TME 16) were applied
for the mathematical modeling. An in vitro kinetic model was used to investigate the
antifungal efficacy of constant drug concentrations during 48 h for yeasts (inoculum of 1
— 5 x 10° CFU/mL), and 96 h for dermatophytes (inoculum of 1-3 x 10° CFU/mL). The
selection of 2j concentrations tested was based on their MIC values (MIC, 2xMIC,
4XMIC, and 8xMIC). A control experiment with untreated fungus was run
simultaneously.

Adapted Emax models described by Treyaprasert et al. (2007),2* Li et al. (2009),2°
and Joaquim et al. (2018)® were used in the modeling of C. albicans (with k and and Nmax
fixed), C. tropicalis, M. canis (k fixed), and T. mentagrophytes (k fixed), according to the
equation 1:
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Eqg. (1)

dN N KimaxC
W _ ey (1 M) - (e )]
dt Nmax ECSO + C

Where dN/dt is the variation in number of fungi as a function of time, ko (h™?) is
the fungal growth rate constant in the absence of compound 2j, kmax (W) the maximum
killing rate constant (maximum effect), ECso (ug/mL) the concentration of 2j necessary
to produce 50% of maximum effect, C (ug/mL) the concentration of 2j at any time (t),
N (logio CFU/mL) the number of viable fungal cells, and Nmax is the maximum number of
fungal cells. If necessary, the model is adjusted in adaptation rate terms (x, y), and
incorporate a Hill factor (h) that modifies the steepness of the slopes and smoothes the
curves, 24226

The mathematical modeling of the kill curve data was performed with the
non-linear regression software program Scientist® 3.0 (Micromath, Salt Lake, UT, USA).
Graphs were visually inspected for quality of fit and model selection criterion (MSC),
coefficient of determination (R?) and correlation between measured and calculated data

points.
2.4. Fungal infection in Drosophila melanogaster minihost model

2.4.1. Drosophila melanogaster stocks

Toll-deficient transheterozygote mutants were generated by crossing flies
carrying a thermosensitive allele of TI (T1"%2) with flies carrying a null allele of TI (TI"
RXA), as described by Chamilos et al. (2008).2” Both fly strains were a gift from Dimitrios
P. Kontoyiannis (University of Texas MD Anderson Cancer Center). Standard procedures

were followed for storing and manipulating flies,?"?® with the exception of the diet used.?®

2.4.2. Fungal strain and antifungal drug control

The C. albicans ATCC18804 strain was used for infecting the flies. Fluconazole
(purity > 98%), used as a positive control, was obtained from Sigma-Aldrich (Sao Paulo,
Brazil) and solved in sterile distilled water.


https://www.sigmaaldrich.com/catalog/product/sigma/f8929?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sigma/f8929?lang=en&region=US
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2.4.3. Drug protection experiments

To determine whether the compound 2j protect flies against systemic candidiasis,
groups of Toll-deficient female flies (age: 2 to 4 days) were put into vials without food
for 6-8 h to starve them and then transferred to vials with food containing 100 pL of 2j
(1 mg/mL), fluconazole (1 mg/mL), or sterile PBS (control). After 24 h, a needle that had
been dipped into a 0.85% NaCl solution containing 1x10® C. albicans cells/mL was used
to puncture the dorsal side of the thorax of the flies. Flies were then transferred into vials
containing fly food mixed with the compound of interest, fluconazole, or sterile PBS and
maintained at 29 °C. Survival of the flies was assessed daily for seven days after infection
in all experiments. Flies that died within 3 h of injection were considered to have died as
a result of the procedure and were excluded from the survival analysis.?”? Positive
control was provided by infecting flies that were not exposed to antifungal compounds.
Furthermore, prior to the protection experiments, the uninfected flies were exposed to
food containing 1 mg/mL of compound 2j and fluconazole to verify the toxicity of the
drugs. Each experiment was performed at least in quadruplicate, in four independent
trials, using 35-45 flies.

2.4.4. Assessment of tissue fungal burden

Quantification of C. albicans cells in the tissues of flies was performed after seven
days of infection. Ten flies from each group were collected and separated in live and dead
flies and ground in 1 mL of 0.85% NaCl solution. Serial dilutions were done in triplicate
and plated onto SDA with chloramphenicol. The number of CFU was counted after 24 h
of incubation at 35 °C. Results shown are the mean of 4 experiments.

2.4.5. Statistical analysis

We pooled the survival data from our four independent biological repeat sets of
injection, as no significant differences were observed between repeats (p > 0.1, log-rank
test), therefore providing a more robust analysis of the lifetime data. Survival curves were
plotted using Kaplan-Meier analysis and significant differences between survival data
were identified using the log-rank test (GraphPad Prism software; version 6.01). CFU
values were logio transformed before statistical analysis. We compared treatment groups
using the nonparametric Kruskal-Wallis test. We considered p < 0.05 to be statistically
significant.


https://www.fishersci.ca/shop/products/bd-difco-dehydrated-culture-media-sabouraud-dextrose-agar-4/p-4901952
https://www.fishersci.ca/shop/products/bd-difco-dehydrated-culture-media-sabouraud-dextrose-agar-4/p-4901952
https://www.fishersci.ca/shop/products/bd-difco-dehydrated-culture-media-sabouraud-dextrose-agar-4/p-4901952
https://www.fishersci.ca/shop/products/bd-difco-dehydrated-culture-media-sabouraud-dextrose-agar-4/p-4901952
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3. Results

3.1. Killing curves and PK/PD modeling

A time-kill plot (Fig. 2-5) of the interaction of compound 2j with Candida and
dermatophyte species tested revealed that 2j exhibited concentration and time dependent
fungicidal activity (> 99.9% decrease in the logio of the number of CFU/mL compared
with starting inoculum; support information — Fig. S1), including the killing action against
resistant (C. tropicalis - CT 72A) and multidrug-resistant (T. mentagrophytes - TME 16)
clinical strains.

The compound achieves the maximum fungicidal effect very fast: 0.28 h, 0.37 h,
0.24 h, and 0.29 h for C. albicans (ATCC 18804), C. tropicalis (72 A), M. canis (MCA
01), and T. mentagrophytes (TME 16), respectively.

