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Resumo

Nas ultimas décadas as infe¢es fungicas tém-se tornado uma das principais causas de
infecdes hospitalares nos paises desenvolvidos. Varios fatores, como a Sindrome da
Imunodeficiéncia Adquirida (SIDA), a neutropenia associada a quimioterapia anti-
tumoral ou a imunossupressao induzida por farmacos, tém contribuido para o aumento
das infe¢des fungicas sistémicas oportunistas. Para além disso, as infec¢bes flngicas séo
um problema ndo apenas para individuos imunocompremetidos mas também para
individuos saudaveis, devido ao aparecimento de estirpes multirresistentes. Por esta
razdo, as doengas fungicas sdo actualmente consideradas um problema grave em todo o
mundo. Neste sentido é importante a pesquisa e o0 desenvolvimento de novos

antifngicos de forma a melhor a eficacia das terapias convencionais.

O objectivo deste trabalho consistiu na: (i) avaliacdo da atividade antibacteriana e
antifungica de derivados da 5-amino-imidazol-4-carboxamidrazona, a sua relagdo
estrutura actividade e elucidacdo do seu possivel mecanismo de acéo; (ii) determinacao
do efeito dos melhores compostos no sistema imune; (iii) avaliacdo da atividade destes
sobre a formacdo de biofilme bem como contra biofilmes pré-estabelecidos, em

substratos de nanohidroxiapatite.

Os resultados obtidos demonstraram que os compostos estudados tém uma atividade
muito limitada em Staphylococcus aureus, Pseudomonas aeruginosa e Escherichia coli,
mas sdo, no geral, providos de atividade antifungica. Pela comparacdo das atividades
em Candida albicans, C. krusei, C. parapsilosis e Cryptococcus neoformans foi
possivel, com base na relagdo estrutura/atividade, selecionar trés compostos lideres, as
(2)-5-amino-N'-aril-1-metil-1H-imidazol-4-carbohidrazonamidas: [aril= fenil (2h), 4-
fluorofenil (2k), 3-fluorofenil (21)].

Os derivados de imidazol 2h, 2k e 21 inibiram fortemente o crescimento de C. krusei e
C. neoformans embora a sua atividade em fungos filamentosos tivesse sido baixa
quando comparado com a atividade em leveduras. Para além disso é de salientar a
atividade fungicida dos compostos 2h e 2k contra C. krusei. No que se refere ainda ao
mecanismo de acdo antiflngica, 2h, 2k e 2l inibiram a atividade mitocondrial de C.
krusei enquanto apenas o composto 2k foi capaz de o fazer quando se tratava de C.

albicans.
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O composto 2h foi ainda capaz de inibir significativamente a transi¢cdo dimorfica sendo
que a formacao do tubo germinativo € um importante fator de viruléncia de C. albicans.

Relativamente a atividade no sistema imune, estes compostos apresentaram um efeito
inibidor da proliferacdo de células mononucleares humanas estimuladas por
fitohemaglutinina e da producédo de 6xido nitrico (NO) pela linha celular de macréfagos
de ratinho RAW 264.7, ap6s estimulagdo por Lipopolissacarideo (LPS).

Para além disso verificou-se uma acentuada reducdo na formacdo do biofilme por C.
albicans e C. krusei em nanohidroxiapatite (nanoHA) particularmente para 0 composto
2.

Em conclusédo estes compostos mostraram ter potencial para futura aplicacdo no
tratamento de micoses provocadas por Candida sp e C. neoformans bem como no
tratamento ou prevencdo de infec¢des fungicas associadas a dispositivos médicos. Além
disso, podem permitir o desenho de novas estratégias para prevencdo/tratamento de

micoses oportunistas em doentes recetores de transplantes.
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Abstract

In the last decades fungal infections have become one major cause of nosocomial
infections in developed countries. Several factors, such as Acquired Immunodeficiency
Syndrome (AIDS), neutropenia associated with anti-tumour chemotherapy or drug-
induced immunosuppression have contributed to the increase in systemic fungal
opportunists infections. Furthermore, fungal infections are a problem not only for
immunocompromised patients but also for healthy individuals due to the appearance of
multi-resistant strains. For this reason, fungal diseases are now considered a serious
problem worldwide. In this regard it is important the research and development of new
antifungal drugs to improve the effectiveness of conventional therapies.

The aim of this work consisted in the: (i) evaluation of the antibacterial and antifungal
activity of 5-aminoimidazole-4-carboxamidrazones derivates, the structure/activity
relation and elucidation of its possible mechanism of action; (ii) determination of the
effect of best compounds on the immune system; (iii) evaluation of the activity of these
in biofilm formation as well as against pre-established biofilms in nanohydroxyapatite

(nanoHA\) substrates.

The results demonstrate that the studied compounds have very limited activity in
Staphylococcus aureus, Pseudomonas aeruginosa e Escherichia coli, but in general are
provided of antifungal activity. By comparing the activities in Candida albicans,
Candida krusei, Candida parapsilosis, Cryptococcus neoformans was possible, based
on the structure/activity relation, select three leader compounds , (Z)-5-amino-N'-aryl-1-
methyl-1H-imidazole-4-carbohydrazonamides [aryl = phenyl (2h), 4-fluorophenyl (2k),
3-fluorophenyl (21)]. The imidazole derivatives 2h, 2k 2l strongly inhibited the growth
of C. krusei and C. neoformans, although their activity in filamentous fungi have been
low when compared to the activity in yeasts. Moreover is to point out the fungicidal
activity of the compounds 2h and 2k against C. krusei. As regards to the mechanism of
antifungal action , 2h, 2k and 2l inhibited the mitochondrial activity of C. krusei while
only 2k compound was able to do so when it came to C. albicans.

Compound 2h was able to significantly inhibit the dimorphic transition, being that the

germ tube formation is an important virulence factor of C. albicans.

Regarding the activity on the immune system, these compounds had an inhibitory effect

on human mononuclear cells proliferation stimulated by phytohemagglutinin and in the

10
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nitric oxide (NO) production by the macrophage cell line RAW 264.7 mice after

lipopolysaccharide stimulation.

Furthermore there was a marked reduction in biofilm formation by C albicans and C

krusei in nanoHA particularly for compound 2I.

In conclusion these compounds demonstrated to have potential for future application in
the treatment of fungal infections caused by C. neoformans and Candida sp as well as in
the treatment or prevention of fungal infections associated with medical devices.
Moreover, may allow the development of new strategies for prevention / treatment of

opportunistic mycoses in transplanted patients.
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Abreviaturas

Al — Aspergilose invasive

AINEs — Anti-inflamatdrios nao-esteroides (Nonsteroidal anti-inflammatory drugs)
AMD - Amiodarona

ATCC — American Type Culture Collection

Ca?* — I4o célcio

CLSI — Clinical and Laboratory Standards Institute

CMI — Concentragdo minima inibitdria

CML - Concentra¢do minima letal

CNA — Calcineurina

DMSO - Dimetilsulfoxido

DMF — Dimetilformamida

DMEM — Dulbecco’s Modified Eagle Medium

DNA — Acido desoxirribonucleico (Deoxyribonucleic acid)
DO — Densidade 6tica

HMDS — Hexametildissilazano

Hsp — Proteinas de choque térmico (Heat shock proteins)
ICso — Inhibitory concentraction of 50%

IL-2 — Interleucina 2

INOS — Inducible nitric oxide synthase

L-NAME — Ester metilico de N — nitro — L — arginina (L-nitro-arginine-methilester)
LPS — Lipopolissacarideo

MEV — Microscopia eletronica de varimento

MHII — Mueller Hinton Il

MTT — Brometo de 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazdlio
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nanoHA — nanohidroxiapatite (nanohydroxyapatite)

NO — Oxido nitrico (Nitric oxide)

NOS - Sintetase do 6xido nitrico (nitric oxide synthase)
PHA — Fito-hemaglutinina (Phytohemaglutinin)

PVC — Cloreto de polivinil

RPMI — Roswell Park Memorial Intitute

ROS — Espécies reativas de oxigenio

SDA — Sabourand dextrose agar

SDS — Docecilsulfato de sodio (Sodium dodecilsulphate)

SIDA - Sindroma da Imunodeficiéncia Adquirida (Acquired Immunodeficiency

Syndrome)

SNC - Sistema Nervoso central

UFC — Unidade formadora de col6nia (Colony-Forming Unit)

VIH — Virus da imunodeficiéncia humana (Human Immunodeficiency Virus)

YNB - Yeast nitrogen base

NOTA: Para algumas abreviaturas foi mantida a notacdo Anglo-saxdnica dado o seu

carater universal, facilitando o seu reconhecimento.
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A era da antibioterapia estreou-se com a descoberta da penicilina no seculo XX (Sousa
2006). Iniciava-se assim a introducdo dos antibioticos como a Unica arma capaz de
eliminar as doencas infeciosas, levando muitos a acreditar que estas se tornariam um
problema do passado. No entanto o uso indiscriminado e prolongado dos antibioticos
levou rapidamente ao aparecimento de microrganismos capazes de resistir aos seus
efeitos (Ferreira e Sousa 2000; Sousa 2006).

Atualmente as infecdes continuam a ser uma das principais causas de morte em todo
mundo. Nos casos particulares da Unido Europeia, Noruega e Islandia, 25 mil pessoas
morrem anualmente de infecGes bacterianas, que ndo respondem a terapia com 0s
antibidticos atualmente disponiveis, segundo dados da Organizacdo Mundial da Saude
(OMS).

A comunidade cientifica tem procurado desenvolver alternativas terapéuticas, muito
devido ao nimero crescente de infecdes acompanhado pelo aumento de resisténcia
microbiana, como é disso exemplo as infecBes por estirpes de Staphylococcus aureus
resistentes a meticilina (MRSA), S. aureus resistentes a vancomicina, (VRSA)

Enterococcus resistentes a vancomicina (VRE), entre outros (Sousa 2006).

Nos ultimos 25 anos as infeces fungicas tém aumentado drasticamente e tornaram-se
uma das principais causas de infecdes hospitalares nos paises desenvolvidos (Ostrosky-
Zeichner, Casadevall et al. 2010). Vaérios fatores, como a Sindrome da Imunodeficiéncia
Humana (SIDA) causada pela infecdo pelo Virus da Imunodefiéncia Humana (VIH), a
neutropenia associada a quimioterapia anti-tumoral ou a imunossupressdo induzida por
farmacos (como no caso de transplantes), tém contribuido para o aumento das infecoes
fangicas sistémicas oportunistas (Pinto, Pina-Vaz et al. 2006). A cada ano, aumenta o
nimero de fungos oportunistas capazes de provocar infecdes graves, associadas a
elevadas taxas de mortalidade (Fridkin 2005),

As infecOes fungicas sdo um problema constante ndo apenas em individuos
imunocompremetidos mas também em individuos saudaveis, nomeadamente devido ao
aparecimento de estirpes multirresistentes (Denning and Perlin 2011). Por esta razéo, as
doencas fangicas sdo presentemente considerados como um problema sério em todo o
mundo. Atualmente, o nimero de antifingicos eficazes no tratamento de infecdes

fangicas sistémicas € muito limitado (Pfaller and Diekema 2007). Além disso, quase
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todos os antifungicos apresentam limitacdes terapéuticas, como espetro de acdo
reduzido e/ou elevada toxicidade, que fazem com que o tratamento de infe¢des fungicas
esteja longe de ser ideal (Picazo, Gonzalez-Romo et al. 2008). Neste sentido é
importante a pesquisa e 0 desenvolvimento de novos antifingicos de forma a melhor a

eficacia das terapias convencionais.

1.1.Infec¢des fungicas

As infeccdes fungicas sdo também denominadas de micoses. As micoses de maior
incidéncia sdo usualmente causadas por fungos que fazem parte da flora normal ou que
estdo altamente adaptados a sobrevivéncia no hospedeiro humano (Ferreira e Sousa
2000).

Os dermatdfitos sdo a causa mais comum de infeccdes superficiais (Gupta and Cooper
2008) wvulgarmente designadas por tinhas e, embora possam ser persistentes e

incomodos, ndo sdo debilitantes nem potencialmente fatais (Ferreira e Sousa 2000).

A candidose é uma das infegdes mais frequentes, provocadas por leveduras do género
Candida, sendo que C. albicans é o agente responsavel pelo maior nimero de infecdes,

ndo so superficiais como sistémicas.

Candida sp, Cryptococcus sp e Aspergillus sp sdo a causa mais comum de infecOes
oportunistas (Pfaller and Diekema 2004)

Candidose

As Candidoses ocorrem com maior frequéncia em unidades de terapia intensiva, onde a
incidéncia pode atingir valores entre os 3-5%(Giri and Kindo 2012) (Pfaller and
Diekema 2004). C. albicans é a causa mais comum de micoses oportunistas em
pacientes hospitalizados (Pfaller and Diekema 2004). O fato deste fungo fazer parte da
flora comensal humana e apresentar varios fatores de viruléncia, pode justificar o
aumento crescente de candidoses em pacientes imunocomprometidos (Odds, Davidson
et al. 2006).
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No entanto, a taxa de infecdo por Candida n&o-albicans tem vindo a aumentar
(Tortorano, Kibbler et al. 2006) e algumas espécies, como C. kruei e C. glabrata
parecem ocupar um lugar de destaque entre estas infeces. C. krusei € responsavel por
1-5% das candidoses, principalmente em pacientes com cancro e em pacientes que
receberam tratamento antifungico profilactico (Pfaller and Diekema 2004). C. glabrata
€ mais comum em pessoas idosas e em pacientes com doencas malignas hematologicas
(Pfaller and Diekema 2007, Giri and Kindo 2012) . As candidoses provocadas por C.
glabrata e C. krusei, além de serem as mais comuns, como ja referido, sdo as mais
comuns e dificeis de tratar devido a reduzida sensibilidade das leveduras aos
antifingicos comuns, nomeadamente ao fluconazol, resultando em elevadas taxas de
mortalidade (Tortorano, Biraghi et al. 2002). Alids, uma das principais razdes
explicativas para o surgimento destas resisténcias é o aumento do uso de fluconazol,
especialmente em pacientes internados em unidades de cuidados intensivos (Pfaller and
Diekema 2007, Giri and Kindo 2012)

C. parapsilosis tem vindo a ser identificada em hospitais pediatricos como a segunda
maior causa de candidose na Europa, Asia e América do sul (Santolaya, Alvarado et al.
2014). Esta levedura tem uma melhor adesdo a materiais como acrilicos em solugdes
contendo glucose (Horn, Ostrosky-Zeichner et al. 2010, Giri and Kindo 2012).

Criptocose

A Criptococose é uma infecdo flngica que pode ser provocada por Cryptococcus
neoformans var. neoformans e C. neoformans var. gattii (Espinel-Ingroff, Chowdhary et
al. 2012). Ambos pertencem ao filo basidiomicota e podem ser rapidamente
distinguidos de outras leveduras patogénicas tais como Candida sp pela presenca de
uma capsula de polissacarido. A patogenicidade da criptococose depende do sistema
imunitario do hospedeiro bem como dos varios fatores de viruléncia da estirpe tais
como capsula, producdo de melanina e crescimento a 37°C (Casadevall, Rosas et al.
2000).

A infecdo ocorre através da inalacdo dos esporos e posterior disseminagdo por via
hematogénea, dando origem a lesdes no sistema nervoso central (SNC) incluindo

aumento da pressdo intracraniana, sequelas neurologicas graves, entre outras. A
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criptococose ocorre especialmente em pacientes com alteragdes imunoldgicas graves,

afetando até 10% os pacientes com SIDA (Rodrigues, Alviano et al. 1999).

Na maioria dos casos é recomendado o tratamento inicial com anfotericina B e 5-
flucitosina. Embora varios agentes antifingicos mais recentes estejam disponiveis, a
formulacdo convencional desoxicolato de anfotericina B (especialmente em contextos
de recursos limitados) e as suas formulagdes lipidicas permanecem escolhas terapéuticas
importantes para o tratamento sistémico destas infecdes (Espinel-Ingroff, Chowdhary et
al. 2012, Perfect and Bicanic 2014).

Aspergilose

A inalacdo de conidios de Aspergillus sp por individuos imunocompetentes raramente
tem efeitos graves para a saude, ja que os conidios sdo eficazmente eliminados por
mecanismos imunolégicos. Espécies de Aspergillus podem ser encontradas no ar,
alimentos, agua, solo e vegetacdo em decomposi¢do, onde desempenham um papel
essencial no ciclo do carbono e nitrogénio (Latge 2001). A problemética destes fungos
surgiu com o aumento de transplantes de oOrgdos, medula G6ssea e o aumento da
utilizacdo de drogas imunossupressoras. Nas ultimas décadas a Aspergilose invasiva
(Al) tem surgido como uma das principais complicacdes infeciosas em pacientes
imunocomprometidos sendo que 90% dessas sdo provocadas por A. fumigatus
(Dagenais and Keller 2009, Sales-Campos, Tonani et al. 2013). Este fungo filamentoso
causa infecBes a nivel respiratério, como pneumonia cronica e aguda, aspergilose
broncopulmonar alérgica e aspergilose invasiva que estdo associadas a altas taxas de
morbidade e mortalidade (Latge 2001, Dagenais and Keller 2009).

A viruléncia de A. fumigatus pode ser provocada quer pela producdo de proteinas
fangicas que promovem o crescimento do micélio no parénquima pulmonar quer pelas
caracteristicas estruturais dos conidios que conferem resisténcia aos antifangicos (Latge
2001). Para o tratamento da Al provocada por este fungo sdo administrados azoéis, no
entanto resisténcias a estes agentes antifungicos tem surgido (Snelders, van der Lee et
al. 2008).
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1.2. Terapia antifungica

No inicio dos anos 50, surgiram os primeiros antifangicos sistémicos (Figura 1). A
anfotericina B, um composto do grupo dos polienos, foi um dos primeiros a ser
utilizado, permanecendo até aos nossos dias como o antifangico de eleicdo para o
tratamento de infecdes fungicas sistémicas, devido ao seu largo espetro de acao.
Atuando por ligacdo ao ergosterol da membrana, é utilizado no tratamento de infe¢des
fangicas invasivas frequentemente associadas a espécies de Candida sp e Aspergillus
sp, mas apresenta diversas limitacdes na aplicacdo clinica, como a elevada toxicidade a
nivel renal e a necessidade de administracdo endovenosa continua (Odds, Davidson et
al. 2006).

