UNIVERSIDADE FEDERAL DA PARAIBA
CENTRO DE CIENCIAS DA SAUDE
PROGRAMA DE POS-GRADUAGAO EM ODONTOLOGIA

A A
MUTA = spp.
ISOLADA NALISE

%W\EN“A /EDIFIC/If



JOSE KLIDENBERG DE OLIVEIRA JUNIOR

AVALIAGAO DAS ATIVIDADES ANTIFUNGICA, CITOTOXICA E
MUTAGENICA DO GERANIOL CONTRA ESPECIES DE CANDIDA spp.
ISOLADAS DE PACIENTES COM ESTOMATITE PROTETICA: UMA ANALISE
IN SILICO E IN VITRO

EVALUATION OF THE ANTIFUNGAL, CYTOTOXIC AND
MUTAGENIC ACTIVITIES OF GERANIOL AGAINST CANDIDA spp.
SPECIES ISOLATED FROM A PATIENT WITH PROSTHETIC
STOMATITIS: AN IN SILICO AND IN VITRO ANALYSIS

Tese apresentada ao Programa de Pos-
Graduagdo em  Odontologia, da
Universidade Federal da Paraiba, como
parte dos requisitos para obtencdo do
titulo de Doutor em Odontologia — Area de

Concentragao Ciéncias Odontoldgicas.

Orientadora: Prof. Dra. Edeltrudes de Oliveira Lima

Joao Pessoa
2024



FICHA CATALOGRAFICA ELABORADA PELA BIBLIOTECA SETORIAL DO
CENTRO DE CIENCIAS DA SAUDE
BIBLIOTECARIO:

048a Oliveira Junior, José Klidenberg de.

Avaliacdo das atividades antiftngica, citotdxica e
mutagénica do geraniol contra espécies de candida spp.
isoladas de pacientes com estomatite protética : uma
andlise in silico e in vitro / José Klidenberg de
Oliveira Junior. - Jodo Pessoa, 2024.

88 f£. : il.

Orientacdo: Edeltrudes de Oliveira Lima.
Tese (Doutorado) - UFPB/CCS.

1. Geraniol. 2. Produtos bioldgicos. 3. Atividade
antiftingica. I. Lima, Edeltrudes de Oliveira. IT.

Titulo.

UFPB/BC CDU 616.314:547.9(043)

Elaborado por CHRISTIANE CASTRO LIMA DA SILVA - CRB-15/865

Informagoes Complementares:

Titulo em outro idioma: EVALUATION OF THE ANTIFUNGAL, CYTOTOXIC AND
MUTAGENIC ACTIVITIES OF GERANIOL AGAINST CANDIDA spp. SPECIES
ISOLATED FROM A PATIENT WITH PROSTHETIC STOMATITIS: AN IN SILICO
AND IN VITRO ANALYSIS

Palavras-chave em outro idioma: Geraniol; Candida; Terpenes; Biological Products;
Antifungal Activity; Antifungal Combination; Denture Stomatitis.

Area de concentragio: Ciéncias Odontoldgicas

Linha de Pesquisa: Inovagdes dos Produtos e Terapéuticas dos Agravos em
Saude

1. Banca examinadora: Edeltrudes de Oliveira Lima PPGO/UFPB; André Ulisses
Dantas Batista UFPB/PPGO; Adriano Francisco Alves UFPB/PPGO; Abrah&ao Alves
de Oliveira Filho UFCG/PPGDITM-UFPB; Ulrich Vasconcelos da Rocha Gomes
PGBCM/UFPB. Data da defesa: 30/08/2024

Informagoes académicas e profissionais do(a) aluno(a)

- ORCID: https://orcid.org/0000-0002-4539-2007

- Link do Curriculo Lattes: http://lattes.cnpq.br/3277389205255240



https://orcid.org/0000-0002-4539-2007

JOSE KLIDENBERG DE OLIVEIRA JUNIOR

AVALIAGAO DAS ATIVIDADES ANTIFUNGICA, CITOTOXICA E
MUTAGENICA DO GERANIOL CONTRA ESPECIES DE CANDIDA spp.
ISOLADAS DE PACIENTES COM ESTOMATITE PROTETICA: UMA
ANALISE IN SILICO E IN VITRO

A comissdo examinadora abaixo relacionada julgou a Defesa de Tese
apresentada em sess&o publica no dia 30 de agosto de 2024 e atribuiu o conceito
APROVADO(A)

= Xl)\)\g\

Prof. Dra. Edeltrudes de Oliveira Junior
Orientador - UFPB

ez

Prof. Dr. %yéé Ulisses Dantas Batista
Examinador - UFPB

féde bronunco DMy

Prof. Dr. Adriano Francisco Alves
Examinador — UFPB

l»_/l‘ Py S\-:_—'
Prof. }{ Abrahao Alves de Oliveira Filho
Examinador - UFCG

-
W
Prof. Dr. Luiz Eduardo Marinho Vieira
Examinador - UEPB




OLIVEIRA-JUNIOR, J.K. AVALIACAO DAS ATIVIDADES ANTIFUNGICA,
CITOTOXICA E MUTAGENICA DO GERANIOL CONTRA ESPECIES DE CANDIDA
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IN SILICO E IN VITRO. 89p. Tese (Pds-Graduagdo em Odontologia). Centro de
Ciéncias da Saude, Universidade Federal da Paraiba, Jodo Pessoa, 2024.

RESUMO

Introdugao: A estomatite protética € uma condi¢ao inflamatéria comum em
usuarios de proteses dentarias, frequentemente associada a infecgao por espécies
de Candida multirresistentes. O geraniol, um monoterpeno encontrado em 6leos
essenciais de varias plantas, tem demonstrado propriedades antifungicas
promissoras para o tratamento dessas doencgas. Objetivo: Avaliar as atividades
antifungica do geraniol contra espécies de Candida albicans e Candida tropicalis,
investigar seus mecanismos de agao, realizar ensaios de associagdo com nistatina
e miconazol, além de avaliar a citotoxicidade em células sanguineas, a
mutagenicidade e conduzir estudos in silico por meio do docking molecular.
Metodologia: A atividade antifungica do geraniol foi avaliada por meio de ensaios
de Concentragdo Inibitéria Minima (CIM) e Concentragdo Fungicida Minima (CFM)
utilizando o método de microdiluicdo em caldo, conforme recomendado pelo Clinical
and Laboratory Standards Institute (CLSI). Ensaios de sorbitol e ergosterol foram
realizados para entender os mecanismos de ac&do do geraniol. Nos ensaios com
sorbitol, avaliou-se a alteragdo na CIM em presenca de 0,8 M de sorbitol. Nos
ensaios com ergosterol, a CIM foi determinada na presenca de 400 ug/mL de
ergosterol exdgeno. Estudos de associacdo com nistatina e miconazol foram
conduzidos utilizando a técnica de checkerboard para determinar os indices de
Concentragao Inibitoria Fracionada (ICIF). A citotoxicidade foi avaliada em
eritrocitos humanos de diferentes tipos sanguineos (A, B, O) por meio de ensaios
de hemodlise, enquanto a mutagenicidade foi investigada em células epiteliais da
mucosa oral utilizando analise de micronucleos e outros marcadores genotoxicos.
O docking molecular foi realizado para prever as interagbes entre o geraniol e
proteinas-chave das células fungicas, bem como sua interagdo com o ergosterol.
Resultados: O geraniol apresentou de CIMs de 64 ug/mL para C. albicans e 32-64
pug/mL para C. tropicalis, valores comparaveis aos antifungicos padrdes, nistatina e
miconazol. A atividade fungicida do geraniol foi confirmada pelas CFM, com valores



de 128 pg/mL para C. albicans e 64-128 pg/mL para C. tropicalis. A proporgao
CFM/CIM de 1:1 ou 2:1 confirma a agéo fungicida do geraniol. Nos ensaios com
sorbitol, a CIM do geraniol aumentou de 64 pg/mL para 256 pg/mL contra C.
albicans, indicando que ele desestabiliza a integridade da parede celular fungica.
Para C. tropicalis, ndo houve variagao na CIM na presenca de sorbitol. Nos ensaios
com ergosterol, a CIM do geraniol aumentou significativamente na presenca de
ergosterol exdégeno, variando de 64 pyg/mL para 256 ug/mL tanto para C. albicans
quanto para C. tropicalis, indicando que o geraniol interage diretamente com o
ergosterol na membrana plasmatica dos fungos. A associagao entre geraniol e
nistatina mostrou predominantemente efeitos de indiferenca, exceto na cepa clinica
LM-4B, onde houve efeito aditivo (ICIF = 0.625). A combinacdo de geraniol e
miconazol demonstrou sinergismo significativo na cepa LM-4B (ICIF = 0.25). Os
ensaios de citotoxicidade revelaram que, em baixas concentrag¢des, o geraniol ndo
causou hemodlise significativa, enquanto em concentragbes elevadas (500-1000
pMg/mL) a hemdlise superou 80%. A analise de mutagenicidade mostrou que o
geraniol induziu alteragdes celulares apenas em altas concentragdes, e o docking
molecular confirmou as interagées do geraniol com proteinas-chave das células
fungicas, sugerindo mecanismos de agao que contribuem para sua eficacia
antifungica. Conclusao: O geraniol destaca-se como uma promissora alternativa
terapéutica para o tratamento de infecgbes fungicas bucais, oferecendo uma
solugédo eficaz e segura, especialmente na gestdo da estomatite protética. No
entanto, o uso de concentragbes mais elevadas deve ser abordado com cautela
devido ao risco de citotoxicidade e mutagenicidade. Estudos adicionais séo
necessarios para definir parametros seguros e explorar aplicagdes clinicas mais
amplas, impulsionando novas fronteiras na pesquisa em produtos e terapéuticas

odontologicas.

Palavras-chave: Geraniol; Candida; Terpenos; Produtos Biologicos; Atividade

Antifungica; Associagao de Antifungicos; Estomatite sob Protese.
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ABSTRACT

Introduction: Denture stomatitis is a common inflammatory disease in denture
wearers that is often associated with infections caused by multidrug-resistant
Candida species. Geraniol, a monoterpene found in essential oils of various plants,
has shown promising antifungal properties for treating such conditions. Objective:
To evaluate the antifungal activities of geraniol against Candida albicans and
Candida Tropicalis species, to study its mechanisms of action, to carry out
combination tests with nystatin and miconazole, and to evaluate its cytotoxicity in
blood cells, mutagenicity and to carry out in silico studies by molecular docking.
Methods: The antifungal activity of geraniol was evaluated by minimum inhibitory
concentration (MIC) and minimum fungicidal concentration (MFC) tests using the
broth microdilution method as recommended by the Clinical and Laboratory
Standards Institute (CLSI). Sorbitol and ergosterol tests were performed to
understand the mechanisms of action of geraniol. In the sorbitol assays, the change
in MIC was evaluated in the presence of 0.8 M sorbitol. In the ergosterol tests, the
MIC was determined in the presence of 400 ug/ml exogenous ergosterol. To
determine fractional inhibitory concentration indices (FICI), combination studies with
nystatin and miconazole were performed using the checkerboard method.
Cytotoxicity was assessed in human erythrocytes of different blood groups (A, B, O)
by hemolysis assays, while mutagenicity was examined in oral mucosal epithelial
cells using micronucleus analysis and other genotoxic markers. Molecular docking
was performed to predict the interactions between geraniol and key fungal cell
proteins as well as its interaction with ergosterol. Results: Geraniol showed MIC
values of 64 ug/ml for C. albicans and 32-64 ug/ml for C. tropicalis, comparable to
the standard antifungals nystatin and miconazole. The fungicidal activity of geraniol
was confirmed by MFCs with values of 128 pg/ml for C. albicans and 64-128 ug/ml
for C. tropicalis. The MFC/MIC ratio of 1:1 or 2:1 confirms the fungicidal effect of
geraniol. In the sorbitol tests, the MIC of geraniol against C. albicans increased from



64 pug/ml to 256 pg/ml, indicating that it disrupts the integrity of fungal cell walls. No
change in MIC was observed in C. tropicalis in the presence of sorbitol. In the
ergosterol assays, the MIC of geraniol increased significantly in the presence of
exogenous ergosterol and ranged from 64 pg/ml to 256 pg/ml in both C. albicans
and C. tropicalis, suggesting that geraniol interacts directly with ergosterol interacts
in fungal plasma membranes. The combination of geraniol and nystatin showed
predominantly indifferent effects, with the exception of the clinical strain LM-4B, in
which an additive effect was observed (FICI = 0.625). The combination of geraniol
and miconazole showed significant synergy in strain LM-4B (FICI = 0.25).
Cytotoxicity tests revealed that geraniol did not cause significant hemolysis at low
concentrations, while at higher concentrations (500-1000 pg/ml), hemolysis
exceeded 80%. Mutagenicity analysis showed that geraniol caused cellular changes
only at high concentrations, and molecular docking confirmed geraniol's interactions
with key fungal cell proteins, suggesting mechanisms of action contributing to its
antifungal efficacy. Conclusion: Geraniol proves to be a promising therapeutic
alternative for the treatment of oral fungal infections and offers an effective and safe
solution, especially in the treatment of denture stomatitis. However, use of higher
concentrations should be done with caution due to the risk of cytotoxicity and
mutagenicity. Further studies are required to define safe parameters and explore
broader clinical applications, opening up new frontiers in dental product and therapy

research.
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1. INTRODUGCAO

A Estomatite Protética (EP) € uma inflamag&o nos tecidos bucais,
comum entre usuarios de proteses, sendo a infecgcéo por Candida o principal fator
causador (GENDREAU; LOEWY, 2011; IOSIF et al., 2016; YARBOROUGH et al.,
2017; RAl et al., 2022). C. albicans é a mais frequentemente associada a essa
condicdo. Além dela, outras espécies menos frequentes, como C. tropicalis, C.
glabrata, C. parapsilosis e C. krusei, também podem estar presentes na
microbiota bucal e tornar-se patogénicas (ZOMORODIAN et al., 2011; LEITE,
PIVA, MARTINS-FILHO et al., 2015).

