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RESUMO

A disseminacéo de bactérias multiressistentes e o surgimentos de novos perfis de resisténcia
bacteriana mediante as diversas drogas utilizadas na clinica, a uma necessidade de novas
alternativas de controle que possa atuar como inibidores dos mecanismos de resisténcia, e também
como potencializadores de antibidticos. Mediante a capacidade que os 6leos essencias (OE) tem
de contér atividades biologicas antibacteriana e antifungica, este estudo dedicou-se & analisar o
perfil fitoquimico da planta Ocotea odorifera e avaliar as propriedades antibacteriana e
potencializagdo de antibidticos utilizados na clinica. Além de analisar o 6leo essencial de Ocotea
odorifera (EOOQ) avaliou também a capacidade de atividade direta do safrol, como também o
seu efeito potencializador e inibidor de bombas de efluxo. O EOOO de folhas de ramos terminais
foi obtido por hidrodestilacdo, e a analise quimica foi realizada pela cromatografica gasosa
acoplada a espectrometria de massa (CG-EM). As atividades antibacteriana e potencializadora de
antibioticos frente as cepas de Staphylococcus aureus, Escherichia coli e Pseudomonas
aeruginosa, foram analisadas pelo método de microdiluigdo em caldo. O efeito potencial de
inibicdo de bombas de efluxo pelo safrol em associacdo ao brometo de etidio ou antibioticos foi
avaliado usando as cepas de S. aureus 1199B e K2068, que sao responsaveis por carregar 0s genes
que codificam porteinas de efluxos associado a resisténcia aos antibioticos norfloxacina e
ciprofloxacina, respectivamente. A redugdo da CIM do brometo de etidio e dos antibitticos foi
utilizadas como parametro para inibicdo das bombas de efluxo. A analise quimica foi identificado
16 compostos, sendo o safrol o0 composto majoritario com 77,9 %. Na atividade antibacteriana
direta 0 EOOO e o safrol apresentaram atividade clinicamente relevantes apenas contra a cepa de
S. aureus, com uma CIM de 512 ug/mL, porém eles apresentaram efeito potencializador de
antibiodticos contra todas as cepas testadas quando associado a norfloxacina. EOOO mostrou um
efeito sinérgico com Eritromicina contra a cepa de P. aureginosa e S. aureus, no entanto, nao teve
efeito significativo contra E. coli. A gentamicina associada ao EOOO e também ao safrol mostrou
atividade apenas contra S. aureus. Os ensaios de brometo de etidio e antibi6ticos usando as cepas
de S. aureus SA1119B e K2068, bem como a analise de docking molecular, indicaram que o safrol
inibe as bombas de efluxo NorA e MepA em S. aureus. Em conclusdo, EOOO e safrol
apresentaram propriedades antibacterianas e potencializadoras de antibiéticos promissoras, que
devem ser exploradas no desenvolvimento de drogas para combater a resisténcia antibacteriana,
especialmente em cepas portadoras de genes que codificam proteinas de efluxo.

Palavras-Chave: NorA. MepA. Safrol. Ocotea odorifera.



ABSTRACT

The spread of multi-resistant bacteria and the emergence of new profiles of bacterial resistance
through the various drugs used in the clinic, to a need for new control alternatives that can act as
inhibitors of resistance mechanisms, and also as antibiotic enhancers. Through the ability that
essential oils (EO) have to contain biological activities, this study was dedicated to analyzing the
phytochemical profile of the Ocotea odorifera plant and to evaluate the antibacterial properties
and potentiation of antibiotics used in the clinic. In addition to analyzing the essential oil of
Ocotea odorifera (EOOO), it also evaluated the direct activity capacity of safrole, as well as its
potentiating and inhibiting effect of efflux pumps. EOOO was obtained by hydrodistillation, and
chemical analysis was performed by gas chromatography coupled with mass spectrometry (GC-
ME). The antibacterial and antibiotic enhancing activities against the strains of Staphylococcus
aureus, Escherichia coli and Pseudomonas aeruginosa, were analyzed using the broth
microdilution method. The potential effect of inhibiting efflux pumps by safrole in association
with ethidium bromide or antibiotics was evaluated using the strains of S. aureus 1199B and
K2068, which are responsible for carrying the genes that code for efflux portins associated with
resistance to norfloxacin antibiotics. and ciprofloxacin, respectively. The reduction in the MIC of
ethidium bromide and antibiotics was used as a parameter to inhibit efflux pumps. Chemical
analysis identified 16 compounds, with safrole being the major compound. In direct antibacterial
activity, EOOO and safrole showed clinically relevant activity only against the strain of S. aureus,
however they showed a potentiating effect of antibiotics against all tested strains when associated
with norfloxacin. EOOO showed a synergistic effect with Erythromycin against the strain of P.
aureginosa and S. aureus, however, it had no significant effect against E. coli. Gentamicin
associated with EOOO and also safrole showed activity only against S. aureus. The ethidium
bromide and antibiotic assays using the S. aureus SA1119B and K2068 strains, as well as the
molecular docking analysis, indicated that safrole inhibits NorA and MepA efflux pumps in S.
aureus. In conclusion, EOOO and safrol showed promising antibacterial and antibiotic enhancing
properties, which should be explored in the development of drugs to combat antibacterial
resistance, especially in strains carrying genes that encode efflux proteins.

Keywords: NorA. MepA. Safrole. Ocotea odorifera.
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1. INTRODUCAO GERAL
1.1 Objetivos e questionamentos

Perante a necessidade de se encontrar alternativas para o controle microbiano, observou
que uso de plantas como alternativa terapéutica € uma pratica milenar no mundo, e o potencial
gue 0s mesmos possuem, estimulam pesquisadores a um intenso e arduo estudo para promogao
da saude. O Brasil por possuir uma valiosa e ampla biodiversidade natural, tem recebido
destaques quanto a quantidade de plantas com principios medicinais (TENORIO et al., 2016;
LIMAVERDE et al., 2017; HARAGUCHI; CARVALHO, 2010).

Dessa forma, com o objetivo de descobrir substancia que atuem inibindo a resisténcia
microbiana ou o crescimento microbiano, as plantas se tornaram uma alternativa terapéutica
por possuirem compostos quimicos com propriedades antimicrobianas que tém contribuido
com resultados significativos e eficientes em tratamentos terapéuticos (ALBUQUERQUE &
HANAZAKI, 2006).

A utilizacdo de produtos naturais € uma fonte muito atil, porém, € necessario a
realizacdo de pesquisas direcionadas na busca de substancias que sejam eficazes, econémicas e
ecologicamente viaveis para que 0s compostos bioativos das plantas possam ser utilizados de
forma segura, e uma das maneiras para se estudar esses compostos € através da obtencdo do
6leo essencial (FIGUEREDO et al., 2013; OLIVEIRA-TINTINO et al., 2018).

A composicdo quimica de diversoso tipos de plantas tem sido estudadas para verificar
as propriedades quimicas e farmacologicas dos seus contituites. O rendimento e a composicédo
dos oleos essencias sao frequentemente relacionados a varios fatores climéaticos e ambientais
como: temperadura, umidade, precipitacdo, solo, estacdo do ano, além do tempo de coleta das
folhas, casca, semente ou raiz (SILVA et al., 2018; BAHMANI & SCHMIDT, 2018; SOUZA
etal., 2019).

Dentre as plantas utilizadas podemos destacar a Ocotea odorifera pertencente a familia
Lauraceae que tem cerca de 350 espécies das quais 160 sdo encontradas no Brasil. E
popularmente conhecida como canela-sassafras e tem uma maior concentracdo na Mata
atlantica, Rio Grande do Sul e o Sul da Bahia (FILHO & NOGUEIRA, 2005; YAMAGUCHI
etal., 2011)

Estudos fitoquimica anteriores com Ocotea odorifera demonstrou a presenca de
esteroides, terpenos, flavonoides, como o canferol e quercetina. O safrol, que é caracterizado
como um terpeno, esta presente como substancia majoritaria do 6leo essencial, uma substancia

comercializada no mundo inteiro e utilizada em varios ramos industriais, fato esse que levou a
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espécie a ser incluida na lista oficial de ameacadas de extingdo (CARMO et al., 2007).

Os terpenos, por exemplo, sdo metabolitos secundarios presentes em produtos naturais
e que apresentam atividades antimicrobianas atuando como inibidor de bombas de efluxo.
Atividades inibitorias e potencializadora de antimicrobianos foram demonstradas com os
terpenos limoneno e a-pineno, demonstrando que os produtos naturais, em especial os terpenos,
pode ser uma boa alternativa como inibidor de bomba de efluxo e potencializador de
antibidticos para combater o mecanismo de resisténcia para um melhor tratamento terapéutico
(FREITAS et al., 2020; ARAUJO et al., 2020; LIMAVERDE et al., 2017).

A terapéutica com os antimicrobianos depende de varios fatores, assim como, 0
desenvolvimento da resisténcia bacteriana. O uso inadequado de antimicrobianos e o seu
espectro maior do que o necessario para combater as infecgdes, além da terapia prolongada sao
fatores que facilitam a selecdo de cepas resistentes (LIMA et al., 2017). E de acordo com Costa
& Junior (2017) as cepas selecionadas podem adquirir essa resisténcia aos farmacos pelas
seguintes situacdes: inativacdo enzimatica do antibidtico, modificacdo do alvo do antibidtico,
bomba de efluxo, producédo de p-lactamase e formacdo de biofilmes.

As bombas de efluxos, por exemplo, estdo associadas a um dos fatores de resisténcia
sendo elas proteinas de transporte que faz a retirada de produtos indesejados pela célula para o
meio externo, e dentre esses produtos indesejados ou tdxicos estdo os antibidticos. Algumas
bombas pode ser especifica para um composto ou antibiético, outras, no entanto, pode
transportar varios tipos de antibi6ticos estando assim associado a resisténcia a multiplas drogas
(MDR) (BAMBEKE; BALZI; TULKENS, 2000; PIDDOCK, 2006).

Dentre as cepas resistentes algumas se destacam como o Staphylococcus que é uma
bactéria caracterizada como Gram-positivas e a mais resistente aos antibiéticos ao passo que as
bactérias Gram-negativas mais resistentes sdo das espécies Acinetobacter baumannii e
Pseudomonas aeruginosa (LOUREIRO et al., 2016; SILVA & AQUINO, 2018; DUARTE et
al., 2018; OLIVEIRA-TINTINO et al., 2018). Oliveira et al (2016) registrou em seu trabalho
que dentre a familia Enterobacteriaceae, as espécies Escherichia spp e a Klebsiella spp se
destacam pela elevada taxa de infeccOes e sua resisténcia acentuada a diversos farmacos.

Desta forma, o objetivo do estudo foi avaliar a atividade antibacteriana e o efeito de
potencializagdo de antibioticos pelo dleo essencial da planta O. odorifera e do safrol seu

composto majoritario, como também a inibi¢do de bombas de efluxo.
1.2 Estratégias de pesquisa

As infeccOes causadas pelas bactérias tem sido ha muito tempo o problema de muitas
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mortes em Vvarios setores da sociedade. A partir do descobrimento da penicilina por Alexandrer
Fleming no ano de 1928, o uso de antibidticos para combater as enfermidades causadas por
esses microrganismos tem crescido. Essa descoberta abriu novos caminhos para pesquisas
cientificas voltada a novos farmacos (HOEFEL & LAUTERT, 2006; ALOS, 2015). Mota et al
(2005) cita em seu trabalho que o descobrimento dos antibidticos além de ter sido um grande
avanco nas ciéncias medicas também tem contribuido para uma diminuicdo da mortalidade e
da morbidade por doencas infecciosas.

Para a realizagdo dos testes algumas metodologias foram aplicadas para avaliar as
atividades bacterianas, modificacdo da atividade de antibioticos, inibicdo de bomba de efluxo e
interacdo molecular. Um método comumente utilizado para avaliagdo da concentracdo
inibitéria minma (CIM) é a microdiluicdo em caldo realizadas em placas de 96 pogos proposta
pela CLSI (2015). A CIM ¢ utilizada para avaliar a atividade bacteriana direta de derivados de
produtos naturias, como por exemplo; 6leos essencias e seus compostos majoritarios isolados.
Para avaliacdo do efeito potencializador da atividade antibidtica do 6leo essencial e do seu
composto majoritério foi utilizado a técnica proposta por Coutinho e colaboradores (2008).

O método de microdiluicdo em caldo de acordo com Tintino e colaboradores (2017),
também foi utilizada para avaliar o efeito de inibicdo de bomba de efluxo pelo composto
majoritario associado a substrato toxico (Brometo de etidio) ou ao antibiético frente a estirpes
superexpressoras de efluxo.

Outra metodologia muito importante utilizada para validar os resultados foi a analise de
dosagem molecular. O docking ajuda a internder como ocorre as interacdes moleculares entre
0 composto majoritario € a bomba de efluxo. A compreensdo dessas interacbes permite a
modificagdo de compostos para melhorar a ligacdo com a bombas de efluxo alvo causando
assim uma inibigcdo mais eficiente (SHRIRAM et al., 2018; RAO et al., 2018).