The determined pharmacodynamic parameters for each individual fungal strain
are presented in Table 1.
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Fig. 2. Fitted curves resulting from modeling fungal growth (dashed line) and time-kill
curve plots of synthetic compound 2j (full line) against Candida albicans ATCC 18804
(A-D) (A: MIC; B: 2xMIC; C: 4xMIC; D: 8xMIC). MIC: minimum inhibitory
concentration; CFU: colony-forming units. MIC = 1.56 ug/mL.
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Fig. 3. Fitted curves resulting from modeling fungal growth (dashed line) and time-kill
curve plots of synthetic compound 2j (full line) against the multidrug-resistant clinical
strain Candida tropicalis 72A (A-D) (A: MIC; B: 2xMIC; C: 4xMIC; D: 8xMIC). MIC:
minimum inhibitory concentration; CFU: colony-forming units. MIC = 1.56 pg/mL. .
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Fig. 4. Fitted curves resulting from modeling fungal growth (dashed line) and time-kill
curve plots of synthetic compound 2j (full line) against Microsporum canis 01 (A-D) (A:
MIC; B: 2xMIC; C: 4xMIC; D: 8xMIC). MIC: minimum inhibitory concentration; CFU:
colony-forming units. MIC = 1.56 ug/mL.
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Fig. 5. Fitted curves resulting from modeling fungal growth (dashed line) and time-kill
curve plots of synthetic compound 2j (full line) against the multidrug-resistant clinical
strain Trichophyton mentagrophytes 16 (A-D) (A: MIC; B: 2xMIC; C: 4xMIC; D:
8xMIC). MIC: minimum inhibitory concentration; CFU: colony-forming units. MIC =
3.12 pg/mL.

Table 1. Pharmacodynamic parameters determined for compound 2j against yeasts and
dermatophytes, and goodness of fit criteria.

Parameters C. albicans  C. tropicalis M. canis T. mentagrophytes
ATCC 18804 72 A* 01 16*

MIC* (ug/mL) 1.56 £ 0.00 156+£0.00 1.56+0.00 3.12+0.00
Ko (h}) 0.14 £ 0.00 0.16 £+0.04  0.10+0.00 0.15+0.00
Kmax (™) 2.48 +0.51 1.89+183 284+261 2.37+2.16
ECso (ng/mL) 4.71+0.38 3.13+0.75 3.59+0.26 4.69 +0.24
Nmax (I0g10CFU/mL) 7.67 £0.00 7.65+0.13 5.21+0.00 5.11+£0.00

x (hh) - - - -

y () : : : :

h 3.28+ 0.62 - - -

Model selection
3.44/1.00 3.46/1.00 3.44/1.00 3.33/1.00

criterion/R?

#Minimum inhibitory concentration was previously determined by broth microdilution. *Multidrug-
resistant clinical strains; ko: fungal growth rate constant in the absence of compound 2j; kmax: maximum
killing rate constant (maximum effect); ECso: 2j concentration necessary to produce 50% of maximum
effect; Nmax: maximum number of fungal cells; x, y: adaptation rate terms; h: Hill factor; R?: coefficient of

determination.
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3.3. Protective effect against fungal infection in Drosophila melanogaster minihost
model

Experiments showed that the compound 2j and fluconazole were found to be
nontoxic to Toll-deficient D. melanogaster flies at 1 mg/mL - concentration used (data
not shown). The efficacy of 2j treatment on Toll-deficient flies infected with C. albicans
is showed in Fig. 6A. Infected flies fed with food containing compound 2j had a
significantly higher survival rate than untreated control flies (p < 0.001). Indeed, response
to treatment with the compound 2j and fluconazole was identical (p > 0.05). Nonetheless,

CFU count did not differ among the groups (Fig. 6B).
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Fig. 6. A) Survival of Tl-deficient flies infected with Candida albicans and treated with
compound 2j, fluconazole, or sterile PBS (control). Data shown are the means of four
independent experiments. Compound 2j and fluconazole groups were statistically
different from the Sterile PBS group (p < 0.001; log-rank test). B) Fungal burden
(expressed as mean logio and standard error of the mean (SEM) of colony-forming units
per mL) of dead and live flies at day 7 of experiment. No statistical difference was
observed among the groups (p > 0.05; Kruskal Wallis test).

4. Discussion

From the dynamic time kill curves of yeasts after exposure to compound 2j (Fig.
2 — 3), was observed that the concentration of 12.48 pg/mL (8xMIC) was associated with
achieving the cidal endpoint (> 99.9% reduction in CFU) at 0.28 h (C. albicans) and at
0.37 h (C. tropicalis) of exposure to 2j. For filamentous fungi, the fungicidal
concentration was 6.24 pg/mL (4xMIC) for M. canis and 12.48 pg/mL (4xMIC) for T.
mentagrophytes, after 0.24 h and 0.29 h of in vitro contact with the compound. Rapid
fungicidal action may be a valuable advantage for treatment of systemic infections that
require the implementation of a therapy that has immediate action due to the patient's
severity.® Joaquim et al. (2018)?° modeling of 8-hydroxyquinolines derivatives time kill

data, observed that one of the most promising compounds (molecule 5b) in the study
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reached the maximum fungicidal effect for C. albicans, M. canis, and T. mentagrophytes
after 7, 17, and 0.25 h, respectively.

In none of the 2j tested concentrations there was an increase in the number of
CFU/mL. For C. albicans ATCC 18804 (Fig. 2) and C. tropicalis 72A (Fig. 3), similar
kinetic profiles were observed. At concentrations ranging from MIC to 4xMIC, the
growth was slightly less than observed with the untreated control (Fig. 2 -3, A—C). For
these concentrations of 2j, the number of CFU/mL remained constant or with a small
decrease over time, with the greatest reduction in CFU/mL more perceptible at 8xMIC
(Fig. 2 -3, D; Fig. S1).

For M. canis (Fig. 4B) and T. mentagrophytes (Fig. 5B), until 2xMIC
concentration, 2j was fungistatic for 96 h, while from 4xMIC onwards (Fig. 4 — 5, C) the
fungicidal effect initiated (Fig. 4 — 5, D; Fig. S1). Thus, time-Kkill data revealed that 2j
begins to exert the fungicidal action against dermatophytes in lower concentrations when
compared to yeasts. Although the fungicidal activity varied among test fungal isolates, it
was observed that fungicidal capacity increased for all strains with increasing
concentrations and exposure time to this compound.

The PK/PD modeling results indicate that the mathematical model chosen are
appropriate for fitting the data. Data showed that 2j was highly effective as ECso was 4.71
pg/mL (C. albicans), 3.13ug/mL (C. tropicalis), 3.59 pug/mL (M. gypseum), and 4.69
pug/mL (T. mentagrophytes) - concentrations very close to the MIC values (Table 1).
Similar doses were also reported by Joaquim et al.?® in relation to dynamic interaction of
new 8-hydroxyquinolines against C. albicans, M. canis, and T. mentagrophytes, which
corroborates the use of this type of model to predict the dose-response efficacy. This
approach of combining in vitro time kill with PK/PD modeling might serve to delineate
future studies in animals in order to define the dosage of the compound to be applied.
Emax models are useful to describe the relationship between concentration and effect?>2
and have been shown to be successfully applied in our study with 2j.