A etiologia da EP é multifatorial, embora a infecgao por Candida spp.
seja a causa mais comum. Por ser assintomatica na maioria dos casos, muitos
individuos ndo sabem que a possuem. O tratamento € necessario, pois a EP pode
servir como um reservatorio para infecgdes mais graves (SALERNO et al., 2011).
Vale destacar que a estomatite protética associada a Candida é dificil de tratar e
frequentemente recidiva (WEBB; THOMAS; WHITTLE, 2005)

As altas taxas de recidiva criam um cenario preocupante, e falhas na
terapia antifungica resultam em doencgas prolongadas, maior toxicidade e até
mesmo mortes. Para reverter essa situagao, a Organizagdo Mundial da Saude
(OMS) incentiva mais pesquisas na area (BARROS et al., 2023)

Para o tratamento das candidiases, sao utilizadas trés principais
classes quimicas: azois, polienos e equinocandinas (PEREIRA; PAIVA, 2010;
MENEZES et al., 2013). Os azois, como miconazol, fluconazol e itraconazol,
inibem a enzima 14-a-desmetilase, bloqueando a producdo de ergosterol e,
consequentemente, inibindo o crescimento fungico (CUENCA-ESTRELLA, 2010;
FREIRE et al.,, 2017). Os polienos, como nistatina e anfotericina B, atuam
diretamente no ergosterol, desestruturando a membrana celular, formando poros
que aumentam a permeabilidade transmembranar, levando a ruptura e morte
celular (CUENCA-ESTRELLA, 2010). As equinocandinas, incluindo micafungina,
caspofungina e anidulafungina, inibem a enzima B-(1,3) -D-glucano sintase na
parede celular, comprometendo sua estabilidade e causando lise e morte do
fungo (CORTES; RUSSI, 2011; PIGATTO et al., 2009).
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Diante do crescente aumento da resisténcia aos antifungicos sintéticos e
dos riscos associados a sua toxicidade, € imperativo incentivar pesquisas com
substancias naturais. Produtos naturais e seus derivados tém se destacado como
fontes valiosas de compostos bioativos com propriedades antifungicas,
apresentando baixa toxicidade e custos reduzidos. Além disso, a sintese de
substancias sintéticas € dispendiosa, e a aprovagao de novos compostos que
superem as fases preé-clinicas e clinicas € um fendbmeno raro (BARROS et al.,
2023; QIU et al., 2023).

A utilizacdo de produtos naturais como tratamento alternativo se difere
por apresentar uma diversidade molecular superior aos sintéticos,
proporcionando novas descobertas, com pesquisa das atividades biolégicas que
podem favorecer na prevengéao e tratamento de doencas (SHARMA et al., 2016).

Dentre todos os produtos naturais, s&o reconhecidos que o0s
monoterpenos, principais compostos dos 6leos essenciais, ao estar presente em
90% da composigao, compreendem um enorme potencial biolégico, exposto por
varios de seus representantes, o que inclui admiravel acdo antimicrobiana
intrinseca (FRIEDMAN et al., 2004; BAKKALL, et al., 2008; KHAN;MALIK;AHMAD,
et al., 2012; PINTEA et al., 2022; SINGH et al.,2018) e, interagdo benéfica com
antimicrobianos ao ampliar o espectro de atividade desses agentes
(HEMAISWARYA; DOBLE, 2009; ZORE et al., 2011).

O geraniol € um monoterpeno isoprendide aciclico presente em oleos
essenciais de varias plantas aromaticas, caracterizado por sua estrutura quimica
flexivel e aciclica que facilita a interagdo com diferentes alvos biolégicos. Suas
funcbes bioldégicas e farmacologicas sao amplas, incluindo atividades
antitumorais, anti-inflamatérias, antioxidantes, hepatoprotetoras, antidiabéticas e
neuroprotetoras (KHAN et al., 2012; QUEIROZ et al., 2017; SINGULAN et al.,
2018).

Neste contexto, a linha de pesquisa "Inovagdes dos Produtos e
Terapéuticas dos Agravos em Saude" desempenha um papel fundamental na
evolugado da Odontologia contemporanea, especialmente no desenvolvimento de
produtos naturais com potencial terapéutico. A investigagdo da toxicidade de
compostos naturais é essencial para garantir que, além de eficazes, esses
produtos sejam seguros para uso clinico (QUEIROZ et al., 2017)

O geraniol, um monoterpeno encontrado em 6leos essenciais de varias
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plantas, tem sido amplamente estudado por suas propriedades antimicrobianas,
antioxidantes e anticancer. No entanto, como qualquer outro composto natural
com potencial terapéutico, € fundamental avaliar ndo apenas sua eficacia, mas
também seus possiveis efeitos toxicos, incluindo citotoxicidade e genotoxicidade.
Essas avaliagbes s&o indispensaveis para assegurar que o uso desses produtos
nao represente riscos a saude dos pacientes (SINGULANI et al., 2018)

A pesquisa em toxicidade de produtos naturais, como o geraniol, envolve
o uso de diversas metodologias para avaliar sua interagdo com células humanas
e microrganismos patogénicos. Técnicas como o docking molecular podem
oferecer uma compreensao sobre a interacdo desses compostos com alvos
bioldgicos especificos, enquanto estudos in vitro e ex vivo proporcionam uma
compreensao mais profunda de seus efeitos citotdxicos e genotdxicos (QUEIROZ
et al., 2017; BELL; ZHANG, 2017).

A exploragcdo das propriedades de compostos naturais e a avaliagcéao
rigorosa de sua toxicidade contribuem para o desenvolvimento de novas terapias
na Odontologia, alinhando-se com a missdo de melhorar a qualidade de vida dos
pacientes através de solugdes terapéuticas seguras e inovadoras. Desta forma,
a pesquisa sobre o geraniol e outros compostos naturais reflete um compromisso
com a inovagao e a seguranga, buscando introduzir novas opg¢des terapéuticas
que atendam aos desafios odontoldgicos contemporaneos (QUEIROZ et al.,
2017; BELL; ZHANG, 2017; BARROS et al., 2023; QIU et al., 2023).
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2. REVISAO DA LITERATURA

2.1 ESTOMATITE PROTETICA POR Candida spp. — EPIDEMIOLOGIA,
DIAGNOSTICO E CARACTERISTICAS CLINICAS

A estomatite protética € uma condicdo inflamatéria cronica que afeta a
mucosa oral subjacente as proteses dentarias removiveis, sendo caracterizada por
eritema, edema e, em casos graves, hiperplasia papilar inflamatoria. Comumente
associada a infecgdo por Candida spp., especialmente Candida albicans, a
estomatite protética é influenciada por multiplos fatores etiologicos, incluindo
higiene inadequada da proétese, uso continuo e noturno das proteses, acumulo de
biofilme na superficie protética e trauma mecanico devido a préteses mal ajustadas
(PERIC et al., 2024).

Estudos epidemiolégicos indicam que a prevaléncia da estomatite protética
entre os usuarios de proteses varia de 15% a mais de 70%, dependendo da
populacdo estudada e da metodologia utilizada. Estudos conduzidos nos Estados
Unidos, por exemplo, relataram uma prevaléncia de 28% entre os usuarios de
préteses removiveis, com taxas mais altas entre usuarios de proteses maxilares
completas (35%) em comparagao com proteses mandibulares (18%) (SHULMAN et
al., 2005)

Estudos populacionais nacionais e regionais realizados na Dinamarca,
Eslovénia, Espanha e Turquia relataram prevaléncia de estomatite protética entre
usuarios de proteses dentarias de 65%, 14,7%, 19,6% e 18,5%, respectivamente.
(BUDTZ-JORGENSEN et al. 1975; MUMCU et al. 2005; VALLEJO et al. 2002).

A prevaléncia da estomatite protética tende a ser maior em idosos e
mulheres. Na Finlandia, dois estudos nacionais relataram prevaléncias de 48% e
35%, respectivamente, entre usuarios de proteses, com uma porcentagem maior
de usuarias mulheres apresentando estomatite em comparagdo com homens.
Esses achados sao consistentes com estudos realizados na Eslovénia e no Chile,
onde mulheres idosas apresentaram prevaléncia significativamente maior de
estomatite protética em relagdo aos homens (GENDREAU; LOEWY, 2011).

A incidéncia da estomatite protética € influenciada por varios fatores,
incluindo a higiene da protese, o uso continuo e noturno de proteses removiveis, a
acumulagdo de placa na prétese e a contaminagdo bacteriana e fungica da
superficie da protese (Figura 1). Préteses mal ajustadas que causam trauma a
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mucosa também €& um fator contribuinte. Todos esses fatores aumentam a
capacidade da Candida albicans de colonizar tanto a prétese quanto as superficies
mucosas orais, onde atua como patdégeno oportunista (GENDREAU; LOEWY,
2011).

PREVALENCIA DA ESTOMATITE
PROTETICA

Eslovénia 14,7%

Alemanha 2,5% (Coorte Jovem
18,7% (Coorte Idosos)

Turquia 18,5%
Espanha 19,6%
Estados Unidos 28%
Chile 34,5%

Brasil 34,5%
Finlandia 35% - 48%

Dinamarca 65%

Figura 1: Do autor Fonte dos dados: Baseados nos estudos de GENDREAU; LOEWY, 2011

Estudos indicam que a ma higiene das préteses € um dos principais fatores
de risco para a estomatite protética. Dentaduras mal higienizadas desenvolvem
rapidamente biofilmes aderentes e acumulam placa patogénica, o que contribui
para a inflamacgao oral. A remoc¢ao noturna das proteses, a limpeza adequada e a
desinfeccado regular sdo essenciais para prevenir o desenvolvimento e a recorréncia
da estomatite protética (FREIRE et al., 2017; AGUAYO et al., 2017 MCREYNOLDS
et al., 2023).

Os fatores etiologicos da estomatite protética sdo multiplos e podem ser
classificados em microbioldgicos, mecanicos, imunoldgicos, sistémicos, nutricionais
e comportamentais. Candida albicans é o principal agente etiolégico, capaz de
aderir a superficie da protese e formar biofilmes resistentes a tratamentos
convencionais (HANNAH et al., 2017).

Condicdes sistémicas, como diabetes, imunossupressdo e xerostomia
(ressecamento bucal), podem predispor os pacientes a estomatite protética,
diminuindo a resposta imunoldgica local e sistémica (SALERNO et al., 2011). Dietas
ricas em carboidratos, tabagismo e consumo de alcool sdo fatores nutricionais e

comportamentais que podem contribuir para o desenvolvimento da estomatite
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protética. A higiene oral inadequada é um dos principais fatores comportamentais
que predispdem a esta condigdo (HANNAH et al., 2017).

O uso continuo de proteses sem periodos adequados de descanso noturno
impede a recuperagao da mucosa e contribui para a irritacdo cronica e inflamacao.
A falta de limpeza regular da protese permite a formagao de biofilmes complexos,
que protegem os microrganismos das agbes de agentes antifungicos e
desinfetantes, complicando o tratamento (SHUI et al., 2020). A combinagao desses
fatores resulta em um ambiente favoravel para a proliferacdo de Candida spp. € o
desenvolvimento da estomatite protética, evidenciando a importédncia de uma
abordagem multifatorial no manejo e preveng¢ao dessa condigao.

Além disso, outras espécies de Candida, como Candida glabrata, Candida
tropicalis, Candida krusei e Candida parapsilosis, também estdo associadas ao
desenvolvimento da estomatite protética (GENDREAU; LOEWY, 2011; SHUI et al.,
2020). A ma adaptagéo da prétese, associada ao uso prolongado sem remogao,
pode causar trauma mecanico a mucosa, favorecendo a colonizagao por Candida
spp. A presenca de porosidades na superficie acrilica da protese facilita a aderéncia
microbiana (SALERNO et al., 2011).

Estudos recentes indicam que a Candida tropicalis é a segunda espécie mais
comum de Candida encontrada em infecgcdes orais, especialmente em pacientes
imunocomprometidos e usuarios de proteses dentarias. A prevaléncia de C.
tropicalis varia de acordo com a regido geografica e a populagdo estudada, mas
sua presenca € significativa, especialmente em regides tropicais e subtropicais,
onde as condicbes ambientais favorecem seu crescimento e colonizagéo
(ZOMORODIAN et al., 2011).

Estudar espécies tropicais como a Candida tropicalis € importante por varias
razdes. Primeiramente, C. tropicalis apresenta resisténcia a muitos antifungicos
convencionais, como fluconazol e itraconazol, tornando o tratamento mais
desafiador e destacando a necessidade de novas abordagens terapéuticas
(ZOMORODIAN et al., 2011; MARCOS-ARIAS et al., 2011).

Além disso, espécies tropicais de Candida, especialmente C. tfropicalis, t€m
maior capacidade de formacgao de biofilmes e produgao de enzimas hidroliticas que
degradam tecidos, contribuindo para a severidade das infec¢gdes orais. As
diferentes respostas de tratamento entre as espécies de Candida sao atribuidas a
sua diversidade genética. Estudos genéticos dessas espeécies podem fornecer
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informacdes sobre mecanismos de resisténcia e viruléncia, além do potencial para
desenvolver novos antifungicos (BARS et al., 2022)

A infecgéo por C. tropicalis pode levar a quadros clinicos mais graves de
estomatite protética, aumentando o desconforto e as complicagdes nos pacientes.
Compreender sua epidemiologia € essencial para desenvolver estratégias de
prevencgao e tratamento mais eficazes. Em ecossistemas tropicais, a interagao entre
Candida spp. e outros microrganismos pode influenciar a dindmica das infecgdes.
Estudos dessas interagdes podem revelar novos alvos terapéuticos e maneiras de
controlar a colonizagédo de Candida em usuarios de proteses (ZOMORODIAN et al.,
2011; MARCOS-ARIAS et al., 2011; BARS et al., 2022).