1.3 Estrutura da dissertacéo

A dissertacgdo foi dividida da seguinte forma: Introducdo (objetivos e questionamentos,
estratégias de pesquisa e estrutura da dissertacdo), capitulo I (referencial tedrico), capitulo Il
(artigo aceito ou submetido), capitulo Il (artigo aceito ou submetido), capitulo 1V

(consideracdes finais, Perspectivas de investigacOes futuras e referéncias), anexos e apéndice.
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2. CAPITULO I: FUNDAMENTACAO TEORICA

2.1 Bactérias

2.1.1 Staphylococcus aureus

O género Staphylococcus compreende bactérias gram-positivas que medem de 0,5a 1,5
pm de didmetro e pertencentes a familia Staphylococcaceae. Essas caracteristicas estdo
presentes nesse género: se assemelham a um cacho de uvas, catalase-positivas e negativas,
esfericas de cocos, imoveis, anaerdbios facultativos e ndo formadores de esporos. Segundo Lee
et al (2018) o cirurgido escocés Alexandre Ogston em 1880, descreveu o género Staphylococcus em pus
de abscessos cirargicos. O Staphyloccocus aureus é considerado a cepa de maior importancia
clinica dentre as 52 espécies e 28 subespécies conhecidas (FERRASSO; GONZALEZ; TIMM,
2015; SANTOS et al.,2007).

Os Staphylococcus podem sobreviver por longo tempo em superficies secas, bem como
também, sdo sensiveis a temperatura alta, desinfetantes e solugdes antissépticas. O S. aureus €
a espécies bacteriana mais virulenta do seu género. A disseminacdo exdgena das bactérias pode
ser transferida para uma pessoa vulnerdvel pelo contato direto ou através de fémites. A
disseminacdo enddgena desta bactéria € a mais corriqueira, sendo responsavel por muitas das
infecces adquiridas nos hospitais. Sendo assim, profissionais da satde devem utilizar técnicas
adequadas de lavagem das maos para prevenir a transmissao deste microrganismo aos pacientes
ou entre os préprios pacientes (LIMA et al., 2015).

O S. aureus é uma das Unicas subespécie desse género, dentre as patogénicas para
humanos, que produz a enzima extracelular, a coagulase, capaz de converter fibrinogénio em
fibrina, causando a coagulacdo do plasma, fator esse usado para identificacdo de S. aureus e
diferenciacéo dos outros tipos de estafilococos (MURRAY et al., 2003).

Dentre os varios membros patogénicos da flora normal, distingue-se 0 S. aureus, no qual
é o responsavel por infeccdes piogénicas como pneumonias, septicemias fatais, endocardite,
furdnculos e outros tipos de manifestagdes, podendo ser encontrado em varias partes do corpo,
e em maior incidéncia na pele e nas mucosas, tais como fossas nasais, maos, garganta e
intestino. A infeccdo cruzada, aquela que ocorre de pessoa para pessoa, através do contato direto
e indireto, estando na dependéncia de uma fonte (doentes ou portadores), além da taxa de
microrganismos liberados, o que por sua vez, depende da capacidade do microrganismo de
sobreviver ao ambiente onde se encontra e aos agentes 13 adversos, sendo dependente da sua
patogenicidade, da presenca de individuo susceptiveis ou imunodeprimidos (ALEMAN, 2013;
MIRANDA et al 2015; TAVARES et al., 2015).
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A diversidade de doencas causadas pela bactéria S. aureus tem sido atribuida pela
capacidade da bactéria produzir ou expressar uma variada gama de fatores de virulénciaem, que
a proporciona sobreviver a resposta imune do hospedeiro. A patogenicidae das infecc¢des por S.
aureus estd associado a produgdo de proteinas de superficie que realizam fungbes de
patogenicidade especificas, como: aderéncia aos tecidos do hospedeiro, secrecdo de uma série
de toxinas extracelulares e enzimas que destroem as células e tecidos do hospedeiro, evitando
ou incapacitando a defesa imune. Todos os fatores de patogenicidade e viruléncia permiti o
crescimento e disseminacdo da bactéria nas células do hospedeiro (LOWY, 1998; OTTO.,
2014).

De acordo com Otto (2014) a membrana plasmatica € o alvo de uma serie de toxinas
bacterianas produzidas pelo S. aureus. Essas toxinas sdo citoliticas e tem a funcdo ou objetivo
de causar poros na membrana, levando ao efluxo de moléculas e metabdlitos vitais. Dois
subgrupos podem ser distinguidos: aqueles para os quais a lise subsequente é dependente da
interacdo inicial do receptor e apresentam alta especificidade da célula-alvo, e aqueles que
interferem com as membranas de uma forma menos especifica, sem interacdo do receptor.

Estdo presentes na estrutura da parede celular do S. aureus, polissacarideos e proteinas
antigénicas, acido tecoico, adesinas, o glicanopeptidio, a proteina A, além da presenca de
capsula. As betalactamases, coagulases, hialuronidases e catalases sdo algumas das enzimas
produzidas para facilitar sua patogenicidade e resisténcia. O S. aureus também produz DNAses,
lipases, proteases e esterases. Algumas tdxinas produzidas por essa bactéria recebem destaques
e sdo elas: alfa, beta e gama toxinas, a leucocidina, a esfoliatina, a toxina do choque toxico e as
enterotoxinas ( LUTZ et al., 2003; BRAUNWALD et al., 2002; BERNARD et al., 2004;
ALMEIDA et al., 2016).

O diagnostico das patologias causadas por S. aureus é realizado através de coleta de
amostras que sao processadas para inicio de identificacdo. Um dos testes iniciais € a cultura em
placas de Petri e identificacdo pela tecnica de coloracdo de Gram e testes bioquimicos para
avaliar as enzimas produzidas. A sorologia também pode ser optada para deteccao de anticorpos
especificos contra a bactéria. Os meios seletivos como agar monitol salgado e DNAse, pode ser
utilizado para isolamento de S. aureus. Se faz essencial a identificacdo da bactéria causadora
da patologia para uma antibiotico terapia mais racional e efetiva evitando assim maiores
problemas com a resisténcia microbiana (BRITO; CAMPOS; BRITO, 2002; PFALLER,
2014).

A penicilina G descoberta por Alexander Fleming, em 1928, foi um marco na historia

para tratamento de doencgas infeciosas, passado a ser usada para pacientes infectados pelo
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Staphylococcus aureus. No entanto, a cepa logo veio a exibir resisténcia aquele agrupamento
B-lactamico nos hospitais do Reino Unido e dos EUA. O mesmo ocorreu com a meticilina,
(primeira penicilina semissintética lancada em clinica em 1960) (LOUREIRO et al., 2016).
As cepas de S. aureus resistentes a meticilina (MRSA) é também resistente aos demais
B-lactamicos, como, as cefalosporinas, comecaram a aparecer na década de 70. As MRSA se
disseminaram rapidamente nos ambientes hospitalares, limitando, assim, a antibioticoterapia de
combate as infeccGes causadas por estas cepas aos glicopeptidios, como a vancomicina e
teicoplanina. Os S. aureus codificam enzimas denominadas proteinas ligadoras de penicilinas
(PLPs). Essas enzimas sdo responsaveis pela sintese da parede celular bacteriana e constituem
alvos de a¢do dos antibidticos B-lactdmicos. A resisténciado S. aureus a meticilina ou oxacilina
(MRSA) se deve a aquisi¢do do gene mecA que codifica PLPs alteradas. As MRSA expressam
um subtipo de PLP denominada de PLP2a ou PLP2’, que possui afinidade reduzida ndo somente
a meticilina ou oxacilina, mas a todos os antibioticos B-lactamicos (SILVA et al., 2011).
Segundo Arantes et al (2013) o aumento no indice de infec¢des hospitalares causadas
por S. aureus resistente a meticilina, provocou um aumento no uso do antibiético vancomicina.
Sendo esse medicamento difundido ap6s o ano de 1980, consequentemente ouvi uma pressao
na resisténcia a essa droga de escolha as cepas MRSA, e em 1997 foi isolado a primeira cepa
resistente a vancomicina e posteriormente em 2000, no Brasil. A resisténcia a vancomicina é
ocasionada pela presenca do gene vanA, que normalmente é encontrado em Enterococcus
resistente a vancomicina. Por fim, ainda de acordo com Arantes e colaboradores (2013), a
resisténcia ela podem ser classificadas em dois grades grupos principais: 1- resisténcia
adquirida pela mutacdo de algum gene no cromossomo bacteriano; 2- resisténcia adquirida por

aquisicdo de gene através de transducdo, transformacao e conjugacdo (RATTI; SOUSA, 2012).
2.1.2 Pseudomonas aeruginosa

A bactéria P. aeruginosa é caracterizada como um procariote, bacilo Gram-negativo,
gue ndo fermenta glicose e que é amplamente distribuido pelo ambiente. A P. aeruginosa
apresenta um ou mais flagelos, sendo assim, considerada mdvel. E considerado um dos
principais patdgenos oportunistas em decorréncia dos mecanismos de resisténcia, bem como a
sua capacidade de inibir outras espécies bacterianas (ROSANOVA et al., 2019)

Kong et al., (2015), pronunciou em seu artigo que o agente oportunista P. aeruginosa
estd associado com diversos tipos de infeccdes hospitalares graves e € o lider nas causas de
mortes em pacientes com fibrose cistica. De acordo com Fuentefria et al (2008) a bactéria P.

Aeruginosa é responsavel por diversos tipos de infecgdes em sitios do corpo humano, em
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particular os pacientes imunocomprometidos.

O microrganismo P. aeruginosa pode formar biofilme, que é uma comunidade sésseis
de bactérias que podem mudar para forma de vida moveis. Bactérias que se encontra em um
biofilme estdo rodeadas por uma matriz extracelular que consiste na mistura de DNA
extracelular, proteinas e exopolissacarideo, o que confere resisténcia ao tratamento com
antibioticos e com células do sistema imunologico. Os biofilmes podem formar uma variante
de superficies em nichos naturais até industrias e hospitalares. Na resisténcia conferida aos
biofilmes a agentes antimicrobianos e a selecdo de variantes fenotipicas, eles se relacionam
diretamente as infeccBes persistentes e crénicas (FERREIRA; LALA, 2010; SOTO, 2013).

Esta bactéria € capaz de sobreviver por longos periodos em ambientes adversos e
desenvolver resisténcia a agentes antimicrobianos, além de ser amplamente distribuida pelo
ambiente. Além da caracteristica intrinseca de apresentar baixo nivel de sensibilidade aos
antimicrobianos, diversos mecanismos de resisténcia tém sido identificados em Pseudomonas
aeruginosa. Isolados de P. aeruginosa apresentam um amplo espectro de resisténcia, podendo
ser resistentes a diferentes classes de antimicrobianos, inclusive contra cefalosporinas de
terceira e quarta geracdes e carbapenémicos (STOVER et al.,2000; NEVES et al., 2011).

O antibidtico imipenem e meropenem faz parte da classe dos carbapenémicos e sao beta-
lactdmicos de amplo espectro utilizados em infec¢bes por P. aeruginosa. Esses farmacos séo
considerados farmacos de reserva, ou seja, utilizados como Ultimo recurso. Devido ao
aparecimento de cepas resistentes a esse medicamento o quadro de antibioticoterapia se tornou
preocupante nos casos de infeccdes por esse microrganismo. A resistencia a esses antibioticos
se da:1- perda de porina; 2 — hidrélise enzimatica; 3 — presenca de proteinas de ligacdo as
penicilina com baixa afinidade por carbapenémicos; 4 — superexpressdo de bomba de efluxo
(NEVES et al., 2011; MORAES et al., 2013).

Whiteley e colaboradores (2001) descreve que muitas infeccdes persistentes de P.
aeruginosa € causada pela formacdo de biofilmes e que isso provaca um dos principais
mecanismo de resisténcia aos aminoglicosideos, que é a impermeabilidade da bactéria a entrada
de antibioticos. O produto do gene tolA afeta a estrutura do LPS, resultando na diminuicéo da
afinidade do aminoglicosideo para a membrana externa. Essa impermeabilidade envolve varios
fatores, incluindo o produto do genetolAe as proteinas de transporte de elétrons
terminais. Evidéncias indicam que tolA é um gene essencial de P. aeruginosa.

As cepas de P. aeruginosa, portadoras de bombas de efluxo, tem a capacidade de inibir
o efeito do antibiotico pela eliminagdo da concentracdo da droga do meio intracelular para o

meio extracelular, resultando assim, resisténcia a multiplas drogas. O mecanismo de efluxo
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pode estar ligado especificamente a um antibidtico ou até mesmo a uma ampla variedade de
drogas, 0 que torna este mecanismo de resisténcia bacteriana um grande problema na medicina
atualmente (SANTOS; NOGUEIRA; MENDONCA, 2015).

2.1.3 Escherichia coli

O pediatra Theodor Escherich lutando contra a desenteria neonatal no ano 1885,
conseguiu isolar pela primeira vez a Bacterium coli commune das fezes de bebés. Isso tudo
ocorreu no laboratério de Otto von Bollinger, na cidade de Munique. Anos depois passou a ser
conhecida como Escherichia coli, moldando todo cenario da genética bacteriana até os dias
atuais (MERIC et al., 2016).