Summarize, for all four pathogens tested, modified Emax model was found to be
adequate to describe the observed kill curve data. Simulations based on previous
preclinical trials can predict clinical outcome and help to come up with dose
recommendations. 4?>26 Complement to this, PK/PD modeling has become a prediction
tool to evaluate the maximum antimicrobial effect, considering important variables in this
process.?42>2 Thus, the combination of the time kill data with this PK/PD strategy,
together with the pre-established MICs, may improve the understanding of the dynamic
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interaction of a new antifungal candidate with the pathogens. 21:22242526 However, further
work needs to be completed in order to fully understand the PK/PD of 2j.

According to the findings of 2j protection experiments in the
Drosophila melanogaster minihost model, we observed a protective effect of compound
2] — approximately 50% of the Toll-deficient flies treated with this compound or
fluconazole survived at the end of the experiment, whereas less than 30% of flies survived
with sterile PBS (control) (Fig. 6). Survival curves of both 2j (MIC for C. albicans ATCC
18804 = 1.56 pg/mL) and fluconazole (MIC for C. albicans ATCC 18804 = 1.0 pg/mL)
differed statistically from the PBS group, demonstrating the efficacy of compound 2j as
a promising agent in the therapy of systemic and disseminated mycoses, mainly in
immunocompromised patients. This survival profile of flies was similar to that found by
Chamilos et al. (2006)% using fluconazole. They found that fluconazole had a significant
protective effect in flies infected with a susceptible C. albicans strain, but this antifungal
agent did not fully protect the infected flies since survival did not exceed 70% at day 7 of
the experiment.3® Although survival rates with 2j or fluconazole treatments were
promising, the number of CFU/mL (logio) did not differ among the groups, including
PBS. The determination of CFU/mL (logio) is a primordial factor for confirmation of the
systemic infectious process, in this case caused by yeast C. albicans.

In conclusion, using dynamic time—kill experiments, we found for the synthetic
compound 2j a dose- and time-dependent fungicidal action for all species of
dermatophytes and Candida evaluated, including resistant (C. tropicalis) and multidrug-
resistant (T. mentagrophytes) clinical strains. The maximum fungicidal effect is achieved
in less than one hour exposure of the microorganism to compound 2j, having an extremely
rapid effect. Simulated curves still predicted that 2j would exert prolonged fungicide
activity against all four fungal species (C. albicans, C. tropicalis, M. canis, and T.
mentagrophytes). The ECso values obtained by combination of time-kill studies with
mathematical model were similar to MIC values, which clarifies the potential of this
molecule belonging to class 1,3-bis(aryloxy)-2-propanamine derivatives. Additionally, 2j
successfully protected Toll-deficient Drosophila fruit flies infected with C. albicans,
demonstrating the antifungal efficacy of the compound in systemic treatment. Thus, the
compound 2j is promising antifungal candidate for the therapeutic of fungal infections,
being this an important initial study for further researches of pharmacokinetics in

mammalian animal models.
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Figure S1. Time kill experiment images of the growth of C. tropicalis (CT 72A; A) and
T. mentagrophytes (TME 16; B) treated in vitro with compound 2j at different
concentrations (OXMIC — drug free control, 1XMIC, 2xMIC, 4xMIC and 8xMIC; MIC =
1.56 pg/mL for CT 72A and MIC = 3.12 pg/mL for TME 16), in a maximum experiment
time of 48 h for yeasts and 96 h for dermatophytes.
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A incidéncia das infec¢des fungicas vém aumentando gradativamente nos
altimos 30 anos, tornando-se um relevante problema de saude publica no mundo
todo. Muitas dessas infec¢des sdo responsaveis por elevadas taxas de morbi-
mortalidade, principalmente em pacientes que apresentam comprometimento
imunolégico (PARKER et al., 2014; GAFFI, 2018; WHO, 2018; FUENTEFRIA et
al., 2018).

O aumento da resisténcia dos microrganismos, em geral, aos agentes
antimicrobianos é uma das maiores preocupacdes entre cientistas e médicos,
sendo que no ambito da resisténcia das espécies fungicas, o problema € ainda
mais grave, pois o arsenal de farmacos antifangicos disponiveis além de restrito,
apresenta muitas limitac6es, sendo necessaria a pesquisa e desenvolvimento de
novas terapias antifiUngicas que apresentem eficacia, toxicidade seletiva para o
patdgeno e baixo custo (BOSTROM et al. 2012; ANEJA et al. 2016). Entre as
estratégias investigadas, a sintese de novos compostos vem sendo muito
aplicada para obtencao de protétipos que podem vir a complementar a terapia
convencional ou ser uma nova opcao de antifungico (TEGOS; MYLONAKIS,
2012; DHANASEKARAN; THAJUDDIN; PANNEERSELVAM, 2015; GARVEY et
al., 2015; CAMPOY; ADRIO, 2017; FUENTEFRIA et al., 2018).

Nesse contexto, considerando-se que a sintese de compostos organicos
constitui um importante processo na descoberta e no desenvolvimento de novos
farmacos (SANGI, 2016), propbs-se a investigacdo detalhada da atividade
antifngica de variadas classes de compostos sintéticos (TAs, &-Ls, 1,4-BZs e
1,3-BXPs). Inicialmente, fez-se um uma triagem com aproximadamente 200
substancias oriundas de processos sintéticos, chegando-se a essas quatro
classes que apresentaram moléculas com agao in vitro, em concentragdes < 50
pug/mL, contra dermatofitos e Candida spp., dois grupos de fungos de extrema
importancia clinica e elevada incidéncia (WATANABE et al., 2001; MARUYAMA
et al.,, 2002; VANDER; HOSSAIN; GHANNOUM, 2003; MUKHERJEE et al.,
2003; CORTEZ et al., 2012; SILVA et al., 2012; ATAIDES et al., 2012; SARDI et
al.,, 2013; PFALLER; DIEKEMA, 2007; HOLLENBACH, 2008; MOHD et al.,
2018). Para a prospeccédo de novos antifungicos, além da atividade, a toxicidade
e 0 mecanismo de acao Sao passos subsequentes e essenciais que devem ser
investigados, para uma analise completa do quanto uma classe ou molécula

realmente seria promissora (TEGOS; MYLONAKIS, 2012), o que foi realizado no
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presente estudo. Espera-se de um novo antifungico que ele tenha amplo
espectro, que seja fungicida, atoxico e que apresente a possibilidade de multiplas
vias de administracdo (TEGOS; MYLONAKIS, 2012; CALDERONE et al., 2014,
ROEMER; KRYSAN, 2014; DENNING; BROMLEY, 2015; DEL POETA, 2016).