Fluconazol
5-Flucitosina ltraconazol .
Anfotericina B Cetoconazol Caspofungina
Voriconazol
Posaconazol
| | | L 4 ‘l’
1950 1960 1970 1980 1990 2000

Formulagdes
lipidicas da
Anfotéricina B

Figura 1 — Cronologia da introducdo dos antifungicos no mercado Adaptado de:
McKinseym D. 2003)

O primeiro imidazol a ser introduzido na terapéutica foi o cetoconazol. Atuando por
inibicdo da sintese do ergosterol, os imidazolis constituem um grupo de agentes
fungistaticos com amplo espetro de acdo. No entanto, muitos destes compostos
apresentam elevada toxicidade, nomeadamente a nivel hepéatico (Pfaller and Diekema
2007).
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Na década de 90, foram identificadas as primeiras resisténcias aos antiflngicos,
nomeadamente de espécies de Candida ndo-albicans, tais como C. krusei e C. glabrata,
intrinsecamente resistentes ao fluconazol (Pfaller and Diekema 2007, Scodavolpe,
Quaranta et al. 2014). Ao mesmo tempo, a introducdo da primeira geracdo dos triazois
permitiu obviar alguns dos problemas associados ao imidazdis, como toxicidade e

resisténcias.

Mas o progresso na area dos antifingicos ndo se limitou a pesquisa de novas moléculas,
mas também ao uso de formas farmacéuticas que pudessem melhorar a atividade
terapéutica de alguns j& existentes. Formulacdes novas de anfotericina B e com
melhoria na toxicidade. Apesar da diminuicdo da toxicidade da anfotericina B,
promovida pelas formacgdes lipidica, o uso destas formulacdes ndo é generalizado
devido ao seu elevado custo. Estas estratégias foram também ja alargadas a antifungicos
de uso topico como a terbinafina, com a sua associacdo a lipossomas (Ostrosky-
Zeichner, Marr et al. 2003).

Célula fingica Parede ¢ Membrana celular
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Figura 2 — Mecanismo de acdo dos principais grupos de antifungicos Adaptado de:
www.accessmedicine.com
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No ano 2000 foi introduzida uma nova classe de antifungicos, as equinocandinas, que
interferem com a sintese da parede do fungo. As trés equinocandinas clinicamente
importantes, caspofungina, micafungina e anidulafungina, apresentam boa atividade in
vitro contra Candida sp e Aspergillus sp, mas ndo sdo ativas contra C. neoformans
(Denning 2003, Boucher, Groll et al. 2004).

A caspofungina, o primeiro membro deste grupo a ser introduzido no mercado,
apresenta baixa toxicidade, porque a sua acao € no complexo de proteinas responsaveis
pela sintese de (1,3) - B-glucano componente especifico da parede de celular fungica.
Apesar da sua eficacia ser comparavel a da anfotericina B no tratamento de candidoses e
aspergiloses, o seu reduzido espetro de acdo limita 0 seu uso terapéutico (Denning
2003).

Voriconazol e posaconazol sdo compostos triazélicos de segunda geracdo com um
amplo espectro de accdo. O Voriconazole é ativo contra estipes de Candida sp
resistentes ao fulconazol, embora a resisténcia cruzada ja tivesse sido observada
(Donnelly and De Pauw 2004). Posaconazole, é o azol com espectro de acdo mais
alagado desenvolvido até a data. A resisténcia cruzada com fluconazol é incomum, e o
posaconazol é o unico azol com atividade clinica demonstrada contra fungos do filo

Zygomycota (Torres, Hachem et al. 2005).

Terapia antifungica combinada

A terapia de combinacdo pode ser utilizada para o tratamento de infecdes fungicas,
especialmente aquelas causadas por fungos resistentes a antifngicos.

Recentemente estudos destacam que € possivel obviar a resisténcia aos antifingicos
através da combinacdo de compostos ndo-antifungicos tais como, antibacterianos,
inibidores da calcineurina, inibidores das proteinas de choque térmico (Hsp) e
reguladores da homeostasia do calcio (Figura 3) (Cowen, Singh et al. 2009, Liu, Hou et
al. 2014). Muitas destas combinac¢Ges mostram ter um efeito sinergético contra estirpes
de C. albicans resistente ao fluconazol (Zhang, Liu et al. 2013). Os principais
mecanismos destes efeitos parece ser o aumento da permeabilidade da membrana,
reduzindo o efluxo de drogas antifungicas, interferindo com a homeostasia intracelular

de ides, inibicdo da atividade de proteinas e enzimas necessarias para a sobrevivéncia de

25



Atividade antimicrobiana de derivados da 5-amino-imidazol-4-carboxamidrazona

fungos e inibindo a formagédo de biofilme (Miceli, Bernardo et al. 2009, Liu, Hou et al.
2014).

Efluxo
do
antifingico Reducio da
Formacio Permeabilidade da membrana
L g
de . ® e e :
biofilme : w
; ° " it
T
) 7
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A ‘u‘_
< H\ Polienos
Azdis
Pirimidinas
Equinocandinas
Il B(1-3)-glucano o Ergosterol Mutante . Transporte de Ca?* - Ca¥*
\ <© Erg1lp
3 Ergosterol Mitocondria
“ “ Bomba de efluxo ® Antifingico

Figura 3 — Representacdo esquematica dos principais alvos dos agentes antifungicos,
mecanismos de resisténcia e abordagens de resisténcia antifingica. A-C representam a
via de sintese de ergosterol e mecanismos relacionados: (A) Gene normal ergllp; (B)
Gene mutante ergllp; (C) Expressdo do gene ergllp. 1-5 Representam as abordagens
da resisténcia antifingica e da resisténcia em combinacdo: (1) Aumento da
permeabilidade da membrana; (2) Inibicdo do efluxo dos antifingicos; (3) Inibi¢do da
formacéo de biofilme; (4) Inibicdo da calcineurina (CNA) e proteina de choque térmico
90 (Hsp90); (5) Perturbacdo da homeostasia do célcio. ER, reticulo endoplasmatico.
Adaptado (Liu, Hou et al. 2014).

Antifangicos em combinagdo com agentes antibacterianos

Em pacientes com longos periodos de internamento, tratados com terapia
imunossupressora € frequente encontrar infegdes fungicas profundas, acompanhadas
com infecBes bacterianas, aumentando a probabilidade dos antifungicos serem

utilizados em combinagéo com agentes antibacterianos (Liu, Hou et al. 2014).

Estudos mostraram que quando € administrado um antibateriano em combinagcdo com

um antifingico a que a estirpe causadora da infecdo é resistente, um efeito sinéergico é
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observado, exemplo disso é a combinagdo da minociclina com fluconazol no tratamento

de infe¢Oes provocadas por C.albicans resistente aquele azol (Shi, Chen et al. 2010).

Antifungicos em combinacédo com inibidores da calcineurina

A calcineurina (CNA) € uma enzima responsavel pela ativacdo da transcricdo da
interleucina — 2 (IL-2) que estimula o crescimento e diferenciacdo das células T. Os
imunossupressores, como a ciclosporina A ou o FK506, inibem a CNA, bloqueando a
ativacdo das células T. Podem por isso ser usados para evitar a rejeicao de transplantes

em individuos recetores de 6rgdos (Cruz, Goldstein et al. 2002).

Recentemente foi revelado que a CNA é um fator de viruléncia de C. albicans
bloqueando a capacidade dos azois danificarem a membrana plasmatica. Assim, ao
administrar um imunossupressor este vai bloquear a CNA, permitindo uma melhor
penetracdo do antifungico azolico na célula (Sanglard, Ischer et al. 2003) . Por outro
lado, a via da CNA esta diretamente relacionada com o crescimento e patogenicidade de
C. neoformans, C. albicans e A. fumigatus. Assim sendo, a exploracdo de vias CNA
fangicas € uma grande promessa para o futuro desenvolvimento de novos agentes
antifungicos (Steinbach, Reedy et al. 2007).

Antifungicos em combinacdo com inibidores Hsp90

A interferéncia com reguladores celulares envolvidos na resposta do fungo a condi¢cfes

de stress constitui uma estratégia atual para melhorar a eficacia dos antiflngicos.

A Hsp90 é um regulador celular, importante na resposta ao stresse de diversas espécies
de fungos dado estar envolvida em variados processos como a formacdo de biofilme,

apoptose da célula fangica, ou resisténcia aos antifingicos (Cowen, Singh et al. 2009).

A estratégia terapéutica baseada na inibicdo da Hsp90 pode permitir anular as respostas
de stress fungico fazendo com que o efeito dos compostos passe de fungistatico a
fungicida (Cowen, Singh et al. 2009, Liu, Hou et al. 2014).
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Antifangicos em combinagdo com reguladores da homeostasia do calcio

O ido calcio (Ca®") esta envolvido numa série de processos biolégicos incluindo o
crescimento celular, proliferacdo, apoptose, entre outros (Courchesne and Ozturk 2003).
O aumento continuo da concentragdo de Ca®* pode ser nocivo para as células,
provocando morte celular (Liu, Hou et al. 2014). Nos ultimos anos proteinas tais como a
lactoferrina humana e proteinas derivas da histamina, mostraram ter efeitos antifungicos
relacionados com a libertacdo de Ca** intracelular muito provavelmente através da

mitocondria (Courchesne and Ozturk 2003).

A amiodarona (AMD) é um composto que afeta a homeostasia do Ca** em leveduras e
provoca a morte celular ap6s exposicdao curta. Baixas concentracdo de AMD pode
provocar uma hiperpolaridade, o que faz com que o Ca **seja libertado de reservas
internas incluindo o reticulo endoplasmatico, mitocondrial e vacuolos (Courchesne and
Ozturk 2003).

Estudos recentes confirmam que apesar da AMD ter fraca actividade antiflngica, exibiu
efeitos sinérgicos com o fluconazol. O tratamento com fluconazol combinado com
AMD induz alteracbes na membrana citoplasmatica e mitocondrial, aumentando os
niveis de formacdo de espécies reativas de oxigénio (ROS) intracelularmente,
provocando danos ao DNA e, consequentemente, conduzindo a morte celular por

apoptose (Guo, Sun et al. 2008).

Antifangicos em combinagao com anti-inflamatorios

Os anti-inflamato6rios ndo-esterdides (AINEs) sdo um grupo que inclui véarios farmacos
que tém a capacidade de controlar a inflamacdo através da inibicdo da sintese de

prostaglandinas (Liu, Hou et al. 2014).

Alguns estudos referem que C. albicans produz prostaglandinas durante a formacéo do
biofilme aumentando a formacdo dos tubos germinativos, sendo atualmente
consideradas importantes factores de viruléncia na infegdo por C. albicans (Alem and
Douglas 2005). Varios autores reportaram o efeito dos anti-inflamatérios na
multiplicacdo dos fungos (Liu, Hou et al. 2014). Exemplo disso é o efeito inibidor na
producéo de biofilmes do &cido salicilico (Alem and Douglas 2004) e o efeito sinérgico
observado in vitro entre o ibuprofeno e o fluconazol contra estirpes resistentes a este
antifangico (Arai, Sugita et al. 2005).
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1.3. InfegcOes associadas a biomateriais

InfecGes relacionadas com dispositivos médicos estdo na maioria das vezes associados a
doengas nosocomiais. Os organismos que colonizam estes materiais sdo normalmente
comensais oportunistas que mais facilmente acedem a esses materiais durante o

procedimento clinico (Ramage, Martinez et al. 2006).

O processo de adesdo destes microrganismos, entre eles Candia sp, é influenciado por
propriedades fisico-quimicas dos materiais, nomeadamente a hidrofobicidade,
rugosidade e composicdo quimica das superficies, entre outros. Além disso, fatores
ambientais como as caracteristicas e fluxo dos fluidos corporais, tempo de exposicéo
e/ou concentragdo dos microrganismos, pode condicionar o processo de adesdo (An and
Friedman 1998, Katsikogianni and Missirlis 2004)

1.3.1 Producéo de biofilmes

Uma ampla variedade de biomateriais (cateteres, préteses) utilizados na pratica clinica
favorecem a adesdo microbiana e formacgdo de biofilme por um diverso numero de

microrganismos (Douglas 2003).

Candida sp com frequéncia forma biofilmes, um processo pelo qual as células de
levedura aderem a uma superficie bidtica ou abidtica, resultando na formacgéo de um
complexo de células, filamentos e matriz (Kojic and Darouiche 2004). O processo de
formacdo do biofilme (Figura 4) inicia-se com a adesdo de células de levedura a
superficie do biomaterial, seguido de divisdo celular, proliferacéo e desenvolvimento. O
biofilme maduro contém microcolonias, que estdo intercetadas por canais de agua que
permitem a circulacdo de nutrientes e remocdo de metabolitos celulares Uma
carateristica particular dos biofilmes formados por C albicans é a sua estrutura
tridimensional complexa que consiste numa rede densa de células sob a forma de
leveduras, pseudo hifas e hifas, que estdo unidas dentro de uma matriz exopolimérica
(Blankenship and Mitchell 2006). No final do processo de maturacdo, o biofilme acaba
por atingir uma massa critica e é estabelecido um equilibrio dindmico no qual o
crescimento de celulas é compensado pela libertagdo de células de levedura, ficando
estas disponiveis para colonizar outros locais do biomaterial ou originar septicemia
(Pfaller and Diekema 2007).
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Figura 4 — Fases da formacao do biofilme de C. albicans.

(i) Adesdo de celulas de levedura a superficie do dispositivo (ii) Proliferacdo celular

(iii) Producgdo de matriz e dimorfismo celular (levedura, pseudo hifas e hifas), (iv)
Aumento da matriz com uma arquitetura tridimensional (v) Libertacdo de leveduras
Adaptado de (Harding, Marques et al. 2009).

Uma das carateristicas mais importantes do crescimento em biofilme é a elevada
resisténcia das leveduras aos agentes antiflngicos atualmente usados no combate as
infecdes fungicas, podendo essa resisténcia ser até mil vezes maior do que a de células
ndo aderidas (Tobudic, Kratzer et al. 2012).

Estudos revelaram que os agentes antifangicos, 5-flucitosina, anfotericina B,
cetoconazol, fluconazol e itraconazol foram muito menos ativos contra biofilmes de C.
albicans em materiais de cloreto de polivinil (PVC) do que em células ndo aderidas
(Kojic and Darouiche 2004). Da mesma forma, e em estudos in vitro, espécies de
Candida n&o-albicans mostraram resisténcia aos triazois mais recentes quando
presentes em biofilmes (Kuhn, George et al. 2002). No entanto, a caspofungina
demonstrou ser eficaz contra a formacdo de biofilme por C. albicans (Ramage,
VandeWalle et al. 2002).

A resisténcia aos antifungicos por parte dos fungos presentes num biofilme é um
processo multifatorial que pode estar associado a vérios fatores, nomeadamente a
expressao de bombas de efluxo induzida pela superficie do material (Jabra-Rizk, Falkler
et al. 2004), alteracdo na composicdo do esterol (Mukherjee and Chandra 2004),
dificuldade na difusdo dos agentes antifingicos atraves da matriz extracelular e
crescimento lento dos microrganismos no biofilme (Seneviratne, Jin et al. 2008, Inigo,
Peman et al. 2012).
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C. albicans mostrou formar biofilmes com diferentes morfologias dependendo do
dispositivo médico usado (Kojic and Darouiche 2004, Sudbery, Gow et al. 2004).

A hidroxiapatite (HA) é um fosfato de calcio sintético que se inclui no grupo dos
bioceramicos, tem sido amplamente usado na pratica clinica devido a sua semelhanca
quimica com o componente inorganico dos tecidos duros. A sua excelente
biocompatibilidade faz com que seja utilizada numa variedade de aplicagdes incluindo o
preenchimento de defeitos 0sseos ou fraturas, reconstrucdo cranio maxilofacial e
revestimento de implantes metalicos (Ferraz, Monteiro et al. 2004)

Nestas situagdes a HA atua como suporte promovendo a regeneragao e osteointegracao
das cavidades ou dos defeitos com um novo tecido. (Christenson, Anseth et al. 2007,
Mateus, Barrias et al. 2008). Comparativamente com a HA convencional, a nanoHA
apresenta propriedade fisico-quimicas semelhantes a dos nano cristais do 0sso,
resultando numa forte ligacdo na interfase osso/implante bem como na absorcdo de
macromoléculas que podem atuar durante o processo de regeneracdo Ossea (Ferraz,
Monteiro et al. 2004).

Apesar de o risco de infecdo por Candida sp em préteses do joelho ser inferior a 1%, o
tratamento destas infe¢des esta dificultado devido a formacao do biofilme, estrutura esta
que, como acima mencionado, confere resisténcia aos antifingicos atualmente usados e,
por consequéncia, o tratamento implica a remocdo da protese para erradicacdo da
infeccdo (Kojic and Darouiche 2004, Inigo, Peman et al. 2012). Contudo esta
abordagem acarreta elevadas implicacfes clinicas e econdmicas e, neste sentido, ha uma
necessidade de desenvolver novos agentes antifungicos que possam atuar eficazmente

nestas patologias clinicas
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Objetivos:

A pesquisa de compostos antifingicos que possam constituir alternativas a terapéutica

atual, constitui uma importante area de investigacao.
Nesse sentido, o presente trabalho teve como objetivos principais:

i) Estudar a atividade antimicrobiana de derivados da 5-amino-imidazol-4-

carboxamidrazones;
a) Avaliar a atividade antifingica e antibacteriana dos compostos

b) Estabelecer uma relacdo estrutura-atividade para o grupo de compostos

estudados

c) Selecionar os compostos que, relativamente aos parametros da atividade

antimicrobiana em estudo, permitam encontrar um (ou mais) composto(s) lider
ii) Elucidar o mecanismo de acao antifungica dos compostos mais potentes

a) Estudar o mecanismo de a¢do dos compostos na célula fangica

b) Avaliar a interferéncia dos compostos no sistema imune

iii) Avaliar a interferéncia dos compostos lider na formagéo de biofilmes por leveduras.
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TRABALHO EXPERIMENTAL |

“Synthesis and antimicrobial activity of novel 5-aminoimidazole-4-

carboxamidrazones”
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I.1. Material e métodos
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Reagentes

O Sabouraud Dextrose Agar (SDA), Mueller Hinton Broth (MHII) e o Agar
Bacterioldgico foram adquiridos da Liofilchem. O Dimetilsulfoxido (DMSO) foi
adquirido da Applichem. Todos os outros reagentes foram da Sigma-Aldrich..