E. coli é uma bactéria Gram negativa, com forma bacilar, que pode realizar os dois
processos de respiracdo, ou seja, tanto a respiracdo aerébica como anaerdbica e cujo habitat
natural ou habitual é o lumem intestinal de animais de sangue quente, no qual pode estabelecer
relacBes de simbiose, embora possa sobreviver em outros ambientes que ndo seja no interior de
hospedeiros. E. coli pertencente a familia Enterobacteriaceae, podendo ser mével ou ndo mdvel,
apresentando flagelos em peritriquio, distribuidos em toda célula (CROXEN et al.,2013;
JORGE; CANOVA; DE CASTRO, 2014; HEBERT, 2010; MACHADO et al., 2013; KUDVA
etal., 2015).

Nas infeccBes de trato urinario as bactérias Gram negativas sao as mais frequentes e
desse gurpo se destaca a E. coli, que segundo Resende et al (2016), a Escherichia coli é o
principal agente de infeccdo do trato urindrio de origem comunitaria, com porcentagens de
isolamento oscilando entre 48,2% a 87,5%.

A espécie de E. coli, é considerada um dos principaias agente etiologico de infeccGes
entéricas causadas pela agua e alimentos contaminados, pois a mesma € comumente encontrada
em solo e agua. As infeccdes sdo causadas principalmente em grupos populacionais que nao
usufrui de sistema de saneamento eficaz e adequado, idosos e criangas imunocomprometidos.
Sendo, portanto, considerada como um patégeno que causa infec¢des com indices de
mortalidade e morbidade significativa (SHARMA et al.,2016; VASCONCELOS et al., 2010).

N&o obstante a isso, a E. coli, assim como, a P. aeruginosa e S. aureus, estdo entre 0s
principais microrganismos causadores de bacteremia em ambiente hospitalares. A sua
disseminacéo por esse ambiente é preocupante devido ao nimero de morte causada (GASPAR;
BUSATO; SEVERO, 2012; PAZ et al., 2015 ).

Sgundo Meng et al (2012) com base em alguns padrdes especifics de adesdo, alguns
tipos de E. coli enteropatogénicas sdo referidas como E. coli enteroaderente. Em 1982, foi

identificado pela primeira vez a E. coli O157:H7, como um patogeno de origem alimentar. A
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natureza grave dos sintomas de colite hemorragica e sindrome hemolitico-urémica (SHU)
causada por E. coli O157:H7 coloca este patdgeno em uma categoria diferente de outros
patdgenos de origem alimentar, sendo assim considerado um dos mais graves microrganismos
alimentares.

Devido a grande distribuicdo no ambiente e 0 uso abusivo das drogas bacterianas, a E.
coli tem apresentado um dos perfis de multirresistencia mais acentuados, isso porque tem a
capacidade de doar e receber elementos genéticos moveis, em especial os plasmideos
(WALLMANN, 2006; KREWER et al., 2012).

Narciso et al (2010) descreve em seu artigo que além da E. coli possuir um perfil
acentuado de multirresisténcia ela também possui factores intrinsecos que facilita interaccao
entre 0 hospedeiro e 0 agente patogénico nas infeccdes urinarias. Esses fatores intrinsecos de
viruléncia associados a infeccOes severas invasivas devido facilidade de colonizagdo e
proliferacdo no organismo humano.

As adesinas e fimbrias estdo associadas na adeséo e invasao do epitélio da bexiga pela
E. coli uropatogénica. Estas sdo essenciais para o estabelecimento inicial da infeccéo,
permitindo que a mesma chegue as vias urinarias superiores levando assim a colonizagéo do
tracto urinario. Entre as fimbrias estdo as do tipo S (operao sfa), as do tipo P (operdo pap), as
do tipo 1 (operdo fim), e o pilus ECP (E. coli Common Pilus, gene ecpA). Além de outras
proteinas podem também estar envolvidas na viruléncia, como hemolisinas, factores citotoxicos
ou siderdforos (WANG et al., 2009; RENDON et al., 2007).

Os mecanismos de resistencia da E. coli estdo associados a producdo de enzima -
lactamases e também a presenca de bombas de efluxos. As enzimas f-lacmatases de espectro
extendido (BLEE) porem ser produzidas pela E. coli tanto cromossdmicas ou
extrascromossdmicas. Essa producdo de BLEE sdo mediadas por plasmideos conferindo a
bactéria resisténcia aos -lactamicos. Além disso, a bactéria pode carregar genes de resiténcia
aos aminoglicosideos, tetraciclinas e cotrimoxazol. Os antibioticos B-lactamicos tem sua agéo
na fase de sintese do peptidoglicano, sendo o0s mecanismos de resisténcia a esses
antimicrobianos: 1- Inativagdo enzimatica por pB-lactamase; Mecanismos de efluxo, alteragédo
da proteina de ligagdo & penicilina alvo; 4- Permeabilidade membranar diminuida (GARCIA,
2013; ARTOLA, 2004).

2.2 Terapias com antibacterianos

A entrada de bactérias através das barreiras de protecéo seja ela cutdnea ou mucosa,

alcancando assim os tecidos, caracteriza uma infeccdo bacteriana(OLIVEIRA; MUNARETTO,
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2010). O organismo com frequéncia é capaz de remover 0s invasores atraveés de resposta imune,
sem a manifestacdo de sinais da doenca (LULLMANN et al., 2008)

Segundo dados da Organiza¢cdo Mundial da Salde, as infec¢fes causam 25% das mortes
em todo o mundo e 45% nos paises menos desenvolvidos. Nas palavras de Fuchs (2004), o
tratamento de infeccdes pode ser realizado por meio de cirurgia, imunoterapia passiva e
antimicrobiana. J& Oliveira & Munaretto (2010) apontam a terapia antimicrobiana como um
dos grandes avancos da humanidade, mudando o curso de doengas infecciosas graves (RELIS
etal., 2016)

Apesar dos avancos na descoberta de novos antimicrobianos, o grande salto no
tratamento das infec¢bes bacterianas ocorreu com a descoberta da penicilina, por Alexander
Fleming, em 1928. A atividade da penicilina era superior a das sulfas e a demonstragdo que
fungos produziam substancias capazes de controlar a proliferacdo bacteriana motivou uma nova
frente de pesquisas na busca de antibioticos: a prospeccdo em culturas de microrganismos,
especialmente fungos e bactérias (CALIXTO & CAVALHEIRO, 2012)

Através de triagens feitas com produtos naturais microbianos, varios antibiéticos foram
descobertos entre os anos 1940-1960, na sua maioria eficazes para o tratamento de bactérias
Gram positivas, alguns deles sdo: p-lactamicos (cefalosporina), aminoglicosideos
(estreptomicina), tetraciclinas (clortetraciclina), macrolideos (eritromicina), peptideos
(vancomicina) e outros. Neste periodo apenas trés derivados sintéticos foram introduzidos no
mercado: isoniazida, trimetropim e metronidazol (GUIMARAES, 2010)

A descoberta dos antibioticos representou e representa um grande avanco da medicina,
trazendo assim a esperanca e a possibilidade de curar problemas de salde gque afeta a saude de
muitos além de levarem muitas pessoas a morte. Frente a esse fato, € indiscutivel a validade do
potencial terapéutico dos antibidticos e a contribuicdo que estes trouxeram para a saide mundial
(OLIVEIRA, 2006).

2.3 Mecanismo de resisténcia

Com a descoberta do mais antigo até o mais recente antimicrobiano, vem crescendo
gradativamente os registros de microrganismos resistentes causada principalmente, pelo uso
inadequado e indiscriminado de antibidticos e quimioterapicos (ABRANTES et al., 2008).

A resisténcia a antibioticos e outras drogas antibacterianas foi e continuara a ser um dos
grandes problemas da medicina. Causada pela recombinacdo de genes, que cria uma
variabilidade genética dando vantagens as mais aptas, sendo assim as drogas atuam como

agentes seletivos dos microrganismos (LUCENA et al., 2015).
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Para as bactérias se tornarem resistentes ocorre mutacdes no seu material genético
(alteracdes na sequéncia de bases do cromossomo) e consequentemente para a transmisséo de
material genético extra cromossdmico de outras bactérias. A resisténcia € transmitida
verticalmente em geracOes, em seguida, a transferéncia de genes é realizada horizontalmente
através dos plasmideos méveis. Sendo assim, as bactérias podem adquirir resisténcia a um ou
mais antibiGticos, sem ter estado em contato com eles (BECEIRO; BOU; TOMAS, 2013)

A resisténcia ocorre quando a bactéria adquire material genético extra (ndo pertencente
a ela, mas de outra bactéria) através da transferéncia de plasmideo, genes que permitem a
interferéncia no mecanismo de acdo do antibidtico por mutacdo espontanea de DNA ou por
transformacéo (LEE et al., 2013)

A disseminagdo gradativa de enterobactérias resistentes aos carbapenémicos (ERC)
representam de fato uma grave ameaca a salde publica mundial. Nos Estados Unidos (EUA),
esses organismos estdo diretamente associados a alta mortalidade e tem amplo poder de
disseminacéo, sendo as op¢0es terapéuticas restritas e dificultosas. A gravidade das infeccOes
se da pela resisténcia aos antibidticos -lactamicos e também a outros antimicrobianos, como
quinolonas e aminoglicosideos. Os B-lactdmicos sdo utilizados como forma majoritéaria de
combate as infec¢des em todo mundo. No entanto, as B-lactamases sdo o principal mecanismo
de resisténcia aos antibioticos, limitando a acdo dessas classe de farmaco (SOUZA et al., 2016).

As bactérias naturalmente criam resisténcia a certos tipos de antimicrobianos,
considerando assim um fato natural; por exemplo, 0s Enterococcus séo naturalmente resistentes
a qualquer vancomicina. Acaba sendo inevitavel, pois ao se usar antibioticos, aparecerao
bactérias que se tornardo resistentes a ele, pois 0 uso incorreto e errdbneo favorece esse fato
natural, porém, a utilizagdo correta, pode causar um menor indice de resisténcia bacteriana
(PAIM; LORENZINI, 2014).

2.3.1 Bomba de efluxo

E definido como resisténcia bacteriana a incapacidade de um determinado antibi6tico
de atingir o seu alvo em uma concentragdo suficiente para inibir as atividades da célula
bacteriana. Essa resisténcia se dar das seguintes formas: 1 - alteragdo dos sitios de ligagéo, 2 -
enzimas que inativam antibidticos, 3 - diminui¢do da permeabilidade pela membrana e 4 —
bombas de efluxo dependente de energia, sendo as bombas de efluxos o alvo de varios estudos
nos ultimos anos (BLANCO et al., 2016; TORTORA, 2012; TAFUR; TORRES; VILLEGAS,
2008).
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Figura 1: Mecanismos de resisténcia bacteriano
Fonte: Tortora., 2012
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As bombas de efluxos sdo proteinas de transporte que faz a retirada de produtos
indesejados pela célula para 0 meio externo, e dentre esses produtos indesejados ou toxicos
estdo os antibidticos. Algumas bombas pode ser especifica para um composto ou antibidtico,
outras, no entanto, pode transportar varios tipos de antibidticos estando assim associado a
resisténcia a multiplas drogas (MDR). A resisténcia bacteriana se dar pelo uso incorreto ou
indiscriminado dos antibioticos causando selecdo de cepas resistentes (BAMBEKE; BALZI;
TULKENS, 2000; PIDDOCK, 2006).

Inicialmente 0 mecanismo de bombas de efluxos foram observadas em E. coli, que
promovia a essa espécie de bactéria resisténcia a tetraciclina. Hoje existe cinco principais
familias descritas nos procariontes: ABC (cassete de ligacdo de ATP), MATE (multidrogas e
efluxo toxico), RND (resisténcia-nodulagdo-divisdo), SMR (pequena resisténcia a varias
drogas) e MF (facilitador principal) (WEBBER & PIDDOCK, 2003; POOPLE, 2007).

As bombas de efluxo facilitam a sobrevivéncia e colonizacdo das bactérias em
ambientes hostis, além de ser um mecanismo de resisténcia. A familia SMR tem Smr/QacC e
EmrE, identificadas nas bactérias S. aureus e E. coli, respectivamente. Um exemplo de bombas
da familia MF sdo NorA e TecK que foram identificadas na bactéria S. aureus, RND tem a

AcrB uma dos exemplos encontrada em E. coli, MATE contém NorM encontrada na Neisseria
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meningitidis e a familia ABC contém MacB e MsbA, ambas identificas na E. coli (BORGES-
WALMSLEY; MCKEEGAN; WALMSLEY, 2003).

A bactéria S. aureus tem recebido grande destaque na pesquisa com produtos naturais
atuante como inibidores de bomba de efluxo. E uma bactéria Gram positiva que faz parte da
flora microbiana normal dos seres humanos, e também é responsavel por uma série de infeccdes
desde uma pneumonia até mesmo algo mais grave como a sepse. Sua linhagem apresenta varios
tipos de bombas, como por exemplo, NorA, MepA e TetK (MUNIZ et al., 2020; FIGUEREDO
etal., 2019; OLIVEIRA-TINTINO et al., 2020).