Compostos em uma mesma classe quimica, em geral, apresentam uma
estrutura basica em comum, “scaffold” ou farmacdéforo, que confere a atividade
biolégica. As substancias pertencentes as mesmas classes diferem entre si por
grupos quimicos periféricos substituintes que conferem melhores propriedades
farmacolbégicas e espectro de atividade (FISCHBACH; WALSH, 2009).
Estruturalmente, comparando-se as quatro classes quimicas estudadas, para
todas observa-se como estrutura base um anel aromatico, com ligacdes duplas
conjugadas, e para alguns compostos em particular a presenca de anéis
heterociclicos— ambas as condi¢cdes estdo presentes em outras substancias que
reconhecidamente possuem atividades biologicas importantes (SLANINOVA et
al., 2001; CERNUCHOVA et al., 2005; RONKETTI et al., 2007; XIA et al., 2010;
RESCIFINA et al., 2012; ABBEHAUSEN et al., 2013).

Em relacdo aos testes de suscetibilidade, comparando-se todas as
classes investigadas no presente estudo, do total de 189 compostos, 48 desses
(=25%) apresentaram atividade antifingica em concentragbes < 50 ug/mL
(concentracao limite definida para a triagem inicial). 1,3-BXPs apresentaram os
menores valores de CIM (0,39 a 50 pug/mL), com acao também frente a isolados
clinicos resistentes e multirresistentes, sendo, portanto, o grupo de moléculas de
maior destaque quanto ao potencial antifingico (Capitulo VI). Devido a isso, o
composto mais promissor do referido grupo quimico foi selecionado para o
desenvolvimento de uma formulagdo semissélida visando uma alternativa de
tratamento topico para dermatomicoses e demais estudos foram conduzidos
para investigacdo de um possivel e adicional uso sistémico do mesmo.

Para as trés demais classes investigadas (TAs, d-Ls e 1,4-BZs), os
compostos mais ativos, contra dermatoéfitos e Candida spp., demonstraram faixa
de CIM de 25 a 50 pug/mL (Capitulos II, 1l e 1V, respectivamente). Os “hits” de
cada classe, ou seja, as moléculas que mais se destacaram para a atividade
biolégica em questdo, em relacdo as demais do grupo, poderdo servir de
estrutura modelo para um possivel melhoramento estrutural a fim de obterem-se

compostos com valores menores de CIM, como ja evidenciado em outros



285

estudos da literatura (LAFLEUR et al., 2011; SINGH et al., 2016; PIPPI et al.,
2017). Neste sentido, um outro recurso interessante ja visando uma futura
aplicagcdo, seria utilizar a nanotecnologia, testando os compostos em uma
nanoformulacéo (QADIR, 2017), como foi feito para a molécula mais promissora
da classe dos TAs (Capitulo Il). O composto cloro-derivado teve os valores de
CIM reduzidos em até 64 vezes quando em uma nanoemulsdo, que foi
devidamente desenvolvida e caracterizada. FERNANDEZ-CAMPOS et al. (2013)
observaram efeito semelhante para uma nanoemulsdo de nistatina, que
apresentou melhor atividade antifungica (CIM 2 vezes menor), em comparacao
com o farmaco livre (FERNANDEZ-CAMPOS et al., 2013). Adicionalmente, para
outros antifngicos comerciais, tais como clotrimazol, econazol e anfotericina B,
ja foi constatado que 0s nanossistemas sao muito vantajosos por melhorar a
biodisponibilidade e efeito, bem como reduzir a toxicidade (FUKUI et al., 2003;
FRONZA; CAMPOS; TEIXEIRA, 2004; PANDEY et al., 2005; NAHAR et al.,
2008; VAN DE VEM ET AL., 2012; SOLIMAN et al., 2017).

Nanoemulsdes sao misturas isotropicas de farmacos, lipidios e
surfactantes, geralmente com cossolventes hidrofilicos e com diametro de
particula variando de 10 a 500 nm (MUNDADA; PATEL; SAWANT, 2016;
SOLIMAN et al.,, 2017). Essas nanoformulacbes possuem caracteristicas
interessantes para a administracdo de agentes antifingicos, como tamanho
pequeno de particula, boa estabilidade cinética, alta capacidade de solubilizacao
de farmacos e penetracdo aprimorada através da pele (HUSSAIN et al., 2016).
Além disso, podem ser utilizadas como alternativa aos nanotransportadores
lipidicos menos estaveis (por exemplo, lipossomas) (HUSSAIN et al., 2014;
MAHTAB et al., 2016). A alta area superficial devido ao reduzido tamanho das
particulas, aléem da natureza lipofilica da formulacéo séo fatores que melhoram
a permeacao do farmaco através das membranas biolégicas, resultando em
melhor eficacia (THAKKAR et al., 2015; SOLIMAN et al., 2017). As
nanoemulsdes também podem permitir a liberacdo topica de antifingicos para
maximizar os efeitos locais dos medicamentos e reduzir os danos toxicos
associados (HUSSAIN et al., 2016; SOLIMAN et al., 2017).

Em virtude de sua versatilidade e ampla gama de propriedades, as
nanoformulagbes podem superar muitas das caracteristicas farmacoldgicas

desfavoraveis de farmacos, que tém limitagcdes importantes relacionadas ao seu
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espectro de atividade, propriedades fisico-quimicas, biofarmacéuticas e
interacdes medicamentosas (SOLIMAN et al., 2017). Além disso, poderiam
aumentar a penetracdo do antifungico através da pele e, assim, ajudar a
erradicar infeccbes fungicas profundas (MBAH; BUILDERS; ATTAMA, 2014).
Outras caracteristicas atrativas incluem liberacéao sustentada, maior estabilidade
do farmaco, direcionamento para tecido infectado, reducdo de efeitos adversos
fora do alvo e prolongamento do tempo de permanéncia do ativo no sangue
(CHANG et al., 2015; WICKI et al., 2015; SOLIMAN et al., 2017).