Preparacao dos compostos derivados da 5-amino-imidazol-4-carboxamidrazonas

Os compostos foram sintetizados e fornecidos pelo Centro de quimica da Escola de
Ciéncias da Universidade do Minho. Todos os compostos foram dissolvidos em DMSO
para obter uma concentra¢do de 10mg/ml, solugdo stock foram mantidas a -20°C até a

realizacéo dos ensaios.

Bactérias

As bactérias Staphylococcus aureus ATCC 29213; Escherichia coli ATCC 25922 e
Pseudomona aeruginosa ATCC.27853 fazem parte da colecdo de microrganismos do
CEBIMED da UFP. As bactérias foram guardadas a -70°C e antes de cada ensaio foram
descongeladas e repicadas para 0 MHII agar, tendo-se sempre usado culturas com 24h

de crescimento para cada ensaio.

Atividade antibacteriana

A concentracdo minima inibitéria (CMI) foi efetuada utilizando o método de
microdiluicdo em caldo de acordo com a norma CLSI M7-A6. As solucBes stock dos
compostos foram diluidas em meio de MHII de modo a obter concentracdes seriadas de
(1:2;100pg/mL até 1,6pg/mL). A concentracdo das bactérias foi ajustada de forma a que
cada poco tivesse 1x10* - 5x10* UFCs/mL de meio de cultura. Apés a adicdo do
composto ao microrganismo as placas foram incubadas a 37°C durante 24h,
procedendo-se a leitura visual dos resultados. Foram ainda incluidos em todas as
experiéncias 0s seguintes controlos: bactéria em meio de cultura (100% de
crescimento), meio de cultura (0% de crescimento) e composto em meio de cultura
(branco do composto). Como controlo de qualidade utilizou-se E. coli ATCC 25922

com CMI 0.25 a 2.0 pg/ml para gentamicina durante 24 h incubagéo.
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A CMI foi definida como a concentracdo mais baixa em que nédo se obteve crescimento

microbiano por detecéo visual.

Avaliacao do efeito bactericida/bacteriostatico para as bactérias

A determinacgdo da concentragdo minima letal (CML) foi baseada na técnica descrita por
Canto et al, 2003. Concisamente, apds a leitura da CMI, o contetdo dos pocos, foi
homogeneizado e retiraram-se 25uL da suspensdo celular que foram inoculados numa
placa de MHII agar. A placa foi incubada a 37°C durante 24h. A CML foi definida

como a concentracdo em que nao houve crescimento, por detecdo visual.

Leveduras

As Leveduras Candida albicans ATCC 10231; Candida krusei ATCC 6258 e Candida
parapsilosis ATCC 2209 fazem parte da colecdo de microorganismos do CEBIMED da
UFP. Cryptococcus neoformans e fungos filamentosos, foram gentilmente cedidos pela
Professora Doutora Eugénia Pinto da FFUP. As leveduras foram guardadas a -70°C e
antes de cada ensaio foram descongeladas e repicadas para 0s respectivos meios de

cultura, tendo-se sempre usado culturas com 24h de crescimento para cada ensaio.

Avaliagdo da atividade antiflingica

A CMI foi efetuada utilizando o método de microdiluicdo em caldo de acordo com a
norma CLSI M27-A3. As solucdes stock dos compostos foram diluidas em RPMI de
modo a obter concentragdes seriadas (1:2;100ug/mL até 1,6pug/mL). A concentracdo dos
microrganismos foi ajustada para que cada poco tivesse 5x10? - 2.5x10°UFCs/mL de
meio de cultura. Apds a adicdo do composto a suspensdo da levedura as placas foram
incubadas a 35°C durante 48h, cryptococcus procedendo-se a leitura visual dos
resultados. Foram ainda incluidos em todas as experiéncias 0s seguintes controlos:
levedura em meio de cultura (100% de crescimento), meio de cultura (0% de
crescimento) e composto em meio de cultura (branco do composto). Como controlo de
qualidade foram utilizadas, C. parapsilosis ATCC 90018 com CMI 1 a 4 pg/mL com
fluconazol com 48 horas de incubacdo e C. krusei ATCC 6258 com um CMI 0,25 a 1

pg/mL cetoconazol para o com 48 horas de incubagdo. Em todos os ensaios foram ainda
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incluidos diferentes concentragdes de DMSO comparando o nivel de toxicidade.com o

composto a avaliar.

A CMI foi definida como a concentracdo mais baixa em que ndo se obteve crescimento

microbiano por detecéo visual.

Avaliacao do efeito fungicida / fungistatico

A determinacdo da concentracdo minima letal (CML) foi baseada na técnica descrita por
Canton, Peman et al. 2003 . Concisamente, apos a leitura da CMI, o conteddo dos
pocos foi homogeneizado e retiraram-se 25uL da suspensdo celular que foram
inoculados numa placa de SDA. Posteriormente incubou-se a 35°C durante 24h. A
CML foi definida como a concentracdo em que ndo houve crescimento, por detecdo

visual.

Atividade hemolitica

A atividade hemolitica dos compostos foi testada por recurso a uma versdo modificada
da técnica descrita por Ahmad et al (2009). O isolamento de eritrdcitos proveniente de
sangue periférico de voluntérios saudaveis efetuou-se recorrendo ao histopaque - 1077
mediante as instrucdes do fabricante. Ao sedimento de eritrocitos adicionou-se PBS
(10%; v/v) a que se seguiu uma diluicdo de 1:10. Para um volume final de 200uL foram
adicionados 100uL de suspensdo de eritrdcitos e 100uL da concentracdo de composto a
uma placa de fundo em “U”. Para controlo positivo usou-se 5uL de uma solucdo de
dodecil sulfato de sodio/dimetilformamida (SDS/DMF; 20% SDS numa solucdo de
DMF a 50% em agua desionizada, pH 4.7). A placa foi incubada durante 1h a 37°C
seguindo-se uma centrifugacédo (labofugar 400R - Heraeus) a 2000rpm durante 10min.
Foram retirados 150uL de sobrenadante para uma placa de fundo plano e efetuada a
leitura da densidade otica a 450nm num espectrofotometro de placas (Stat Fax 3200 —
Awareness technology INC) Foi ainda incluido um controlo de DMSO para excluir o
possivel efeito deste nos eritrocitos. A atividade hemolitica (%) foi calculada segundo a
formula: % de atividade hemolitica =100 x (média DQOyso dos eritrécitos tratados com o
composto — DOgso do composto em meio de cultura) / (média da DOys dos eritrdcitos
tratados com SDS/DMF — média da DOysp do meio de cultura com SDS/DMF). Neste

ensaio foram inseridos os controlos; eritrocitos tratados com SDS/DMF (100% de
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hemolise), eritrocitos tratados com PBS (0% de hemdlise), as vérias diluicbes do
composto em PBS (branco do composto) e PBS (branco de controlo).
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|.2.Resultados e discussao
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activity of these novel amidrazones was screened against Gram positive (Staphylococcus aureus) and
Gram negative (Escherichia coli, Pseudomonas aeruginosa) bacteria and Candida sp. (Candida albicans, Can-
dida krusei, Candida parapsilosis). Only a subset of compounds displayed fair-moderate activity against S.
aureus and E. coli but all exhibited activity against Candida sp. The three most potent antifungal com-
pounds were further tested against Cryptococcus neoformans, Aspergillus fumigatus and three dermato-
phytes (Trichophyton rubrum, Trichophyton mentagrophytes, Microsporum gypseum). These three hit
compounds strongly inhibited C. krusei and C. neoformans growth, although their activity on filamentous
fungi was very weak when compared to the activity on yeasts.

© 2014 Elsevier Ltd. All rights reserved.

The antimicrobial therapy has long been facing the problem of
resistance of microorganisms. Multidrug resistance by bacterial
strains, as MRSA, VRSA, ESBL or carbapenemases producing bacte-
ria claims for the search of new antibacterial molecules.' Systemic
mycosis, as those due to Aspergillus sp., Cryptococcus neoformans
and Candida sp., are responsible for the growing morbidity and
mortality rates, namely among immunocompromised individuals,
and have important economic impacts in health care institu-
tions.* Although not so virulent, superficial mycosis, as mucocuta-
neous candidiasis or dermatophytosis, also have a great clinical
relevance being responsible for the majority of ambulatory anti-
fungal therapy.*

Nowadays, antifungal treatment is also facing new challenges
with the development of resistance by fungi.” Available antifungal
compounds are scarce and even with the introduction of new mol-
ecules, as new triazoles and echinocandins, the restricted spectrum

* Corresponding authors. Tel.: +351 225074630 (F.C.); tel.: +351 253604371; fax:
+351 253 604382 (AM.D.).
E-mail addresses: fatimaf@ufp.edupt (F. Cerqueira), ad@quimica.uminho.pt
(A.M. Dias).
' The two authors had the same contribution for the work.

http://dx.doi.org/10.1016/.bmcl.2014.08.025
0960-894X/@ 2014 Elsevier Ltd. All rights reserved.
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of action, toxicity, extensive side effects and drug interactions,
force the scientific community to search for new therapeutic
options.”®

The imidazole nucleus is present in a significant number of bio-
molecules and the inclusion of this moiety in organic scaffolds is
considered an important synthetic strategy in drug discovery.®’
In the last decades, the wide pharmacological potential of the imid-
azole derivatives is well demonstrated by the increasing number of
the reported bioactivities. In particular, potential therapeutic
applications such as anti-fungal and anti-bacterial ®*® anti-
inflammatory and analgesic ¢ anti-tubercular,® anti-depressant,
anti-cancer®f anti-viral,?¢ anti-leishmanial " and anti-epileptic,?
have been extensively reported.

Imidazoles, being a class of azole antifungals, are excellent scaf-
folds for the development of new therapeutic antifungal alterna-
tives.” The first orally bioavailable and broad spectrum imidazole
was Ketoconazole, but has been now replaced due to severe
adverse side effects. From the search on 1-substituted imidazole
analogues with lower toxicity and selectivity, several lead com-
pounds were discovered and are under development.”® Recently,
limited examples of C-linked imidazoles emerge as a novel class
of antifungal imidazoles.'”
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Table 1
Synthesis of 5 idazole-4-carb idrazones 2
R! R?
N-_-NH; R2NHNH, N-_-NH>
< oN < N
N | AcOH (cat.), EtOH N Z# “NHR2
1 NH 0-8'C 2 NH
Entry R R? Method Time Product Yield®
1 Ar(p)OMe  Ph A 17h 2a 65
2 Ar(p)Me Ph A 6h 2b 80
3 Ar(p)F Ph A 6h 2¢ 48
4 Ar(p)Cl Ph A 6h 2d 74
5 Ar(p)Br Ph A 7h 2e 70
6 Ph Ph A 8h 2f 77
7 CH,Ph Ph A 8h 2g 53
8 Me Ph A 5h 2h 71
9 (CH3),CH  Ph A 6h 2i 37
10 Ar(p)OMe  Ar(p)F B 3h 2j 45
1 Me Ar(p)F B 3h 2k 37
12 Me Ar(m)F B 2h 21 23
13 Me Ar(p)OMe B 2h 2m 28
14 Me Ar(p)CF; A 6h 2n 53
15 Me CsHWN A 3h 20 97

Method A: hydrazine (1.2-1.5 equiv), AcOH (cat.), EtOH, 0 °C to 8 °C.
Method B: (i) Na,CO; (1.2-1.5 equiv), EtOH/H,0; (ii) hydrazine (1.2-1.5 equiv),
AcOH (cat.), EtOH, 0 °C to 8 °C.

2 Isolated yield.

Moreover, amidrazones are important pharmacophoric frag-
ments in fungistatic, bacteriostatic and antimycotic molecules.''
These functional groups are traditionally obtained from nitriles
and hydrazines, but the reaction suffers from several drawbacks
and milder and more efficient synthetic routes are still needed. '?

5-Aminoimidazoles are interesting building blocks in medicinal
chemistry since they are key components in many bioactive mole-
cules. Nevertheless few reports on the chemistry of these com-
pounds have appeared in the literature."® In particular, reports
on the synthesis of 5-amino-4-substituted imidazoles are quite
rare and involve multi-step low yield processes.'*

In our research group, 5-aminoimidazoles 1 have been the sub-
ject of an extensive study as key precursors for the synthesis of
new heterocyclic compounds.’®"'” Here, a novel and mild prepara-
tion of 5-aminoimidazole-4-carboxamidrazones (2) is reported.

Table 2

A. L. Ribeiro et al. /Bioorg. Med. Chem. Lett. 24 (2014) 4699-4702

The in vitro antibacterial and antifungal profiles of these new pre-
pared compounds were evaluated and will be described.

Imidazoles 1 were obtained in a three-step process starting
from diaminomaleonitrile and accessible commercial reagents,
according to a previously developed method.'® Reaction of imida-
zoles 1 with aryl hydrazines in acidic medium enabled the synthe-
sis of amidrazones 2a-o (Table 1), as an extension of a recently
reported work.'%??

The selective synthesis of the desired products 2a-i from reac-
tion of imidazoles 1 with phenyl hydrazine required the presence
of a catalytic amount of acetic acid (AcOH) in ethanol (Table 1,
method A).

These reactions were reproduced with different aryl hydrazines
in order to introduce structural diversity at the hydrazonyl moiety.
Reactions with 4-trifluoromethylhydrazine and 2-hydrazinopyri-
dine could be achieved by the same method (Table 1, method A).
Reactions with 4-methoxyphenylhydrazine, 4-fluorophenylhydr-
azine and 3-fluorophenylhydrazine required a previous neutraliza-
tion in situ with sodium carbonate in a mixture of ethanol and
water, as the reagents are commercially available as the hydro-
chloride salt (Table 1, method B).

All the products precipitated out of the reaction mixtures and
were isolated by filtration in moderate—very good yields, with
no need for further purification.

The assignment of structures 2a-o to the isolated products was
well established on the basis of elemental analysis or high-
resolution mass spectrometry (HRMS), IR and NMR spectroscopy
(including HMQC and HMBC techniques). The Z configuration of
the amidrazone unity could be assigned by NOE NMR experiments.

Compounds 2a-0 were examined for their antimicrobial activi-
ties against Gram positive (Staphylococcus aureus ATCC29213) and
Gram negative (Escherichia coli ATCC25922 and Pseudomonas
aeruginosa ATCC27853) bacterial strains and three Candida strains
(Candida albicans ATCC 10231, Candida krusei ATCC6258 and
Candida parapsilosis ATCC 22019) according to the reference
method for susceptibility testing of Clinical and Laboratory Stan-
dards Institute (CLSI).>"*> Minimum inhibitory concentrations
(MICs) obtained for the screened compounds 2a-o are listed in
Table 2.

Considering the antibacterial activity, the results demonstrate
that compounds 2b, 2d and 2n were slightly active against E. coli
and S. aureus, with 2n showing the higher antibacterial activity
[MIC=25.0 pg/mL (83.8 uM)]. The other tested compounds had

Antibacterial and antifungal activity (MIC, minimal inhibitory concentration) of imidazoles 2

Entry  Compd MIC pg/mL (uM) *
S. aureus E. coli P. aeruginosa C. albicans C. krusei C. parapsilosis
ATCC29213 ATCC25922 ATCC27853 ATCC10231 ATCC6258 ATCC 22019
1 2a >100.0 (>269.4) >100.0 (>269.4) >100.0 (>269.4) >100.0 (>269.4) 25.0(77.6) >100.0 (>269.4)
2 2b 50.0-100.0 (163.2-326.4)  100.0 (>269.4) >100.0 (>269.4)  100.0 (>269.4) 25.0-50.0 (81.6-163.2) 100.0 (>269.4)
3 2c >100.0 (>269.4) >100.0 (>269.4) >100.0 (>269.4) >100.0 (>269.4) 25.0 (80.6) >100.0 (>269.4)
4 2d 50.0 (153.0) 100.0 (>269.4) >100.0 (>269.4)  100.0 (>269.4) 25.0(76.5) 100.0 (>269.4)
5 2e 100.0 (269.4) >100.0 (>2694) >100.0(>2694) 100.0 (>269.4) 50.0-100.0 (134.7-269.4)  100.0 (269.4)
6 2f >100.0 (>269.4) >100.0 (>269.4) >100.0 (>269.4)  >100.0 (>269.4) 12.5-25.0 (42.8-85.5) 100.0 (>269.4)
7 2g 100.0 (>269.4) >100.0 (>269.4) >100.0 (>269.4) >100.0 (>269.4) 25.0-50.0 (81.6-163.2) >100.0 (>269.4)
8 2h >100.0 (>269.4) >100.0 (>269.4) >100.0 (>269.4)  25.0-50.0 (108.6-217.1) 6.3 (27.4) 25.0 (108.6)
9 2i >100.0 (>269.4) >100.0 (>269.4) >100.0 (>269.4)  >100.0 (>269.4) 12.5-25.0 (48.4-96.8) 100.0 (>269.4)
10 2j 100.0 (>269.4) 50.0 (146.9) >100.0 (>2694)  100.0 (>269.4) 50.0 (146.9) 50.0 (146.9)
11 2k >100.0 (>269.4) >100.0 (>269.4) >100.0 (>269.4)  50.0 (201.4) 6.3 (25.4) 50.0 (201.4)
12 21 100.0 (>269.4) 100.0 (>269.4) >100.0 (>269.4) 25.0(100.7) 3.1 (125) 12.5 (50.4)
13 2m >100.0 (>269.4) >100.0 (>269.4) >100.0 (>2694)  100.0 (>269.4) 25.0 (96.0) 100.0 (>269.4)
14 2n 25.0(83.8) 25.0(83.8) >100.0 (>2694)  100.0 (>269.4) >100.0 (>269.4) 100.0 (>269.4)
15 20 >100.0 (>269.4) >100.0 (>269.4) >100.0 (>269.4)  100.0 (>269.4) >100.0 (>269.4) >100.0 (>269.4)

# Results are obtained from at least 2 to 3 independent experiments performed in duplicate.
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Experimental section

1. Chemistry

1.1. General

All compounds were fully characterized by elemental analysis and spectroscopic data. The NMR spectra
were recorded at room temperature, on a Varian Unity Plus (*H: 300 MHz, *C: 75 MHz) or Bruker Avance
3400 (*H: 400 MHz, ®C: 100 MHz), including the *H-**C correlation spectra (HMQC and HMBC) and
deuterated DMSO was used as solvent. The coupling constants, J, are reported in hertz (Hz). IR spectra were
recorded on a FT-IR Bomem MB 104 using Nujol mulls and NaCl cells. The reactions were monitored by thin
layer chromatography (TLC) using silica gel 60 F254 (Merck). The melting points were determined on a Stuart
SMP3 melting point apparatus and are uncorrected. Elemental analyses were performed on a LECO CHNS-932
instrument (University of Minho) or Carlo Erba EA 1108 instrument (C.A.C.T.l., University of Vigo). High
resolution mass spectra were recorded on a Waters Micromass GC-TOF instrument (C.A.C.T.I., University of
Vigo).