2.4 Plantas medicinais

Plantas medicinais sdo todo e qualquer vegetal que contenha substancias que possam
ser utilizadas para fins terapéuticos ou que possa ser usado na producdo de farmacos
semissintéticos, onde a substancia ativa provocara cura ou abrandamento da doenga (SILVA et
al., 2015). Historicamente o uso de plantas medicinais faz parte da humanidade e tém sido
objeto de estudo para 0 homem, sua utilizacdo é datada desde 500 a.c relatada em um texto
chinés que indica doses terapéuticas e tratamento de doencas. O manuscrito egipcio foi
encontrado com 811 prescri¢cbes e 700 drogas e algumas dessas plantas ainda séo utilizadas
atualmente, inclusive como fontes para industria farmacéutica, cosméticas, tecidos e matéria
prima (DUARTE, 2006; SILVA & CARVALHO, 2004)

A maior parte do comércio de plantas medicinas é feita em lojas de produtos naturais,
onde a demanda por fontes naturais tem crescido tanto nos paises em desenvolvimento quanto
nos desenvolvidos, no qual vendedores desses produtos prometem uma vida longa e saudavel
se apoiando no argumento de que as plantas sdo seguras para a populacdo. Isso fortalece a
crenga da populagdo de cura através das plantas para males como depressdo, impoténcia e a
obesidade. O grande problema é que por ser usadas a milénios eles acreditavam que elas ndo
poderiam trazer nenhum maleficio, e sim apenas beneficios e curas. (VEIGA et al., 2005)

Existe também no Brasil um grande nUmero de pesquisadores que contribui
significativamente para o desenvolvimento de fitoterapicos e outras areas relacionadas, no
entanto, faz-se necessario educar essa populacao ao uso racional de produtos naturais tais como:
coleta, manipulacdo e principalmente alternativas terapéuticas com o propoésito de saber
relacionar o conhecimento cientifico e popular afim de se avaliar os riscos e 0s beneficios para
salide (GONCALVES, 2014)

Muitos estudos demonstraram que extratos e Oleos essenciais de plantas podem

modificar a atividade de antimicrobianos e assim melhorar seu desempenho diminuindo a
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concentracdo necessaria para que haja inibicdo do crescimento. Fato constatado com o estudo
das plantas Turner aulmifolia, Momordica charantia, Mentha arvensis, Cordia verbenaceae. A
capacidade dos produtos naturais em modificar a acdo de antimicrobianos pode ser vista a partir
de estudos que demonstram que a associa¢do de drogas sintéticas e extratos de plantas podem
atuar revertendo a resisténcia microbiana, eliminando plasmidios e inibindo a bomba de fluxo
(COUTINHO et al., 2009; COUTINHO et al., 2010;)

A utilizacdo de produtos naturais € uma fonte terapéutica muito Gtil devido a sua
eficacia, acessibilidade e o baixo custo operacional aliado & compatibilidade cultural, porém
pela falta de conhecimento da populacéo esse uso desenfreado pode acarretar sérios problemas,
por muitas dessas plantas apresentarem caracteristicas toxicoldgicas onde algumas podem levar
inclusive a obito (FIGUEREDO et al., 2013)

As plantas medicinais sdo consideradas Uteis no uso para cura de inUmeras doencas
incluindo doencgas bacterianas, sendo as plantas medicinais uma fonte rica de principios com
atividades antimicrobianas (BEZERRA et al., 2013).

2.5 Ocotea odorifera

2.5.1 Caracteristicas Botanicas

Nativo do Brasil e encontrada na mata atlantica, Ocotea odorifera pertence a familia
Lauraceae, 0 maior género contendo um numero aproximado de 350 espécies das quais 160
encontra-se no Brasil entre as regides do Rio Grande do Sul até o Sul da Bahia. E vulgarmente
conhecida como: sassafra, canela de sassafra, sassafras do Brasil e sassafras (YAMAGUCH et
al., 2011; CARMO et al., 2007; PIERUZZI et al., 2011).

A sua descricdo botanica é: Contém um tronco tortuoso, geralmente curto, pode chegar
a 25 metros de altura quando adulta, com quinas irregulares e pronunciadas. Sua ramificacao é
irregular, ascendente; a copa é globosa, provida de folhagem densa. A Casca tem espessura de
até 12 mm. A superficie da casca externa é castanho-acinzentada a castanho-pardacenta, rigida,
com cicatrizes tipicas provenientes da descamacédo. A casca interna é bege a salméo, com forte
odor caracteristico (IVANCHECHEN, 1988; CARVALHO et al., 2000; RODRIGUES, 2001;
FILHO & NOGUEIRA, 2005).

As folhas sdo simples, inteiras, oblongo-lanceoladas, com 5 a 15 cm de comprimento,
por 1,5 a 5 cm de largura; quando esmagadas, apresentam cheiro inconfundivel. Suas flores
sdo hermafroditas, alvas ou amarelas, muito perfumadas. As flores acham-se reunidas em

inflorescéncias glabras, paniculadas, na ponta dos ramos, com até 5 cm de comprimento e
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contendo até nove flores. O fruto é eliptico, quase liso, castanho, de até 2,5 cm de comprimento
por 1,2 cm de diametro, envolvido pela cUpula robusta, carnosa, verruculosa e hemisférica até
cerca de metade de sua altura (VATTIMO, 1956).

Sua classificagdo taxonémica é a seguinte: Reino: Plantae, Ordem: Magnoliales,
Familia: Lauraceae, Género: Ocotea, Espécie: Ocotea odorifera. Pode ser conhecida pelas
diferentes regides do Brasil com os seguintes nomes: Minas Gerais: canela, canela-sassafras,
sassafrés e sassafrasinho; Estado do Rio de Janeiro: casca-preciosa; Estado de Sdo Paulo:
canela-funcho, canela-sassafras-folha-grande, casca-preciosa, sassafrasinho, louro-sassafras,
louro-tapinhod, sassafras-amarelo, sassafras-preto, sassafras-rajado; Bahia: pau-funcho;
sassafras, na Bahia; Rio Grande do Sul e em Santa Catarina; sassafras-do-parana(GONTILO et
al., 2017; CARVALHO, 1994; SANTOS, 1987).

Figura 2: Ramos terminais da planta Ocotea odorifera

Fonte: Amaral, W.

2.5.2 Metabolitos Secundarios

A utilizacdo de extratos vegetais ou 6leos esséncias para fins medicinais ¢ uma das
praticas mais antiga da humanidade. Favorecida pela atividade metabolica secundaria a busca
pelos vegetais superiores que tem capacidade de produzir substancias antibidticas aumentaram,

utilizadas como mecanismo de defesa contra diversos tipos de microrganismos (FERREIRA et
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al., 2014).

Sdo muitos os compostos biologicamente ativos que contem nos constituintes quimicos
que podem ser extraidos a partir de caule, folhas, cascas, incluindo raizes. O constituinte
majoritario da planta é o safrol tanto do 6leo de folhas como de caule. O safrol € uma substancia
éter aromatica que é muito utilizado na producéo de perfume como fixador, além de usar em
bebidas e alimentos (OLTRAMARI et al., 2004; ORELLANA & KOEHLER, 2008).

Segundo Rogatto et al (2014) na constituicdo quimica da O. odorifera também pode ser
encontrado flavonoides, como canferol e quercetina, polipropanoides e sesquiterpenos. O
sassafras tem como os principais componentes quimicos do 6leo essencial de folhas séo: safrol
(47), y — elemeno (6%), espatulenol (1,5%), canfora (18), p-cimeno (1,8%), entre outros
(OBRZUT & CARVALHO, 2011).

Plantas pertencentes ao mesmo género como Ocotea bicolor apresenta em sua
fitoquimica a presenca de: a-corocalene, a-calacorene, Spathulenol, Viridiflorol, Thujopsan-2-
a-ol, Globulol, Epi-cedrol, Isolongifolan-7-a-ol, Cis-cadin-4-en-7-0, Epi-a-muurolol, a-cadinol,
Epi-B-Bisabolol e Z-y-Atlantone, a -cubebene, a -Ylangene, B -bourbonene, B-elemene, E-
caryophyllene, [B-copaene, Trans-muurola-3,5-diene, a-humulene, Allo-aromadendrene,
Dauca-5,8-diene, Germacrene D, a-cubenene, Bicyclogermacrene, a-murolene, E,E-a-
farnesene e B-sesquiphelland. (DAMASCENO et al., 2017).

2.5.3 Atividade bioldgica do 6leo essencial de Ocotea odorifera

Os compostos presentes no 6leo essencial da planta O. odorifera contém atividade
inseticida e pode ser utilizado no controle de pequenas pragas (MOSSI et al., 2014). Dentre
esses componentes o safrol recebe um grande destaque por ser bastante comercializagdo no
mundo sendo utilizado no preparo de medicamentos com propriedades sudorificas,
antirreumaticas, antissifiliticas, diuréticas e como repelente de mosquitos (ROGATTO et al.,
2014).

Grandes variedades de atividades farmacoldgicas e aplicagdes medicinais séo
conhecidas a partir de varias partes da planta. Relatos na literatura tém exibido grande
diversidade de fungdes bioldgicas a partir de um grupo de compostos presentes na planta.
Apesar da exata composicdo do 6leo da planta ser ainda indeterminada, na literatura, tém sido
descritas como usada para tratar dermatose, sifilis e malaria (YAMAGUCH et al., 2011).

Alcoba et al (2018), mencionou nos resultados de seu artigo ao trabalhar com
promastigotas do parasita Leishmania que o 6leo essencial da O. odorifera tem atividade

antileishmanial, e ndo somente ela mais outra planta pertencente a mesma familia chamada de
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Ocotea dispersa tambem apresentou atividade contra o protozoario.

O oleo do sassafras apresenta também atividade antifungica contra as espécies de C.
albicans e C. tropicalis de acordo com os resultados obtidos por Castro e Lima (2011). Testado
a bioatividade do 6leo essencial de sassafras e de eucalipto em larvas de cascudinho, Pinto et
al (2010) observou uma atividade mais acentuada de mortalidade das larvas jovens e adultas do

que o eucalipto, mostrando entdo que a planta apresenta uma boa atividade larvicida.
2.6 Metabdlitos secundarios

2.6.1 Oleo essencial

Os 0leos essenciais podem apresentar diversas atividades bioldgicas devido aos seus
compostos quimicos naturais como: propriedades anticancerigenas, antinociceptivas, antivirais,
antiflogisticas, antioxidantes e antimicrobianas. No 6leo essencial (OE) de orégano foi
detectado a presenca de fendis, considerados os responsaveis pela atividade antimicrobiana e
antioxidante (KABOUCHE et al., 2005; MARTINS et al., 2015; SILVA et al., 2019).

De acordo com Lafhal et al (2019) a composi¢do quimica de um OE depende de uma
série de fatores e alguns deles sdo: espécie, origem, cultivar, época de colheita, método de
extracdo e natureza do material vegetal. S&o uma mistura de compostos volateis e nas plantas,
os OE sdo produzidos para atuarem como defesas constitutivas contra estresses bioticos e
abioticos, sendo as propriedades bioldgicas dos OEs consequéncia da sua producao e finalidade.
H& uma vasta literatura que demonstra a atividade de OEs in vitro de anticancer, antiviral,
antiflogistico e antimicrobiano. Esse amplo espectro de atividades biol6gicas é geralmente
acompanhado por biodegradabilidade e toxicidade reduzida (POMA et al., 2018; BAKKALI et
al., 2008; DUDAREVA et al., 2006).

Segundo Graziano et al (2016) o Oleo essencial de Melaleuca alternifolia obteve
atividade contra as cepas de Porphyromonas gingivalis e Porphyromonas endodontalis
semelhantemente ao da clorexidina, mostrando, portanto, que o uso do OE pode ser uma
alternativa promissora contra 0os microrganismos. Veras et al (2019) usando 6leo da planta
Hymenaea cangaceira mostrou que o OE é um potente antioxidante, com presenca de atividade
antimicrobiana e analgésico. Além dessas caracteristicas o OE apresentou auséncia de

toxicidade nos testes realizados tornando-o um candidato a fitoterapia.
2.6.2 Terpenos

Os terpenos sdo desde muito cedo utilizados na medicina, culinaria e perfumaria, além

das industrias de outros ramos de producéo, fato esse, que causou a extinsao de algumas espécie
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de plantas e colocou outras a listra de “prestes a serem extintas”. Devido a sua grande utilizacéo
0 quimico Otto Wallach, dedicou-se a estutar e em 1910, ganhou o prémio Nobel por ter
conseguido identificar e separar os terpenos (ORMENO; FERNANDEZ, 2012).

Na sua grande maioria 0s Oleos essenciais sdo constituidos por terpenos e seus
derivados. Sao considerados metabdlitos secundarios que geralmente sdo produzidos nas
plantas para evitar algumas a¢6es promovidas pelo meio externo. A produc¢éo dos terpenos nao
é limitada apenas no reino das plantas, mas também, s&o produzidos por animais, bactérias e
fungos (CORREIA et al., 2008; DVORA; KOFFAS, 2013).