Quanto as demais propriedades biolégicas das classes de moléculas
avaliadas, para os TAs ja foram relatadas atividade antibacteriana (SILVEIRA et
al., 2012; SA et al., 2014) e antitumoral (FORTES et al., 2016). Para as &-Ls,
propriedades antimicrobianas e antitumorais também ja foram observadas
(WANI et al., 1980; UMEZAWA et al., 1984; OHKUMA et al., 1992; KISHIMOTO
et al., 2005; TANAKA et al., 2007; YANG et al., 2011; JANECKA et al., 2012;
MODRANKA et al.,, 2012). Para os 1,4-BZs, algumas das atividades ja
identificadas para a classe sdo antioxidante (DAI; MUMPER, 2010), antitumoral
(DAI, MUMPER, 2010) e antiprotozoaria (ROLDOS et al., 2008; DE ARIAS et al.,
2012; SERNA et al., 2015). Para os 1,3-BXPs, atividade antiprotozoéria, contra
Leishmania amazonenses e Trypanosoma cruzi ja foram reportadas
(LAVORATO et al., 2015; LAVORATO, 2016; LAVORATO et al., 2017;
LAVORATO; DUARTE; DE ANDRADE, 2017). Essas atividades bioldgicas
evidenciadas na literatura nos motivaram a investigar o potencial antifingico das
referidas classes.

A melhor compreensdo dos mecanismos da acdo antifungica das
moléculas mais promissoras foi uma das etapas subsequentes ao teste de
suscetibilidade. De modo geral, dois alvos foram avaliados: parede e membrana
celular fungica. As moléculas das classes das d-Ls e 1,4-BZs apresentaram
determinada agéo na parede e/ou membrana, dependente do tipo de substituinte
da estrutura; compostos da classe dos TAs demonstraram mecanismo de acéo
relacionado & complexagdo com o ergosterol fungico e para os 1,3-BXPs foi
observado como alvo a parede celular. Para dois dos compostos que
demonstram acéo na parede (composto 2j - 1,3-BXPs e composto 8 - 1,4-BZs),
o efeito observado para ambos foi fungicida, ressaltando-se nesse caso a
importancia desse alvo para a morte das espécies flngicas analisadas. A saber,
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as equinocandinas, classe fungicida, ttm como alvo um complexo enzimatico
envolvido na sintese da parede celular fungica. Recentes atualizacbes de
diretrizes para tratamento de infecgbes fungicas recomendam as
eguinocandinas como terapéutica de primeira linha para candidemia (LARKIN;
DHARMAIAH; GHANNOUM, 2018). Atualmente, existem dois novos antifungicos
em desenvolvimento que visam a sintese de 1,3-B-glucana: acetato de
rezafungina (anteriormente CD101) e SCY078 (LARKIN; DHARMAIAH;
GHANNOUM, 2018). Como as equinocandinas sO0 estdo disponiveis para
administracdo intravenosa, buscam-se novos membros para a classe atuante a
nivel de parede celular fangica, com biodisponibilidade oral satisfatoria ou que
ainda possam ser utilizados topicamente (LARKIN; DHARMAIAH; GHANNOUM,
2018).

Nas espécies fungicas, a estrutura celular é semelhante a dos demais
eucariotos, constituida basicamente por uma membrana, um citoplasma com as
organelas distribuidas aleatoriamente por todo interior celular e um
compartimento especial, 0 nucleo, que armazena o material genético. As células
podem ser unicelulares, como as leveduras, ou entdo pluricelulares formando
conjuntos de hifas, septadas ou ndo, denominadas de micélio, como no caso dos
fungos filamentosos. Tanto as células leveduriformes, quanto o micélio estdo
envolvidos por uma camada protetora externa denominada de parede celular,
guimicamente diferente da parede encontrada em vegetais, ainda que possa
exercer 0s mesmos tipos de fungbes (JUNQUEIRA; CARNEIRO, 2005;
MADIGAN; MARTINKO; PARKER, 2004; FUKUDA et al., 2009). Desse modo, a
parede exerce uma fundamental funcédo de protecao a células fungicas, além de
ser exclusiva dos patdégenos, por isso a sua importancia como alvo terapéutico
especifico, na investigacdo da atividade antifungica de novos compostos
(FUENTEFRIA et al., 2018).

Para o TA avaliado quanto ao mecanismo de acdo antifungico (Capitulo
I), foi evidenciada somente atividade por complexagcdo com o ergosterol da
membrana celular fingica, em um processo que se equipara a anfotericina B,
utilizada como antifungico controle, no ensaio realizado. O fundamento do teste
consistiu em detectar se um composto atua por ligacdo ao ergosterol da
membrana dos fungos, fornecendo-se ergosterol exégeno as substancias-teste,

gue se possuem afinidade por esterdis, formam rapidamente um complexo com
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o ergosterol comercial fornecido, evitando-se assim a complexacdo com o
ergosterol proprio da membrana celular fangica; como consequéncia, um
aumento da CIM é observado para esses compostos (CARRASCO et al., 2012).
Os agentes antifungicos tradicionais, como os azoélicos e os polienos, sdo
dirigidos contra alvos moleculares envolvidos na sintese e na estabilidade da
membrana dos fungos. Como a membrana de células fungicas ¢é
predominantemente composta de esterdis, glicerofosfolipidios e esfingolipidios,
o papel dos lipidios na patogénese e a identificacdo de alvos para terapias
melhoradas foram amplamente explorados por pesquisadores durante os ultimos
anos (OUF et al., 2013; SANT et al., 2016; CHEN et al., 2018b). A membrana
celular fangica contém tipicamente o ergosterol como componente principal, em
contraste com o colesterol que € o principal esterol presente nas células animais
(SANT et al., 2016). Resultados semelhantes aos encontrados para as classes
investigadas nos Capitulos Il, 1ll, IV e VI, quanto ao mecanismo de a¢éo, foram
também reportados para moléculas sintéticas de outras classes, analisadas pelo
nosso grupo de pesquisa (PIPPIl etal., 2017; BATISTA etal., 2017). Mais estudos
sdo necessarios no sentido de verificar detalhes da acdo na membrana ou
parede celular fangica, concluindo se é a nivel enziméatico ou envolve outro
processo que leva a alteracdes morfoldégicas na célula fangica, como as
evidenciadas nas imagens de microscopia eletrénica de varredura (MEV), ap0s
tratamento in vitro com 0S compostos mais representativos de cada classe
estuda neste trabalho. Com as imagens de MEV das principais moléculas mais
promissoras, o dano celular ficou muito evidente, com efeito de ruptura de
blastoconidios, formagédo de poros em hifas, inibicdo de pseudo-hifas, dentre
outras consequéncias as celulas de Candida spp. e dermatdfitos analisados.
Dois compostos estruturalmente semelhantes, diferenciando-se apenas
por um atomo ou posicdo que este ocupa na molécula, podem apresentar
diferencas quanto as suas propriedades fisico-quimicas e, consequentemente,
quanto a acao bioldgica, tanto do ponto de vista quantitativo como qualitativo. A
acao terapéutica de medicamentos ocorre por interacdes destes com sistemas
bioldgicos e é dependente de fatores relacionados com sua estrutura quimica e
caracteristicas fisico-quimicas. Estes fatores, sejam eles de carater eletrbnico,
estérico ou hidrofébico, influenciam a relacdo dos compostos com a biofase e a

sua distribuicdo nos compartimentos que compdem o sistema biolégico ou alvo.
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Esse processo fundamenta o planejamento de novas substancias que possuam
perfil terapéutico mais adequado as necessidades atuais (TAVARES, 2004;
FUENTEFRIA, 2018).