O diagndstico da estomatite protética é primariamente clinico, baseado nos
sinais e sintomas observados na mucosa oral sob a prétese dentaria. O dentista
realiza uma inspec¢ao visual da mucosa oral, procurando sinais de eritema, edema
e, em casos graves, hiperplasia papilar inflamatéria. A classificagdo de Newton
(2003) e frequentemente usada para descrever a gravidade da estomatite protética,

dividindo-a em:

Hiperemia Puntiforme (classe I): Hiperemia dos ductos das glandulas salivares palatinas
menores, com aspecto eritematoso pontilhado, podendo afetar areas dispersas ou
pequenas regides localizadas no palato (Figura 2B).

Hiperemia Difusa (classe Il): Mucosa lisa e atréfica com aspecto eritematoso em toda a
regiao sob a protese (Figura 2C).

Hiperemia Granular (classe lll): Frequentemente associada a camara de sucgao, afeta a
regido central do palato, apresentando uma aparéncia nodular e rugosa da mucosa (Figura
2D).
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Figura 2: (A) mostra uma area saudavel portadora de protese dentaria. (B) hiperemia puntiforme da Classe |

de Newton, ou eritema pontilhado localizado na area posterior palatina portadora de dentadura. (C) hiperemia
difusa da Classe Il de Newton, com eritema mais disseminado por toda a area portadora de dentadura. (D)
mostra hiperemia granular da Classe |l de Newton, também conhecida como hiperplasia papilar. Disponivel
em: MCREYNOLDS et al., 2023.

Além da inspecéo visual, a coleta de uma historia clinica detalhada do
paciente € essencial, incluindo a duragdo do uso da protese, habitos de higiene,
uso noturno da proétese e qualquer desconforto ou dor relatada (PERIC et al., 2024).
Exames microbiolégicos sao frequentemente utilizados para confirmar a presencga
de Candida spp. e outras espécies fungicas. Amostras da mucosa oral ou da
superficie da prétese podem ser cultivadas em meio especifico, e testes de
sensibilidade s&o realizados para determinar a susceptibilidade das espécies de
Candida aos antifungicos, orientando o tratamento (BARBOSA et al., 2019)

A citologia esfoliativa, onde amostras celulares da mucosa oral sao
coletadas e examinadas microscopicamente, pode detectar a presencga de células
inflamatorias e hifas de Candida. Em casos graves ou persistentes, uma biopsia da
mucosa afetada pode ser realizada para um exame histopatoldgico mais detalhado,
identificando caracteristicas especificas de inflamagao cronica e infec¢do fungica
(Yarborough et al., 2016)

O diagnéstico diferencial é importante para excluir outras condi¢des que
podem apresentar sintomas semelhantes, como quelite angular, liquen plano,
reagdes alérgicas de contato e lesdes traumaticas. Apds o diagnostico inicial, o
monitoramento continuo da resposta ao tratamento é fundamental . Consultas de
acompanhamento permitem ajustes no tratamento e garantem a resolugdo da
inflamacao (PERIC et al., 2024).

A abordagem terapéutica para a estomatite protética € baseada nos
achados diagnésticos e pode incluir varias medidas. A higiene oral adequada é
fundamental e inclui a limpeza regular das préteses e a remogdo das mesmas

durante a noite para reduzir a colonizag&do por microrganismos. Ajustes na protese
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s&o necessarios para eliminar pontos de pressao e garantir um encaixe confortavel,
evitando traumatismos na mucosa oral (SALERNO et al., 2011; PERIC et al., 2024)

O uso de antifungicos pode ser topico, com aplicagdo de substancias como
nistatina ou miconazol diretamente na protese e na mucosa afetada, ou sistémico,
com prescricdo de medicamentos como fluconazol nos casos mais graves ou
persistentes (MCREYNOLDS et al., 2023)

Além disso, a terapia fotodinamica, que envolve a aplicagéo de azul de
metileno na area afetada seguida da irradiagdo com laser, é uma opgéao eficaz na
eliminagcdo de microrganismos patogénicos, incluindo fungos, e na promogao da
cicatrizagcdo da mucosa. Essa combinagdo de métodos clinicos, laboratoriais e
terapias avangadas ajuda a garantir um diagnostico preciso da estomatite protética,
permitindo um tratamento eficaz que melhora a qualidade de vida dos pacientes

afetados, aliviando os sintomas e prevenindo recorréncias

2.2 TERAPIA ANTIFUNGICA

O manejo da estomatite protética deve abranger o diagnéstico precoce,
a correcao dos fatores predisponentes e a manutencdo de uma higiene oral
adequada. A selecdo do antifungico apropriado deve levar em conta a extensao e
a gravidade da infecgcdo, bem como os possiveis efeitos colaterais dos
medicamentos e as interacdes medicamentosa (AKPAN & MORGAN, 2002;
ESPINEL-INGROFF, 2008).

Atualmente, varias drogas antimicrobianas podem ser utilizadas no
tratamento das infec¢des causadas por fungos. Porém, essa "diversidade" torna-se
relativamente pequena quando comparada ao arsenal de drogas disponiveis para
o tratamento de infecgbes bacterianas. Isso € atribuivel a natureza eucariética das
células fungicas e a dificuldade de encontrar alvos unicos ndo compartilhados com
hospedeiros humanos (ESPINEL-INGROFF, 2008; PATIL et al., 2015).

Os antifungicos atualmente disponiveis no mercado podem ser categorizados
com base em seus alvos especificos dentro das células fungicas. As principais
classes desses medicamentos incluem os polienos, que se ligam ao ergosterol na
membrana celular; os inibidores da biossintese do ergosterol, que s&o subdivididos
em azolicos e alilaminas e atuam impedindo a formagdo desse componente
essencial da membrana fungica; os antimetabdlicos, que interferem na sintese de

acidos nucleicos; e as equinocandinas, que inibem a sintese do 3-(1,3) -D-glucano,
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um componente vital da parede celular dos fungos. Cada uma dessas classes
oferece mecanismos de acao distintos que sdo essenciais para o tratamento eficaz
das infecgdes fungicas (ESPINEL-INGROFF, 2008; PATIL et al., 2015; QUINDOS
et al., 2019).

Célula fungica Parede celular e membrana celular fungicas
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Figura 3: Mecanismo de agao dos agentes antifiingicos conforme seu alvo de atuagao.

Os antifungicos topicos sdo frequentemente recomendados como
primeira linha de tratamento para casos nao complicados de candidiase oral,
incluindo a estomatite protética. Entre os principais agentes topicos utilizados estéo
a nistatina e o miconazol (PATIL et al., 2015; LYU et al., 2016).

A nistatina (Figura 4) € um polieno que atua ligando-se aos esterodis na
membrana celular do fungo, especificamente ao ergosterol, que é um componente
essencial da membrana celular fungica. A ligagédo da nistatina ao ergosterol forma
poros na membrana celular, o que aumenta a permeabilidade da membrana. Esses
poros permitem a saida de ions e outras moléculas essenciais da célula, resultando
na perda de componentes intracelulares vitais, levando ao colapso das fungdes
celulares e, eventualmente, @ morte da célula fungica. A nistatina é eficaz contra
diversas espécies de Candida, incluindo Candida albicans, a espécie mais
comumente associada a estomatite protética (QUINDOS et al., 2019).
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NISTATINA
HO

Figura 4: Estrutura quimica da Nistatina
Disponivel em: https://encurtador.com.br/J8aBq
Acesso em: 22/06/2024

A nistatina esta disponivel em varias formas de apresentacgao, o que facilita

sua aplicacdo em diferentes condigdes clinicas e preferéncias dos pacientes:

Suspensao Oral: A suspensao oral de nistatina € uma das formas mais
comuns para o tratamento da candidiase oral. Os pacientes devem manter
a suspensao na boca por um tempo antes de engolir, permitindo que o
medicamento entre em contato com as areas afetadas. Esta forma é
especialmente util para pacientes com dificuldade em usar outras formas de
medicagao (LYU et al., 2016).

Cremes e Pomadas: Embora menos comuns para uso oral, os cremes €
pomadas de nistatina sdo frequentemente usados para infecgbes fungicas
na pele e mucosas. Eles podem ser aplicados diretamente nas areas
afetadas e sao eficazes para tratar candidiase em areas externas da boca,
como os labios e cantos da boca (queilite angular) (AKPAN & MORGAN,
2002).

A nistatina é um medicamento amplamente disponivel e de acesso

relativamente facil. No Brasil, pode ser adquirida em farmacias com ou sem

prescricdo médica, dependendo da regulamentagéo local. Como € de baixo custo,

torna-se uma opcao acessivel para muitos pacientes. Além disso, é frequentemente

incluida na lista de medicamentos essenciais da OMS e esta disponivel através do

Sistema Unico de Saude (SUS) em vérias apresentacdes, garantindo que pacientes

com candidiase oral, incluindo aqueles com estomatite protética, possam ter acesso
ao tratamento adequado (LYU et al., 2016; QUINDOS et al., 2019, BRASIL, 2020).
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Esse medicamento continua sendo uma opc¢ao terapéutica fundamental no
tratamento da candidiase oral devido a sua eficacia, seguranca e diversidade de
formas de apresentacdo. Sua ampla disponibilidade e baixo custo a tornam uma
escolha de primeira linha para muitos casos de estomatite protética proporcionando
alivio eficaz dos sintomas e contribuindo para a melhoria da saude bucal dos
pacientes (LYU et al., 2016; QUINDOS et al., 2019).

Os azdis representam a maior classe de agentes antifungicos,
caracterizando-se por compostos sintéticos heterociclicos com anel pentagonal
(MURRAY et al., 2014). Esses agentes s&o divididos em duas familias principais
com base no numero de atomos de nitrogénio presentes no anel azdlico: os
imidazdlicos, que possuem dois atomos de nitrogénio, e os triazolicos, que contém
trés atomos de nitrogénio (MATHEW; NATH, 2009).

A familia dos imidazdlicos inclui antifungicos como o miconazol, cetoconazol,
clotrimazol e econazol, todos amplamente utilizados no tratamento de diversas
infecgdes fungicas. Esses compostos sao conhecidos por sua eficacia no combate
a fungos ao interferir na biossintese do ergosterol, um componente essencial da
membrana celular fungica, levando & disfungdo e morte celular (QUINDOS et al.,
2019; EL-GANINY et al., 2022).

Por outro lado, a familia dos triazolicos € subdividida em duas geracdes. A
primeira geracao inclui o fluconazol e itraconazol, que tém demonstrado grande
eficacia contra uma ampla gama de infecgdes fungicas. A segunda geragéao de
triazolicos, composta por voriconazol, posaconazol e ravuconazol, oferece uma
cobertura ainda mais ampla e € particularmente eficaz contra espécies de fungos
resistentes a outros antifungicos. Esses triazdlicos de segunda geragdo séo
frequentemente utilizados em infecgbes fungicas invasivas e complexas, onde a
resisténcia e a gravidade da infecgdo representam desafios significativos para o
tratamento (KESSLER et al., 2022).

Esta classificacdo e subdivisdo dos azdis destacam a importancia desses
compostos no arsenal terapéutico antifungico, permitindo uma abordagem mais
direcionada e eficaz no tratamento de infecgdes fungicas variadas (QUINDOS et
al., 2019; EL-GANINY et al., 2022).

Miconazol (Figura 5), um imidazol de primeira gerag&o, pode ser utilizado na
forma de gel oral. Este gel tem mostrado eficacia significativa contra infecgbes
fungicas, incluindo aquelas causadas por Candida albicans, Candida parapsilosis e
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Candida tropicalis. No entanto, seu uso pode estar associado a efeitos colaterais
como nauseas e vomitos. A escolha entre miconazol e outros agentes antifungicos
tépicos deve considerar a aceitabilidade pelo paciente e a presenca de fatores de
risco adicionais, como xerostomia ou diabetes, que podem afetar a eficacia do
tratamento e a tolerabilidade do medicamento (ZHANG et al., 2016; QUINDOS et
al., 2019).

Quando a terapia topica ndo € eficaz ou em casos de infeccdo mais
disseminada, antifungicos sistémicos sao indicados. O fluconazol (Figura 6) é o
antifungico sisttmico mais comumente utilizado devido a sua eficacia e perfil de
segurancga. E um triazol que inibe a sintese de ergosterol na membrana celular do
fungo, levando a destruigao celular. Sua boa absorg¢ao gastrointestinal e altos niveis
de concentrag&do na saliva e nos tecidos bucais o tornam uma escolha adequada

para o tratamento de candidiase oral persistente (PATIL et al., 2015; QUINDOS et

al., 2019).
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Figura 5: Estrutura quimica do miconazol Figura 6: Estrutura quimica do fluconazol
Disponivel em: https://encurtador.com.br/uolf8 Disponivel em: https://encurtador.com.br/UZjkg
Acesso em: 22/06/2024 Acesso em: 22/06/2024

Além do fluconazol, o itraconazol pode ser utilizado em casos de resisténcia
ao fluconazol ou em infecgdes por espécies nado-albicans de Candida. O itraconazol
possui um espectro de atividade mais amplo, sendo eficaz contra varias espécies
de fungos. No entanto, €& importante monitorar possiveis efeitos adversos e
interacbes medicamentosas, especialmente em pacientes idosos ou
imunocomprometidos. A escolha do itraconazol deve ser feita com cautela,

considerando a condigao clinica do paciente e a possibilidade de interagdes com
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outros medicamentos que o paciente possa estar utilizando (ESPINEL-INGROFF,
2008; QUINDOS et al., 2019).