1.2. General procedure for the synthesis of imidazoles 2 from imidazoles 1

Method A: Hydrazine (1.2-1.5 molar equiv) and a catalytic amount of acetic acid (10 uL) were added to a
suspension of 5-amino-4-(cyanoformimidoyl)-1H-imidazole 1 (1.4-2.0 mmol) in ethanol (0.5-2 mL)
maintained 10 min. in an ice bath. The reaction suspension was stirred at 8 °C for 3 h-17 h. The solid was
filtered and washed with ethanol and diethyl ether leading to the pure product 2.

Method B: 5-Amino-4-(cyanoformimidoyl)-1H-imidazole 1 ( 1.0-2.0 mmol) and a catalytic amount of acetic
acid (10 pL) were added to a suspension of the hydrochloride salt of hydrazine (1.2-1.5 molar equiv) and
sodium carbonate (1.2-1.5 molar equiv) in a mixture of ethanol (0.5 mL) and water (0.5 mL) maintained 10
minutes in an ice bath. The reaction suspension was stirred at 8 °C for 2 h-3 h. The solid was filtered and
washed with ethanol and diethyl ether leading to the pure product 2.

1.21.  (2)-5-amino-1-(4-methoxyphenyl)-N'-phenyl-1H-imidazole-4-carbohydrazonamide (2a)

Method A: Phenylhydrazine was used. White solid (0.50 g, 65%), mp >193.3 °C (dec.). "H NMR (400 MHz,
DMSO-dg): 6 3.81 (s, 3H), 5.57 (brs, 2H), 5.77 (brs, 2H), 6.57 (t, J= 7.0 Hz, 1H), 6.83 (d, J= 8.0 Hz, 2H), 7.11
(m, 4H), 7.31 (s, 1H), 7.44 (d, J= 8.4 Hz, 2H), 7.92 (s, 1H); *C NMR (75 MHz, DMSO-ds): & 55.50, 111.63,
113.47,114.82, 116.57, 125.95, 127.92, 128.75, 129.04, 136.95, 145.15, 147.94, 158.74 ppm. IR (Nujol mull) :
v 3417, 3360, 3270, 3219, 1610, 1556, 1511 cm™; Anal. calcd. for C,7H1gNgO: C, 63.34; H, 5.63; N, 26.07;
found: C, 63.41; H, 5.62; N, 25.94.
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1.2.2. (2)-5-amino-N"-phenyl-1-p-tolyl-1H-imidazole-4-carbohydrazonamide (2b)

Method A: Phenylhydrazine was used. White solid (0.55 g, 80%), mp >167.7 °C (dec.). *H NMR (300 MHz,
DMSO-dg): 6 2.37 (s, 3H), 5.63 (brs, 2H), 5.78 (brs, 2H), 6.57 (t, J= 7.2 Hz, 1H), 6.84 (d, J= 7.8 Hz, 2H), 7.11
(t, J= 7.8 Hz, 2H), 7.35 (s, 1H), 7.36 (d, J= 9.3 Hz, 2H), 7.42 (d, J= 8.1 Hz, 2H), 7.94 (s, 1H); *C NMR (75
MHz, DMSO-dg): 6 20.59, 111.62, 113.68, 116.58, 124.08, 128.74, 128.89, 130.13, 132.64, 136.71, 137.29,
145.06, 147.91 ppm. IR (Nujol mull): v 3420, 3370, 3206, 1827, 1634, 1611, 1556, 1515 1487 cm™; Anal.
calcd. for C47HgNg.0.2H,0: C, 65.92; H, 5.99; N, 27.13; found: C, 66.03; H, 5.90; N, 27.17.

1.2.3.  (2)-5-amino-1-(4-fluorophenyl)-N*-phenyl-1H-imidazole-4-carbohydrazonamide (2c)

Method A: Phenylhydrazine was used. White solid (0.21 g, 48%), mp >165.5 °C (dec.). *"H NMR (400 MHz,
DMSO-dg): 8 5.66 (brs, 2H), 5.78 (brs, 2H), 6.58 (t, J= 7.2 Hz, 1H), 6.84 (d, J= 8.2 Hz, 2H), 7.11 (dd, J,= 8.4
Hz, J,= 7.2 Hz, 2H), 7.38 (s, 1H), 7.40 (t, J= 8.8 Hz, 2H), 7.58 (dd, J;= 8.8 Hz, J,= 4.8 Hz, 2H), 7.94 (s, 1H);
3C NMR (100 MHz, DMSO-dg): 8 111.63, 113.74, 116.49 (d, J= 23 Hz), 116.61, 126.67 (d, J= 9 Hz), 128.74,
129.01, 131.51 (d, J= 2 Hz), 136.81, 144.98, 147.90, 161.26 (d, J= 245 Hz) ppm. IR (Nujol mull): v 3430,
3343, 3222, 3105, 1617, 1601, 1559, 1514, 1490 cm™; Anal. calcd. for C1sH1sFNg.0.2H,0: C, 60.37; H, 4.84;
N, 26.40; found: C, 60.91; H, 4.66; N, 26.46.

1.2.4.  (Z)-5-amino-1-(4-chlorophenyl)-N'-phenyl-1H-imidazole-4-carbohydrazonamide (2d)

Method A: Phenylhydrazine was used. White solid (0.30 g, 74%), mp >185.3 °C (dec.). "H NMR (300 MHz,
DMSO-dg): 8 5.71 (brs, 2H), 5.79 (brs, 2H), 6.58 (t, J= 7.4 Hz, 1H), 6.83 (d, J= 8.4 Hz, 2H), 7.11 (t, J= 7.8 Hz,
2H), 7.42 (s, 1H), 7.61 (m, 4H), 7.95 (s, 1H); *C NMR (75 MHz, DMSO-dg): & 111.65, 113.95, 116.68,
126.04, 128.80, 128.92, 129.69, 132.24, 134.08, 136.67, 144.90, 147.89 ppm. IR (Nujol mull): v 3385, 3339,
3222, 3102, 1613, 1558, 1495 cm™; Anal. calcd. for CysHysCINg: C, 58.81; H, 4.63; N, 25.72; found: C, 58.52;
H, 4.62; N, 25.62.

1.25.  (2)-5-amino-1-(4-bromophenyl)-N'-phenyl-1H-imidazole-4-carbohydrazonamide (2¢e)

Method A: Phenylhydrazine was used. White solid (0.44 g, 70%), mp >175.6 °C (dec.). *H NMR (300 MHz,
DMSO-dg): 8 5.72 (brs, 2H), 5.80 (brs, 2H), 6.58 (t, J= 7.1 Hz, 1H), 6.85 (d, J= 8.4 Hz, 2H), 7.12 (t, J= 7.8 Hz,
2H), 7.42 (s, 1H), 7.52 (d, J= 8.7 Hz, 2H), 7.75 (d, J= 8.7 Hz, 2H), 7.95 (s, 1H); *C NMR (100 MHz, DMSO-
dg): 6 111.62, 113.96, 116.64, 120.56, 126.27, 128.75, 128.81, 132.58, 134.48, 136.58, 144.86, 147.86 ppm. IR
(Nujol mull): v 3386, 3340, 3223, 3101, 1611, 1559, 1492 ecm™; Anal. calcd. for CysH;sBrNg: C, 51.77; H, 4.07;
N, 22.64; found: C, 51.57; H, 4.14; N, 22.47.

1.2.6.  (2)-5-amino-N',1-diphenyl-1H-imidazole-4-carbohydrazonamide (2f)

Method A: The hydrazine used was phenylhydrazine. White solid (0.53 g, 77%), mp >152.6 °C (dec.). 'H
NMR (300 MHz, DMSO-dg): 6 5.68 (brs, 2H), 5.79 (brs, 2H), 6.58 (t, J= 7.2 Hz, 1H), 6.84 (d, J= 8.4 Hz, 2H),
7.12 (dd, J;= 8.4 Hz, J,= 7.5 Hz, 2H), 7.40 (s, 1H), 7.48 (m, 5H), 7.94 (s, 1H); *C NMR (75 MHz, DMSO-dy):
5 111.63, 113.85, 116.61, 124.14, 127.75, 128.75, 128.93, 129.75, 135.19, 136.66, 145.01, 147.90 ppm. IR
(Nujol mull): v 3423, 3360, 3290, 3231, 3105, 1612, 1556, 1502 cm™; Anal. calcd. for CygHysNg.0.2H,0: C,
64.94; H, 5.54; N, 28.40; found: C, 65.13; H, 5.40; N, 28.54.

1.2.7.  (2)-5-amino-1-benzyl-N'-phenyl-1H-imidazole-4-carbohydrazonamide (29)

Method A: The hydrazine used was phenylhydrazine. White solid (0.20 g, 53%), mp >161.1 °C (dec.). ‘H
NMR (300 MHz, DMSO-dg): & 5.09 (s, 2H), 5.66 (brs, 2H), 5.70 (brs, 2H), 6.56 (t, J= 7.2 Hz, 1H), 6.83 (d, J=
7.2 Hz, 2H), 7.10 (t, J= 8.0 Hz, 2H), 7.24 (s, 1H), 7.30 (m, 5H), 7.86 (s, 1H); BC NMR (75 MHz, DMSO-dg): &
45,99, 111.64, 113.11, 116.49, 127.33, 127.50, 128.59, 128.73, 129.09, 137.13, 137.17, 145.35, 148.00 ppm.
IR (Nujol mull): v 3437, 3265, 1627, 1598, 1560 cm™; Anal. calcd. for Cy7HigNg: C, 66.65; H, 5.92; N, 27.43;
found: C, 66.24; H, 5.76; N, 27.15.

1.2.8.  (2)-5-amino-1-methyl-N'-phenyl-1H-imidazole-4-carbohydrazonamide (2h)
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Method A: Phenylhydrazine was used. Beige solid (0.56 g, 71%), mp >164.7 °C (dec.). ‘H NMR (400 MHz,
DMSO-dg): & 3.42 (s, 3H), 5.57 (brs, 2H), 5.65 (brs, 2H), 6.56 (t, J= 7.2 Hz, 1H), 6.82 (d, J= 8.6 Hz, 2H), 7.09
(s, 1H), 7.11 (dd, J,;= 8.4 Hz, J,= 7.2 Hz, 2H), 7.82 (s, 1H); *C NMR (75 MHz, DMSO-ds): & 29.69, 111.65,
113.15, 116.48, 128.76, 129.36, 137.59, 145.54, 148.07 ppm. IR (Nujol mull): v 3432, 3362, 3276, 3107, 1652,
1618, 1595, 1530 cm™; Anal. calcd. for C;;H4Ng: C, 57.38; H, 6.13; N, 36.50; found: C, 57.16; H, 6.06; N,
36.14.

1.29. (2)-5-amino-1-isopropyl-N'-phenyl-1H-imidazole-4-carbohydrazonamide (2i)

Method A: Phenylhydrazine was used. Bluish solid (0.16 g, 37%), mp >48.7 °C (dec.). "H NMR (400 MHz,
DMSO-dg): 8 1.38 (d, J= 6.8 Hz, 6H), 4.25 (qui, J= 6.8 Hz, 1H), 5.61 (brs, 2H), 5.67 (brs, 2H), 6.56 (tt, J;= 7.2
Hz, J,= 1.2 Hz 1H), 6.82 (dt, J;= 8.4 Hz, J,= 1.2 Hz, 2H), 7.11 (ddt, J;= 8.4 Hz, J,= 7.2 Hz, J;= 1.2 Hz, 2H),
7.24 (s, 1H), 7.83 (s, 1H); *C NMR (75 MHz, DMSO-d): & 22.36, 45.02, 111.62, 113.21, 116.46, 125.83,
128.75, 136.46, 145.66, 148.06 ppm. IR (Nujol mull): v 3360, 1617, 1552 cm™; HRMS (ESI): m/z for C15HyoNg
[M+H]" calcd 259.16657, found 259.16640.

1.2.10. (2)-5-amino-N'-(4-fluorophenyl)-1-(4-methoxyphenyl)-1H-imidazole-4-carbohydrazonamide
(2j)

Method B: 4-Fluorophenylhydrazine hydrochloride was used. White solid (0.13 g, 45%), mp >139.1 °C
(dec.). "H NMR (400 MHz, DMSO-dy): & 3.81 (s, 3H), 5.54 (brs, 2H), 5.76 (brs, 2H), 6.83 (brs, 2H), 6.96 (brt,
2H), 7.09 (m, 2H), 7.31 (s, 1H), 7.43 (m, 2H), 7.84 (s, 1H); *C NMR (100 MHz, DMSO-dq): 5 55.49, 112.51
(d, =7 Hz), 113.30, 114.81, 115.11 (d, J= 22 Hz), 125.95, 127.86, 129.09, 137.01, 144.90, 145.94, 154.76 (d,
J= 231 Hz), 158.74 ppm. IR (Nujol mull): v 3413, 3354, 3275, 3210, 1614, 1559, 1517, 1503 cm™*; Anal. calcd.
for C;;H17FNGO: C, 59.99; H, 5.03; N, 24.69; found: C, 59.94; H, 4.97; N, 24.33.

1.2.11. (Z2)-5-amino-N’-(4-fluorophenyl)-1-methyl-1H-imidazole-4-carbohydrazonamide (2k)

Method B: 4-Fluorophenylhydrazine hydrochloride was used. Bluish solid (0.25 g, 37%), mp >157.0 °C
(dec.). "H NMR (300 MHz, DMSO-dq): & 3.42 (s, 3H), 5.55 (brs, 2H), 5.64 (brs, 2H), 6.81 (dd, J;= 9.0 Hz, J,=
4.8 Hz, 2H), 6.96 (t, J= 9.0 Hz, 2H), 7.09 (s, 1H), 7.76 (s, 1H); *C NMR (100 MHz, DMSO-dg): & 29.63,
112.49 (d, J=7 Hz), 112.99, 115.07 (d, J= 22 Hz), 129.36, 137.60, 145.02 (d, J= 1 Hz), 146.26, 154.69 (d, J=
231 Hz) ppm. IR (Nujol mull): v 3428, 3381, 3338, 3284, 3226, 3107, 1924, 1650, 1621, 1591, 1506 cm™;
HRMS (ESI): m/z for Cy;H,,FNg [M+H]" calcd 249.12605, found 249.12554.

1.2.12. (2)-5-amino-N'-(3-fluorophenyl)-1-methyl-1H-imidazole-4-carbohydrazonamide (2I)

Method B: 3-Fluorophenylhydrazine hydrochloride was used. Bluish solid (0.06 g, 23%), mp >174.5 °C
(dec.). "H NMR (400 MHz, DMSO-dg): & 3.42 (s, 3H), 5.56 (brs, 2H), 5.72 (brs, 2H), 6.30 (td, J,= 8.0Hz, J,=
2.4 Hz, 1H), 6.53 (dt, J,;= 12.5 Hz, J,= 2.4 Hz, 1H), 6.61 (dd, J;= 8.0 Hz, J,= 2.0 Hz, 1H), 7.09 (dd, J;= 15.2
Hz, J,= 8.0 Hz, 1H), 7.10 (s, 1H), 8.17 (s, 1H); **C NMR (75 MHz, DMSO-dq): & 29.66, 97.40 (d, J= 26 Hz),
102.12 (d, J= 21 Hz), 107.79 (d, J= 2 Hz), 112.79, 129. 48, 130.05 (d, J= 11 Hz), 137.82, 146.17, 149.85 (d, J=
11 Hz), 163.45 (d, J= 238 Hz) ppm. IR (Nujol mull): v 3454, 3357, 1650, 1622, 1603, 1518, 1495 cm™; Anal.
calcd. for C4;H,3FNg.0.2H,0: C, 52.46; H, 5.32; N, 33.37; found: C, 52.55; H, 5.20; N, 32.85.