Em relacdo a toxicidade, os resultados para todas as classes foram
promissores, quando as moléculas foram avaliadas nas CIMs e/ou
concentracdes superiores. A molécula 11 dos TAs néo foi irritante (membrana
corio-alantoide/HET-CAM), nem mutagénica, nem ocasionou inviabilidade
celular e hemdlise significativa, embora tenha apresentado dano ao DNA dose-
dependente. Para as d-Ls, a toxicidade foi dose-dependente para a viabilidade
de leucdcitos humanos, mas nenhum dos compostos foi mutagénico, genotéxico
ou irritante (HET-CAM). Para os 1,4-BZs, os efeitos da molécula 8 em relagéo a
viabilidade celular foi dose-dependente, no entanto, 0 composto hdo demonstrou
ser genotoxico e nem mutagénico, em células leucocitarias humanas e também
ndo ocasionou hemdlise. Complementarmente, ndo foi irritante, quando
analisada pelo método HET-CAM. O composto 2j, pertencente aos 1,3-BXPs, foi
0 Unico da referida classe quimica que apresentou indice de seletividade (IS)
maior que 10. Essa informacéo é apresentada no Capitulo VI. Um elevado valor
de IS é uma caracteristica importante para candidatos a farmacos. Um valor de
IS maior que dez é recomendado para que se garanta a seguran¢ca de um novo
antimicrobiano (PIRES et al., 2013; VINCENT et al., 2016; LAVORATO, 2016).
Logo, 2] atende aos requisitos de seguranca estabelecidos na literatura. Ainda
para 2j, ndo foi observado dano histopatol6gico em pele de orelha de porco apos
exposicao ao composto e nem efeito irritante (HET-CAM).

De modo geral, a toxicidade a leucécitos humanos e eritrocitos de coelho
foi verificada visando a possibilidade de futura administragéao oral de formulacdes
a serem desenvolvidas, contendo 0S compostos mais promissores, e a
toxicidade a membrana corio-alantoide e histopatologico, para observacgéao,
exemplificadamente, da seguranca para uma futura aplicacdo tdpica
(CHANDRIKA et al., 2018; OLIVEIRA et al., 2018).

Quanto as técnicas aplicadas, uma das metodologias mais utilizadas para
avaliacdo de possiveis danos mutagénicos causados por farmacos ou novas
biomoléculas é o teste de micronucleo (MN). A investigacdo da frequéncia de
MN é o padrédo de teste de mutagenicidade OECD — Guidelines for the testing of

chemicals/ section 4: Health Effects — Mammalian Erythrocytes Micronucleos
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(Test: n°474) e recomendado pelo Gene-Tox Program, Environmental Protection
Agency — EPA/US, pela sua capacidade e precisdo em detectar possiveis
agentes clastogénicos (quebra de cromossomos) e aneugénicos (segregacao
cromossOmica anormal) (FENECH, 2000; RIBEIRO; SALVADORI; MARQUES,
2003). Os microndcleos sao definidos como pequenas massas esféricas,
extranucleares, constituidas de cromatina ndo incorporada ao nucleo principal
da célula, durante as etapas finais da mitose, servindo como um biomarcador de
dano cromossomal, instabilidade genética e, eventualmente, se houver uma
exposicao cronica a substancia toxica, risco de cancer (FENECH, 2000).

Igualmente importante no screening de toxicidade de novos compostos, 0
teste cometa € um método extremamente sensivel para estudos de danos ao
DNA em células individualizadas (MUKHOPADHYAY et al., 2004; COLLINS,
2009). Alteracdes genéticas sao quase sempre prejudiciais (excetuando-se o0s
casos de compostos que agem contra células neoplasicas), especialmente em
organismos multicelulares, nos quais a modificagdo esta mais inclinada a
perturbar o desenvolvimento e a fisiologia extremamente complexa de um
organismo (SPIVAK; COX; HANAWALT, 2008). Enquanto o ensaio do cometa
detecta lesdes reversiveis, o teste de MN detecta lesbes mais persistentes no
DNA ou efeitos aneugénicos que ndo podem ser reparados (HARTMANN et al.,
2003).

Entdo, a partir da relevancia experimental desses testes realizados,
incluindo a determinacdo do indice de seletividade em relagdo a linfocitos
humanos, alguns dos compostos nédo terem apresentado indicios de
mutagenicidade e genotoxicidade, nas concentracdes que foram efetivos contra
as espécies fungicas patogénicas, € um resultado certamente muito promissor
para uma possivel bioaplicacdo em formulagbes. Apesar disso, ainda ha uma
evidente necessidade de avaliagdes adicionais de citotoxicidade, genotoxicidade
e mutagenicidade dessas substancias, considerando outros modelos,
principalmente utilizando-se parametros in vivo, e concentragdes mais elevadas,
para determinacdo de um perfil toxicolégico mais completo.

Todos os demais testes adicionais realizados para 0s manuscritos deste
estudo, além da triade suscetibilidade-mecanismo de acao-toxicidade, incluiram:
para os TAs, analise da atividade antiquimiotaxica; para os TAs e 1,4-BZs,

ensaio da eficacia in vivo em modelo alternativo de infeccdo em membrana corio-
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alantoide de ovo de galinha; para os 1,4-BZs, a inclusdo de cepas bacterianas
na avaliacdo da atividade — para observar se 0s compostos exerciam acao
antimicrobiana; para as &-Ls, analise quimiométrica, correlacionando-se as CIMs
e propriedades quimicas mais importantes para a atividade e por fim, para os
1,3-BXPs, incorporacdo do composto mais ativo em um hidrogel, modelagem
farmacocinética/farmacodinamica (PK/PD) a partir dos dados do time kill e
avaliagdo do efeito protetor em modelo de infecc¢éo fungica sistémica em mosca-
das-frutas.