Os alvos antifungicos sao limitados devido as semelhancgas estruturais entre
as células fungicas e humanas. Como consequéncia, as opg¢des de tratamento s&o
restritas, favorecendo o surgimento de resisténcia antifungica. Essa constatagéo
destaca a importancia de compreender os mecanismos e os efeitos da resisténcia,
0 que pode levar a abordagens terapéuticas mais eficazes (BOHNER et al., 2022).

Diversos mecanismos bioquimicos contribuem para o desenvolvimento da
resisténcia antifungica. Entre eles est&o: alteragdes no alvo molecular do farmaco,
superexpressdo de bombas de efluxo, mudangas na biossintese do ergosterol,
perda de porinas, superexpressdo da molécula alvo e producdo de enzimas
fungicas que degradam o medicamento (ESPINEL -INGROFF, 2008;
CASTANHEIRA et al., 2017; QUINDOS et al., 2019).

A resisténcia aos azdis em espécies de Candida ocorre principalmente
através do efluxo ativo de drogas, mediado por transportadores de cassete de
ligacdo de ATP (ABC) e bombas da superfamilia de facilitadores principais (MFS),
codificados pelos genes CDR e MDR. Esses transportadores reduzem a
concentragdo intracelular do medicamento, dificultando a obtengcdo do efeito
terapéutico desejado. O transportador ABC CDR1 €& um fator importante na
resisténcia aos azois em C. albicans e C. glabrata. Em C. tropicalis, a principal
causa de resisténcia € a mutagao no gene ERG11, embora a superexpresséo dos
genes CDR1 e MDR1 também contribua significativamente (CASTANHEIRA et al.,
2017; QUINDOS et al., 2019).

Além do efluxo de drogas, a resisténcia pode envolver a modificagdo da
enzima-alvo ou a superexpressao do gene ERG11, que codifica a enzima C-14-a-
desmetilase, diminuindo a eficacia dos derivados triazélicos. Mutagdes no gene
ERG3 podem alterar a via do ergosterol, neutralizando os efeitos dos azois
(CASTANHEIRA et al., 2017; QUINDOS ET al., 2019).

Em relacio aos polienos, como nistatina e anfotericina B, a resisténcia pode
surgir devido a mutagées nos genes responsaveis pela sintese de ergosterol
(ERG1, ERG25) e B-1,6-glucano (SKN1, KRE1), especialmente em espécies
formadoras de biofilmes. Alteragdes nos genes ERG, como ERG5, ERG6 e ERG25,
resultam em menor sensibilidade aos polienos devido a auséncia de ergosterol na
célula fungica (CASTANHEIRA et al., 2017; PAUL et al., 2022).
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Nos ultimos anos, os medicamentos disponiveis na pratica clinica tém sido
insuficientes para atender a crescente demanda por tratamentos de infecgdes
causadas por espécies de Candida. Isso se deve a resisténcia natural ou adquirida
aos antifungicos, bem como aos efeitos adversos e toxicidade de alguns
medicamentos. Esse cenario destaca a necessidade urgente de novas moléculas
sintéticas com melhores perfis microbiologicos (CASTANHEIRA et al., 2017;
QUINDOS et al., 2019).

Diante da resisténcia das espécies de Candida aos antifungicos sintéticos,
tem-se observado o uso de produtos naturais como uma tentativa de melhorar a
eficacia contra esses micro-organismos. O emprego de fitoterapicos como
tratamento alternativo destaca-se por sua diversidade molecular superior a dos
compostos sintéticos, permitindo novas descobertas. Pesquisas sobre suas
atividades biolégicas podem contribuir para a prevengéo e tratamento de diversas
doencgas (ESPINEL -INGROFF, 2008; CASTANHEIRA et al., 2017; QUINDOS et
al., 2019; EL-GANINY et al., 2022).

2.3 INOVAGOES DOS PRODUTOS E TERAPEUTICAS PARA O TRATAMENTO
DOS AGRAVOS EM SAUDE

A busca por inovagdes nos produtos e terapéuticas para os problemas de
saude bucal é uma necessidade constante na odontologia. Explorar novos
compostos naturais tem se mostrado uma abordagem promissora devido a sua
eficacia potencial e menor toxicidade em comparagdo aos tratamentos
convencionais (CHENG et al., 2015; ARA et al., 2018; FREIRE; ROSALEN, 2016).

Embora muitos estudos investiguem os efeitos bioldgicos dos produtos
naturais, apenas uma pequena parte chega a fase clinica e se torna comercialmente
disponivel. Isso mostra a importancia de uma pesquisa bem estruturada, que
oferega evidéncias solidas para justificar os testes clinicos (FREIRE; ROSALEN,
2016).

Desenvolver novos produtos terapéuticos para tratar doengas bucais, como
a estomatite protética, € essencial para lidar com a resisténcia microbiana e os
efeitos colaterais dos tratamentos atuais (FREIRE; ROSALEN, 2016).

Newman; Cragg (2016), observam um interesse crescente em abordar
diversas condi¢des dentarias, especialmente mucosite oral, periodontite e carie
dentaria. Este avanco reflete o interesse tanto da academia quanto da industria em
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criar terapias inovadoras baseadas em produtos naturais. Formas de aplicagao
topica, como enxaguantes bucais, pastas de dentes e géis, sao preferidas por
serem menos invasivas e faceis de usar.

Cheng et al. (2015), destacam a importancia da integragéo de tecnologias
modernas, como bioinformatica e triagem de alto rendimento, para identificar novos
alvos moleculares e caracterizar completamente os extratos e moléculas antes dos
testes clinicos. Essas ferramentas permitem uma analise detalhada da bioatividade,
toxicidade local ou sistémica, farmacocinética e farmacodinamica dos compostos
naturais. Isso reduz o risco de falhas em estagios mais avangados da pesquisa e
diminui os custos financeiros. Além disso, a colaboragao interdisciplinar,
envolvendo especialistas em diversas areas, € fundamental para uma compreensao
completa das doencgas e para o desenvolvimento de tratamentos eficazes.

A aceitagcédo da populagdo em relacdo aos medicamentos de origem natural
€ amplamente positiva. Isso se deve, em parte, ao crescente interesse por
tratamentos mais naturais e sustentaveis, bem como a valorizacdo do
conhecimento tradicional e etnomedicina. A seguranga percebida e a eficacia
comprovada de muitos desses produtos ao longo dos séculos reforgam a confianga
dos pacientes e profissionais de saude em sua utilizagdo (JEON et al., 2011)

No ambito ambiental, a pesquisa sobre produtos naturais também é
promissora. A exploracdo sustentavel de recursos naturais para a produgao de
medicamentos pode reduzir a dependéncia de processos quimicos industriais,
diminuindo o impacto ambiental. Além disso, a bioprospecg¢éo — a busca por novos
compostos bioativos em plantas e outros organismos — promove a conservacgao da
biodiversidade, incentivando a preservacdo de ecossistemas e espécies
ameacadas (KURNAZ; KURNAZ, 2021)

Nos ultimos anos, a pesquisa com produtos naturais na odontologia tem
gerado produtos topicos para o cuidado oral, mas ainda ha um longo caminho a
percorrer até que medicamentos sistémicos com eficacia clinica comprovada sejam
desenvolvidos, os estudos apontam que a maioria das pesquisas se concentram
em aspectos gerais, como os efeitos inibitérios microbianos, sem abordar os
mecanismos especificos das doengas, isso resulta em um entendimento limitado
dos mecanismos de acido e da eficacia dos compostos testados, superar essas
limitagdes exige um investimento continuo em pesquisa basica e aplicada, além de
ensaios clinicos bem desenhados (ROSALEN et al., 2016; MISHRA et al., 2020).
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Em suma, a busca por novos produtos e terapias para as afec¢gdes bucais é
um campo promissor, mas ainda pouco explorado. Os produtos naturais oferecem
uma alternativa valiosa aos tratamentos convencionais, mas requerem uma
abordagem rigorosa e multidisciplinar para garantir sua eficacia e seguranga. O
desenvolvimento de novos tratamentos depende tanto de avangos tecnoldgicos
quanto de uma colaboracido efetiva entre academia, industria e profissionais de
saude. Com o devido investimento e pesquisas bem delineadas, € possivel
transformar descobertas cientificas em soluc¢des terapéuticas eficazes para a saude
bucal (ROSALEN et al., 2016; NEWMAN et al., 2016).

Nesse contexto, o geraniol (Figura 7) € um monoterpeno isoprendide
aciclico derivado de 6leos essenciais de diversas plantas aromaticas, conhecido
por suas multiplas atividades bioldgicas. Este composto é particularmente notavel
por sua atividade antifungica contra varias cepas de Candida spp., incluindo
Candida albicans, um patogeno responsavel por infeccbes em pacientes
imunocomprometidos (SINGULANI et al., 2018).

CHj

X OH

H3;C CHj

Figura 7: Estrutura quimica do geraniol
Fonte: Google Imagens

Geraniol € amplamente distribuido em diversos tecidos vegetais e
geralmente encontrado em conjunto com seus produtos de oxidagao, como geranial
e neral, que s&o isébmeros do citral. A substéncia conhecida como “geraniol” &, na
verdade, uma mistura de dois isbmeros: o isdbmero trans, chamado de geraniol, e 0
isdmero cis, conhecido como nerol.

Estudos demonstram que o geraniol pode inibir a formagéo de biofilmes
e morfogénese de hifas, essenciais para a viruléncia de Candida albicans, através
da regulagédo negativa da ATPase da membrana plasmatica e redugao dos niveis
de ergosterol. Além disso, o geraniol afeta a fungdo mitocondrial, quebra a
homeostase do ferro e mitiga a toxicidade, o que contribui para sua agao antifungica
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abrangente (LEITE et al.,2015).

Além da atividade antifungica, o geraniol possui notaveis potenciais
terapéuticos. Este composto tem demonstrado efeitos hepatoprotetores
significativos, especialmente em modelos de esteatohepatite ndo alcodlica induzida
por dieta. A administragdo de geraniol em ratos mostrou uma redugdo nos
marcadores de inflamagao hepatica e fibrose, bem como uma melhora nas fungdes
mitocondriais (QUEIROZ et al., 2017).

Estudos indicam que o geraniol inibe as atividades da alanina
aminotransferase (ALT) e aspartato aminotransferase (AST), reduzindo o estresse
oxidativo e promovendo a regeneracéo celular hepatica, essas propriedades tornam
o geraniol um candidato promissor para o tratamento de doengas hepatica (CHEN
et al., 2016).

A citotoxicidade do geraniol é outra area de interesse, particularmente em
estudos relacionados ao cancer. Pesquisas mostram que o geraniol pode inibir o
crescimento de células de cancer de colon e induzir apoptose, caracterizada pelo
aumento da expressao de Bax (um regulador pré-apoptético) e redugéo de Bcl-2
(um regulador anti-apoptotico). Além disso, o geraniol causa danos ao DNA e
bloqueia o ciclo celular, o que contribui para sua eficacia antitumoral, esses efeitos
citotoxicos destacam o potencial do geraniol como um agente anticancerigeno em
tratamentos futuros. (Ql et al., 2018),

Outro aspecto do geraniol é sua atividade anti-inflamatoria e antioxidante.
Estudos demonstram que este composto pode atenuar a resposta inflamatéria e o
estresse oxidativo em diversos modelos experimentais. Por exemplo, o geraniol
reduz a produgéo de prostaglandina E2 e 6xido nitrico, mediadores inflamatérios, e
aumenta a atividade de enzimas antioxidantes como a glutationa (GSH). Além
disso, o geraniol modula vias de sinalizagao celular, como a NF-kB e COX-2, que
estdo envolvidas na resposta inflamatéria, conferindo-lhe propriedades protetoras
contra danos celulares (KHAN et al., 2013).

Adicionalmente, o geraniol tem sido investigado por seu potencial
mutagénico. Em estudos com células humanas, como linfocitos periféricos e células
HepG2, o geraniol mostrou efeitos genotdéxicos em concentragdes elevadas,
evidenciando a necessidade de avaliacdo cuidadosa de suas doses terapéuticas.
Estudos in vitro indicam que concentragdes elevadas de geraniol podem induzir

quebras de DNA e aberragdes cromossOmicas, ressaltando a importancia de se
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balancear suas propriedades terapéuticas com seu potencial genotoxico
(SINGULANI et al., 2018).

Por fim, o geraniol é encontrado em uma variedade de plantas, incluindo
Cymbopogon martinii (palmarosa), Rosa spp. (rosas), e Pelargonium graveolens
(geranio). Outras fontes notaveis incluem o Zingiber officinale (gengibre), Thymus
vulgaris (tomilho), e Lavandula angustifolia (lavanda) — (Figuras de 8 a 13). Estas
plantas sao ricas fontes de 6leos essenciais que contém geraniol, amplamente
utilizados ndo apenas na medicina tradicional, mas também nas industrias de

fragrancias e cosmeéticos. A diversidade de plantas que produzem geraniol reforca

sua importancia como um composto natural com multiplas aplicacdes terapéuticas
(LEl et al., 2018)

I A \
Figura 08: Cymbopogon martinii Figura 09: Rosa spp. Figura 10: Pelargonium graveolens
Fonte: Google Imagens Fonte: Google Imagens Fonte: Google Imagens

Figura 11: Zingiber officinale Figura 12: Thymus vulgaris Figura 13:Lavandula angustifélia
Fonte: Google Imagens Fonte: Google Imagens Fonte: Google Imagens
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3.1 OBJETIVOS

3.2 Objetivo geral

e Avaliar as atividades antifungica, citotoxica e mutagénica do geraniol
contra espécies de Candida albicans e Candida tropicalis isoladas
de pacientes com estomatite protética.