De acordo com Mc Murry (2011), os terpenos sdo considerados quimicamente como
“alcenos naturais”, pois contém em sua estrutura quimica uma ligacdo dupla carbono-carbono,
sendo assim considerado como um hidrocarboneto. Os terpenos apresetam funcdes variadas
com a presenca de grupos funcionais diferentes, e isso podemos ver quando o terpeno apresenta
na estrutura molécular um oxigénio (terpenoide) que proporciona a essa molécula as seguintes
funcles: acidos, aldeidos, alcoois, éteres, fenois e cetona (FELIPE; BICAS., 2016).

Para a producdo dos terpenos a natureza possui um esqueleto carbénico que € formado
pela juncdo de unidades isoprendides basicas, o pirofosfato de isopentenila (IPP) e o pirofosfato
de dimetilalila (DMAPP). Existe duas rotas de biossintese para a formacao desses blocos de
intermediarios gerados na glicolise, e sdo elas: 1- essa rota se inicia com a Acetil-coenzima A
(conhecido como rota do mevalonato); 2- essa outra rota utiliza o &cido pirGvico como material
de partida (NOVAES, 2019).

A guantidade de carbonos presentes nas estruturas quimicas dos terpenos vao subdividi-
los em classes e cada classe recebe uma denominacéo dependendo da quantidade de carbono, e
sdo comumente nomeados da seguinte forma: 1- hemiterpenos (C5); 2- monoterpenos (C10);
3- sesquiterpenos (C15); 4- diterpenos (C20); 5- sesterterpenos (C25); 6- triterpenos (C30); 7-
tetraterpenos (C40) (NOVAES, 2019; ORMENO; FERNANDEZ, 2012).

A diversidade de estrutura dos terpenos o coloca como uma das maiores e mais diversas
classes de metabdlitos secundarios, com dezenas de milhares de estruturas relatadas. Essa
grande diversidade de estrutura dos tespenos garante a eles varias bioatividades como, por
exemplo, acdo antibacteriana e antifungicas. As propriedades bioativas dos terpenos o coloca
como uma fonte alternativas para o controle de resisténcia a diversos tipos de drogas e no
auxilio de combate a enfermidades (FREITAS et al., 2020; ARAUJO et al., 2020;
GONCALVES, 2017).
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2.6.3 Safrol

O safrol é um éter fenolico de liquido incolor, um composto organico de formula
C10H1002, levemente oleoso, de densidade 1,096 g/ml (a 20°C) e ponto de fusdo em torno de
11°C. O safrol é um terpeno considerado como um dos principais componentes presentes em
Oloes essenciais de Ocotea sp, encontrado no sul do Brasil (BARREIRO; FRAGA, 1999;
MAAR; ROSENBROCK, 2012).

Figura 3: Molécula de safrol
[0 AF

o

Fonte: Produzida pelo autor

O safrol e seus derivados como eugenol e isoeugenol apresemtam atividades biologicas
comprovadas. Almeida et al (2020) mostrou atividade antimicrobiana do safrol de forma direta
e também associado com antibiético, além de mostrar que uma de suas atuacOes para efeito
antibactérioano é na inibicdo da bomba de efluxo. J& Rodrigues-Chaves et al (2018) demostrou
que o safrol contém atividade anti-Leishmania.

Os derivados de safrol sdo bastante utilizados para producdo de medicamentos, para
testes clinicos e em perfumaria como fixador. Obtencdo dos derivados de safrol de interesse
comercial sdo relativamente simples de um ponto de vista quimico. Essas possibilidades de
sintese a partir do safrol e outras biomoleculas tem se apliado consideralvelmente na busca
de novos compostos biologicamente ativos, consistindo assim, em um processo de amplo
espectro na industria de farmacos. Os derivados de safrol (eugenol e piperonal) servem como

ponto de partida de drogas ilicitas do grupo das anfetaminas (COSTA, 2000; BARREIRO;
FRANGA, 1999; MAAR; ROSENBROCK, 2012).
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Figura 4: Transformacdo quimica do safrol
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Abstract: Considering the evidence that essential oils, as well as safrole, could modulate
bacterial growth in different resistant strains, this study aims to characterize the
phytochemical profile and evaluate the antibacterial and antibiotic-modulating properties
of the essential o0il Ocotea odorifera (EOOQO) and safrole against efflux pump (EP)-carrying
strains. The EOOO was extracted by hydrodistillation, and the phytochemical analysis was
performed by gas chromatography coupled to mass spectrometry (GC-MS). The
antibacterial and antibiotic-modulating activities of the EOOO and safrole against resistant
strains of Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa were analyzed
through the broth microdilution method. The EP-inhibiting potential of safrole in
association with ethidium bromide or antibiotics was evaluated using the S. aureus 1199B
and K2068 strains, which carry genes encoding efflux proteins associated with antibiotic
resistance to norfloxacin and ciprofloxacin, respectively. A reduction in the MIC of ethidium
bromide or antibiotics was used as a parameter of EP inhibition. The phytochemical analysis
identified 16 different compounds in the EOOO including safrole as the principal
constituent. While the EOOO and safrole exerted clinically relevant antibacterial effects
against S. aureus only, they potentiated the antibacterial activity of norfloxacin against all
strains evaluated by our study. The ethidium bromide and antibiotic assays using the strains
of S. aureus SA1119B and K2068, as well as molecular docking analysis, indicated that safrole
inhibits the NorA and MepA efflux pumps in S. aureus. In conclusion, Ocotea odorifera and
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safrole presented promising antibacterial and antibiotic-enhancing properties, which
should be explored in the development of drugs to combat antibacterial resistance,

especially in strains bearing genes encoding efflux proteins.

Keywords: ethidium bromide; bacterial resistance; biological activity; chemical composition

1. Introduction

Compounds generated by the secondary metabolism of plants constitute a large group
of substances with significant structural and functional diversity, among which essential oils
are notable bioactive compounds with antifungal, antiviral, antiprotozoal and antibacterial
properties [1-4]. Essential oils are complex mixtures of volatile and aromatic compounds
found in a great variety of plant species, acting in defense against infections, parasites, and
other stress conditions [5,6]. In this context, terpenes, which comprise the largest class of
natural products, have been identified as very potent bioactive compounds [7]. Thymol and
carvacrol are notable compounds with potent antimicrobial activities. These monoterpenes
have been found as major constituents of essential oils obtained from a wide variety of
aromatic plants [8]. Accordingly, the essential oil of the leaves of Aloysia gratissima and
Baccharis reticulata, which have 1,8-cineole, germacrene D, a-pinene, 3-caryophyllene, and
[ -pinene as major constituents, demonstrated bactericidal activity against both Gram-
positive (Staphylococcus aureus and Bacillus cereus) and Gram-negative (Escherichia coli and
Pseudomonas aeruginosa) bacterial strains [9,10].

Ocotea odorifera (Lauraceae) is a plant popularly known as “sassafras”. This species,
native to Brazil, is widely found in the Atlantic Forest where is used by the local communities
in the treatment of malaria and rheumatism. In addition, due to its remarkable chemical
constitution and abundance of essential oils, this plant has been used as a source of flavoring
agents in the food industry [11-13]. Previous research with the essential oil of O. odorifera
(EOOO) has identified safrole (C10H1002) as a major constituent, with unique chemical and
pharmacological properties [14-16]. Accordingly, safrole has been used in the production of
fragrances and as a raw material in the synthesis of drugs and insecticides [17]. While the
effects of essential oils containing safrole against Gram-negative strains of Escherichia coli,
Salmonella thyphimurium, and Pseudomonas aeruginosa, have been demonstrated previously,
the antibacterial activity of this organic compound against Staphylococcus aureus strains
remains to be characterized [18-20].

S. aureus is a Gram-positive bacterium with remarkable pathogenicity. Accordingly,
resistance to antibiotics is currently a major worldwide public health problem [21]. Resistant
bacteria are characterized by the presence of natural or acquired mechanisms that confer
survivability even in the presence of high concentrations of antibiotics [22]. In this context,
genetic modification of the binding site, enzymatic inactivation, and active transport by
efflux pumps (EPs) are recognized as the principal mechanisms of resistance to antibiotics
[23]. Importantly, EPs were found to mediate antibiotic resistance in several strains of S.
aureus. By actively transporting drugs to the extracellular medium, these transmembrane
proteins reduce the intracellular concentrations of antibiotics, resulting in ineffective therapy
[24].

Aiming to discover new weapons to combat bacterial resistance, researchers have been
dedicated to investigating the antibacterial and antibiotic-modulating properties of natural
products. Therefore, considering the evidence that essential oils and safrole could modulate
bacterial growth in different resistant strains, this study aims to characterize the
phytochemical profile and evaluate the antibacterial and antibiotic-modulating properties of
the essential oil of Ocotea odoriferas and safrole in EP-carrying strains.
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2. Results

2.1. Chemical Composition of the Essential Oil of Ocotea Odorifera

The extraction of the EOOO by hydrodistillation presented a yield of 2.31%, considering
the dry weight of the botanical material. Phytochemical analysis of the essential oil through
gas chromatography coupled with mass spectrometry (GC-MS) identified 93.1% of the total
constituents, revealing the presence of 16 different compounds, including safrole (77.9%),
spathulenol (4.0%) and ortho-cymene (3.0%) as major constituents (Table 1).

Table 1. GC-MS profile of the essential oil of Ocotea odorifera.

RI Compound %
936 Alpha-pinene 0.3
951 Camphene 0.2
978 Beta-pinene 0.1
1005 Alpha-felandrene 1.9
1026 Ortho-cymene 3.0
1033 1,8-Cineole 0.9
1145 Camphor 0.4
1189 Alfa-terpineol 0.3
1292  Safrole 77.9
1356 Eugenol 0.6
1414 (E)-caryophyllene 0.4
1476 Gama-muurolene 0.3
1487 Delta-selinene 0.5
1491 Bicyclogemacrene 1.1
1572 Spathulenol 4.0
1648 1%-selinen-4—alpha— 1.2

o

Total composition identified 93.1

Legend: RI = Retention Index.

2.2. Antibacterial Activities of the EOOO and Safrole

The broth dilution method was used to determine the Minimum Inhibitory
Concentration (MIC) of the essential oil of Ocotea odorifera and its major constituent safrole
against multi-resistant strains of S. aureus, E. coli and P. aeruginosa. The antibacterial activity
analysis revealed that both treatments presented MIC values above 1024 pg/mL against E.
coli and P. aeruginosa, indicating that they exert clinically ineffective antibacterial activity
against these strains. However, both treatments presented MIC values of 512 pg/mL against
S. aureus, suggesting that O. odorifera and its major constituent safrole exert antibacterial
effects against this Gram-positive strain (Table 2).

Table 2. Minimum Inhibitory Concentrations (MICs) of the EOOO and safrole.

Bacterial Strain EOOO Safrole
MIC(ug/mL) MIC (ug/mL)
S. aureus 10 512 512
E. coli 06 >1024 >1024

P. aeruginosa 24 >1024 >1024




2.3. Antibiotic-Potentiating Effects of the EOOO and Safrole

As the EOOO and safrole presented variable intrinsic antibacterial activity, this study
analyzed the ability of these substances to modulate the antibacterial resistance to
norfloxacin, a fluoroquinolone antibiotic. To this end, the MIC of this antibiotic was
calculated after culturing the same bacterial strains in the presence or absence of the natural
products at concentrations equivalent to their MIC + 8. As shown in Figure 1, The MIC values
of norfloxacin against strains of S. aureus, P. aeruginosa and E. coli were significantly reduced
by both EOOO and safrole, indicating that they present antibiotic-modulating effects against
all investigated strains. Interestingly, while these treatments did not present direct
antibacterial effects against P. aeruginosa and E. coli, they were found to modulate the
antibacterial resistance to norfloxacin observed for the Gram-positive and Gram-negative
strains evaluated by the present study.

80 1
B cm Norfloxacin
709
I Ecoo0 + Norfloxacin

Safrole + Norfloxacin

60

50 9

M IC pg/mL

P.aeruginosa S.aureus

Figure 1. Minimum Inhibitory Concentration (MIC) of norfloxacin alone or in the
presence of O. odorifera or safrole against the multiresistant strains E. coli 06, S. aureus 10
and P. aeruginosa 24. **** p < 0.0001 indicates significant differences between groups.
Statistical significance was determined by one-way ANOVA and Bonferroni’s post-hoc
test.

2.4. Effects of Safrole on the S. aureus NorA and MepA Efflux Proteins

The ethidium bromide assay has been widely used to evaluate the potential action of
drugs as EP inhibitors [25]. Therefore, it was evaluated whether safrole could modulate
bacterial resistance in the S. aureus 1199B and K2068 strains, which express the NorA and
MepA EP, respectively. The association with subinhibitory concentrations of safrole or
chlorpromazine (control drug) significantly reduced the MIC of ethidium bromide against
both strains, indicating that safrole could act as an EP inhibitor in some S. aureus strains
(Figure 2).
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Figure 2. Minimum Inhibitory Concentration (MIC) of ethidium bromide alone or
associated with safrole or chlorpromazine (control) against S. aureus 1199B and K2068
strains. **** p < 0.0001 indicates significant differences between groups. Statistical
significance was determined by one-way ANOVA and Bonferroni’s post-hoc test.