1.2.13. (2)-5-amino-N'-(4-methoxyphenyl)-1-methyl-1H-imidazole-4-carbohydrazonamide (2m)

Method B: 4-Methoxyphenylhydrazine hydrochloride was used. Bluish solid (0.10 g, 28%), mp >159.3 °C
(dec.). '"H NMR (400 MHz, DMSO-dg): & 3.42 (s, 3H), 3.65 (s, 3H), 5.55 (brs, 2H), 5.58 (brs, 2H), 6.75 (d, J=
9.2 Hz, 2H), 6.79 (d, J= 9.2 Hz, 2H), 7.08 (s, 1H), 7.44 (s, 1H); *C NMR (100 MHz, DMSO-dq): & 29.63,
55.29, 112.96, 113.20, 114.38, 129.28, 137.47, 142.75, 145.85, 151.36 ppm. IR (Nujol mull): v 3431, 3350,
3276, 1647, 1613, 1580, 1506, 1338 cm™; Anal. calcd. for C;,H;6N0.0.3H,0: C, 54.25; H, 6.25; N, 31.63;
found: C, 54.44; H, 6.12; N, 31.35.

1.2.14. (Z2)-5-amino-1-methyl-N'-(4-(trifluoromethyl)phenyl)-1H-imidazole-4-carbohydrazonamide (2n)

Method A: 4-Trifluoromethylphenylhydrazine was used. Beige solid (0.21 g, 53%), mp >193.9 °C (dec.). 'H
NMR (400 MHz, DMSO-dg): 6 3.43 (s, 3H), 5.58 (brs, 2H), 5.82 (brs, 2H), 6.89 (d, J= 8.4 Hz, 2H), 7.11 (s,
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1H), 7.40 (d, J= 8.8 Hz, 2H), 8.53 (1H, s, 1H); *C NMR (100 MHz, DMSO-d):  29.71, 110.63, 112.65,
11550 (q, J= 31 Hz), 125.44 (g, J= 270 Hz), 126.15 (g, J= 4 Hz), 129.65, 138.05, 146.64, 150.24 ppm. IR
(Nujol mull): v 3442, 3320, 3105, 1649, 1622, 1606, 1581, 1536 cm; Anal. calcd. for Cy,Hy3 FsNg: C, 48.32;
H, 4.39; N, 28.18; found: C, 48.25; H, 4.47; N, 27.71.

1.2.15.  (Z)-5-amino-1-methyl-N'-(pyridin-2-yl)-1H-imidazole-4-carbohydrazonamide (20)

Method A: 2-Hydrazinopyridine was used. Beige solid (0.30 g, 97%), mp >217.4 °C (dec.). ‘H NMR (400
MHz, DMSO-dg): 8 3.42 (s, 3H), 5.55 (2H, brs, 2H), 5.90 (brs, 2H), 6.54 (ddd, J,= 7.0 Hz, J,= 5.0 Hz, J,= 0.8
Hz, 1H), 6.77 (d, J= 8.4 Hz, 1H), 7.09 (s, 1H), 7.51 (ddd, J= 8.4 Hz, J,= 7.0 Hz, J;= 2.0 Hz, 1H), 7.99 (d, J;=
4.8 Hz, J,= 1.2, 1H), 8.56 (brs, 1H); *C NMR (100 MHz, DMSO-dg): & 29.68, 105.07, 112.54, 112.92, 129.44,
137.49, 137.76, 145.44, 147.59, 158.47 ppm. IR (Nujol mull): v 3411, 3348, 3264, 3194, 1625, 1594, 1495 cm’
1 HRMS (ESI): m/z for C1oH14N; [M+H]" calcd 232.13052, found 232.13161.

2. Biology
Material and methods

Reagents: Mueller-Hinton Il (MH 1) broth and sabouraud dextrose agar (SDA) were from Liofilchem (Italy).
Unless otherwise stated, all other reagents were from Sigma-Aldrich.

Microorganisms: Microorganisms stocks were kept at -20 °C and cultures at 4 °C. Bacteria (E. coli
ATCC25922, P. aeruginosa ATCC27853 and S. aureus ATCC29213) were cultured in MH 11 agar 24 h just
prior the assays while fungus were cultured on SDA for 24 h (Candida sp.), 48 h (Cryptococcus and
Aspergillus sp.) or 5 days (dermatophytes).

Antibacterial activity. Minimal inhibitory concentration (MIC) of compounds was determined using the CLSI
Reference Microdilution Method for Antimicrobial Susceptibility Testing for Aerobic Bacteria M7-A6 [Ref
NCCLS]. Briefly, serial dilutions (1:2; ranging from 100 to 1.7 pg/mL) of compounds on MH Il broth were
added to the test bacteria (5 x 10° CFU/mL) and were incubated for 24 h at 37°C. Positive controls
(microorganism in culture media), negative controls (culture media), and compounds control (compound in
culture media) were included in all the experiments. MIC was defined as the lowest concentration that
completely inhibited bacterial growth by visual lecture.

Antifungal activity. Broth microdilution methods based on the CLSI reference documents M27-A3 and M38-
A2 for yeasts and filamentous fungi, respectively, with minor modifications, were used to determine MIC.
Briefly, serial dilutions (1:2; ranging from 100 to 1.7 pug/mL _for Candida sp. and from 256 to 1.0 ug/mL for C.
neoformans and filamentous fungi) of compounds on RPMI-1640 broth medium supplemented with MOPS
were added to the test yeast (0.5-2.5 x 10° CFU/ng. For filamentous fungi the inoculum was adjusted to 0.4-5
x 10* CFU/mL for Aspergillus spp., and 1-3 x 10° CFU/mL for dermatophytes. Microplates were incubated
aerobically at 37 °C for 48 h (yeasts and Aspergillus spp.) or at 30 °C for 5 days (dermatophytes). The fungal
growth was indicated by the turbidity and MICs were defined as the lowest drug concentration that reduced
growth in 100% in comparison to the compound-free controls.

All results are from three independent and concordant experiments, performed in duplicate. A range of values
is presented when different results were obtained. Two growth controls, using test medium alone and with
1.0% (v/v) DMSO, and a sterility control (drug-free medium only) were included in all assays.

Quality Control. The quality controls used were: C. parapsilosis ATCC 90018 and Fluconazole - MIC range
from 1 to 4 pg/ml (48 h incubation); C. krusei ATCC 6258 and Ketoconazole — MIC range from 0.25 to 1.0
pg/ml (48 h incubation) and E. coli ATCC 25922 and Gentamicin — MIC range from 0.25 to 2.0 ug/ml (24 h
incubation). The obtained results were within the recommended limits (data not shown).

Minimal lethal dose. To evaluate the MLDs, 50 pL, aliquots were subcultured from each negative well
(optically clear) and the last positive well, after MIC reading, onto SDA plates. The plates were then incubated
at 35 °C (yeasts and Aspergillus spp.) or 30 °C (dermatophytes) until growth was seen in the last positive well
subculture. MLD was the lowest concentration of compound yielding subcultures without any visible fungal
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growth. Compounds that were not able to inhibit yeast growth on agar culture plates were defined as fungistatic
and those that permanently inhibited yeast growth were defined as fungicidal and their MLD registered.

Hemolytic activity. Human red blood cells from healthy individuals were used to test the hemolytic activity of
compounds, according to a modified version of that described by Ahmad et al..?® Erythrocytes were isolated
from heparinized peripheral blood by Histopaque-1077 density centrifugation, according to the manufacture
instructions. A negative control, consisting of erythrocytes (0% hemolysis), and a positive control, consisting
of erythrocytes and a dimethylformamide/sodium dodecylsulphate (50:50) solution (100% hemolysis), were
used. Percentage of hemolysis was calculated comparing to the positive and negative controls.

Reference
23. Ahmad, A.; Khan, A.; Manzoor N.; Khan L. A. Microb. Pathog. 2010, 48, 35.

48



Atividade antimicrobiana de derivados da 5-amino-imidazol-4-carboxamidrazona

TRABALHO EXPERIMENTAL II

“Elucidation of the antifungal activity of (Z)-5-amino-N'-aryl-1-methyl-
1H-imidazole-4-carbohydrazonamides derivatives and their effect on the

Immune response”
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I11.1. Material e métodos

50



Atividade antimicrobiana de derivados da 5-amino-imidazol-4-carboxamidrazona

Reagentes

Dulbecco’s Modified Eagle Medium (DMEM + GlutaMAX) e o Roswell Park
Memorial Intitute RPMI-1640 foram da Gibco by life technologies. Todos os outros

reagentes foram da Sigma-Aldrich.

Isolamento de células mononucleares humanas

As Celulas mononucleares humanas foram isoladas a partir de sangue periférico
heparinizado de voluntarios saudaveis por Histopaque -1077 de acordo com as
instrucdes do fabricante. A concentracdo das células mononucleares humanas foi
ajustada a 2-3 x 10° células/mL em meio RPMI 1640 suplementado com 10% de SBF
inativado pelo calor, 2 mM de glutamina e 50 mg/mL de gentamicina (Cerqueira,
Cidade et al. 2008).

Efeito na proliferacdo de células mononucleares humanas

Para avaliar o efeito dos compostos sobre a resposta mitogénica de linfocitos humanos
foi utilizada uma versdo modificada do ensaio colorimétrico de Brometo de 3-(4,5-
dimetiltiazol-2-il)-2,5-difeniltetraz6lio( MTT) (Cerqueira, Cordeiro-da-Silva et al.
2003). As células mononucleares (50 pL), foram adicionados 50pL de diluicbes
seriadas (1:2) do composto em estudo e 50uL de solucdo de fitohemaglutinina (PHA
10pg/mL). A placa de 96 pocos foi incubada 4 dias a 37°C. Passado o periodo de
incubacdo foram adicionados 25uL de solugdo de MTT (1 mg/ml) e 4h depois 0s
cristais de formanzano formado foram solubilizados com solu¢do de SDS / DMF
durante a noite. A densidade 6tica foi medida a 550nm num espectrofotometro de placas
(Stat Fax 3200 — Awareness technology INC). A percentagem de inibicdo da
proliferagdo para cada uma das concentracfes dos compostos foi calculada segundo a
seguinte equacao: % de inibicdo = 100-100 x (média DOsso dos linfocitos tratados com
0 composto — DOssp do composto em meio de cultura com PHA) / (média da DOsso dos
linfocitos estimulados com PHA — média da DOssy do meio de cultura com PHA). Para
determinar as concentracdes que originam uma inibicdo de 50% (ICsp) da proliferacédo
dos linfocitos foi determinada a equacédo da recta (% de inibicdo versus concentragao)

para cada um dos compostos. Neste ensaio foram inseridos os controlos, linfocitos
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estimulados com PHA (100% de estimulacdo), linfocitos ndo estimulados (0% de
estimulagdo) e meio de cultura (branco de controlo). A ciclosporina A foi incluida como

um controlo positivo.

Avaliagdo da toxicidade dos compostos nas células mononucleares humanas

A suspensdo de células mononucleares (50 pL), foram adicionados 50uL de diluices
seriadas (1:2) do composto em estudo. A placa de 96 pocos foi incubada durante 24h a
37°C com 5% de CO,. Ultrapassado o periodo de incubagdo foram adicionados 25uL de
MTT (Img/mL) e 4h depois o formanzano formado foi solubilizado com solucédo de
SDS/DMF, durante a noite. A densidade Otica foi determinada a 550nm num
espectrofotometro de placas (Stat Fax 3200 — Awareness technology INC). A toxicidade
foi calculada segundo a seguinte equacdo: % de inibicdo = 100-100 x (média DOssp dos
linfdcitos tratados com o composto — DOssg do composto com meio) / (média da DOssg
dos linfocitos — média da DOssp meio de cultura). Neste ensaio foram inseridos 0s
controlos; linfocitos (producédo basal) meio de cultura (branco do controlo) e composto
em meio de cultura (branco do composto). Considerando que a viabilidade do controlo é
de 100%, o composto é considerado toxico quando a viabilidade dos macréfagos é

inferior a 70%, comparativamente ao controlo (Cerqueira, Cidade et al. 2008).

Efeito dos compostos na producéo de 6xido nitrico (NO)

Para a producdo de NO foi utilizado a linha celular de macréfagos RAW 264.7
(coleccdo de cultura do CEBIMED), mantida em meio DMEM com glutamina
suplementado com 10% de SBF e 50ug/mL de gentamicina a 37°C com uma atmosfera
de 5% de CO,. Apds verificacdo da confluéncia celular incubaram-se 200uL de
suspensdo celular de macréfagos (0.5-1 x 10°células/mL) em placas de 96 pogos com
fundo plano e deixaram-se aderir durante 2h a 37°C. A quantificacdo do NO formado
foi realizado, por recurso a reacdo de Griess (Teixeira, Cerqueira et al. 2005).
Resumidamente, aos macrofagos aderidos adicionaram-se 100uL das dilui¢bes seriadas
(1:2) do composto em estudo e 100uL de meio de cultura contendo LPS de E.coli; 1,5
ng/mL™Y), de modo a induzir a sintese da iNOS pelos macréfagos. Apés 24h de
incubacgéo a 37°C com 5% de CO, retiraram-se 100uL de sobrenadante para outra placa
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de 96 pocos a que se adicionaram-se 100uL de solucdo de Griess (iguais quantidades de
uma solucdo a 1% de sulfanilamida em &cido fosforico a 5% e de uma solucéo a 0,1%
de N-(-1-naftil) etilenodiamina em agua destilada) de preparacdo extemporanea. Apés
10min de incubacéo a temperatura ambiente 0 NO gerado foi quantificado por leitura da
densidade oOtica a 550nm num espetrofotdmetro de placas (Stat Fax 3200 — Awareness
technology INC), tendo por base a reagdo do reagente de Griess com 0 nitrito presente
nos sobrenadantes da cultura (Green, Wagner et al. 1982). Os controlos consistiram em
macrofagos estimulados com LPS (0% de inibicdo), macrofagos ndo estimulados
(producdo basal), as vérias diluicbes do composto adicionadas da solucéo de estimulo
(branco do composto) e meio de cultura (branco do controlo).O Ester metilico de N-

nitro-L-arginina (L-NAME) e a dexametasona foram utilizados como controlos.

Quantificacdo da viabilidade de Macro6fagos RAW 264.7

O ensaio de viabilidade foi sempre realizado nas células a que foi retirado o
sobrenadante para quantificacdo da producdo de NO. As células foram adicionados
25uL de solugdo de MTT (1mg/mL) procedendo-se a incubagdo a 37°C, com 5% de
CO;, durante 4h. Apds a incubacdo adicionaram-se 50uL de solucdo de SDS/DMF,
incubando-se durante a noite a 37°C. A leitura da placa foi efetuada a 550nm num
espetrofotémetro de placas (Stat Fax 3200 — Awareness technology INC). A viabilidade
dos macrdfagos foi calculada segundo a seguinte formula: % de viabilidade = 100 x
(média DOssg dos macrofagos estimulados e tratados com composto — DOsgp do
composto em meio de cultura com LPS) / (média DOssp dos macrofagos estimulados
com LPS — média DOss do meio de cultura com LPS). Considerando que a viabilidade
do controlo é de 100%, o composto é considerado toxico quando a viabilidade dos
macrofagos € inferior a 70%, comparativamente ao controlo (Cerqueira, Cidade et al.
2008).

Avaliacdo da atividade scavenger dos compostos sobre o NO

O efeito do scavenger dos compostos sobre 0 NO foi determinado como descritos em
De las Heras et al., 1999. Assim, cada composto foi colocado em trés pogos da primeira

linha de uma placa de 96 pocos (fundo plano) e submetido a sete diluigdes sucessivas
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(1:2; 50 pL), tendo as diluigdes sido realizadas numa mistura etanol/PBS (1:9). Aos
pogos das duas primeiras colunas foram adicionados 50 pL de nitroprussiato de sodio
(5mM) dissolvido em PBS. No poco da terceira coluna a solucdo de nitroprussiato de
sodio foi substituida por PBS. Apds incubagdo de 150 min a 25°C, foram adicionados
100 pL de reagente de Griess a todos 0s poc¢os e depois de uma incubacdo de 10 min a
25°C, a DOsgp foi lida num espetrofotometro de placas (Stat Fax 3200 — Awareness
technology INC). Os controlos da experiéncia consistiram em solucdo de nitroprussiato
de sodio (100% de producao), PBS (0% de producdo) e as varias diluicbes dos
compostos em etanol/PBS (branco do composto). O efeito scavenger (%) foi calculado
segundo a férmula: % de efeito scavenger = 100 — 100 x (média DOssy do composto
com nitroprussiato de sédio - DOsso do composto em etanol/PBS) / (média DOssy do
composto com nitroprussiato de s6dio — média DOssp do PBS) com a producdo de NO
pelo nitroprussiato em meio aquoso a pH 7.0 a ser considerada com 100%. A
contribuicdo da atividade scavenger dos compostos no efeito inibidor da producdo de
NO foi considerada significativa sempre que a quantidade de NO detetado,

comparativamente ao controlo, foi inferior a 70% (De las Heras et al. 1997).