3.3 Objetivos especificos

e Determinar a Concentragdo Inibitéria Minima (CIM) e a
Concentragdo Fungicida Minima (CFM) do geraniol contra
diferentes cepas de C. albicans e C. tropicalis, comparando com

miconazol e nistatina.

o Elucidar os possiveis mecanismos do geraniol com énfase sobre a

parede celular e membrana plasmatica fungica.

e Comparar a atividade antifungica do geraniol com miconazol e
nistatina em cepas resistentes e sensiveis de Candida albicans e

Candida tropicalis.
e Determinar o indice de Concentragao Inibitéria Fracionada (método
de associagado — checkerboard) do geraniol com os antifungicos

padroes;

e Demonstrar o potencial citotoxico através da atividade hemolitica em

eritrocitos humanos dos tipos sanguineos A, B e O

¢ Investigar o potencial genotoxico das substancias, utilizando o teste

de genotoxicidade em células de mucosa oral de humanos.

e Estudar as interagdes do geraniol com enzimas fungicas alvo de C.
albicans e C. tropicalis utilizando técnicas de docking molecular.
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4. ARTIGO 1: Efficacy of Geraniol in Inhibiting Strains of Candida
albicans and Candida tropicalis Isolated from Patients with Denture-Related
Stomatitis
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Abstract: Candida albicans and Candida tropicalis species are frequently
associated with denture stomatitis, a common fungal infection in denture wearers.
Objective: This study evaluated the antifungal activity of geraniol against Candida
albicans and Candida tropicalis, investigated their mechanisms of action, assays
of association with licensed antifungals and conversions of molecular docking
analyses. Antifungal activity was evaluated through Minimum Inhibitory
Concentration (MIC) and Minimum Fungicide Concentration (CFM) assays using
the broth microdilution method. Sorbitol and ergosterol trials were performed to
understand the mechanisms of action. Association studies with nystatin and
miconazole were extended using the checkerboard technique to determine
Fractional Inhibitory Concentration Indices (ICIF). Molecular docking was
performed to predict the interactions of geraniol with ergosterol and key proteins
of fungal cells. Geraniol showed MICs of 64 pg/mL for C. albicans and 32-64
pug/mL for C. tropicalis. CFM confirmed the fungicidal activity of geraniol. In tests
with sorbitol, the MIC increased, demonstrating that geraniol destabilizes the
fungal cell wall. In trials with ergosterol, MIC increased the presence of exogenous
ergosterol, reducing direct interaction. The combination of geraniol and
miconazole demonstrated significant synergism (ICIF = 0.25). Molecular docking
corroborated the interaction of geraniol with ergosterol and other proteins.
Geraniol is a promising therapeutic alternative for the treatment of oral fungal
infections, contributing to the management of denture stomatitis and promoting
new dental therapies.

Keywords: Geraniol, Antifungical Agents, Candida spp., Prosthetic stomatitis

Introduction

Denture stomatitis (DS) is an inflammation of the oral tissues that
commonly occurs in denture wearers, with Candida infection being the main
cause [1-4]. C. albicans is most commonly associated with this disease. In
addition to C. albicans, other less common species such as C. tropicalis, C.
glabrata, C. parapsilosis and C. krusei can also occur in the oral microbiota and

become pathogenic [5].
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The causes of denture stomatitis are diverse, with Candida spp. Infections
are the most common. Because it is often asymptomatic, many people do not
know they have it. Treatment is essential as denture stomatitis can be a source
of more serious infections [6]. It is important to note that Candida-associated
denture stomatitis is difficult to treat and often recurs.

Two main chemical classes are used to treat denture stomatitis: azoles
and polyenes [7,8]. The high relapse rates represent a worrying situation as
failure of antifungal therapy can lead to prolonged iliness, increased toxicity and
even death. To address this problem, the World Health Organization (WHO) is
encouraging further research to develop alternative therapies [9].

From this perspective, there is an increasing demand for new antifungals
that are more effective and less toxic than those currently used. This has sparked
an intensive search for various sources, including natural products. Nature-
derived antifungal compounds such as terpenes have received a lot of attention
recently. Due to their antimicrobial properties, they are considered a promising
therapeutic option for treating fungal infections [8,9].

Terpenes are a group of natural plant-derived compounds formed by the
combination of isoprene units (CsHg). They are divided into the most common
monoterpenes (C10) and sesquiterpenes (C15). If a terpene contains oxygen, it
is called a terpenoid [10].

Geraniol (3,7-dimethylocta-trans-2,6-dien-1-ol) is an acyclic monoterpene
alcohol with the chemical formula C1oH18O. The term geraniol refers to the natural
mixture of two isomers: geraniol (trans) and nerol (cis). Geraniol is extensively
used in the flavor and fragrance industries as one of their key molecules and is a
frequent component in products from these sectors. Geraniol has a range of
biochemical and pharmacological properties, including insecticidal and repellent
capabilities, as well as anthelmintic, antibacterial, antioxidant, anticancer, and
anti-inflammatory activities. The scientific literature also confirms the antifungal
properties of these compounds [11].

As an antimicrobial agent, geraniol can disrupt microbial cell membranes,
inhibit ergosterol synthesis in fungi, and penetrate resistant biofilms, showing
effectiveness against a wide range of pathogens. This makes it a promising
compound for developing new medications [12-14].
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The study aims to investigate the antifungal activity of geraniol against C.
albicans and C. tropicalis strains isolated from patients with denture stomatitis.
To achieve this, the minimum inhibitory concentration (MIC) and minimum
fungicidal concentration (MFC) of geraniol were determined, along with its effects
on fungal cell viability, cell wall, and cell membrane. Additionally, combination
assays using the checkerboard method and molecular docking were performed.

Materials and Methods

Chemicals

The phytoconstituent included in the study, geraniol, along with other
substances used in the analyses, such as sorbitol, ergosterol, nystatin, and
miconazole, were purchased from Sigma-Aldrich®. For the antifungal activity
evaluation assays, the products were weighed and dissolved in Dimethyl
sulfoxide (DMSO) (Sigma-Aldrich®) 150 pL (3%) and Tween 80 (Sigma-
Aldrich®) 100 pL (2%). The final volume was then adjusted with sterilized distilled
water to a total of 3 mL. Subsequently, serial dilutions were made from 1,024 to

reach 4 yg/mL using RPMI 1640 medium.

Culture media

The culture medium used for the antifungal activity assays was RPMI 1640
with glutamine and without bicarbonate (Sigma-Aldrich®, Stenheim, Germany).
The products were prepared according to the manufacturer's instructions. The
media were dissolved in autoclaved sterilized distilled water at 121°C for 15

minutes.

Fungal Strains

The strains of C. albicans and C. tropicalis tested were obtained from the
collection of the Mycology Laboratory, Department of Pharmaceutical Sciences,
Federal University of Paraiba (LM, DCF, UFPB). They included 9 clinical strains
of C. albicans isolated from the oral cavity and the base of the participant's
prosthesis (LM-3P; LM-4B; LM-4P; LM-5B; LM-5P; LM-7B; LM-7P; LM-8B; LM-
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8P) and one reference strain C. albicans ATCC 76645, as well as 6 strains of C.
tropicalis (LM-2; LM-77; LM-96; LM-100; LM-202), including one reference strain
ATCC 750.

Inoculum preparation

For the yeast inoculum preparation procedure, the isolates were cultured
in slanted ASD medium at 35+2°C for 24 hours (overnight). Suspensions of the
microorganisms were prepared in tubes containing 5 mL of sterile 0.9% saline
solution (Farmax - Distribuidor Ltd., Amaral, Divinépolis, MG, Brazil). These
suspensions were then agitated for 2 minutes using a Vortex mixer (Fanem Ltd.,
Guarulhos, SP, Brazil).

After agitation, the turbidity of each suspension was compared and
adjusted to match that of the barium sulfate suspension from tube 0.5 of the
McFarland scale, which corresponds to an inoculum of approximately 10°
CFU/mL. This suspension was then diluted with distilled water at a ratio of 1:10,
resulting in an inoculum containing approximately 105105 CFU/mL, which was

used in the assays performed [15].

Determination of Minimum Inhibitory Concentration (MIC) and Minimum
Fungicidal Concentration (MFC)

The antifungal potential of geraniol, nystatin, and miconazole (Sigma-
Aldrich®, S&o Paulo, Brazil) against Candida strains was initially analyzed using
the Minimum Inhibitory Concentration (MIC) technique. In a 96-well microplate
(ALAMAR®), 100 pL of liqguid RPMI medium without bicarbonate (Sigma-
Aldrich®, S&o Paulo, Brazil) was added to all wells [15], and 100 uL of the
emulsions of the test substances were added to the first row of the microplate, all
in double concentration [15].

Through a series of two-fold dilutions, concentrations ranging from 1024
to 4 yg/mL were obtained. Finally, 10 pL aliquots of the fungal suspensions were
added. The MIC was defined as the lowest concentration capable of completely
inhibiting fungal growth after 48 hours at 35 + 2 °C. The product was considered
active when it inhibited at least 50% of the microorganisms used in the
microdilution assays [16]. MIC activity was classified as strong, moderate, or
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weak based on the following criteria: up to 600 ug/mL = strong activity, 600-1500
Mg/mL = moderate activity, and = 1500 pg/mL = weak activity [17].

After reading and determining the MIC, the MFC evaluation assay was
performed. Aliquots of 10 uL of the supernatant from wells with complete fungal
growth inhibition (MIC, 2xMIC, and 4xMIC) were taken and seeded onto new
plates containing RPMI-1640 (Sigma-Aldrich®, S&o Paulo, Brazil). These were
then incubated for 48 hours at 35 + 2 °C. The MFC was defined as the lowest
concentration of geraniol, nystatin, and miconazole that inhibited at least 50% of
the microorganisms used in the biological assays [18,19]. The antifungal effect
was considered fungicidal when the MFC/MIC ratio was 1:1 or 2:1, and fungistatic
when the ratio was greater than 2:1.

Controls for sterility, cell viability, and 5% DMSO and 2% Tween 80 were
performed. At the end of all procedures, the plates were closed, sealed, and
incubated at a temperature of 35 £+ 2 °C for 48 hours. After this period, the

biological assays were read.

Determination of effects of geraniol on fungal cell wall

Sorbitol assay

The minimum inhibitory concentration (MIC) of geraniol was determined
for Candida albicans and Candida tropicalisusing the broth microdilution method
in 96-well U-bottom plates, as previously described. For this assay, one clinical
strain and one reference strain of each species were selected based on the
criterion of the best results in preliminary MIC tests. If similar results were
obtained between strains, the selection was made randomly.

Sorbitol was added to the culture medium as an osmotic support, reaching
a final concentration of 0.8 M. A microorganism control was performed by adding
100 pL of RPMI medium with sorbitol (0.8 M), 100 yL of DMSO solution (5%),
and Tween 80 (2%) dissolved in RPMI, along with 10 pL of the inoculum of each
species. Additionally, a sterility control was performed by placing 200 pyL of RPMI
in a well without fungal suspension. The plates were aseptically sealed and
incubated at 35-37°C for 48 hours before reading the results [20].
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The MIC values of the products were compared in the absence and
presence of sorbitol. The assays were conducted in triplicate, and the results

were expressed as the geometric mean of the values obtained [20].

Ergosterol binding assay

MIC value determination in the presence of ergosterol

To determine whether geraniol binds to ergosterol in the fungal membrane,
the MIC of this compound for C. albicans and C. tropicalis was determined using
microdilution in a medium with and without the addition of ergosterol. If the
product’s activity is due to binding with ergosterol, the exogenous ergosterol will
prevent binding to the fungal membrane ergosterol, and as a result, the MIC of
this product is likely to increase in the presence of exogenous ergosterol
compared to the control assay. If the MIC of the product remains unchanged in
the presence of exogenous ergosterol, it suggests that this compound does not
act by binding to membrane ergosterol. Similarly, it can be assessed whether this
behavior is specific to ergosterol or occurs similarly with cholesterol [21].

The MIC determination of the products (geraniol, nystatin, and
miconazole) against C. albicans and C. tropicalis strains (ATCC and clinical) was
conducted by microdilution in 96-well microdilution plates, as previously
described. The culture medium (RPMI) was used in the absence and presence
of 400 pg/mL of ergosterol. A microorganism control was conducted by placing
in the wells of the penultimate row of the plate 100 yL of DMSO solution (5%)
plus Tween 80 (2%) dissolved in CSD with ergosterol and 10 uL of the inoculum
of each species.

A sterility control was also performed by placing 100 uL of the culture
medium in wells without the fungal suspension. The plates were sealed and
incubated at 35-37°C for 24 - 48 hours before reading. The assays were
performed in triplicate, and the results were expressed as the geometric mean of
the outcomes [21].
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Determination of the Fractional Inhibitory Concentration Index
(Checkerboard Method) of Geraniol

The effect of combining geraniol with nystatin and geraniol with
miconazole was analyzed using the checkerboard technique [22]. Initially,
dilutions of the test drug solutions were prepared at 1/8 MIC, 1/4 MIC, 1/2 MIC,
MIC, 2xMIC, 4xMIC, and 8xMIC in RPMI 1640. A 50 pL aliquot of geraniol was
then added to the vertical wells of the plate, and 50 pL of a specific dilution of
nystatin and miconazole were added horizontally. Finally, 100 pL of inoculum was
added. The plates were sealed and incubated at 35+2°C for 48 hours for
readings. The Fractional Inhibitory Concentration Index (FICI) was calculated as
the sum of: FICA + FICB, where A represents geraniol, and B represents nystatin
or miconazole. FICA = (MIC of A combined) / (MIC of A alone), while FICB = (MIC
of B combined) / (MIC of B alone). The FICI was interpreted as follows: synergism
(<0.5), additivity (0.5-1.0), indifference (>1.0 and <4.0), or antagonism (>4.0)
[22].