Following the promising effects demonstrated by safrole in the ethidium bromide test,
the effects of this compound as a modulator of bacterial resistance in association with
norfloxacin and ciprofloxacin was investigated. Of note, the 1199B and K2068 strains,
respectively, bear resistance genes against each of these antibiotics. To this end, the MIC of
this antibiotic was calculated after culturing the same bacterial strains in the presence or
absence of the natural products at concentrations equivalent to their MIC + 8. As shown in
Figure 3, the association with safrole or chlorpromazine (control) significantly reduced the
MICs of both antibiotics, suggesting that the resistance to these drugs was, at least partially,

reverted by safrole, which possibly inhibits the NorA and MepA-mediated efflux
mechanisms in S. aureus.
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Figure 3. Minimum Inhibitory Concentration (MIC) by safrole in association with
norfloxacin or ciprofloxacin against S. aureus 1199B and K2068 strains. *** p < 0.0001
indicates significant differences between groups. Statistical significance was determined
by one-way ANOVA and Bonferroni’s post-hoc test.

2.5. Molecular Docking and Analysis of Knteractions between Safrole and Efflux Proteins

The docking simulations determined the ligand-bound protein complexes with minimal
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energy and the best stability. The best-docked ligand conformations were saved in output
clusters 0. The docking studies revealed that chlorpromazine and safrole presented the most
favorable interaction energies (IE), which were positively correlated with their MIC values,
inhibition constants (Ki) and size-independent ligand efficiency (SILE) for both NorA (Table
3) and MepA (Table 4) efflux proteins. Together, this data shows that safrole has a more
favorable interaction with the MepA protein compared to NorA.

Table 3. Molecular docking and analysis of interactions between EP inhibitors and NorA.

Compound MIC IE Ki SILE
(ug/mL) (Kcal/mol) (uUM)

Ethidium 128 -7.8 1.95 0.74

Bromide

Chlorpromazine 64 -6.4 20.64 7.86

Safrole 80.63 -5.9 47.95 18.72

Legends: MIC = minimum inhibitory concentration; IE = interaction energy; Ki =
inhibition constant; SILE = size independent ligand efficiency.

Table 4. Molecular docking and analysis of interactions between EP inhibitors and MepA.

Compound MIC IE Ki SILE
(ug/mL) (Kcal/mol) (uUM)

Ethidium 128 -8.6 0.51 0.19

Bromide

Chlorpromazine 85.33 -6.9 8.88 3.47

Safrole 64 -6.1 34.23 15.19

Legends: MIC = minimum inhibitory concentration; IE = interaction energy; Ki =
inhibition constant; SILE = size independent ligand efficiency.

Figure 4 shows the chemical structures of safrole (Figure 4A) and chlorpromazine (Figure
4B) in the binding pockets of the NorA (Figure 4C) and MepA (Figure 4D) efflux pumps.
Interactionmaps were used to predict the participation of amino acid residues in the binding
of chlorpromazine (Figure 4E-F) or safrole (Figure 4G-H) to these efflux pumps. The
interaction maps show that chlorpromazine and safrole similarly interact with the MepA
binding site through anchors with Glu287, Leu366, Met363, Met341 Pro286, Val283, Leu282,
and Val334, as well as with the NorA binding site through Gly342, Val286, 11258, Ala261,
Ile341, Ala339, Leu325, and Phe283. The interactions between these amino acids and safrole
are given at nonpolar and partially hydrophobic regions involving Van der Waals, mt-Allyl,
and Allyl interactions. On the other hand, the binding of chlorpromazine to the
corresponding amino acids predominantly involves Van der Waals, nt-Allyl, Allyl, carbon
hydrogen bond, m-n, m-sigma, and m-sulfur interactions. These findings corroborate the
evidence that safrole, as well as chlorpromazine, could act as efflux pump inhibitors in the S.
aureus SA1119B and K2068 strains.
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Figure 4. Chemical structures of Safrol (A) and Chlorpromazine (B). Binding poses of
best stability of safrole and chlorpromazine with the NorA (C) and MepA (D). Interaction
maps showing the binding of chlorpromazine to amino acid residues in the NorA (E)
and MepA (F) binding sites. Interaction maps showing the binding of safrole to amino
acid residues in the NorA (G) and MepA (H) binding sites.

3. Discussion

The discovery of penicillin represented an important milestone in the therapy of bacterial
diseases and opened new perspectives for antibacterial drug development. Additionally, the
introduction of the last generation of antibiotics has had a significant impact on public health,
contributing to reduced morbidity and mortality rates caused by bacterial infections.
However, the irrational use of this therapeutic classes has contributed to the selection of
multidrug-resistant bacterial strains, against which conventional antibiotics may become
ineffective. Therefore, the discovery of new antibiotics is crucially important to ensure the
success of antibiotic therapy in future medicine [26-28].

The present research investigated the antibacterial effects of the essential oil of O.
odorifera and its major constituent safrole against multi-resistant strains. The phytochemical
analysis identified 93.1% of the total constituents of the EOOOQ, revealing the presence of 16
different compounds, including safrole as a major constituent. This finding is corroborated
by a previous study showing a similar composition, as well as the presence of safrole as the
principal component of essential oil obtained from the leaves of the same species [29].
According to Junior et al. [30] and Lorenzi and Matos [31], safrole is a bioactive compound
widely used in the food, cosmetic, and pharmaceutical industries. In general, essential oils
present significant yield, and their composition can vary depending on climatic and
environmental factors, such as temperature, humidity, precipitation, soil, and time of
collection. Additionally, the part of the plant used (leaves, bark, seeds or root), as well as the
method of the extraction, may interfere with the composition of the essential oil of a given
species [15,32,33].

The antibacterial activity analysis revealed that while the essential oil of O. odorifera and
safrole presented clinically ineffective antibacterial activity against E. coli and P. aeruginosa,
they presented clinically relevant MIC values against S. aureus. The data obtained by this
study suggest that safrole is, at least partially, responsible for the antibacterial effects of the
EOOO. 1t is still suggested that both the oil and the isolated compound are more effective
against Gram-positive strains, which may be justified by differences in the constitution of the
membrane of Gram-positive and Gram-negative bacteria.

According to Nazzaro et al. [34], Gram-negative bacteria are more resistant to the
penetration of essential oils due to the presence of an outer layer of lipopolysaccharides.
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Accordingly, Betim et al. [35], comparing the antibacterial activities of O. odorifera and O.
nutans, demonstrated that the essential oil of O. odorifera presented more potent effects. In
addition, they found that both essential oils were more effective against Gram-positive
bacteria, corroborating the findings of the present research. On the other hand, a study by
Damascemo et al. [36] found clinically ineffective MIC values for the essential oil of O. bicolor
against S. aureus, P. aeruginosa, and E. coli. Furthermore, Cansian et al. [37] found that an
essential oil obtained from O. odorifera was more efficient against Gram-negative bacteria. As
discussed above, the chemical composition of a species may be significantly influenced by
several environmental factors, which may affect the pharmacological effects of extracts,
fractions, and essential oils.

Following the antibacterial activity analysis, this work investigated the ability of the
EOOO and safrole ability to modulate the antibacterial resistance to norfloxacin, a
fluoroquinolone antibiotic. The MIC values of norfloxacin against strains of S. aureus, P.
aeruginosa, and E. coli were significantly reduced in the presence of a subinhibitory
concentration of the EOOO and safrole (MIC + 8) indicating that both the oil and the isolated
compound can modulate the antibacterial resistance to norfloxacin observed for the Gram-
positive and Gram-negative strains evaluated by our study. Nevertheless, the isolated
compound showed more potent antibiotic-enhancing activity against all strains, reducing the
MIC of norfloxacin by up to 7 fold in comparison with the antibiotic alone. Studies have
demonstrated that antibacterial resistance to norfloxacin is significantly mediated by the
expression of efflux systems [38]. Therefore, it is hypothesized that the antibiotic-enhancing
effects shown by the EOOO and safrole might involve inhibition of efflux pumps.

Efflux pumps are membrane proteins that carry out the active transport of a wide range
of molecules, removing potentially toxic substances from the intracellular medium.
However, in the context of antibiotic therapy, the active transport of drugs by these proteins
results in reduced intracellular concentrations and, consequently, failure in the therapeutic
effect [23]. Increasing evidence has demonstrated that efflux pumps are overexpressed in
multiresistant bacterial strains, such as methicillin-resistant Staphylococcus aureus (MRSA).
Thus, considering the notable role of efflux pumps on antibacterial resistance in S. aureus, we
evaluated the potential involvement of EP inhibition on safrole-mediated antibiotic
resistance modulation in the S. aureus 1199B and K2068 strains, which express the NorA and
MepA EP, respectively. In the present study, the association with subinhibitory
concentrations of safrole or chlorpromazine (control drug) significantly reduced the MIC of
ethidium bromide against both strains. According to Tintino et al. [39], when natural or
synthetic compounds are tested against EP-bearing strains in association with ethidium
bromide, a reduction in the MIC of this substance indicates that the tested compound also
acts as an EP inhibitor. Thus, it is suggested that safrole could serve as an EP inhibitor in

these S. aureus strains.
Accordingly, Oliveira-Tintino et al. [40] reported that while the essential oil
Chenopodium

ambrosioides significantly reduced the MIC of ethidium bromide against the 1199B strain, its
principal constituent a-Terpinene presented no significant modulating effect, suggesting that
other components of the C. ambrosioides oil could act as EP inhibitors. However, the molecular
mechanisms associated with EP inhibition by essential oils, as well as their isolated
components, remain to be fully characterized. Nevertheless, since ethidium bromide is used
as a substrate by bacterial EP, itis hypothesized that these natural products could act by
blocking the binding of the substrate to the pump. Additionally, it has been suggested
that energy depletion, competition with ATP, and interference with the proton gradient
are potential mechanisms associated with EP inhibition by natural or synthetic compounds
[41].
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Considering the promising effects demonstrated by safrole in the efflux pump inhibition
assay, it was evaluated whether safrole could modulate bacterial resistance S. aureus strains
bearing resistance genes against norfloxacin and ciprofloxacin. The results of the present
study demonstrated that safrole, as well as the EP inhibitor chlorpromazine (control),
significantly reduced the MICs of both antibiotics, suggesting that the resistance to these
drugs was, at least partially, reverted by safrole, which possibly inhibits the NorA- and
MepA-mediated efflux mechanisms in S. aureus [42,43]. To confirm this hypothesis,
molecular modeling and docking analysis were used to evaluate in silico, the potential
interactions between safrole or chlorpromazine (control drug) and the NorA and MepA
efflux pumps. The present findings suggest that safrole, as well as chlorpromazine, could act
as efflux pump inhibitors in the S. aureus SA1119B and K2068 strains, and that safrole has a
more favorable interaction with the MepA protein compared to NorA.

Previous studies suggest that chlorpromazine affects the membrane potassium flow in S.
aureus. However, in multi-drug resistant strains, a significant inhibition is observed only at
concentrations above 50 uM [44]. Chlorpromazine is a typical antipsychotic drug acting as a
dopamine antagonist. Curiously, studies have shown that this drug also acts as a strong
inhibitor of the NorA efflux pump, and there is evidence that the interaction between this
drug and the amino acid residues is favored by its hydrophobic properties and molecular
dimension, corroborating the findings shown in the interaction map [45].

Finally, structure-activity relationship (SAR) studies indicate that phenyl-ether groups
significantly contribute to the interactions with the NorA and MepA EP in S. aureus [46].
Additionally, accumulating evidence suggest that high lipophilicity facilitates the action of
EP inhibitors on these proteins, corroborating the findings of the present research [43].

4. Materials and Methods

4.1. Collection and Identification of the Botanic Material

The essential oil was extracted from terminal branches and inflorescences of plants
(Figure 5) collected in a segment of Atlantic Forest in the State of Parana, Southern Brazil,
located at the following geographical coordinates: S 25° 19.862" W 49° 48.338'. The collection
and transport of the plant samples were performed under the authorization of the Parana
Environmental Institute (registry number 284/11). A voucher specimen was prepared and
registered at the Herbarium of “Faculdades Integradas Espirita” (HFIE) (registry number
9.000). Terminal branches and inflorescences were randomly collected from at least 10
individual plants and dried with an electric dryer (Gama Italy IQ perfetto 127V) at 40 °C for
24 h.
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Figure 5. Sample of the plant Ocotea odorifera.

4.2. Essential Oil Extraction

The essential oil of O. odoriferous was extracted by hydrodistillation in a Clevenger type
apparatus. Briefly, approximately 1 kg of the plant material was crushed and subjected to
extraction with 2.5 L of distilled water at boiling temperature for 2 h. After extraction, the
essential oil was combined with anhydrous sodium sulfate (Na25SO4) and stored under
refrigeration (—4 °C) for preservation [47].

4.3. Calculation of Essential Oil Yield

The yield of the essential oil was calculated as a percentage of the dry biomass obtained
from the aerial parts of the plant, using the following equation:
Vo

J"'I.3=M5 x 100

51

Legend: TO = oil content in 100 g of biomass; VO = volume of oil obtained; DM = amount of dry

biomass, free of water and humidity; and 100 = conversion factor to percentage [48].