Associado ao efeito antifungico, os TAs apresentaram importante efeito
antiquimiotaxico, indicando acdo na fase aguda do processo inflamatério
(MEDZHITOV, 2008). Essa propriedade complementar auxilia tanto no processo
de cura de uma infeccédo fungica, bem como no alivio dos sintomas. Ao acessar
o tecido do hospedeiro, os dermatofitos induzem uma resposta imune pelos
queratinécitos, responséavel pelo desencadeamento do processo inflamatério do
organismo em face ao agressor (PERES et al., 2010). No entanto, quando a
resposta inflamatoria € exacerbada e prolongada, acarreta em prejuizo ao
sistema de defesa e a evolucédo terapéutica (ROMANI, 2011; KIM et al., 2015).

O ensaio de infeccdo in vivo em membrana corio-alantoide de ovo de
galinha embrionado foi realizado pela primeira vez, e ainda esta em fase de
padronizacdes, tendo como inspiracao o proprio ensaio de toxicidade HET-CAM.
O HET-CAM é uma alternativa in vitro ao teste in vivo de Draize (determinacgéo
da irritacdo ocular em coelhos), que imita as alteracdes vasculares na membrana
corio-alantoide. Este método qualitativo avalia o potencial de irritacdo de
produtos quimicos. A membrana coério-alantoide responde a lesdo com um
processo inflamatério semelhante ao do tecido conjuntival do olho de coelho.
Determina-se um composto com relativa baixa toxicidade dérmica, em
determinada concentracdo, quando ele ndo é considerado irritante pelo HET-
CAM, pois a membrana corio-alantoide € extremamente sensivel, entdo isso é
um forte indicio de que a substancia também néo sera irritante para a membrana
epidérmica ou mucosas, por exemplo (OLIVEIRA et al., 2018).

Através da aplicacdo de ferramentas quimiométricas, observou-se a
formacdo de grupamentos de moléculas das d-Ls com maior potencial de
atividade e que o LogP (lipofilicidade) seria uma das propriedades mais

importantes para o desempenho do efeito biolégico e pela maior interacdo com
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membranas fungicas. As analises quimiométricas auxiliam no estabelecimento
de uma relacdo entre um grande numero de amostras, considerando sua
complexidade quimica, a fim de estabelecer tendéncias, definir marcadores e
quimiotipos (KONG et al., 2009; PODUNAVAC-KUZMANOVIC et al., 2012;
SCOTTI et al., 2012).

Para os 1,3-BXPs, considerando o composto 2j, a sua incorporagéo em
um hidrogel (Capitulo VI) representa uma real aplicacdo da molécula mais
promissora do estudo em uma forma farmacéutica simples e que vem sendo
muito utilizada com outros agentes antifingicos, visando tratamento topico de
infec¢cdes fungicas (WINNICKA et al., 2012; SAHOO et al., 2014; MAHATA et al.,
2014; ALDAWSARI et al.,, 2015; SHU et al., 2018). O posterior estudo, em
relacdo ao potencial de 2j para uso sistémico (capitulo VII) contitui-se da
determinacao das curvas de morte (time kill), analise PK/PD, e efeito sobre a
candidiase sisttmica em Drosophila melanogaster Toll-deficientes. 2]
demonstrou ser fungicida para todas as espécies fungicas (dermatoéfitos e
Candida spp.), atingindo o efeito maximo de morte fingica em menos de 1h. Em
relagdo a candidiase sisttmica em D. melanogaster, 2j apresentou eficacia
estatisticamente comparavel ao fluconazol no controle do processo infeccioso.
Esses resultados servem de base para estudos adicionais que complementem a
hipétese de uso sistémico do composto.

O ensaio in vitro denominado de Time kil é empregado para a
caracterizacdo da farmacodindmica antifingica de determinada substancia,
consistindo na analise de curvas de morte fungica em funcédo do tempo. Com
isso, é possivel determinar se um composto exerce acdo fungicida ou
fungistética, dependente ou ndo da dose e do tempo. 2j teve 0 seu efeito
fungicida evidenciado em tal experimento, que foi dose e tempo dependente.
Farmacos antifungicos que apresentam o efeito antifingico dependente de tais
variaveis, como 2j, incluem poliénicos e equinocandinas (ANDES et al., 2003).

Além disso, a modelagem PK/PD é considerada uma abordagem muito
atil para a determinagcdo da posologia de antifungicos. Essa técnica €
desenvolvida e aplicada com base em simulacdes e previsao de efeito, assim
como na otimizacdo de posologias para diversos farmacos, através da

combinacao de parametros farmacocinéticos e propriedades farmacodinamicas,
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que permitam uma correlacdo matematica entre 0os elementos concentracéo-
efeito-tempo (DE ARAUJO, 2008).

D. melanogaster tem sido utilizada para estudos de resposta imune do
hospedeiro, viruléncia de microrganismos e eficacia de novos agentes como um
modelo de infeccdo (MERKEL, 2018a). Este diptero possui duas importantes
vias de sinalizagdo da resposta imune para o0 processo de resisténcia
microbiana, a via Imd e a via Toll. O gene da imunodeficiéncia (Imd) parece ser
mais importante contra bactérias, enquanto que os fungos séo induzidos pelos
componentes da via Toll (LEMAITRE et al., 1995; HOFFMANN; REICHHART,
2002). Mosca-das-frutas deficientes da sinalizagcédo Toll, portanto, apresentam
muita utilidade em estudos de patogénese e pesquisa e desenvolvimento de
farmacos frente a espécies fungicas (CHAMILOS et al., 2008; ARVANITIS et al.,
2013). A semelhanga do sistema imune inato de D. melanogaster com o de
humanos, corrobora a importancia deste modelo para essas finalidades. Desse
modo, D. melanogaster apresenta-se como um modelo promissor e ja
consolidado na pesquisa, envolvendo uma série de investigacdes de patologias
de origem flngica, tais como Cryptococcus neoformans (APIDIANAKIS et al.,
2004), Aspergillus (LIONAKIS et al., 2005), Candida spp. (CHAMILOS et al.,
2006), Fusarium spp. e Scedosporium (LAMARIS et al., 2007), Mucorales
(CHAMILOS et al.,, 2008) e mais recentemente Malassezia spp. (MERKEL,
2018b).

Em suma, moléculas de variadas classes quimicas apresentaram
potencial antifingico contra dermatéfitos e Candida spp. Alguns compostos
tiveram ainda efeito mais pronunciado pela acdo antiquimiotaxica associada ou
por estarem em nanoformulac¢des. 1,3-BXPs foi o grupo de moléculas de maior
destaque em relacao a atividade antifingica, com os menores valores de CIM.
Em relacdo ao mecanismo, os compostos no geral apresentaram como alvo a
parede e/ou membrana celular fungica, dependendo do tipo de substituinte e
classe de cada substancia. Quanto a toxicidade a leucécitos humanos e irritacao
a membrana (HET-CAM), os resultados sdo promissores, principalmente quanto
a uma futura aplicacdo topica. O desenvolvimento de uma formulacao
semissolida com o composto mais promissor de todos (2j), bem como os estudos
iniciais de modelagem PK/PD e efeito protetor em modelos alternativos de

infeccdo fungica, reafirmam a potencialidade de uma nova opcéo segura e eficaz
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para o0 tratamentode de dermatomicoses de origem dermatofitica e
leveduriforme.