Sterility controls, cell viability, 5% DMSO, 2% Tween 80, and the standard
antifungal were tested. After completing all processes, the plates were closed,
sealed, and incubated at 35+2°C for 48 hours, after which the biological assays

were read.

Molecular Docking

Rigid molecular docking simulations were performed with the following
proteins: sterol 14-a demethylase (CYP51) (PDB ID: 5TZ1) 2.0 A and B-(1,3)-
glucanase (PDB ID: 1EQC) from C. albicans. The structures were retrieved from
the Protein Data Bank (PDB) and loaded into PyMol 2.5.3 to remove water
molecules and co-crystallized ligands (oteseconazole and castanospermine,
respectively). The geraniol ligand was constructed in Marvin Sketch 16.3.7, and
using Avogadro 1.2.0 at pH 7.4 and Mopac 2012 at the PM6 level, energy
minimizations and molecular optimization were performed with the AM1-BCC
force field in Chimera 1.16, obtaining the .mol2 input file for the ligand [23,24].
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Subsequently, the proteins were loaded into AutoDockTools 1.5.4 (ADT)
[25] for the addition of polar hydrogens and Kollman charges, as well as the
merging of non-polar hydrogens. Docking simulations were then carried out by
identifying the active sites of the targets with the following grid centers: CYP51
(70.609; 66.284; 4.177 A) and B-(1,3)-glucanase (34.786; 36.699; 56.278 A), grid
box dimensions (40 x 40 x 40), and spacing of 0.375 A.

After locating the active sites, docking was performed using AutoDock 4.2,
with 100 runs of the Lamarckian genetic algorithm and the default parameters of
ADT. As a result, Binding Free Energy (AG) and Inhibitory Constant (Ki) values
were generated, with the conformations showing the lowest AG values being
selected. Finally, with the assistance of PyMol 2.5.3 and Discovery Studio 2021,
the results were analyzed to determine the binding regions of the target with the
ligand molecule, the types of interactions, and the active site amino acids involved
in the binding. The methodology was validated through molecular redocking,
which involves reflecting the position and orientation of the ligand found in the
crystallographic structure and selecting the ligand conformation with the lowest
Root Mean Square Deviation (RMSD) of the atomic distances, which should be
< 2.0 A[26].

Results and Discussion

The results of this study demonstrated that geraniol has an MIC of 64
pg/mL  against 100% of the tested Candida albicans and Candida
tropicalis strains. This value indicates a strong antifungal activity of geraniol,
considering that, according to the literature, products with MICs below 100 pg/mL
are classified as having good antimicrobial activity (Table 1).

This result is consistent with the findings of Leite et al. [27], who
investigated the antifungal activity of geraniol against Candida albicans strains
isolated from blood cultures and pulmonary secretions. Geraniol exhibited an MIC
of 16 pg/mL for 90% of the samples tested.

Marcos et al. [28] investigated the antifungal efficacy of geraniol against
isolates of C. albicans, C. glabrata, C. tropicalis, C. guilliermondii, C. parapsilosis,
C. dubliniensis, and C. krusei from denture wearers. The results indicated that
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geraniol exhibited significant in vitro activity against both fluconazole-resistant
and susceptible Candida isolates in a dose-dependent manner. Additionally,
another study found that geraniol has a MIC of 100 ug/mL against Streptococcus
mutans, one of the microorganisms responsible for the development of dental
caries. Therefore, this compound shows potential for use in various formulations,
including those aimed at preventing dental caries.

The MFC of geraniol was 128 pg/mL, inhibiting 82% of the entire sample
used (Table 1). According to Siddiqui et al. [29], a substance exhibits fungistatic
activity when the MFC/MIC ratio is 2 4 and fungicidal activity when the MFC/MIC
ratio is < 4. Hafidh et al. [16] state that a product is considered fungicidal when
the ratio is 1:1 or 2:1 and fungistatic when the ratio is greater than 2:1.

According to these methodologies, the geraniol analyzed in the present
study demonstrated fungicidal activity, offering several advantages over
fungistatic agents. Geraniol's ability to directly kill fungal cells can significantly
reduce the risk of infection recurrence, which is advantageous for
immunocompromised patients or those with severe systemic infections, Shama
et al. [30].

This finding is consistent with the study by Singh et al. [31], where geraniol
was also considered fungicidal against Candida albicans. The study showed that
geraniol possesses fungicidal action that is enhanced by inhibiting the efflux of
CaCdr1p, an efflux pump that contributes to multidrug resistance (MDR), and by
its synergy with fluconazole.
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Table 1: Results of Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal Concentration (MFC) Values

Fungos Geraniol Nystatin Miconazole
MIC* MFC* MFC/MIC MIC* MFC* MFC/MIC MIC* MFC* MFC/MIC
Candida albicans
ATCC -76645 64 128 Fungicide 32 64 Fungicide 8 16 Fungicide
LM-3P 64 128 Fungicide 32 64 Fungicide 8 16 Fungicide
LM-4B 64 128 Fungicide 32 128 Fungistatic 8 16 Fungicide
LM-4P 64 128 Fungicide 32 64 Fungicide 8 16 Fungicide
LM-5B 64 128 Fungicide 32 64 Fungicide 8 16 Fungicide
LM-5P 64 128 Fungicide 32 64 Fungicide 8 16 Fungicide
LM-7B 64 256 Fungistatic 32 64 Fungicide 8 16 Fungicide
LM-7P 64 64 Fungicide 32 64 Fungicide 8 16 Fungicide
LM-8B 64 64 Fungicide 32 128 Fungistatic 8 16 Fungicide
LM-8P 64 128 Fungicide 32 128 Fungistatic 8 16 Fungicide
Candida tropicalis

ATCC-750 32 64 Fungicide 32 32 Fungicide 8 16 Fungicida
LM-2 64 128 Fungicide 32 64 Fungicide 8 16 Fungicida
LM-77 64 128 Fungicide 32 64 Fungicide 8 16 Fungicida
LM-96 64 256 Fungistatic 32 64 Fungicide 8 16 Fungicida
LM-100 64 256 Fungistatic 32 128 Fungistatic 8 16 Fungicida
LM-202 64 128 Fungicide 32 64 Fungicide 8 16 Fungicida
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The sorbitol assays conducted in this research indicate that geraniol exerts its antifungal effect specifically through the cell wall

in C. albicans strains. This is evidenced by the increase in MIC from 64 pyg/mL to 256 pug/mL in the presence of sorbitol. This finding

suggests that the mechanism of action of geraniol involves the disorganization of the cell wall, making fungal cells more susceptible

to osmotic stress, resulting in their inhibition. In contrast, this effect was not observed in the other strains studied, as the concentration

of the products needed to overcome the osmotic protection conferred by sorbitol did not increase (Table 2).

Table 2: Effect of Geraniol, Nystatin, and Miconazole Against Candida albicans and Candida tropicalis in the Absence and Presence of 0.8 mol/L

Sorbitol.

Fungal Strains

Geraniol (ug/mL)*

Nystatin (ug/mL)*

Miconazole (ug/mL)*

Absence of Presence of Absence Presence Absence of Presence
Sorbitol Sorbitol of Sorbitol of Sorbitol Sorbitol of Sorbitol
C.albicans
ATCC -76645 64 256 32 32 8 32
LM -4B 64 256 32 32 8 32
C. tropicalis
ATCC -750 64 64 32 32 8 32
LM -77 64 64 32 32 8 32
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The study conducted by Singh, Fatima, and Hameed [31] used a different methodology from the present study but
demonstrated that geraniol causes the disruption of the cell wall integrity of Candida albicans. Additionally, the authors showed that

geraniol blocks the calcineurin signaling pathway, a multifunctional regulator essential for cell growth and maintaining cell wall integrity

under stress conditions.

Regarding the mechanism of action on ergosterol, it was observed that there was an increase in the MIC of geraniol and
nystatin in the presence of 400 pg/mL ergosterol, with MIC values ranging from 64 to 256 pg/mL for C. albicans and from 32 to 512

ug/mL for C. tropicalis. This result suggests that geraniol interferes with the integrity of the fungal cell membrane, possibly through

interaction with ergosterol.

Table 3: Effect of Geraniol Against Candida albicans and Candida tropicalis in the Absence and Presence of Ergosterol ug/mL.

Fungal Strains

Geraniol (ug/mL)*

Nistatina (ug/mL)*

Miconazol (ug/mL)*

Absence of Presence of Absence of Presence Absence of Presence
ergosterol ergosterol ergosterol of ergosterol of
ergosterol ergosterol
C.albicans
ATCC -76645 64 256 32 256 8 32
LM -4B 64 256 32 256 8 32
C. tropicalis
ATCC - 750 64 256 32 512 8 32
LM -77 64 256 32 512 8 32

*Modal Values of the Three Experiments
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Similarly, in the study by Miron et al. [32], the antifungal activity of various monoterpenes, including geraniol, was evaluated
against several species of pathogenic yeasts and dermatophytes. The researchers observed that geraniol shows affinity for ergosterol,
suggesting that its mechanism of action is related to the destabilization of the fungal cell membrane. These findings support the results
of the present study, indicating that the interaction of geraniol with ergosterol is an important mechanism for its antifungal action. On
the other hand, Singh et al. [31] found that geraniol can affect cell membrane integrity and disrupt regulatory pathways, such as the
calcineurin signaling pathway, in Candida albicans, partially supporting the results of the present study.

The results of the checkerboard assay for the combination of geraniol and nystatin, as well as geraniol and miconazole, on
strains of Candida albicans and Candida tropicalis provide important insights into the interactions of these compounds. For Candida
albicans (LM — 4B), the combination of geraniol and nystatin showed an FICI index of 0.625, indicating additivity. This result suggests

that the combination of the two agents may be more effective than using each one alone, although it did not reach a level of synergism.

Table 3: Determination of the Fractional Inhibitory Concentration Index (FICI) for the Combination of Geraniol with Nystatin on Candida

albicans and Candida tropicalis Strains Using the Checkerboard Method

Fungal Strains ICIF ICIF Index *ICIF
Isolated MIC Combined MIC
C. albicans

ATCC - 76645 1 1 (2) Indifferent

LM -4B 0,5 0,125 (0,625) Additivity
C. tropicalis
ATCC - 750 1 1 (2) Indifferent
LM -77 1 2 (3) Indifferent

*MIC, Minimum Inhibitory Concentration (ug mL-1); *FICI, fractional inhibitory concentration index
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For Candida albicans (LM — 4B), the combination of geraniol and miconazole presented an FICI index of 0.25,
indicating synergism. This finding is particularly significant as it suggests that the combination of these agents may result in
a more potent antifungal effect, allowing for the use of lower doses of each compound to achieve the desired efficacy. In the
other strains tested, the interactions were classified as indifferent, suggesting that, for these strains, the combination does
not offer any additional benefit in terms of antifungal efficacy.

Table 5: Determination of the Fractional Inhibitory Concentration Index (FICI) for the Combination of Geraniol with Miconazole

on Candida albicans and Candida tropicalis Strains Using the Checkerboard Method

Fungal Strains ICIF ICIF indice *ICIF
Isolated MIC Combined MIC
C. albicans
ATCC - 76645 1 1 (2) Indifferent
LM -4B 0,125 0,125 (0,25) Synergism
C. tropicalis
ATCC - 750 1 0,125 (1,125) Indifferent
LM -77 4 0,125 (4,125) Indifferent

*MIC, Minimum Inhibitory Concentration (ug mi™"); **FICI, Fractional Inhibitory Concentration Index.

The results presented are consistent with the findings of Khan et al. [33], who investigated the antibiofilm activity
of various phytocompounds, including geraniol, and their synergy with fluconazole against Candida albicans biofilms.
They demonstrated that the combination of geraniol with fluconazole can convert the fungistatic nature of fluconazole
into fungicidal, enhancing its efficacy against Candida biofilm cells. This observation supports the findings of the
present study, where the combination of geraniol and miconazole exhibited synergism, indicating a potential similar

mechanism of action, where geraniol may enhance the efficacy of miconazole.
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Regarding the results of the molecular docking, molecular redocking was
initially performed, which involves removing the co-crystallized ligand and
conducting docking simulations. This allowed for the calculation of binding
energies (AG), inhibitory constants (Ki), and the RMSD values, which should be
below 2.0 A (Table 6), thereby validating the applied methodology.

The co-crystallized compound oteseconazole, a CYP51 inhibitor from C.
albicans used as a positive control, binds to the active site of this enzyme and
can block the synthesis of ergosterol, one of the main lipids of the fungal cell
membrane, forming hydrophobic interactions with various residues. Notably, Pi-
sigma interactions with Leu376 and Met508, as well as halogen bonds between
fluorine and the Gly303 residue, were observed. Thus, the redocking provided
structures with spatial arrangements (3D) similar to the crystallographic structure
as well as the interactions with the enzyme's active site (2D) (Figure 1).

Similarly, the interactions of the co-crystallized castanospermine were
observed, which binds to the active site of the 3-(1,3)-glucanase enzyme from C.
albicans and C. tropicalis, potentially inhibiting the synthesis of chitin, an
important polymer of the fungal cell wall. From this interaction, the hydrogen
bonds formed by the residues Glu27, His135, Asn191, Glu292, and Trp363 with
the OH groups of castanospermine, as well as the formation of van der Waals
hydrophobic interactions, stand out (Figure 2).

Next, docking was performed with geraniol and the CYP51 enzyme,
which showed higher AG and Ki values compared to the co-crystallized ligand
oteseconazole. Similarly, geraniol binds to the active site of B-(1,3)-glucanase
with affinity comparable to the co-crystallized ligand castanospermine, given that
the AG and Ki values are relatively close (Table 6).