Ensaio da inibicdo da transicdo dimérfica

A inibicdo da transicdo dimdrfica foi determinada de acordo com a versdo descrita por
Pinto et al. (2013). Resumidamente, as suspensdes C. albicans e H37 foram obtidas a
partir de culturas frescas com 24h de crescimento em placas de SDA e preparadas em
meio NYP (N-acetil-glucosamina [Sigma; 10 -3 mol / L], Yeast Nitrogen Base de
Dados [Difco; 3,35 g/ L], prolina [Fluka, 10 -3 mole / L], NaCl [4,5g /1], e de pH 6,7 £
0,1; Marichal et al, 1986) de forma a obter uma densidade 1,0 + 0,2 x 10° CFU / mL.
Todas as diluicdes dos compostos foram realizadas em DMSO, preparando-se diluigdes
cem vezes superiores as pretendidas. Em tubos de vidro foram colocados 495uL de
suspensdo de levedura e 5 pL do composto, nas diferentes concentragdes testadas. Foi
ainda incluido um controlo de filamentag&o de cada estirpe com DMSO e um controlo
de inibicdo da filamentagdo com fluconazol. Todos os tubos foram incubados em banho
sem agitagdo a 37°C durante 3h. Concluido o tempo de incubacdo, procedeu-se a
contagem das células em Camara de Neubauer. Em 100 células foram contados os tubos
germinativos, quando o tubo de germinagdo era, pelo menos, tdo longo quanto o

didametro do blastésporo (Pinto, Hrimpeng et al. 2013).
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Efeito dos compostos na fun¢éo mitocondrial das leveduras (ensaio MTT)

Efeito dos compostos na atividade da reducdo mitocondrial em C. albicans ATCC
10231 e C. krusei ATCC 6258 foi determinado através de uma versdo modificada do
ensaio colorimétrico de MTT (Lopes et al. 2012). Resumidamente, a suspensao de
células de levedura foi preparada e ajustada em meio RPMI 1640 de forma a obter uma
densidade de 0,5-2,5 x 10° UFCs / mL. Todas as diluicdes dos compostos foram
realizadas em RPMI 1640. Num eppendorf colocou-se 1 mL da suspensdo de levedura
que foi incubada num banho de 4gua (GFL 1083), sem agitacdo a 37°C. Apds 24h de
incubacdo, as células foram cuidadosamente homogeneizadas, recolhidas e
centrifugadas (5417R) a 10.000 rpm durante 5 min. Removido o0 sobrenadante
adicionaram-se as células diferentes concentragdes de composto a testar (LmL). Apds 2h
e 30min de incubacdo num banho com &gua (GFL 1083), sem agitacdo a 37°C, as
amostras foram centrifugadas (5417R) a 10.000 rpm durante 5 min. Ao pellet foram
adicionados 500 mL de uma solucdo de MTT (0,5 mg / ml de MTT em RPMI) e
procedeu-se a uma nova incubacdo a 37°C durante 30 min. Ap6s o tempo de incubacao
realizou-se uma nova centrifugacdo (5417R) a 10.000rpm durante 5 min e as amostras
foram solubilizadas com 300uL de DMSO. Numa placa de 96 pocos, foram colocados
em duplicado 125pL de cada amostra e a leitura da placa foi efetuada por

espetrofotometria a 510 nm utilizando um leitor de placas (Synergy Mx, BioTek)

Estatistica

Os dados foram analisados usando o software SPSS (Statistical Package for the Social
Sciences). (versdo 21para 0 Windows). Realizou-se uma analise de variancia (one-way
ANOVA), utilizando o teste de comparacdo mdltipla de trukey, com um nivel de

significancia estatistica de p <0,05, p <0,01 e p <0,001.

Etica

Etica aprovada, foi obtida pelo Comité de Etica da Universidade Fernando Pessoa.
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I11.2.Resultados e discussao

“Artigo em preparacao”
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Elucidation of the antifungal activity of (Z)-5-amino-N'-aryl-1-methyl-
1H-imidazole-4-carbohydrazonamides derivatives and their effect on
the immune response

Abstract
The incidence of invasive opportunistic fungal infections have increased dramatically

during the past two decades as a consequence of the rising number of
immunocompromised pacients such as HIV-infected individuals, transplant recipients
and patients with immunosuppressive therapy or broad-spectrum antibiotics. Candida
sp. especially C. albicans, contributes for a large number of invasive fungal infections.
Most therapies designed to treat these infections interfere with biosynthesis of
ergosterol. In addition to their effect on fungal cells, others mechanisms of action can
increase the antifungal activity of drugs as their immunomodulatory effect, the ability to
inhibit fungal virulence factors or the interference with mitochondria activity.
Therefore, the aim of the present work were to evaluate the antifungal activity of three
(2)-5-amino-N'-aryl-1-methyl-1H-imidazole-4-carbohydrazonamides [aryl=phenyl (2h),
4-fluorophenyl (2k), 3-fluorophenyl (21)] against two strains of C. albicans and one
strain of C. krusei. Additionally the mechanisms of action of these antifungal agents
were elucidated and their interference with immune system responses was also assessed
through NO production by macrophages and through lymphocytes proliferation.
Regarding the results, the three tested compounds had shown a good antifungal activity
against Candida sp specifically to C. kusei. Only compound 2h was able to inhibit C.
albicans dimorphic transition, and this outcome can potentiate the compound effect
against this yeast. At concentration two fold superior of MIC values, all the compounds
significantly reduced C. krusei mitochondrial function. However, only compound 2k
was able to achieve the same effect on C. albicans mitochondrial function. The
compound inhibitory effect can be in part due to this interaction. All the compounds
showed to be potent inhibitors of NO production by macrophages, and their effect was
not associated neither to a cytotoxic nor a NO scavenger effect. Concerning the imune
system response, all compounds exhibited an inhibitory effect of the mitogenic response
by human lymphocytes and a potent inhibitory effect in the NO production by
macrophages. Together these results pointed out that imidazole derivatives 2h, 2k and 21

are promising antifungal drugs as well as immunomodulatory agents and therefore, such
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features validate further investigation for the development of new clinical therapeutic

approaches.

Introduction
Systemic mycosis are a major cause of mobility and mortality among

immunocompromised (HIV infection, neutropenic and transplanted) and debilitated
individuals attending health care institutions (intensive care units, eg) (Nicod, Pache et
al. 2001, Reichenberger, Habicht et al. 2002, Bulpa, Dive et al. 2007).

Candida sp. and Cryptococcus sp. are responsible for the majority of the yeast-like
systemic mycosis in severely debilitated and immunocompromised patients (Nicod,
Pache et al. 2001, Jean, Fang et al. 2002, Datta, Jain et al. 2003, Wingard 2004).

The main mechanisms of action of antifungal drugs are the synthesis inhibition or
interference with membrane ergosterol and cell wall synthesis inhibition. Besides the
main effect on fungal cells, additional mechanisms of action can increase the antifungal
activity of drugs as their immunomodulatory effect, the ability to inhibit fungal
virulence factors (as dimorphic transition, adhesion to host cells or biofilm formation)
or the interference with mitochondria activity (White and Elliott 1980, Lopes, Pinto et
al. 2013).

Anphotericin B, one of the older antifungal agents, is the drug of choice for treating
systemic mycosis, with low rates of resistance among fungi but related to high kidney
associated toxicity (Jean, Fang et al. 2002, Saliba and Dupont 2008). The
immunomodulatory activity of Anphotericin B is being extensively reported, and it
association with corticosteroids to prevent indesirable side effects is a common
association therapeutic strategy (Stewart, Spagnuolo et al. 1981, Goodwin, Cleary et al.
1995).

Many reports describe the antifungal properties os immunomodulatory drugs, as
cyclosporine A or FK-506 (Singh and Heitman 2004). The synergistic effect of
immunomodulators with antifungals agents was also observed namely for azole
resistant C. albicans isolates (Shuyuan et al., 2014).

In conclusion an antifungal agents capable of interfering with the immune system could
enable to design novel strategies for opportunistic mycosis in transplant recipients
(Singh and Heitman 2004).

Our group had previously identified three (Z)-5-amino-N'-aryl-1-methyl-1H-imidazole-
4-carbohydrazonamides 2 [aryl= phenyl (2h), 4-fluorophenyl (2k), 3-fluorophenyl (2I)]
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5- as lead antifungal compounds (Figure 1) for Candida sp and C. neoformans
infections (Ribeiro, Gabriel et al. 2014). The goal of the present work is to elucidate the
mechanism of action underline their antifungal activity and to get an insight on their

interference with immune system responses.

R1
N MHa Product R* R®
& |
— M 2h Me Ph
M=y 2
P NHR 2k Me  Ar(p)F
2 NHa 21 Me  Ar(m)F

Figure 1. Lead antifungal (Z)-5-amino-N'-aryl-1-methyl-1H-
imidazole-4-carbohydrazonamides derivatives (2).

Material and Methods

Chemicals and reagents

Reagents used in cell culture, including RPMI-1640, DMEM medium, and fetal bovine
serum (FBS) were purchased from Gibco® Invitrogen Co. (Barcelona, Spain) and
Glutamine cell culture grade and Dimethyl sulfoxide (DMSO) from Applichem
(Darmstadt, Germany). N.N-Dimetilformamida (DMF) was acquiring from Spectramol
Science Incorporated. Except otherwise stated all other chemicals were purchased from
Sigma-Aldrich® (St. Louis, MO, USA).

Microorganisms
Candida sp. stocks were kept at -20°C and were cultured in SDA 24 h just prior the

assays.

Compounds
5-Aminoimidazole-4-carboxamidrazones derivatives were synthesized by us as
previously described (Ribeiro, Gabriel et al. 2014). Stock solutions in DMSO were kept

at -20 and diluted in fresh culture medium just prior the assays.
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Antifungal activity

Broth microdilution method based on the CLSI reference documents M27-A3 for
yeasts, with minor modifications, were used to determine MIC (Ribeiro, Gabriel et al.
2014). Briefly, serial dilutions (1:2; ranging from 256 to 1 pg/mL) of compounds on
RPMI-1640 broth medium supplemented with MOPS were added to the test yeast (0.5-
2.5 x 10° CFU/mL). Microplates were incubated aerobically at 37°C for 48 h and
growth was indicated by the turbidity and MICs were defined as the lowest drug
concentration that reduced growth in 100% in comparison to the compound-free
controls.

Quality control determinations of the MIC of fluconazole were ensured by testing C.
parapsilosis ATCC 90018. The results obtained were within the recommended limits
(data not shown). All results are from three independent and concordant experiments,
performed in duplicate. A range of values is presented when different results were
obtained. Two growth controls, using test medium alone and with 1.0% (v/v) DMSO,

and a sterility control (drug-free medium only) were included in all assays.

Germ tube/dimorphic transition inhibition assay

In order to determine the effect of the 5-aminoimidazole-4-carboxamidrazones
derivatives on the yeast-mycelium transition, the suspensions of C. albicans strains
ATCC 10231 and clinical isolate D5 from overnight cultures in SDA were prepared in
NYP medium (N-acetylglucosamine [Sigma; 10—3 mol/L], Yeast Nitrogen Base [Difco;
3.35 g/L], proline [Fluka; 10—3 mol/L], NaCl [4.5 g/L], and pH 6.7 £+ 0.1; Marichal et
al., 1986). The suspensions were adjusted to obtain a density of yeast cell suspensions at
1.0 + 0.2 x 10° CFU/mL and distributed into glass test tubes in a volume of 990 pL.
Each dilution (1:2) of the imidazole derivative was added into the cell suspension tubes,
in 10 pL volumes, to obtain appropriate inhibitory concentrations. After incubation at
37 °C without agitation for 3 h, the treated and untreated yeast cells were counted for
germ tube formation under light microscope and the percentage of germinating cells
was calculated. A cell was considered positive for germ tube formation when the
germinating tube was at least as long as the diameter of the blastospore. The results are
presented as average + standard error of the mean (SEM) of three independent

experiments.
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Mitochondrial dehydrogenases activity inhibition

Effect of the 5-aminoimidazole-4-carboxamidrazones derivatives on mitochondrial
reductase activity in C. albicans ATCC 10231 and C. krusei ATCC 6258 was
determined through MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide] assay based on the method of Lopes et al. (2012) with some modifications.
Briefly, yeast cell suspension was prepared and adjusted in RPMI 1640 medium to
obtain the final required cell density of 0.5-2.5 x 10° CFU/mL. The suspension was
then distributed (1 mL) into eppendorf tubes, and incubated, without agitation, at 37 °C.
After 18-24 h of incubation, the cells were carefully homogenized and centrifuged at
10,000 rpm for 5 min. The various concentrations of the imidazole derivative solutions
were added to each sample of the cell pellet in volume of 1 mL. After exposure to the
compound at 37 °C for 1 h, the treated cells were harvested by centrifugation at 10,000
rpm for 5 min and 500 pL of 0.5 mg/mL of MTT (Sigma—Aldrich, St. Louis, MO, USA)
in RPMI were added into each treated sample. Then the mixtures were further incubated
at 37 °C for 30 min and a water-insoluble purple formazan product occurring in
mitochondria of viable cells was solubilized with 300 pL of DMSO. The intensity of the
solubilized purple color was measured spectrophotometrically at 510 nm using a
Multiskan Ascent plate reader (Thermo Electron Corporation).

Human mononuclear cells MTT-proliferation assay

Human mononuclear cells were isolated from peripheral blood of human health
volunteers and were plated (2-3 X 10° cell/mL) in 96-flat bottom plates. Cells were
treated with serial dilutions of the test compounds, stimulated with phytohemaglutinin
(PHA; 10 pg/mL) and incubated for 96h. After incubation, the MTT-proliferation assay
was performed and absorbance measured at 550 nm (Pedro, Cerqueira et al. 2002,
Cerqueira, Cordeiro-da-Silva et al. 2003, Teixeira, Cerqueira et al. 2005). Cyclosporin

A was used as positive control.

MTT-viability assay

Toxicity of the compounds against human mononuclear cells and RAW 254.7 cell line
was evaluated by MTT-viability assay (Pedro, Cerqueira et al. 2002, Cerqueira,
Cordeiro-da-Silva et al. 2003, Teixeira, Cerqueira et al. 2005).
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NO production assay

Nitric oxide (NO) production by LPS stimulated (1.5 pg/mL) RAW 264.7 (1 X 10°
cellss/mL) murine macrophages was quantified by the Griess assay, as previous
described by our group (Teixeira, Cerqueira et al. 2005, Cerqueira, Cidade et al. 2008).
N-nitro-L-arginine methyl ester (L-NAME), an inhibitor of inductive nitric oxide
synthase (iINOS) activity and dexamethasone, an inhibitor of iINOS expression, were
used as positive controls.

Since inhibition of NO production could be a consequence of an inhibition of iINOS
expression and/or activity, it was necessary to investigate 5-Aminoimidazole-4-
carboxamidrazones mechanism of NO synthesis inhibition. Briefly, the compound was
added 6h and 14h after RAW 264.7 macrophages stimulation with LPS and NO
production quantified (Cerqueira, Cidade et al. 2008).

NO Scavenging assay

To discard NO scavenging effect of the azoles, nitrite was chemically generated using
sodium nitroprusside as previously described. Nitrite was quantified by Griess assay
(Teixeira, Cerqueira et al. 2005, Cerqueira, Cidade et al. 2008).

Ethics

Ethics approval was obtained by the Ethic Comity of University Fernando Pessoa.

Results

The minimal inhibitory concentrations (MIC) of imidazole derivatives 2h, 21 and 2k
against C. albicans ATCC 10231, C. albicans D5 and C. Krusei ATCC 6258 were

calculated and are represented in Table 1.
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Table 1. Activity (MIC) of (2)-5-amino-N'-aryl-1-methyl-1H-imidazole-4-
carbohydrazonamides derivatives (2) against Candida spp.

CMI (ug/ml)
Compound C. albicans ATCC 10231 C. albicans D5 ¢ kru65§i5éATCC
2h 64.0 64.0 8.0
2k 32.0 32.0 8.0
2l 16.0 16.0 4.0

C. albicans D5 is a resistant to fluconazole strain but was inhibited for all the
compounds with equal concentrations as those necessary to inhibit C. albicans ATCC
10231. The inhibitory activity of all the compounds was stronger against C. krusei
growth, when compared to that of C. albicans strains.

To study of the influence of imidazole derivatives on virulence factors of C. albicans
the effect of the compounds on C. albicans dimorphic transition was studied (Figure 2).
Two strains of C. albicans were used: the ATCC 10231 and the D5 (resistant to
fluconazole) strains.

The imidazole 2h significantly inhibited the dimorphic transition of both strains, even
for concentrations of MIC/2 (32 pg/ml). Compounds 2k and 21 were not able to inhibit
the dimorphic transition, independently of the strain tested, and even at concentrations

of 2 times MIC values.
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Figure 1. Percentage of germ tube formation by two C. albicans strains (ATCC 10231
and D5) treated with (2)-5-amino-N'-aryl-1-methyl-1H-imidazole-4-
carbohydrazonamides derivatives. Results show means + SEM of three independent
experiments. Controls included 1% of DMSO. MIC, minimal inhibitory concentration.
* P<0.05; **P<0.001.

To investigate a possible interference of the imidazole compounds with the
mitochondrial function of Candida sp, the MTT reduction assay was performed.

Figure 2 shows that compound 2h significantly inhibited the respiratory chain function
of C. krusei for concentrations of MIC/2 (4 pg/ml), but no effect was observed for C.
albicans mitochondrial activity even for concentration of 2 times MIC (128 pg/ml). For
compound 2Kk the inhibition was only achieved when concentrations were as high as two

times MIC values for C. albicans (64 pg/ml) and C. krusei (16 pg/ml). Compound 2I
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was only efficient on inhibiting the mitochondrial activity of C. krusei for concentration

of two times MIC values (8 pg/ml).
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Figure 2. Mitochondrial activity of C. albicans ATCC 10231 and C. krusei ATCC 6258
cells treated with different concentration of (Z)-5-amino-N'-aryl-1-methyl-1H-
imidazole-4-carbohydrazonamides derivatives. Results how means = SEM of three
independent experiments. Controls included 1% of DMSO. MIC, minimal inhibitory
concentration. ~ p<0.05; ~p<0.01; ~ p<0.001.

To evaluate the immunomodulatory activity of the imidazole derivatives their effect

aginst NO production by macrophages and on lymphocyte proliferation was

investigated.

All the compounds showed to be potent inhibitors of NO production by RAW 264.7

LPS-stimulated macrophages (Table 3). However, the most potent inhibitors were 2h

and 2I.
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Cell toxicity was excluded since the viabilioty of macrophages exposed to ICsy values
of the imidazole derivatives was always >70%, as determined for the MTT citotoxicity
assay (data not shown).

To exclude NO scavenging activity the imidazoles were tested in a cell-free system in
which NO was spontaneously generated by sodium nitroprusside. No scavenger activity
was observed (detection of NO >70%) for any of the compounds tested (data not

shown).

Table 3: Effect of (Z)-5-amino-N'-aryl-1-methyl-1H-imidazole-4-carbohydrazonamides
derivatives on NO production by LPS-stimulated RAW 264.7 macrophages.