4.4. Phytochemical Analysis

The chemical composition of the essential oil was determined by gas chromatography
coupled to mass spectrometry (CG-EM) using an Agilent 6890 chromatograph (Palo Alto, CA,
USA) coupled to an Agilent 5973N mass selection detector. The separation of the constituents
was obtained in a capillary column HP-5MS (5%-phenyl-95%-dimethylpolysiloxane, 30 m x

0.25 mm x 0.25 um) and using helium as the carrier gas (1.0 mL min~1). The chemical
constituents were identified by comparing their mass spectra with the standards reported in
the literature [49].

4.5. Bacterial Cultures

The following multidrug-resistant strains were used in the antibacterial tests:
Pseudomonas aeruginosa 24, Staphylococcus aureus 10 and Escherichia coli 06. The origin and
resistance profile of these strains is shown in Table 5.



Table 5. Origin and antibiotic resistance profile of the strains.
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Bacterial strain Origin Resistance Profile
S. aureus 10 Rectum swab Amc, Amox, Amp, Asb, Azi,
Cefa Cef, Cf, Cip, Cla, Clin,
Ery, Lev, Mox, Oxa, Pen
E. coli 06 Urine Asb, Cefa, Cef, Cfo, Cpm, Ctx
P. aeruginosa 24 Nasal discharge Ami, Cip, Ctz, Imi, Lev, Mer,
Ptz

Legend: Amc - AmoxicillintClavulanic Acid, Ami - Amikacin, Amox— Amoxicillin, Amp
Ampicillin, Asb — AmpicillintSulbactam, Azi — Azithromycin, Cefa — Cefadroxil; Cef — Cephalexin,
Cfo — Cefoxitin, Cip — Ciprofloxacin, Cla — Clarithromycin, Clin — Clindamycin, Cpm — Cefepime,
Ctx- Ceftriaxone, Ctz — Ceftazidime, Ery — Erythromycin, Imi — Imipenem, Lev — Levofloxacin, Mer

— Meropenem, Mox — Moxifloxacin, Oxa — Oxacillin, Pen — Penicillin and Ptz — Piperacillin.

S. aureus strains 1199B and K2068, which carry the NorA and MepA efflux proteins,
respectively, were kindly provided by Prof. S. Gibbons (University of London). All strains
were initially kept on blood agar (Laboratorios Difco Ltd.a., Sao Paulo, Brazil) and
maintained in Heart Infusion Agar (HIA, Difco) medium at 4 °C. Samples were transferred
from the solid medium to test tubes containing sterile saline, and turbidity was assessed using

a value of 0.5 on the McFarland scale, corresponding to 105 CFU.

4.6. Drugs

Norfloxacin and ciprofloxacin were used in the tests with the 1199B and K2068 strains,
respectively. These strains carry the NorA and MepA efflux proteins, respectively, which
confer resistance to the corresponding antibiotic. Ethidium bromide was used as an efflux
pump inhibitor control. Both antibiotics were dissolved in DMSO and diluted in water, while
ethidium bromide was dissolved in water. All drugs were prepared at initial concentrations
of 1024 pug/mL and serially diluted in test tubes. Both antibiotics, ethidium bromide and
safrole were purchased from SIGMA Chemical Co. (St. Louis, MO, USA).

4.7. Determination of Minimum Inhibitory Concentration (MIC)

Each inoculum was prepared with 10% Brain Heart Infusion (BHI) at a ratio of 1:9. Next,
100 pL of inoculum in medium was placed in wells on a 96-well plate with 100 puL of the
substance at concentrations ranging from 1024 to 8 pg/mL, followed by incubation at 37 °C
for 24 h. Positive controls (medium + inoculum) were included in the last wells of the plate
[50]. After incubation, 20 uL of sodium resazurin was added to each well, followed by an
additional 1 h incubation period at room temperature. A change in the color of the solution,
due to the reduction of resazurin, was used as an indicator of bacterial growth [51,52]. The
MIC was defined as the lowest concentration capable of inhibiting bacterial growth. All
experiments were carried out in triplicate for all bacterial strains.

4.8. Analysis of Antibiotic Resistance Modulation

To evaluate the ability of the EOOO and safrole to modulate bacterial resistance in the
presence of other drugs, the MICs of norfloxacin and ciprofloxacin against resistant strains of
P. aeruginosa, E. coli, and S. aureus were determined in the presence or absence of these natural
products at concentrations equivalent to their MIC + 8 [53]. The readings were performed as



described above.

4.9. Efflux Pump Inhibition Analysis Using an Ethidium Bromide Assay

In this test, the MIC of ethidium bromide was determined in the presence or absence of
sub-inhibitory concentrations of the EOOO and safrole. Briefly, the bacterial inocula were
prepared in BHI medium, and the treatments were added at concentrations equivalent to
their MIC + 8. Wells on a 96-well plate were filled with 100 uL of the solutions of each
treatment and then, ethidium bromide was added to the wells at concentrations ranging from
1024 to 0.5 pg/mL. A reduction in the ethidium bromide MIC was interpreted as EP inhibition
[54]. Experimental controls and MIC values for both OEOC and safrole were determined as
described above. All tests were performed in triplicate.

4.10. Efflux Pump Inhibition Analysis Using an Antibiotic Resistance Modulation Assay

Considering that the S. aureus strains 1199B and K2068 carry genes encoding efflux
proteins associated with antibiotic resistance to norfloxacin and ciprofloxacin, respectively,
this protocol was used to evaluate the ability of the EOOO and safrole to modulate bacterial
resistance in association with these antibiotics against the corresponding strain. The bacterial
inocula were prepared in BHI medium and the treatments were added at concentrations
equivalent to their MIC + 8. Wells on a 96-well plate were filled with 100 puL of the solutions
of each treatment and then, each antibiotic was added to the wells at concentrations ranging
from 1024 to 0.5 ug/mL. A reduction in the MIC of the antibiotic was interpreted as EP
inhibition [54]. Experimental controls and MIC values for both EOOO and safrole were
determined as described above. All tests were performed in triplicate.

4.11. Molecular Modelling and Docking Studies

The three-dimensional (3D) structures of the NoRA and MepA proteins were determined
using homology models as follows: the three-dimensional structures were predicted using
the Protein Homology/Analogy Recognition Engine version 2.0 (Phyre2, available
http://www.sbg.bio.ic.ac.uk/phyre2) web server, and confirmed using the Iterative
Threading Assembly Refinement (I-TASSER, available
http://zhanglab.ccmb.med.umich.edu/I-TASSER/) and MODELLER 9.14 servers. The
stereochemical quality of the protein structures was checked by the Ramachandran plot
using the PROCHECK program [55]. The topographic structure of the pockets and cavities
were characterized using the Computed Atlas of Surface Topography of proteins (CASTp,
available http://cast.engr.uic.edu) with a standard value of 1.4 A of the radius, and the ligand -
binding sites were predicted using the 3DligandSite server [56].

Docking simulations were carried out with a binding region defined by a 10 A x 10 A x 10
A box set at the centroid of predicted ligand-binding sites. The structures were adjusted using
a protein preparation tool provided by the Chimera package (version 1.14, University of
California, San Francisco, CA, USA), the 3D structures of ligands were obtained using the

corina® 3D structure generator (version 4.3, Altamira LLC, Oklahoma city, OK, USA), and
minimization of energy was achieved using the UCSF Chimera structure build module [57].
The docking analyses were carried out using the UCSF Chimera and AutoDock Vina
software (version 1.1.2., The Scripps Research Institute, La Jolla, CA, USA) based on the
iterated local search global optimizer [58]. Proteins and ligands were maintained flexible
during the docking process. The selection of flexible residues from proteins was based on the
active site at 4.0 A from the co-crystallized ligands. The most favorable binding free energy
was represented by clustering the positional Root-mean-square deviation of atomic positions
(RMSD) data with no more than 1.0 A. The final docked complexes were analyzed using the
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Discovery Studio visualizer program version 3.1 (Dassault Systemes, San Diego, CA, USA).
The binding energy score was used to calculate the inhibition constant (Ki value)-based in an
equation by Onawole et al. [59], and the size-independent ligand efficiency (SILE) was
measured using the equation described by Nissink, J. W. M. [60].

4.12. Statistical Analysis

Data are expressed as arithmetic means + standard error of the mean and were analyzed
by analysis of variance (ANOVA), followed by Bonferroni’s post-test using GraphPad Prism
software version 7.00 (available http://www.graphpad.com/scientific-software/prism/).
Statistical significance was considered when p <0.05.

5. Conclusions

The essential oil of Ocotea odorifera has antibacterial and antibiotic-enhancing activities
that are, at least partially, mediated by its major constituent, safrole. Safrole modulates
antibiotic resistance in the S. aureus SA1119B and K2068 strains, possibly through direct
inhibition of the NorA and MepA efflux pumps, respectively.

In conclusion, Ocotea odorifera and safrole present promising antibacterial and antibiotic-
enhancing properties, which should be explored in the development of drugs to combat
antibacterial resistance, especially in strains bearing genes encoding efflux proteins.
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Abstract: In a recent study, our research group demonstrated that the essential oil of Ocotea odorifera
(EOOO) and its major compound safrole potentiated the action fluoroquinolones, modulating
bacterial resistance possibly due to direct inhibition of efflux pumps. Thus, in the present study, we
investigated whether these treatments could enhance the activity of gentamicin and erythromycin
against multidrug-resistant (MDR) bacteria. The EOOO was extracted by hydrodistillation, and the
phytochemical analysis was performed by gas chromatography coupled to mass spectrometry (GC-
MS). The antibiotic-enhancing effect of the EOOO and safrole against MDR strains of Staphylococcus
aureus, Escherichia coli and Pseudomonas aeruginosa was analyzed by the broth microdilution method.
The chemical analysis confirmed the presence of safrole as a major component among the 16
compounds identified in the EOOQ. Both the essential oil and the isolated compound showed
clinically relevant antibacterial activities against S. aureus. Regarding the modulation of antibiotic
resistance, the EOOO was found to enhance the activity of erythromycin against the strains of P.
aeruginosa and S. aureus, as well as improving the action of gentamicin against S. aureus. On the other
hand, safrole potentiated the activity of gentamicin against the S. aureus strain alone. It is concluded,
therefore, that the EOOO and safrole can enhance the activity of macrolides and aminoglycosides,
and as such are useful in the development of therapeutic tools to combat bacterial resistance against
these classes of antibiotics.

Keywords: Macrolides. Aminoglycosides. Antibiotic resistance modulation. Safrole. Ocotea odorifera
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1. Introduction

Brazil is known for its great biodiversity, accounting for about 20% of all plant species of the
planet, many of which are used in folk medicine [1,2]. Essential oils are volatile substances
synthesized by the plant secondary metabolism, composed mainly of monoterpenes, sesquiterpenes
and phenylpropanoids [3]. Importantly, several studies have demonstrated that this class of
compounds present anti-inflammatory, antitumor, antioxidant and>antimicrobial properties [4-6].

Ocotea odorifera (Vell.) Rohwer (Lauraceae) is a species native to Brazil, where it is traditionally
used to treat infected wounds?. This species is phytochemically characterized by the presence of
flavonoids such as kaempferol and quercetin, as well as for producing an essential oil containing
safrole as a major component [7,8]. Safrole is a phenylpropanoid widely used in the production of
fragrances and inseticides [9]. Previous research has demonstrated that both the essential oil of O.
odorifera (EOOQ) and safrole have antibacterial, antileishmania and insecticidal activities, justifying
their use in drug development research [8,10-12].

Bacterial resistance is a global health problem with significant impact on mortality rates and
health care costs [13]. Evidence has indicated that multi-drug resistant (MDR) bacterial strains can
become increasingly virulent, hindering the treatment of several infections [14,15]. Bacteria such as
Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa have been recognized as highly
pathogenic microorganisms responsible for a significant number of serious infections [16-24].
Accordingly, the emergence of multidrug-resistant strains in these species has hampered the
treatment with most conventional antibiotics and therefore, the development of new drugs capable
of combating bacterial resistance has become a priority in the search for new antimicrobial agents.

Our group has recently demonstrated that the EOOO and safrole presents clinically relevant
activity against S. aureus and that safrole modulates antibiotic resistance to quinolones in the S. aureus
SA1119B and K2068 strains, possibly through direct inhibition of the NorA and MepA efflux pumps,
respectively [25]. However, to date it is unknown if these products are capable of modulating
antibacterial resistance to other classes of antibiotics.

Therefore, this study aimed to investigate the antibiotic-enhancing activity of the EOOO and
safrole in association with macrolides against MDR bacterial strains.