Table 6: Binding Energies (AG) and Inhibitory Constants (Ki) of the Co-crystallized
Ligands (Oteseconazole and Castanospermine) and the Geraniol Ligand Against the
CYP51 and B-(1,3)-glucanase Enzymes of C. albicans.

AG
Enzymes Classification AG Ki RMSD (kcal/mol) Ki
(kcal/mol) (A)
Geraniol
CYP51 Oxidoreductase -8.26 877.07nM 0.716 -4.88 266.26uM
B-(1,3)- Hydrolase -5.35 120.72uM  0.624 -4.84 281.14uM

glucanase
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Figure 1. Redocking of Co-crystallized Oteseconazole with CYP51 (PDB ID: 5TZ1). a,
3D diagram of the co-crystallized ligand in green and the redocked ligand in blue. b and
¢, 2D diagrams showing the types of interactions of the oteseconazole molecule (co-
crystallized and redocked) with the active site residues of the C. albicans CYP51
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Figure 2. Redocking of Co-crystallized Castanospermine with B-(1,3)-glucanase
(PDB ID: 1EQC). a, 3D diagram of the co-crystallized ligand in green and the redocked
ligand in blue. b and c, 2D diagrams showing the types of interactions of the ligand
molecule (co-crystallized and redocked) with the active site residues of the C. albicans [3-
(1,3)-glucanase enzyme.
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Geraniol interacted with the active site of the CYP51 enzyme through

several types of bonds, including van der Waals, hydrogen bonding, carbon-

hydrogen, Pi-sigma, alkyl, and Pi-alkyl interactions (Figure 2 A and B). Notably,

there is a hydrogen bond between the -OH group of geraniol and the lle304

residue (1.88 A), as well as hydrophobic interactions between the carbons of

geraniol and the heme group at the enzyme's active site (Figure 3a and b).

For this molecule, the relationships between the chemical groups of

geraniol and the enzyme's active site were also observed on hydrogen donor-

acceptor and hydrophobicity surfaces, highlighting the coherence of these

interactions (Figure 3c and d). It is evident that the active site of CYP51 is
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predominantly apolar, which is why it forms several hydrophobic interactions with
the ligands under study. However, the co-crystallized ligand oteseconazole
exhibits a higher affinity for CYP51 compared to geraniol, due to its larger
molecular weight and spatial arrangement, as well as the relatively large active

site of the enzyme, resulting in greater molecular complementarity.

Figure 3. Molecular Docking of the Geraniol Ligand with the Active Site of the
CYP51 Enzyme (PDB ID: 5TZ1). a, main types of interactions between geraniol and the
enzyme's active site in 2D. b, 3D distribution and distances of the chemical bonds
between the geraniol ligand (green) and the amino acids and heme group of the
enzyme's active site. ¢, 3D surface model of the enzyme's active site region occupied by
the ligand (green) and the locations of hydrogen donors and acceptors. d, 3D surface

model showing the regions of the ligand with varying degrees of hy
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The molecular docking results demonstrate that geraniol exhibits significant
affinity for the active site of the CYP51 and 3-(1,3)-glucanase enzymes of Candida
albicans. This affinity is comparable to the co-crystallized ligands oteseconazole and
castanospermine, although geraniol shows slightly higher AG and Ki values,
suggesting an effective interaction with these enzymes.

The study by Gupta [34] reinforces the antifungal efficacy of geraniol,
showing that it can inhibit both planktonic growth and biofilm formation of Candida
glabrata, as well as affect multiple cellular pathways, such as ergosterol synthesis
and cell wall integrity [34]. This suggests that geraniol may act similarly in C.
albicans, affecting key cellular pathways and contributing to its antifungal activity.

Additionally, Khan [33] demonstrates that geraniol has antibiofilm activity
against C. albicans and is more active than some conventional antifungals, such as
fluconazole and amphotericin B. It showed synergy when combined with
fluconazole, enhancing treatment efficacy against established biofilms. These
findings corroborate the potential of geraniol as an effective antifungal agent, acting
on both planktonic growth and biofilm formation.

Thus, the molecular docking, combined with literature evidence, suggests
that geraniol has promising potential as an antifungal agent
against Candida species, acting through multiple pathways and with the potential to

be used in combination with conventional antifungals to enhance treatment efficacy.
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Conclusion

The geraniol shows effective antifungal activity against Candida albicans and
Candida tropicalis, isolated patients with estomatite protection, and has high values
of minimum initial concentration (CIM) and minimum fungicidal concentration (CFM).

The results suggest that geraniol exerts its fungicidal activity mainly due to
the disorganization of cell fungi and interaction with ergosterol in the cell membrane,
leading to mechanisms that confirm the action of sorbitol and ergosterol. In addition,
a synthetic effect was found when combined with geraniol in combination with
miconazole, which had the potential to benefit the combination with antifungal drugs.
As simulations of molecular docking research linking geraniol to all enzymes, its
therapeutic approach is valid. Importantly, this confirms the potential of geraniol as
a therapeutic alternative for the treatment of fungal infections over time, especially
in cases of estomatitis protection, and contributes to the development of new
therapeutic measures in dentistry.
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Abstract: The present study evaluated the cytotoxic and genotoxic effects of
geraniol on human erythrocytes and oral mucosal epithelial cells, respectively.
Geraniol was tested at concentrations of 50, 100, 500, and 1000 pug/mL. Cytotoxicity
was assessed through a hemolysis assay conducted on erythrocytes of blood types
A, B, and O, measuring the percentage of hemolysis at various concentrations.
Genotoxicity was evaluated in oral mucosal epithelial cells collected with a cytobrush
and exposed ex vivo to geraniol. The cells were fixed, stained with Giemsa, and
analyzed for the presence of micronuclei, binucleation, karyolysis, karyorrhexis, and
macronuclei. Approximately 1,000 cells per slide were examined to identify potential
genetic damage. The results indicated that at low concentrations (50 to 100 yg/mL),
geraniol did not exhibit significant cytotoxicity, with hemolysis remaining below 20%.
However, at higher concentrations (500 to 1000 pg/mL), geraniol induced significant
hemolysis, exceeding 80% in all tested blood types. In the genotoxic analysis,
geraniol demonstrated a low genotoxic effect, with most cells remaining normal even
at elevated concentrations. Cellular alterations such as micronuclei and binucleation
were observed only at the 1000 pg/mL concentration, but to a lesser extent
compared to the positive control. It is concluded that, although geraniol has
therapeutic potential, its use at high concentrations should be approached with
caution due to the risk of cytotoxicity. Further studies are required to define safe

parameters for its clinical use.

Keywords: Geraniol; Monoterpenes; Cytotoxicity, Anti-genotoxicity.

Introduction

Geraniol, a monoterpene found in essential oils of various plants such
as Cymbopogon martinii (palmarosa), Rosa spp. (rose), Pelargonium
graveolens (geranium), Zingiber  officinale (ginger), Thymus  vulgaris (thyme),
and Lavandula angustifolia (lavender), has been extensively studied due to its
diverse biological properties, including antimicrobial, antioxidant, and anticancer
activities. Owing to these properties, geraniol has been considered a potential
therapeutic agent in various clinical and industrial applications [1].

However, despite its potential benefits, the use of geraniol at elevated

concentrations raises concerns about its safety, particularly regarding its cytotoxic
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and genotoxic effects [2]. Cytotoxicity, which refers to a substance's ability to cause
cell damage, can have severe consequences, especially when it affects blood cells
like erythrocytes, which are essential for oxygen transport and the maintenance of
bodily homeostasis [3]. Similarly, genotoxicity, which involves damage to the genetic
material of cells, can lead to mutations, cancer, and other genetic diseases if not
properly controlled [2,3].

Previous studies indicate that geraniol may induce oxidative stress, a
mechanism by which free radicals and other Reactive Oxygen Species (ROS)
damage cellular components, including DNA and cell membranes. This oxidative
stress can, in turn, lead to hemolysis in erythrocytes and genetic damage in other
cell types. However, the extent of these effects and their implications for the safety
of geraniol in therapeutic applications have not yet been fully elucidated [4].

Given the growing interest in the use of geraniol, it is essential to rigorously
evaluate its cytotoxic and genotoxic effects to establish appropriate safety
parameters [5,6]. Therefore, the objective of this study is to investigate the effects
of geraniol on human erythrocytes, evaluating both induced hemolysis and potential
genetic damage caused by this compound at different concentrations. Additionally,
the study aims to identify the presence of cellular events indicative of genotoxicity,
such as micronucleus formation, binucleation, karyolysis, karyorrhexis, and

macronucleus formation in oral mucosal epithelial cells exposed to geraniol.

Materials and Methods
Study Location

The in vitro cytotoxicity and ex vivo genotoxicity analyses were performed at
the Laboratory of Phytotherapy, Biochemistry, and Microbiology (LAFBIM) on the
campus of the Federal University of Campina Grande, in the city of Patos, Paraiba,
Brazil.
Geraniol Substance

The phytoconstituent included in the study, geraniol, was purchased from
Sigma-Aldrich®. For the antifungal activity evaluation tests, the products were
weighed and solubilized in Dimethyl sulfoxide (Sigma-Aldrich®) 150 uL (3%) and
Tween 80 (Sigma-Aldrich®) 100 pL (2%). The final volume was then brought to 3

mL with sterilized distilled water.
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Cytotoxic Potential in Human Erythrocytes (ABO System)

Aliquots of human blood (types A, B, and O) were mixed with 0.9% NaCl
(1:30) and centrifuged at 2500 rpm for 5 min. After repeating this procedure twice,
the sediment from the final centrifugation was resuspended in 0.9% NaCl to produce
a 0.5% red blood cell suspension free of leukocytes and platelets. Then, 2 mL of red
blood cell suspensions were treated with the test substance at concentrations of 50,
100, 500, and 1000 pg/mL. The samples were incubated for 1 hour at 22 + 2 °C and
kept under slow and continuous agitation (100 rpm). Subsequently, they were
centrifuged at 2500 rpm for 5 min. Hemolysis was quantified by spectrophotometry
at the maximum absorbance wavelength (540 nm). A suspension of red blood cells
was used as a negative control (0% hemolysis), and another suspension of red
blood cells with 1% Triton X-100 was used as a positive control (100% hemolysis)
[7]. Each test was performed in triplicate, and the data were expressed as
percentages of hemolysis, representing the arithmetic mean of three
measurements.

The blood donor volunteers met the following inclusion criteria: over 18 years
of age, no alcohol consumption within 48 hours before blood collection, no systemic
diseases, no medication use within 72 hours prior to blood collection, no recent
infectious diseases (within the last two weeks), non-smoker (or having ceased
smoking at least 24 hours before collection), a body mass index (BMI) between 18.5
and 29.9 kg/m?, not being pregnant or breastfeeding (for female donors), no history
of autoimmune diseases or severe allergic reactions, and no blood donations or
surgical procedures in the past three months. All volunteers agreed to participate in
the study by signing the Informed Consent Form.

Additionally, this project was previously submitted to the Research Ethics
Committee and was approved under the opinion no. 6.076.256 (Annex C).

Investigation of the Genotoxic Potential in Human Oral Mucosal Cells
Epithelial cells were collected from the left or right side of the oral mucosa
using a cytobrush (endocervical sample/cell collector), considered the most
appropriate instrument for obtaining exfoliated cells [8]. The cells were kept in a tube
with 5 mL of 0.9% NaCl (cell preservation medium) until the slides were prepared.
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Control cells were divided into two groups: those treated with hydrogen
peroxide (0.0005%) (positive control) and those that received no treatment (negative
control). The cells were washed twice in saline solution, centrifuged for 10 min at
1,500 rpm, and then kept in 5 mL of saline solution. The samples were washed once
more and exposed ex vivo to the test substances at concentrations of 50, 100, 500,
and 1000 pug/mL for 30 min. They were then centrifuged, and the supernatant was
discarded. Before preparing the smears, the homogenized cells were vortexed onto
slides, dried at room temperature, and fixed in methanolacid (3:1) for 15 min [9,10].

The slides were kept at room temperature for 12 hours. After this period, they
were immersed in distilled water for 1 min and stained with 2% Giemsa for analysis
under optical microscopy [11]. Cellular toxicity was assessed by the presence of
cellular indicators, such as micronucleus, binucleation, karyolysis, karyorrhexis, and
macronucleus [12,13]. Approximately 1,000 cells were analyzed per slide.

The volunteers met the following inclusion criteria: over 18 years of age, no
systemic diseases, no lesions or inflammation in the oral cavity, no use of antibiotics
or anti-inflammatory drugs in the last two weeks, no invasive dental procedures in
the past 30 days, non-smoker or having ceased smoking at least 30 days before
collection, no alcohol consumption within 48 hours prior to sample collection,
maintaining good oral hygiene, not being pregnant or breastfeeding, and agreeing
to participate in the study by signing the Informed Consent Form.

Additionally, this project was previously submitted to and approved by the
Research Ethics Committee under approval number 6.076.256.
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Results and discussion

Erythrocytes are particularly susceptible to damage induced by free radicals
[14]. In this study, our results support the hypothesis that oxidative stress is a key
factor in the induction of hemolysis. The destruction of erythrocytes was quantified
and expressed as hemolytic potential, classified as low (0-40%), moderate (40-
80%), or high (>80%) [7].

The analysis revealed that geraniol did not exert significant toxicity on ABO
system erythrocytes at concentrations of 50 to 100 pyg/mL. The hemolytic potential
ranged from 18% to 95%, with low toxicity observed at concentrations of 50 to 100
pug/mL. However, at concentrations of 500 to 1000 pg/mL, geraniol induced

hemolysis greater than 80% in all blood types evaluated (Figure 1).