1Cs0 (ng/ml)
Compound
Oh 6h 14h

2h 56+0.2 206+1.0 172+1.6
2k 16.6 +0.4 17.7+0.8 359+0.4

2l 49+0.3 >50.0 >50.0
L-Name 16.8+2.1 13.6+1.6 35.8+ 1.7
Dexamethasone 16+0.2 18.9+ 1.3 51.8+24

Macrophages were exposed to LPS and treated with the 5-aminoimidazole-4-
carboxamidrazones at different times after stimulation: 0 h (simultaneously with the
stimulus), 6 h and 14 h after stimulation. Results are the mean + SEM (n = 3). n.i.= no

inhibition. L-NAME and Dexamethasone was used as positive controls.

Since inhibition of NO production can be due to a inhibition of iNOS expression and/or
activity, it was necessary to investigate the imidazole mechanism of action. For that the
compounds were added 6 and 14 h after RAW 264.7 stimulation with LPS, since NO
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production is detected 8h after macrophages stimulation and remains constant for 24 h
(Cerqueira et al 2008).

When compound 2h was added 6h after LPS stimulation its inhibitory activity
significantly decreased (p<0.001) when compared to that of simultaneous addition of
compound and LPS. When addition was performe 6h after LPS-macrophages
stimulation, the compound was able to interfere either with synthesis and activity of
INOS (Cerqueira et al., 2008). Even when compound was added 14h, a strong inhibitory
effect is also observed. When the addition of the compound is made 14h after
stimulation, it can only interfere with the activity of INOS (cerqueira et sl., 2008). By all
these results, we can infer that 2h acts on both synthesis and activity of iNOS.

The inhibitory effect of compound 2k on NO production, either when added
simultaneously or 6h after LPS stimulation, is equivalent. However, when compound is
added 14 after stimulation, an significant decrease of activity, represented by a
significant (p<0.001) increase of ICs values, was observed. These results indicate a
possible interference of 2k with iINOS activity rather than an inhibition of it expression.
This hypothesis is also fundamented in the comparison of the profile of inhibition of 2k
and L-NAME, a known inhibitor of iINOS activity.

Compound 2| strongly inhibits NO production when the addition is performed at the
same time of LPS stimulation. When 2| is added 6h after stimulation the inhibitory
effect of the compound is totally lost, even for concentration as high as 50 pg/ml (ten
foldshigher than 1Csy concentration). Dexamethasone, a known inhibitor of iNOS
synthesis has an comparable inhibitory profile. These results leads to the conclusion that

2l inhibits INOS synthesis rather than enzyme activity.

The effect of compounds 2h, 2k and 2h on the mitogenic response of peripheral human
lymphocytes to PHA was evaluated and the results, given in concentration that cause

50% inhibition (ICsp) are summarized in Table 4.

67



Atividade antimicrobiana de derivados da 5-amino-imidazol-4-carboxamidrazona

Table 4: Effect of (2)-5-amino-N'-aryl-1-methyl-1H-imidazole-4-
carbohydrazonamides derivatives on the PHA-induced proliferation on human
lymphocytes

IC Viability
50
Compound
(ug/ml) (% of control)
2h 8.7+£09 >95
2k 29.2+5.0 >70
2 13.8+2.3 >95
Cyclosporin A 0.24+0.1 nd

Cyclosporin A was used as positive control. Results are the mean £ SEM of 3
independent experiments in duplicate. Nd, not determined

All the imidazoles inhibited the PHA-induced proliferationof human lymphocytes in a
dose-dependent manner (Data not shown). Compounds 2h was the most potent
compound tested exhibiting a strong inhibitory effect. The antiproliferative effect of
these imidazoles was not due to a toxic effect on lymphocytes since non-stimulated
mononuclear cells exposed to ICsy concentrations consistently had viabilities > 70%,

when compared to control cells.

Discussion

Antifungal compounds with different mechanisms of action are currently used in
therapeutics. But the final antifungal activity of a molecule can be the result of several
effects in the fungal cell.

C. albicans is the most pathogenic specie of Candida sp due to its several virulence
factors, which include the production on germ tubes, proteases, biofilms and
prostaglandins, among other (Liu et al., 2014; Lopes et al., 2013).

Both C. albicans and C. dubliniensis are able to produce germ tubes in vivo. The
formation of the germtube is an important factor for the virulence of C. albicans and the
inhibition of dimorphic transition is one of the mechanisms by wich antifungal agents

reduce the yeast virulence (Lopes et al., 2013). Some authors also referes the possibility
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of treating systemic mycosis only by inhibiting C. albicans germ tube production
(Saville et al., 2006).

Only compound 2h was able to inhibit C. albicans dimorphic transition, and this effect
can potentiate the compound effect against this yeast.

Besides the main mechanism of antifungal action, many antifungal drugs interferes with
other targets on fungi cell. Mitochondria is an intracellular organel that contain the
respiratory chain and participates in several processes as ATP production, oxidative
burst, apoptosis, among others (Droge et al., 2002). Compounds can interact with
mythocondrial functions and inhibit its growth and/or induce their dead by apoptosis
(Ruy, Vercesi et al. 2006, Martins Vde, Dinamarco et al. 2011, Lopes, Pinto et al.
2013). At concentration two fold superior of MIC values, all the compounds
significantly reduced C. krusei mitochondrial function, and their inhibitory effect can be
in part due to this interaction. However, only compound 2k was able to achieve the
same effect on mitochondrial C. albicans function.

Apart from the inhibition of fungi growth, many of the antifungal agents used in
therapeutics also interferes with the immune system. Anphotericin B, one of the older
antifungal drugs, is known to inhibit NO production by macrophages, PHA-induced T
lymphocytes proliferation and cytokines production (Stewart, Spagnuolo et al. 1981,
Chia and Pollack 1989, Cleary, Chapman et al. 1992, Rogers, Jenkins et al. 1998).

Besides that, the immunosuppressants cyclosporine A and FK506 are antifungal drugs
due to their inhibition of calcineurin (Cruz, Goldstein et al. 2002). The effect of 2h, 2k
and 2l on NO production by macrophages and Lymphocytes proliferation was

evaluated.

The study of the immunomodulatory effect of compounds can include either the innate
or adaptive immune responses (Fearon and Locksley, 1996). For this study the
interference with NO production was selected as the model for interference with the
innate cellular immune response. To evaluate the activity of the compounds on the
adaptive specific immune responses the interference with lymphocytes proliferation was
selected. (Cerqueira, 2004)

The inhibition of NO detection could be due to a real inhibition of NO by iNOS, a direct
toxic effect on macrophages or a scavenger activity of the NO produced (Cerqueira et
al., 2008). For those reasons, when a decrease of NO production is detected, the
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cytotoxic and scavenger effect of compounds should be excluded. The evaluation of the
NO scavenger effect of compounds shoudbe performed in a ceel-free system, where No
is spontaneously generated by sodium nitroprusside in water, at pH 7.0 (Cerqueira et al.,
2008; De las Heras et al., 1997, 1999). All the compounds showed to be potent
inhibitors of NO production by LPS-stimulated RAW 264.7 macrophages, and their

effect was not associated neither to a cytotoxic nor a NO scavenger effect.

In the present work it was also showed that all the imidazole derivatives are good
inhibitors of the mitogenic response of human lymphocytes to PHA, beinf 2h the most
potent inhibitor. The antiproliferative effect was not due to a direct cytotoxic effect of

the compounds.

For all these results of can be concluded that the imidazole derivatives 2h, 2k and 2| are
promising antifungal drugs, combining an important immunomodulatory effect. These
compounds could allow the design of new strategies for the treatment of disseminated
C. albicans due to the interference with the germ tube formation, an important virulence

factor, or the antifungal treatment of transplants recipients.
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TRABALHO EXPERIMENTAL 111

Inhibitory effect of 5-aminoimidazole-4-carboxamidrazones derivates on
Candida sp biofilm on a nanohydroxyapatite substrate

71



Atividade antimicrobiana de derivados da 5-amino-imidazol-4-carboxamidrazona

111.1. Material e métodos

72



Atividade antimicrobiana de derivados da 5-amino-imidazol-4-carboxamidrazona

Reagentes

A Hidroxiapatite nanométrica (nanoHA) foi fornecida pela empresa Fluidinova S.A.,
Portugal. O Sabouraud Dextrose Agar (SDA), foi adquirido da Liofilchem. O Yeast
Nitrogen Base (YNB) foi adquirido pela BD Difco. O Dimetilsulféxido (DMSO) foi
adquirido da Applichem. O cacodilato de sodio foi adquirido pela Fluka e a solucéo
salina pela JT Baker. Todos os outros reagentes foram da Sigma-Aldrich.

Sintese dos materiais de nanohidroxyapatite (nanoHA)

Discos de (nanoHA) com aproximadamente 21 mm® foram sintetizados pela
investigadora Liliana Grenho do Instituto de Engenharia Biomedica (INEB).

Leveduras e condicgdes de crescimento

As leveduras Candida albicans ATCC 10231 e Candida krusei ATCC 6258 foram
obtidas a partir de culturas frescas com 24h de crescimento em placas de SDA e
preparadas em meio YNB suplementado com glucose de forma a obter uma densidade
5x10° e 1x10° UFC/mL.

Efeito dos compostos sobre a formacao de biofilme de Candida sp

A avaliacdo do efeito dos compostos sobre a formacdo de biofilme de Candida sp na
superficie dos discos de nanoHA foi baseada na técnica descrita por Bachamann et al
(2002) e Balestrino et al (2009). Resumidamente, inocularam-se numa placa de 96
pocos, contendo discos de nanoHA, 50 L das suspensfes das leveduras anteriormente
preparadas e 50 puL dos compostos previamente diluidos em meio YNB suplementado
com glucose. Ap6s 24h de incubacdo num banho de agua (GFL 1083) com agitacao
moderada a 37°C, efetuaram-se duas lavagens cuidadosas das amostras com solucdo
salina de forma a remover as células ndo aderidas. Trés réplicas foram utilizadas para
quantificar o nimero de células aderidas pela contagem das UFC enquanto duas réplicas
foram tratadas para visualizacdo através de microscopia eletronica de varrimento
(MEV). Foram ainda incluidos em todas as experiéncias 0S seguintes controlos:
levedura em meio de cultura (100% de crescimento), meio de cultura (0% de

crescimento).
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Efeito dos compostos sobre biofilmes pré-formados de Candida sp

A avaliacdo do efeito dos compostos sobre biofilmes de Candida sp pré-formados na
superficie dos discos de nanoHA foi baseada na técnica descrita por Bachamann et al
(2002) e Balestrino et al (2009) inocularam-se 100 pL das suspensdes das leveduras
inicialmente preparadas numa placa de 96 pocos, de fundo plano, contendo os discos de
nanoHA. Apos 24h de incubacdo num banho com agitagdo moderada a 37°C, efetuou-se
uma lavagem cuidadosa das amostras com solucédo salina de forma a remover as células
ndo aderidas e adicionaram-se 100 puL dos compostos previamente diluidos em meio
YNB suplementado com glucose. As placas foram novamente colocadas a incubar
durante 24h num banho com agitacdo moderada a 37°C. Apo6s incubacdo efetuaram-se
duas lavagens das amostras com solucdo salina e trés réplicas foram utilizadas para
quantificar o numero de células aderidas pela contagem das UFC enquanto duas réplicas
foram tratadas para visualizacdo atraveés de MEV. Foram ainda incluidos em todas as
experiéncias 0s seguintes controlos: levedura em meio de cultura (100% de

crescimento), meio de cultura (0% de crescimento).

Contagem das unidades formadoras de colénias (UFCs)

Apobs as lavagens, as amostras de nanoHA foram transferidas para eppendorfs contendo
ImL de solugdo salina e foram colocados durante 5 min num banho de ultra-sons (35
kHz, Bandelin-RK 156) De seguida, efetuaram-se dilui¢des decimais a partir da solucao
sonicada em solucdo salina e procedeu-se ao respetivo plagueamento pelo método da
gota em meio SDA. Os nimeros de colonias formadas ap6s 24h de incubagdo a 37°C
foram expressas em UFCs/mL, calculado segundo a equacdo: UFCs/mL = nimero de

colonias x fator de diluicdo/ volume inoculado.

De seguida, os valores de UFCs/mL foram ajustados a area dos discos de forma a serem

expressos em UFCs/mm2

Visualizacdo das amostras por microscopia eletronica de varrimento (MEV)

Apobs as lavagens, as celulas foram fixadas com glutaraldeido a 3% (diluido em tampéo
cacodilato de sédio 0.14M) durante 30 minutos. De seguida, o fixador foi rejeitado e as

amostras foram desidratadas com solugdes graduais de etanol (50, 60, 70, 80, 90 e
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100% (v/v) em agua destilada) durante 10 minutos em cada concentracdo. Finalmente, o
etanol absoluto foi removido e as amostras foram expostas a solu¢bes de HMDS de
concentragdes graduais (50, 60, 70, 80, 90 e 100% (v/v) em etanol absoluto) durante 10
min em cada concentracdo. A solugdo 100% de Hexamethildizilazano (HMDS) foi
deixada a evaporar, na hotte, durante a noite. Posteriormente, as amostras foram coladas
em suportes de aluminio com o auxilio de fita de carbono e revestidas com um filme
fino de ouro/paladio, por pulverizacdo catddica, utilizando o equipamento SP1 Module
Sputter Coater e, finalmente, observadas ao microscopio (FEI Quanta 400 FEG/ESEM)
com o auxilio da técnica Dra. Daniela Silva no Centro de Materiais da Universidade do
Porto (CEMUP)

Estatistica

Os dados foram analisados usando o software SPSS (Statistical Package for the Social
Sciences). (versdo 21para 0 Windows). Realizou-se uma analise de variancia (one-way
ANOVA), utilizando o teste de comparacdo mdltipla de trukey, com um nivel de

significancia estatistica de p <0,05, p <0,01 e p <0,001.
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111.2.Resultados e discussao

“Artigo em preparagdo”
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Inhibitory effect of 5-aminoimidazole-4-carboxamidrazones derivates
on Candida sp biofilm on a nanohydroxyapatite substrate

Abstract

Most manifestations of candidiasis are associated with biofilm formation on biological
or synthetic surfaces and given that Candida biofilms are intrinsically resistant to
treatment with conventional antifungal therapies there is a strong medical but also
economical motivation for the development of novel antifungal biofilm agents. In the
present work the activity of three novel imidazole derivatives, 5-aminoimidazole-4-
carboxamidrazones, to prevent C. albicans and C. krusei biofilm formation as well as to
eradicate preformed Candida sp biofilms on nanohydroxyapatite (nanoHA) substrate
was investigated. To address these goals, both quantitative methods by cultivable cell
numbers and qualitative evaluation by scanning electron microscopy were used. The
three tested antifungal agents displayed strong inhibitory effect on biofilm development
by both Candida species as potent in vitro activity against sessile C. albicans cells
within biofilms. Moreover, morphological changes following treatment with the
imidazole derivatives were observed. Together these findings indicated that the potent
activity of 5-aminoimidazole-4-carboxamidrazones derivatives on Candida sp biofilms
is worthy to further investigation for the development of preventive approaches as for

the treatment of biofilm-associated infections involving biomaterials.

Keywords: 5-aminoimidazole-4-carboxamidrazones, nanohydroxyapatite, Candida

biofilm.

Introduction

Yeast cells have a high potential to adhere and colonize surfaces of a wide range of
synthetic materials of polymeric, ceramic, and metallic compositions in almost the same
manner as to host mucosal surfaces (Douglas 2003, Blankenship and Mitchell 2006,
Coad, Kidd et al. 2014) . In particular, Candida organisms are normal commensals of
humans, which facilitates their encounter with most implanted biomaterials and this
eventually leads to the formation and establishment of proliferating biofilms (Ramage,
Martinez et al. 2006, Coad, Kidd et al. 2014). Biofilms are structured microbial
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communities attached to surfaces and encapsulated within a protective extracellular
matrix that provides survival advantage to the cells under unfavorable environmental
conditions (Costerton, Lewandowski et al. 1995). Mature C. albicans biofilms have a
complex three-dimensional architecture with wide spatial heterogeneity, and consist of a
mixture of morphological forms namely yeast, pseudohyphae and hyphae, encased
within a matrix of polysaccharides, carbohydrate, protein, and unknown components
(Kojic and Darouiche 2004, Inigo, Peman et al. 2012). Not only Candida colonization
of biomaterials precedes infection, but it can also adversely affect the function of the
implanted device. Once Candida biofilms is formed in vivo, removal of the substrate
that is supporting the biofilm growth is almost always required to eliminate the infection
and to avoid potentially fatal consequences, such as life-threatening systemic infections
and device malfunction (Douglas 2003, Kojic and Darouiche 2004). From the clinical
perspective, the most important feature of Candida biofilms is their resistance to host
defence mechanisms and to antifungal agents, often resulting in serious and persistent
infections (Blankenship and Mitchell 2006, Ramage, Mowat et al. 2009). Several
groups have demonstrated the intrinsic resistance of Candida biofilms to the most
commonly used antifungal agents (Bachmann, VandeWalle et al. 2002). Moreover, with
the increasing incidence of drug-resistant pathogens, there is a continuous need for the
development of newer and more potent antimicrobial agents that are effective against
Candida biofilm (Al-Bakri, Othman et al. 2009, Lee, Ng et al. 2013). In a previous
work, our group reported the synthesis and antifungal activity of a series of novel 5-
aminoimidazole-4-carboxamidrazones. These new imidazole derivatives exhibited
promising antifungal activity and three of them, (Z)-5-amino-N'-aryl-1-methyl-1H-
imidazole-4-carbohydrazonamides 1 [aryl=phenyl (2h), 4-fluorophenyl (2k), 3-
fluorophenyl (21)], have proven to be very effective against the different clinically
important yeasts C. albicans, C. krusei, C. parapsilosis and Cryptococcus neoformans
(Ribeiro, Gabriel et al. 2014).