Os estudos adicionais de revisdo bibliografica sobre dermatofitose e
imagens de MEV, demostrando o processo de invasao ungueal por Microsporum
canis, sdo complementares ao eixo central do estudo que consistiu de uma
grande triagem de mais de uma centena de compostos, caracterizacdo do
mecanismo de acéo, perfil de toxicidade; e por fim, desenvolvimento de um
produto de aplicacdo topica, no caso um hidrogel, com o composto mais
promissor e subsequentes analises do seu potencial adicional para uso

sistémico.
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Pela revisdo da literatura sobre dermatofitoses, observou-se que essas
micoses cutaneas figuram entre as infec¢des fungicas de maior ocorréncia.
O quadro clinico mais comum inclui despigmentacdo, placas anulares,
prurido e perda de cabelo. O tratamento, em geral, esta relacionado ao uso
de antifungicos tépicos e/ou sistémicos, apresentando como problematica o

surgimento de espécies multirresistentes (Capitulo I).

Para a classe dos tiocianatos alilicos: das 15 moléculas avaliadas, o
composto 11 (4-clorofenil substituido) exibiu amplo espectro de acao
antifangica e significativa atividade antiquimiotaxica, com 100% de reducéo
na migracdo de leucécitos. A faixa de CIM dos compostos foi de 25 a 50
pg/mL, com mecanismo de acdo relacionado a complexacdo com o
ergosterol fungico. Com a nanoemulséo contendo o composto 11, observou-
se melhora da atividade antifingica in vitro em aproximadamente 64 vezes
para dermatofitos e quatro vezes para Candida spp. A molécula 11 nao foi
mutagénica nem ocasionou inviabilidade celular e hemdlise significativa,
embora tenha apresentado dano ao DNA dose-dependente. Além disso, ndo
foi irritante e inibiu 100% o crescimento fingico no modelo de infeccao
alternativo de dermatofitose, em membrana cério-alantoide de ovo

embrionado de galinha (Capitulo II).

Para a classe das d-lactonas: dois dos compostos da série apresentaram 0s
menores valores de CIM (25-50 pug/mL) e mais amplo espectro de atividade
contra fungos filamentosos e leveduras, incluindo espécies resistentes e
multirresistentes. O mecanismo de acdo foi relacionado a parede e
membrana celular, com acdo alvo especifica dependente do tipo de
halogénio presente na estrutura. Os danos as células fangicas foram
corroborados por imagens de MEV, que evidenciaram células lisadas e
completamente alteradas. A toxicidade foi dose-dependente para a
viabilidade de leucocitos humanos, mas nenhum dos compostos foi
mutagénico, genotoxico ou irritante, quando avaliado em concentracdes

superiores a CIM (Capitulo III).

Para a classe dos 1,4-benzenodios 2-substituidos: 23 compostos

apresentaram atividade in vitro contra fungos e/ou bactérias. As moléculas
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com o mais amplo espectro de agao in vitro e com os menores valores de
CIM, contra bactérias e fungos foram a “5” e a “8”, respectivamente. O
composto 5 demostrou eficacia in vivo na reducao total da carga bacteriana,
no modelo alternativo de infeccdo em ovos de galinha embrionados. O
mecanismo antifungico, para a molécula 8, foi relacionado a parede e
membrana celular, corroborado por imagens de MEV, que revelaram
alteracdes consideraveis na forma celular apés tratamento in vitro com o
composto. Os efeitos do composto 8 na viabilidade celular foram dose-
dependentes, no entanto, a molécula ndo demonstrou ser genotdxica e nem
mutagénica, em ceélulas leucocitarias humanas e ndo ocasionou hemdlise,
nas concentracdes avaliadas. Complementarmente, néo foi irritante, quando
analisada pelo método HET-CAM (Capitulo V).

Em relacdo a avaliacdo da capacidade de invasdo ungueal (unhas
humanas) por Microsporum canis, através de imagens de MEV, observou-
se que essa espécie é capaz de colonizar a lamina ungueal, incluindo o
processo de formacao de biofilme, recentemente descoberto e reportado

para esta espécie dermatofitica (Capitulo V).

Para os 1,3-BXPs, apds observar a atividade antifingica in vitro de cento e
vinte e um compostos e o perfil de toxicidade, verificou-se que a molécula 2j
€ a mais promissora de todas as moléculas analisadas neste estudo, com
seletividade contra os patdégenos (IS > 10) e baixissimos valores de CIM
(0,39 a 3,12 pg/mL), inclusive contra isolados clinicos resistentes e
multirresistentes. 2j tem como alvo a parede celular fangica e
adicionalmente inibe fatores de viruléncia de Candida spp. e dermatofitos.
2j nao foi irritante (HET-CAM) e, portanto, a incorporamos em um hidrogel
com potencial bioadesivo, para o tratamento de dermatomicoses. O perfil de
permeacdo em pele humana do composto no hidrogel foi excelente,
permanecendo principalmente nas camadas mais superficiais da pele, o que
€ muito vantajoso para tratamentos tépicos (Capitulo VI). Aléem disso,
usando experimentos dinamicos de time kill, 2j apresentou uma acao
fungicida dose e tempo dependente. O efeito fungicida maximo foi

alcancado em menos de uma hora de exposicdo do microrganismo ao
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composto. Os valores de ECso obtidos pela modelagem PK/PD foram
semelhantes aos valores de CIM. Ainda, 2] protegeu de modo eficaz mosca-
das-frutas Toll-deficientes em modelo de candidiase sistémica (Capitulo
VII). Assim, o composto 2j é um candidato antifingico promissor para a

terapéutica de infeccdes fungicas associadas a dermatofitos e Candida spp..

Como perspectiva do estudo, espera-se aprofundar ainda mais as analises
para uso sistémico do composto 2j, com farmaconinética/farmacodidamica
envolvendo modelos em mamiferos, bem como avaliar de modo mais
detalhado a toxicidade e eficAcia no combate de infe¢cdes fungicas,
considerando-se incluir ensaios biol6gicos in vivo. Adicionalmente, visa-se
a aplicacdo do composto em esmalte para tramento de onicomicoses, com

avaliacdo da eficacia em modelo de infeccéo fungica em casco bovino.
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