Figure 1: Cytotoxic effect of geraniol against
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The results of the present study indicate that geraniol exerts significant
cytotoxic effects on ABO system erythrocytes, particularly at higher concentrations
(500 to 1000 pg/mL), where hemolysis exceeded 80% for all blood types evaluated.

These findings are consistent with previous studies that have also reported
the cytotoxic effects of geraniol on different cell types. Hacke et al. [15] observed
that geraniol demonstrated a significant reduction in cell viability in MCF-7 breast
cancer cells, particularly at higher concentrations, similar to the effect observed on

erythrocytes in our study. This cytotoxic effect was attributed, in part, to geraniol's
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ability to generate reactive oxygen species, promoting oxidative stress and leading
to programmed cell death (apoptosis).

Mamur [16] also identified cytotoxic and genotoxic effects of geraniol in
human lymphocyte cells, observing that concentrations above 50 ug/mL significantly
increased the frequency of chromosomal aberrations and DNA damage, as
measured by the comet assay. These results suggest that geraniol, in addition to
being cytotoxic, may also induce genetic damage, which could have important
implications for its therapeutic application.

Despite the promising effects of geraniol as an antimicrobial and
antiproliferative agent, our data and previous studies [16,17] indicate that its
application at higher concentrations may be limited due to its potential to cause
significant cytotoxicity. Therefore, determining a safe therapeutic window is
essential for the clinical use of geraniol.

Additionally, the differences observed in cytotoxicity between studies may be
attributed to variations in tested concentrations, cell types used, and methodologies
employed. For example, while our study focused on erythrocytes, other studies
investigated different cell types, such as cancer cells and lymphocytes, which may
explain some of the variations in the results observed [16,17].

The results of the present study support the hypothesis that oxidative stress
is a key factor in the induction of hemolysis in erythrocytes, especially at elevated
geraniol concentrations. Previous studies have also identified geraniol as a
compound with significant antioxidant properties. For example, it was demonstrated
that geraniol attenuated oxidative stress and aluminum chloride-induced
hepatopancreatic toxicity in rats by enhancing the activity of antioxidant enzymes
such as glutathione peroxidase (GPx) and superoxide dismutase (SOD), and by
reducing levels of malondialdehyde (MDA), a marker of lipid peroxidation [17].

This evidence suggests that the protective effects of geraniol observed in
other oxidative stress models may extend to preserving erythrocyte integrity,
provided it is used at appropriate concentrations [18]. However, the cytotoxicity
observed at higher concentrations in the present study underscores the need for a
cautious approach in using geraniol, considering that its efficacy and safety may
vary depending on the dosage and the biological system in question.
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Finally, it is important to emphasize that, while geraniol shows therapeutic
potential, the risks associated with its use at high concentrations should not be
underestimated. Further studies are needed to explore the underlying mechanisms
of geraniol’s cytotoxicity and to define safe concentrations for its use in therapies,
especially in applications involving direct contact with blood cells or other sensitive
tissues.

Genotoxicity tests assess the ability of extracts or substances, even at low
concentrations, to interact with nucleic acids. Interaction with DNA can induce
chromosomal aberrations and alterations in DNA structure, leading to irreversible
cellular damage, such as necrosis or apoptosis, which can potentially be passed on
to daughter cells during cell division [3,20].

Although cells possess DNA repair mechanisms, unrepaired lesions can
result in mutations, which are associated with the development of various genetic
diseases, particularly cancer [20,21,22].

Cellular toxicity was evaluated using indicators such as micronuclei,
binucleation, karyolysis, karyorrhexis, and macronuclei. Geraniol induced few
cellular alterations compared to the positive control, showing results closer to those
of the negative control. Across all tested concentrations (50 to 1000 pg/mL), a high
percentage of normal cells (>85%) was observed. However, at the concentration of
1000 pg/mL, some significant cellular alterations occurred, such as micronuclei,
macronuclei, and binucleation (Table 1). Despite these alterations, the magnitude
of the changes was less than that observed in the positive control, indicating a low
genotoxic effect of geraniol.

Table 1 - Genotoxicity profile — Geraniol

Group Micronuclei | Binucleation | Karyolysis | Karyorrhexis | Macronucleu Normal
(%) (%) (%) (%) s (%) (%)

C- 2,35+ 0,41 1,63 £ 0,41 2,3+0,01 0,08 £ 0,01 0,05+0,18 93,87+ 0,07

C+ 4,31 0,05 446+0,27 0,06+0,04 5,68+0,01 4,51+0,26 80,40+ 0,10
Geraniol
(ng / mL)

1000 3,9040,05 4,00+1,31 1,72+0,09* 3,00+0,04 4,80+0,55 82,6+0,21*

500 0,10 £0,08* 0,27+1,19* 1,88+0,06* 0,17+0,06* 0,21+0,12* 97,3+0,29*

100 0,07 £0,17* 0,20+0,93* 1,40+0,33* 0,14+0,16* 0,30+0,08* 98,6+0,43*

50 0,08+0,23* 1,73+0,08* 0,77+0,12* 0,15+0,49* 0,25+0,33* 99,1+0,21*

* p < 0.05 versus positive control
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In this study, geraniol demonstrated a low genotoxic effect at all tested
concentrations (50 to 1000 pg/mL), with the majority of cells remaining in a normal
state (>85%). Although some cellular alterations, such as the formation of
micronuclei, macronuclei, and binucleation, were observed at the 1000 pg/mL
concentration, these were less pronounced compared to the positive control,
suggesting limited genotoxic activity.

These findings are consistent with the results of Queiroz [22], who evaluated
the cytotoxic and genotoxic potential of geraniol in human peripheral blood
mononuclear cells (PBMC) and the human hepatoma cell line (HepG2). The study
concluded that although geraniol significantly reduced cell viability at higher
concentrations, it did not induce genotoxic or clastogenic/aneugenic effects under
the experimental conditions used. Similarly, our study observed a low rate of cellular
alterations, particularly at lower concentrations, indicating that geraniol may be a
safe option with a lower risk of inducing genetic damage.

Furthermore, Gateva [2] reported that bioactive compounds with antioxidant
properties, such as geraniol, may offer protection against DNA damage, potentially
explaining the high percentage of normal cells observed in our study. This protective
effect is particularly relevant at low geraniol concentrations, where the rate of normal
cells approached that of the negative control, suggesting that geraniol may mitigate
genotoxic damage induced by exogenous agents.

On the other hand, Singulani [23] explored the cytotoxic effects of different
natural compounds and observed that the cytotoxicity of geraniol is dose-
dependent, with more pronounced adverse effects at higher concentrations. In our
study, the increase in cellular alterations at the 1000 pg/mL concentration supports
this observation, suggesting that despite the overall low genotoxic effect, the use of
geraniol at high concentrations should be approached with caution due to the
potential increase in cytotoxicity.

In summary, our results, along with the studies by Queiroz [22], Gateva [2],
and Singulani [23], indicate that geraniol, according to the methodology employed
in this study, has a relatively high safety profile at moderate concentrations.
However, its application at high doses requires careful consideration of potential

cytotoxic effects. Additional studies are needed to more precisely delineate the
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underlying mechanisms of the observed effects and to determine the maximum safe
dose of geraniol, particularly in therapeutic applications.

The connection between hemolysis and genotoxicity data can be understood
through the role of oxidative stress. The increase in ROS not only damages the
erythrocyte membrane, leading to hemolysis, but can also interact with DNA,
causing genetic damage that may result in genotoxicity. However, the higher
proportion of normal cells observed in the genotoxicity assay suggests that geraniol,
although capable of inducing damage at high concentrations, has a limited
genotoxic potential [20,21,22,23].

Future investigations should focus on elucidating the molecular mechanisms
linking oxidative stress to geraniol-induced hemolysis and genotoxicity. Additionally,
further studies are necessary to determine the relevance of these findings in clinical
contexts, particularly concerning the safety of geraniol in therapies involving

prolonged or systemic exposure.

Conclusion

The results of this study demonstrated that geraniol, although it exhibits
cytotoxic effects on human erythrocytes, has a relatively high safety profile at
moderate concentrations. It was observed that at concentrations of 50 to 100 pg/mL,
geraniol did not exert significant toxicity, maintaining hemolytic potential at low
levels. However, at higher concentrations (500 to 1000 pg/mL), geraniol induced
significant hemolysis, exceeding 80%, suggesting that its use at high doses requires
caution.

Furthermore, the evaluation of the genotoxic effects of geraniol on oral
mucosal epithelial cells revealed a low rate of cellular alterations, even at the highest
concentrations tested.
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6. CONSIDERAGOES GERAIS

A presente tese abordou a investigagdo do geraniol como uma potencial
alternativa terapéutica no tratamento de infecgbes fungicas associadas a
estomatite protética, avaliando suas propriedades antifungicas, citotoxicas,
genotoxicas e os mecanismos de agao envolvidos, com o objetivo de estabelecer
parametros de seguranca e eficacia para o seu uso clinico.

No primeiro artigo, foi demonstrado que o geraniol apresenta uma forte
atividade antifungica contra as cepas de Candida albicans e Candida tropicalis,
com valores de Concentrac&o Inibitoria Minima (MIC) inferiores a 100 pg/mL,
caracterizando-o como um composto promissor no combate a infec¢des fungicas
orais.

Além disso, o estudo revelou que o geraniol atua desestabilizando a parede
celular fungica e interagindo com o ergosterol, um componente crucial da
membrana celular dos fungos, sugerindo que a disrupgéo dessas estruturas é parte
fundamental de seu mecanismo de acdo. Adicionalmente, a capacidade do
geraniol em atuar sinergicamente com antifungicos licenciados, como o miconazol,
amplia suas possibilidades de aplicagao terapéutica, permitindo a redugao das
doses dos antifungicos tradicionais e, consequentemente, minimizando os efeitos
colaterais associados ao tratamento.

No segundo artigo, além de confirmar a atividade antifungica do geraniol,
foram avaliados os efeitos citotdxicos e genotoxicos em eritrocitos humanos e
células epiteliais da mucosa oral. Os resultados indicaram que, embora o geraniol
apresente um perfil de seguranga relativamente alto em concentragdes
moderadas, ele pode induzir hemolise e danos genéticos em concentragdes mais
elevadas, evidenciando a necessidade de cautela no uso clinico do composto em
doses elevadas. Estes resultados estdo em consonéancia com a literatura existente,
que aponta para os riscos de citotoxicidade e genotoxicidade de compostos
naturais em concentragdes elevadas, ressaltando a importancia de estabelecer
uma janela terapéutica segura para o uso do geraniol (HACKE et al., 2022;
MAMUR, 2022).

A integragao dos achados dos dois estudos permite sugerir que, apesar de

seu potencial terapéutico promissor, o uso clinico do geraniol deve ser
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cuidadosamente monitorado, especialmente em termos de dosagem, para evitar
possiveis efeitos adversos. Os dados obtidos reforcam a importancia de novos
estudos que explorem em maior profundidade os mecanismos moleculares
subjacentes aos efeitos citotoxicos e genotoxicos do geraniol, bem como a sua
interagdo com outros compostos antifungicos HACKE et al., 2022; MAMUR, 2022).

As limitacbes dos estudos incluem a necessidade de validagao dos
resultados in vitro e in silico em modelos in vivo, bem como a investigagao de
possiveis efeitos a longo prazo do uso do geraniol em ambiente clinico. Além disso,
a variabilidade dos resultados entre diferentes tipos celulares e metodologias
utilizadas sugere que estudos adicionais sdo necessarios para definir com precisao
os parametros de seguranca e eficacia do geraniol.

A contribuicdo desta tese ao conhecimento cientifico reside na
caracterizagdo detalhada das atividades antifungica, citotéxica e genotdxica do
geraniol, fornecendo informagdes pertinentes para a formulagdo de novas terapias
antifungicas baseadas em compostos naturais. Os impactos potenciais incluem a
melhoria das praticas clinicas no tratamento de infec¢gdes fungicas orais,
especialmente em pacientes com estomatite protética, e a promogao de alternativas
terapéuticas mais seguras e eficazes.

Futuros desdobramentos desse estudo podem incluir a exploracido de
combinagdes de geraniol com outros antifungicos naturais ou sintéticos, visando
aumentar sua eficacia e seguranca. Além disso, novas investigacbes sobre a
aplicacdo do geraniol em outras areas da medicina, como no tratamento de
infecgdes sistémicas ou em pacientes imunocomprometidos, tém o potencial de
expandir o conhecimento sobre o composto e promover o desenvolvimento de

novas abordagens terapéuticas.
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8. CONCLUSAO

As investigacdes realizadas nesta pesquisa contribuem significativamente para o
entendimento das atividades antifungica, citotdbxica e mutagénica do geraniol
contra Candida albicans e Candida tropicalis isoladas de pacientes com estomatite
protética. Com base em nossos resultados, pode-se concluir que:

O geraniol possui forte efeito antifungico,

Seus mecanismos de atividade antifungica envolvem a desestabilizagdo da parede

celular e a interagcdo com a membrana plasmatica, especialmente com o ergosterol,

O geraniol exibe potencial sinérgico quando combinado com miconazol, mas apresenta
indiferenca na associagdo com nistatina, conforme demonstrado pelo indice de
Concentragao Inibitoria Fracionada (FICI),

Apresenta atividade citotoxica em eritrécitos humanos, com efeitos hemoliticos mais

acentuados em concentracdes elevadas,

Demonstra um baixo potencial genotoxico em células de mucosa oral, com poucas

alteragdes celulares observadas em concentragdes mais altas,

Estudos de docking molecular confirmam que o geraniol interage significativamente com
enzimas fungicas-chave, como a CYP51 e a B-(1,3)-glucanase, sugerindo que essas
interagbes desempenham um papel fundamental em sua atividade antifungica.
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