Therefore, the aims of this study were: (i) evaluate the in vitro effectiveness of these
three novel lead antifungal agents on C. albicans and C. krusei biofilm formation on
nanohydroxyapatite substrate; (ii) determine the interference of the compounds with a
preformed Candida sp biofilm. To achieve our goals, both quantitative assay using
cultivable cell numbers and qualitative evaluation using scanning electron microscopy

were used.
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Material and methods

Preparation of nanohydroxyapatite materials

Nanohydroxyapatite (nanoHA; nanoXIM-HAp202; Fluidinova S.A.) powder, uniaxially
pressed as a cylindrical disc sample, was heat-treated at 830°C during 15 min using a
heat rate of 20°C/min, as described herein (Barros, Grenho et al. 2014). Prior to

biological experiments, the biomaterials were sterilized by dry heat (180°C, 2 hours).
Compounds

The stock solutions of 2h, 2k and 2l imidazole derivatives were prepared as described
elsewhere (Ribeiro, Gabriel et al. 2014) and were freshly solubilised in dimethyl
sulfoxide (DMSO, Applichem) at 10 mg/mL. Subsequent dilutions of these compounds
were made in 1x solution of yeast nitrogen base (YNB, Fluka) supplemented with

glucose to obtain the desired concentrations, just prior the assays.
Strains and growth conditions

Candida albicans and C. krusei reference ATCC strains 10231 and 6258, respectively,
were subcultured and grown in Sabouraud dextrose agar plates (SDA, Liofilchem,) at
37°C for 24 hours. After cultured, cells were harvested and diluted to the desired

concentrations with supplemented YNB medium.

Effect of 5-aminoimidazol-4-carboxamidrazones derivatives on Candida spp

biofilm formation

The compounds were tested to evaluate their potential to prevent biofilm formation of
C. albicans and C. Krusei on nanoHA surface, as previously described with some
adaptations (Bachmann, VandeWalle et al. 2002, Balestrino, Souweine et al. 2009).
Briefly, 50 uL of yeast suspension (final concentration of 5x10% or 1x10° cells/mL)
were added to equal volume of compounds concentrations (1:2 dilutions) into a well of
a 96-flat bottom plate, containing nanoHA discs. The cells were allowed to adhere on
the disc surface for 24 hours at 37°C with moderate shaking. Discs of nanoHA

incubated only with yeast suspension were used as the non-treated control. After
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incubation the medium was removed and the materials were gently rinsed twice with
saline solution (0.9% NaCl, JT Baker) to remove non-adherent cells. The anti-biofilm
effect was determined by colony-forming units (CFU) and scanning electron

microscopy (SEM), as described below.

Effect of 5-aminoimidazol-4-carboxamidrazones derivatives on preformed Candida

sp biofilm

The ability of imidazole derivatives to eradicate established C. albicans and C. Krusei
biofilms was assessed, as previously described with some adaptations (Bachmann,
VandeWalle et al. 2002, Balestrino, Souweine et al. 2009). Briefly, 100 pL of
standardized cell suspension (final concentration of 5x10% or 1x10° cells/mL) were
added into every well of a 96-flat bottom plate, containing nanoHA discs, and the plates
were kept at 37°C for 24 hours, with moderate shaking, to allow biofilm formation on
nanoHA surface. After incubation, the medium was discarded and each biomaterial
sample harbouring biofilm was rinsed once with saline solution to eliminate non-
adherent cells. The compounds (100 puL per well), at different concentrations, were
added into the wells and the plates were incubated for an additional 24 hours period at
37°C, with moderate shaking. The non-treated Candida cells were incubated with
supplemented YNB. Following incubation, the medium was removed and the materials
were gently rinsed twice with saline solution. The antifungal effect of 5-aminoimidazol-
4-carboxamidrazones derivatives against sessile cells was assessed by CFU and SEM,

as described below.

Cultivable cell number

To quantify the number of viable cells on material surface, nanoHA discs were
transferred to an Eppendorf with 1 mL of saline solution and shaken for 5 min in an
ultrasonic bath (35 kHz, Bandelin-RK 156). Then, the solution containing the dispersed
cells was diluted and spread on SDA plates. After inoculation, the plates were incubated

at 37°C for 24 h. Candida colony numbers were counted and expressed as CFU/mm?.
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Scanning electron microscopy

The 5-aminoimidazol-4-carboxamidrazones morphological effect on C. albicans and C.
krusei biofilm formation and against preformed biofilms was observed under SEM.
Initially, the cells on nanoHA surface were fixed with 3% (v/v) glutaraldehyde (Sigma—
Aldrich) for 30 minutes at room temperature and, subsequently, dehydrated in a series
of ethanol-water solutions followed by a series of hexamethyldisilazane (HMDS,
Sigma—Aldrich)-ethanol solutions from 50% to 100%, for 10 min each, and finally air
dried overnight. The samples were attached on aluminum stubs with carbon tape,
sputter-coated (SPI-Module) with a thin conductive film of Au-Pd alloy and then
imaged by SEM using a FEI Quanta 400 FEG/ESEM microscope, under 500x and
5000x magnification in the high-vacuum mode at 15.00 kV accelerating voltage.

Statistical analysis

Each condition was tested in triplicate and two independent experiments were
performed. The experimental data were expressed as the mean + standard deviation and
analyzed using IBM® SPSS® Statistics (vs. 19.0, SPSS, USA). One-way analysis of
variance (ANOVA) followed by the post hoc Tukey HSD multiple comparison test was

used to denote the significance level (p<0.05).

Results

Ability of 5-aminoimidazol-4-carboxamidrazones derivatives to prevent Candida

spp biofilm formation

Candida albicans
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Candida krusei
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Figure 1. Effect of 5-aminoimidazol-4-carboxamidrazones derivatives on C. albicans
and C. krusei biofilm formation on nanoHA surface. Biofilms were formed in the
presence of different concentrations of antifungal agents and the number of adherent
viable cells was determined by cultivable cell number (CFU/mm?) after 24 hours
incubation. *Significant difference between antifungal treatment and the control

(p<0.05).

Based on a previous work by (Ribeiro, Gabriel et al. 2014) where the minimal
inhibitory concentration (MIC) of 2h, 2k and 21 compounds against C. albicans and C.
Krusei was determined, the concentrations tested in the current study were established
and they were the MIC, 2-fold increase or 2-fold decrease in MIC, for each Candida

species.

The best approach to control biofilm formation is to prevent colonization by exposing
simultaneously the biomaterials with antifungal agents to the yeast cells. Thus, these
different concentrations of 5-aminoimidazol-4-carboxamidrazones derivatives were
used and the effect on subsequent biofilm formation was assessed by cultivable cell
number assay, using different initial inoculums. For the lowest inoculum tested (5x10?
CFU/mL) no viable adherent cells were detected on material surface when incubated for
24 hours with the antifungal agents, for all the concentrations tested (data not shown).
For higher initial inoculum (1x10°® CFU/mL), a significant reduction in the number of
adherent cells for the three antifungal agents was observed compared to that on non-
treated (control) materials (Fig. 1). Noteworthy results were observed for the two
highest concentrations tested, of the three components, with a reduction higher than
80%, for both Candida species.
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Effect of 5-aminoimidazol-4-carboxamidrazones derivatives on preformed Candida

Candida alhicans
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Figure 2. Number of remaining viable cells on nanoHA surface after treatment of a 24-
hours biofilm of C. albicans and C. krusei with different concentrations of 5-
aminoimidazol-4-carboxamidrazones derivatives (ug/mL). Initial yeast inoculum of
5x10° CFU/mL. *p<0.05, statistically significant differences compared to control (non-
treated cells).
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Figure 3. Number of remaining viable cells on nanoHA surface after treatment of a 24-
hours biofilm of C. albicans and C. krusei with different concentrations of 5-
aminoimidazol-4-carboxamidrazones derivatives (ug/mL). Initial yeast inoculum of
1x10° CFU/mL. *p<0.05, statistically significant differences compared to control (non-
treated cells).

To explore the efficacy of imidazole derivatives in biofilm elimination, C. albicans and
C. krusei were cultured, at different initial inoculums, for 24 hours on nanoHA discs to
develop biofilms prior to the treatment. The preformed biofilms were then exposed to
the antifungal agents and after 24 hours, the number of viable adherent cells was

analyzed by cultivable cell number assay.

For the treatment of a biofilm formed with an initial inoculum of 5x10*> CFU/mL, a
reduction higher than 90% in the number of remaining viable C. albicans cells was
observed, comparatively to non-treated biofilms, for the three tested concentration, as
depicted in fig. 2. Similar profiles were observed for the three compounds. For C.
krusei, 21 compound exhibited the highest anti-biofilm effect with an 88% reduction
with concentration as low as 1.6 ug/mL. Nevertheless, for the three compounds and for
their three concentrations tested a significant reduction was observed in the sessile cell
number. Moreover, for the highest concentrations tested a sharp reduction, up to 95%

was confirmed.
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A second set of experiments were performed with higher initial inoculum (1x10°
CFU/mL) (Fig. 3). Interestingly, for C. albicans, despite the increase of initial
inoculum, and consequently dense biofilm, similar profiles of compounds effect was
observed for the two highest concentrations tested comparatively to the previous results
(Fig. 2). On the other hand, for C. krusei a concentration-dependent effect was observed
in the adherent cells however the reduction observed never reach values higher than
61%, 70% and 38% for 2h, 2| and 2k compounds, respectively (Fig. 3).

Direct visualization of 5-aminoimidazol-4-carboxamidrazones derivatives effect on

Candida sp biofilm

Figure 4. Morphology and spatial distribution of C. albicans cells on nanoHA surface
after 24 hours exposure to 5-aminoimidazol-4-carboxamidrazones derivatives under
SEM observation. (A) no compound (control); (B) 2I; (C) 2k and (D) 2h derivatives at
Opg/mL, 12.5 pg/mL,25.0 pg/mL respectively. Scale bar 100 um.
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Figure 5. Morphology of C. albicans cells on nanoHA surface after 24 hours exposure
to 5-aminoimidazol-4-carboxamidrazones derivatives under SEM observation. (A) no
compound (control); (B) 2I; (C) 2k and (D) 2h derivatives at Opg/mL, 12.5 pg/mL,25.0

pg/mL respectively. Scale bar 10 um.
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Figure 6. Morphology of C. krusei cells on nanoHA surface after 24 hours exposure to
5-aminoimidazol-4-carboxamidrazones derivatives under SEM observation. (A) no
compound (control); (B) 2I; (C) 2k and (D) 2h derivatives at 0 pg/mL, 1.6 pg/mL,3.1
pg/mL respectively. Scale bar 10 um.

SEM analysis, as exemplified in figure 4, had shown a reduction in the number of
adherent cells on nanoHA surface for both Candida species, for all three components
tested, either for biofilm prevention or biofilm elimination experimental approaches,
confirming the data from CFU assays. For C. albicans, a dimorphic transition was noted
when the cells were exposed to the compounds, more evident to 2h compound, while
non-treated cells exhibited a predominately yeast morphology (Fig. 5). Higher
amplification enables the visualization of round or oval blastospores aggregated either
in pairs or clumps for both Candida species with some budding yeasts (Fig. 5 and 6).
However, while C. albicans structures had a full shape and smooth surface (Fig. 5),
some C. krusei cells treated with 5-aminoimidazol-4-carboxamidrazones derivatives
appeared shrunken, wrinkled and disc-like depressions, with different depths, were

present in the cell surface, as indicated in Fig. 6.
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Discussion

The infection rate of Candida has increased greatly with the extensive use of antibiotics,
hormones and immune agents. In particular, nosocomial infections with any Candida
species are becoming increasingly important. More than 90% of invasive infections are
caused by C. albicans, C. glabrata, C. parapsilosis, C. tropicalis and C. krusei (Pfaller
and Diekema 2007). Whereas the rate of successful treatment of oropharyngeal and
esophageal candidiasis remains high, foreign-body infections with Candida spp can be a
therapeutic challenge. One major reason for the low success rate in treating these
infections is that a majority of them are caused by pathogenic biofilms on the surface of
implants (Bachmann, VandeWalle et al. 2002, Burgers, Hahnel et al. 2010). Biofilm
formation is a survival strategy, since biofilm yeasts are more resistant to antifungal
agents and environmental stress. The antifungal resistance is a multifactorial process
that may include multidrug efflux pumps or target proteins of the ergosterol
biosynthetic pathway (Inigo, Peman et al. 2012). Therefore, there is a continuous need
for the discovery and development of new antifungal therapeutic agents, which are not

subject to these resistance mechanisms that result in treatment failure.

The main goal of this study was to evaluate the effect of three novel 5-aminoimidazole-
4-carboxamidrazones derivatives either to prevent or eliminate C. albicans and C.
krusei biofilms. Both yeast species are pivotal causative agents of biomedical devices
infections (Pfaller and Diekema 2007). Moreover, C. krusei has emerged as a resistant
strain to fluconazole and other clinically available azoles (Ribeiro, Gabriel et al. 2014).
The biofilm studies were performed on nanoHA substrate which is the most frequently
used ceramic material for coating metallic implants or filling small bone defects in the
orthopaedic and dental field, due to its high biocompatibility and bioactivity (Ferraz,
Monteiro et al. 2004, Burgers, Hahnel et al. 2010).

The results obtained indicate that 2h, 21 e 2k compounds were highly efficacious on
Candida spp biofilm prevention at concentrations similar or lower to their MICs.
Concerning Candida spp biofilm elimination, different effects were observed depending
on the initial inoculum used. For less dense biofilms, the tested compounds showed to
be very effective for both Candida species however, for denser biofilms a noteworthy
difference was observed among the two species, in which C. albicans was very sensitive

to 21 and 2k compounds. Thus, the initial inoculum and species used for biofilm studies
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on biomaterials in vitro play an important role on the subsequent compounds effect

results.

Furthermore, to investigate whether the inhibitory mechanism of 5-aminoimidazole-4-
carboxamidrazones derivatives on C. albicans and C. krusei was consistent with the
mechanism of typical antifungal drugs, mainly through the inhibition of ergosterol
biosynthesis, in the present study, the derivatives effects on the morphology of Candida
spp cells were analyzed by SEM. As expected, morphology predominantly yeast on
non-treated samples was observed for C. albicans and such behavior is related with the
hydrophilic nature of nanoHA (Barros, Grenho et al. 2014). As pointed out by other
authors, the adherence of the yeast form is increased by hydrophilic coatings
(Yoshijima, Murakami et al. 2010). However, after exposure to the imidazol
derivatives, a dimorphic transition was observed, more evident to 2h compound, even so
the cellular structures remain with a full shape and smooth surface. The observed
transition from the yeast to the hyphal form is a common behavior during biofilm
formation yet, it is a sign of cell virulence, once hyphal formation is essential for tissue
invasion (Sudbery, Gow et al. 2004, Seneviratne, Jin et al. 2008, Yoshijima, Murakami
et al. 2010). Concerning C. krusei, the majority of cell surfaces were smooth and free of
wrinkles, although some of them display disc-like depressions in the surfaces, in
accordance to that recently reported by Ma et al (2014). And, as suggested by this
author, these morphological changes may indicate that the antifungal effect was the
consequence of a loss of integrity of the cell surface and changes in cell membrane
permeability (Ma, Li et al. 2014). These different morphological changes according

Candida species may underline that different effects are occurring.

Overall, the 2h compound had shown the less appealing results once the majority of C.
albicans cells showed dimorphic transition and significant reduction in the number of
remaining viable cells were only observed to concentrations as high as the MIC (50
ug/mL) for the preformed biofilm experiment with the higher inoculum tested (Fig. 3).
On the other side, 21 proved to be the most effective compound for both C. albicans and
C. krusei for the lowest concentration tested 12.5 and 1.6 ug/mL, respectively. In
general, better results were achieved for an initial phase of cell adhesion or for less
dense biofilm therefore, the administration of this novel agents in the early stages of
yeast adhesion either as preventive measure or treatment procedure are interesting

feature for further formulations.
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Conclusion

In conclusion, the three tested 5-aminoimidazole-4-carboxamidrazones derivatives have
promising therapeutic potential since they display potent in vitro activity against C.
albicans and C. krusei biofilm formation and preformed biofilms, which have been
shown to be otherwise refractory to treatment with the most commonly used antifungal
agents. The morphology of C. albicans and C. krusei was also affected by the
compounds. Therefore, the present findings highlight the relevance of using these novel
agents in the early stages of yeast adhesion either as preventive measure or treatment

procedure of biomaterial-associated infections.
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CONCLUSOES GERAIS
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Nos nossos dias ha uma maior consciéncia da morbilidade e mortalidade associadas a
infecGes fungicas causadas por fungos resistentes em diversos grupos de pacientes,
nomeadamente os imunocomprometidos. A pressdo seletiva exercida pela exposicdo
continua aos antifungicos parece ter um papel essencial no desenvolvimento de
resisténcias, sendo urgente o desenvolvimento de novos agentes antifungicos, para

melhorar as estratégias terapéuticas atuais.

Os compostos derivados de 5-amino-imidazol-4-carboxamidrazona mostraram ter forte
actividade contra leveduras que causam infecdes sistémicas como C. albicans, C.
krusei, C. parapsilosis e C. neoformans. De realcar a forte actividade fungicida dos
compostos 2h e 2k contra C. krusei, levedura que € intrinsecamente resistente ao

fluconazol.

O mecanismo de acdo dos compostos pode ser em parte devido a interacdo com a
mitocondria. Além disso o composto 2h inibe a formacdo do tubo germinativo para
Candida sp e portanto o efeito inibidor do composto pode ser em parte devido a esta

interacdo.

Adicionalmente, trés derivados de 5-amino-imidazol-4-carboxamidrazona exibiram
atividade imunossupressora na proliferacdo de linfocitos e producdo de NO por
macrofagos estimulados, sugerindo um forte potencial para utilizacdo terapéutica em

situacOes de transplante.

Finalmente, estes mesmos compostos revelaram ter uma forte actividade contra a
formagdo de biofilme por C.albicans e C.krusei, bem como contra biofilmes pré-
estabelecidos destas mesmas leveduras, em substratos de nanoHA, mostrando mais uma
vez serem agentes promissores para a prevencdo ou tratamento de infegcdes associadas a

dispositivos médicos.
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