2. Results

2.1. Chemical composition of the EOOO

Figure 1 shows the chromatogram corresponding to the phytochemical analysis (GC-MS) of the
EOQQO (please, see Almeida et al., 2020 for details)?®, which revealed the presence of safrole (77.9%)
as a major component, in addition to a-pinene ( 0.3%), camphene (0.2%), B-pinene (0.1%), a-
felandrene (1.9%), ortho-cymene (3.0%), 1.8-cineole ( 0.9%), camphor (0.4%), a-terpineol (0.3%),
eugenol (0.6%), (E) -caryophylene (0.4%), y-muurolene (0, 3%), d-selinene (0.5%), bicyclogermagrene
(1.1%), spatulenol (4.0%) and 11-selinen-4- o -ol.
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Figure 1. Chromatogram corresponding to the phytochemical analysis of the EOOO by GC-MS. 1=a-pinene; 2=camphene; 3=3-pinene ; 4= a-felandrene; 5=orto-
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2.2. Antibiotic-enhancing activity of the EOOO

The antibacterial activity analysis of the EOOO found MIC values above 1,024 pg/mL against P.
aeruginosa 24 and E. coli 06. On the other hand, the essential oil presented a MIC of 512 ug/mL against S.
aureus 10, indicating that the EOOO only has clinically relevant antibacterial activity against the Gram-
positive strain. However, when a subinhibitory concentration of the essential oil was associated with
conventional antibiotics to analyze the potentiating effect, synergistic effects were obtained with
erythromycin against S. aureus, reducing the MIC of the modulation control (CM) from 8 pg /mL to 1 ug
/ mL when associated. The CM of the antibiotic erythromycin against the bacterium P. aeruginosa was 128
ug / mL, and when associated with EOOO it decreased to 64 pig / mL. The same occurred with
gentamicin, which showed a MIC reduction from 256 pg / mL to 64 pg / mL, against the S. aureus strain.
Nevertheless, none of these antibiotics had the antibacterial activity against E. coli modulated by the
essential oil.

B Gentamicin
= Gentamicin + EOOO
— Erythromycin

== Erythromycin + EOOO

M IC pg/mL

[ *xxx
1

E.coli P.aeruginosa S.aureus

Figure 2. Modulation of antibiotic resistance by the EOOQ in association with gentamicin or erythromycin
against MDR E. coli 06, S. aureus 10 and P. aeruginosa 24. *** p < 0.0001 indicates significant differences
between groups.

2.3. Effects of safrole on antibiotic resistance to gentamicin and erythromycin

The analysis of the antibacterial activity of safrole found the same MIC values as those obtained for
EOOO against all bacterial strains. However, the compound alone did not affect the antibacterial activity
of antibiotics against none of the Gram-negative strains. On the other hand, the combination of safrole
with gentamicin resulted in a significant reduction in the MIC from 256 pg / mL to 32 ug / mL against S.
aureus, indicating potentiation of antibacterial activity (modulation of resistance to gentamicin).
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Figure 3. Modulation of antibiotic resistance by safrole in association with gentamicin or erythromycin
against MDR E. coli 06, S. aureus 10 and P. aeruginosa 24. **** p <0.0001 indicates significant differences
between groups.

3. Discussion

Evidence demonstrates that essential oils represent an important source of active ingredients with the
potential to combat bacterial resistance [26-28]. In this context, the chemical composition of these
substances was shown to directly influence their pharmacological properties. Importantly, essential oils
obtained from the same species, under different conditions of collection and extraction, can undergo
significant variation concerning their major components, as demonstrated by analyzes using gas
chromatography coupled with mass spectrometry, one of the main methods used in phytochemical
analyses [29-32].

The present work evaluated the effects of the Ocotea odorifera essential oil on the modulation of
bacterial resistance to gentamicin and erythromycin. As in a recent analysis (Almeida et al., 2020)», we
found safrole as the major component of this oil, the activity of this compound was also evaluated. A
similar chemical profile was reported by Mossi et al (2013)% and Alcoba et al., (2018)3. The later study
identified safrole (36.3%), y-cadinene (6.6%), camphor (6.5%), and a-copaene (6.0%) as major components
in the essential oil of Ocotea odorifera. However, a study using gas chromatography coupled to a mass
spectrometer with a selective detector found significant differences in the composition of an essential oil
obtained from the same species, which consisted mostly of methyl-eugenol (81.2%), followed by safrole
(10.6%) [35].

The antibacterial analysis revealed that both the EOOO and safrole showed clinically relevant activity
only against the Gram-positive strain, although a different phenomenon was observed in the antibiotic
resistance modulation tests. Betim and colleagues (2019)% compared the antibacterial activity of the
essential oils obtained from Ocotea odorifera and Ocotea nutans and concluded that the former was more
effective than the later against strains of S. aureus, P. aeruginosa, and E. coli. Besides, this oil was more
effective against the Gram-positive strain, corroborating the data obtained in the present study.
Accordingly, Leporatti et al (2014)%” demonstrated that the essential oil of Ocotea puchury-major exerted
clinically relevant activity against S. aureus, while no significant activity was verified against P. aeruginosa
and E. coli. On the other hand, the essential oil of Ocotea bicolor presented MIC values greater than 1000
ug/mL against each of the strains evaluated in this study (Damasceno et al., 2017)3, indicating a variation
in the pharmacological effect between species of the same genus. Interestingly, Cansian et al (2010)%
demonstrated that the EOOO showed more potent antibacterial activity against Gram-negative strains,
which may have occurred due to differences in the chemical composition of the oil as a consequence of
seasonal variation.

Considering the evidence that O. odorifera components could modulate antibacterial resistance in vitro
(Almeida et al., 2020)?%, this study evaluated the antibiotic-enhancing activities of the EOOO and safrole
against MDR strains treated with standard aminoglycoside (gentamicin) and macrolide (erythromycin)
antibiotics. A subinhibitory concentration of the essential oil (MIC + 8) was found to significantly
potentiate the erythromycin against S. aureus and P. aeruginosa, as well as the activity of gentamicin against
the Gram-positive strain. On the other hand, the isolated compound was shown to enhance the activity of
gentamicin against S. aureus. However, neither the EOOO nor safrole modulated the activity of the
antibiotics tested against E. coli. Together, these findings indicate that these compounds differentially
modulate antibiotic resistance in MDR strains, suggesting that other constituents of the EOOO might
influence its antibiotic-enhancing properties.

While safrole presented little antibiotic-enhancing effect in most conditions analyzed by the present
study, it was found to potentiate the activity of norfloxacin against S. aureus, P aeruginosa and E. coli
(Almeida et al., 2020)%. Thus, further research is required to determine the spectrum of action of this
compound as a modulator of antibiotic resistance. The modulation of antibiotic resistance by a given
compound is highly influenced by its chemical structure, as well as by the three-dimensional arrangement
of the atoms in the molecule. Studies indicate that Gram-positive bacteria are more susceptible to the action
of essential oils since their less complex cell wall structure compared to that of Gram-negative bacteria
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(Rios and Recio 2005; Cos et al., 2006)[40,41] favors the penetration of chemical constituents that can
cause ruptures in the cell membrane [42].

Since gentamicin and erythromycin have intracellular action, the potential action of essential oil
components on the bacterial membrane could increase the antibacterial activity of these drugs. With
regard to the mechanism of action, both antibiotics act as protein synthesis inhibitors by binding the 305
and 50 S ribosomal subunits, respectively [43].

Studies have shown that resistance to these antibiotics in MDR strains of S. aureus and P. aeruginosa
is significantly associated with the expression of efflux pumps [44,45]. Thus, based on evidence obtained
from previous work by our group (Almeida et al., 2020)%, it is suggested that EOOO and safrole may be
modulating antibacterial resistance to these antibiotics, at least in part, by directly interfering with drug
extrusion mechanisms in these strains.

4. Materials and Methods

4.1. Collection, extraction and analysis of the botanical material

The botanical material was collected, identified, extracted, and analyzed as described by Almeida and
collaborators (2020)%. Briefly, the essential oil was extracted from terminal branches and inflorescences of
plants collected in a segment of Atlantic Forest in the State of Parana, Southern Brazil (coordinates: S 25°
19.862' W 49° 48.338’). A voucher specimen was prepared and registered at the Herbarium of "Faculdades
Integradas Espirita" (HFIE) (registry number 9.000). Terminal branches and inflorescences were randomly
collected from at least 10 individual plants and dried with an electric dryer (Gama Italy IQ perfetto 127V)
at 40 °C for 24 h.

The extraction was carried out by hydrodistillation in a Clevenger type apparatus using 500 g of dry
leaves in 1L of distilled water at boiling temperature for 2 h. After extracting the essential oil, it was
combined with anhydrous sodium sulfate (Na2504) and stored under refrigeration (—4 ° C). The chemical
composition of the essential oil was determined by gas chromatography coupled to mass spectrometry
(CG-EM) and compounds were identified by comparing their mass spectra with the standards reported in
the literature. The separation of the constituents was obtained in a capillary column HP-5MS (5% -phenyl-
95% -dimethylpolysiloxane, 30 m x 0.25 mm x 0.25 um) and using helium as the carrier gas (1.0 mL min -
1).

Figure 4: Sample of the plant Ocotea odorifera
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4.2. Bacterial cultures

The origin and resistance profile of the bacterial strains used in the present study (Bezerra et al.,
2017)% is shown in table 1.

Table 1. Origin and antibiotic resistance profile of the strains.

Bacterial
strain Origin Resistance Profile
S aureus 10 Rectum swab Amc, Amox, Amp, Asb, Azi, Cefa Cef, Cf, Cip, Cla, Clin, Ery, Lev,
Mox, Oxa, Pen
E. coli 06 Urine Asb, Cefa, Cef, Cfo, Cpm, Ctx
P aeruginosa Nasal Ami, Cip, Ctz, Imi, Lev, Mer, Ptz
24 discharge

Legend: Amc — Amoxicillin+Clavulanic Acid, Ami — Amikacin, Amox— Amoxicillin, Amp Ampicillin, Asb
— Ampicillin+Sulbactam, Azi — Azithromycin, Cefa — Cefadroxil; Cef — Cephalexin, Cfo — Cefoxitin, Cip —
Ciprofloxacin, Cla - Clarithromycin, Clin — Clindamycin, Cpm — Cefepime, Ctx- Ceftriaxone, Ctz -
Ceftazidime, Ery - Erythromycin, Imi — Imipenem, Lev - Levofloxacin, Mer — Meropenem, Mox -
Moxifloxacin, Oxa — Oxacillin, Pen - Penicillin and Ptz — Piperacillin.

All strains were kept on blood agar (Laboratorios Difco Ltda., Brazil) and maintained in Heart
Infusion Agar (HIA, Laboratorios Difco Ltda., Brazil) medium at 4 °C. Samples were transferred from the
solid medium to test tubes containing sterile saline, and turbidity was assessed using a value of 0.5 on the
McFarland scale, corresponding to 105 CFU. The antibiotics erythromycin and gentamicin were obtained
from SIGMA Chemical Co. (St. Louis, USA). The EOOQ, safrole and both antibiotics were dissolved in
DMSO (10 mg/mL) and diluted in distilled water to 1024 ug/mL.

4.3. Determination of minimum inhibitory concentration (MIC)

The minimum inhibitory concentration (MIC) was determined in sterile 96-well microplates by serial
dilution. Each bacterial inoculum was prepared by transferring a sample of the bacterial culture to BHI
broth, followed by incubation at 37 °C for 24 h. After this period, a 1:10 solution was prepared in test tubes,
by adding 100 uL of inoculum and 900 uL of the BHI medium. A total of 100 pL of this solution was
transferred to each well of the plate. Then, each well was added with 100 uL of the corresponding
treatment serially diluted (1:2) at concentrations ranging from 1024 to 1 pg/mL Positive controls (medium
+ inoculum) were added in the last well of the plate. The plates were incubated at 35 + 2 °C for 24 h. All
tests were performed in triplicates for greater confidence in the results [47].

Following incubation, each well was added with 20uL of an aqueous solution of sodium resazurin
(0.01% w/v, SIGMA, USA) and 1 h later, bacterial growth observed by the change of color from blue to
pink due to the reduction resazurin [48,49]. The MIC was defined as the lowest concentration capable of
inhibiting bacterial growth.

4.4. Analysis of antibiotic resistance modulation

The analysis of antibiotic resistance modulation was performed by assessing the MICs of gentamicin
and erythromycin (aminoglycoside and macrolide, respectively) against P. aeruginosa 24, E. coli 06 and S.
aureus 10 were determined in the presence or absence of these natural products at concentrations
equivalent to their MIC+8 (subinhibitory concentration). A reduction in the antibiotic MIC was interpreted
as enhanced antibiotic activity (antibiotic resistance modulation) [50]. All tests were performed in triplicate
for greater confidence in the results.
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4.5. Statistical analysis

Data are expressed as arithmetic means + standard error of the mean and were analyzed by analysis
of variance (ANOVA), followed by Bonferroni's post-test. Statistical significance was considered when p
<0.05.

5. Conclusions

In conclusion, this study brought new evidence with regard to the action of EOOO and its major
compound safrole as modulators of bacterial resistance against MDR strains. EOOO showed a synergistic
effect with Erythromycin against the strain of P. aureginosa and S. aureus. However, it had no significant
effect against E. coli. Gentamicin associated with EOOO showed activity only against S. aureus. Safrole
associated with gentamicin showed potentiating activity against S. aureus. The differential action
observed in the tests with the EOOO and the isolated compound strongly suggests that other compounds
present in the essential oil could be contributing to its antibiotic-enhancing properties and therefore, future
research using isolated components of this species can bring important contributions in the development
of new molecules useful in the combat of bacterial resistance.
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5. CAPITULO IV: CONSIDERACOES FINAIS
5.2 Conclusdes gerais

Em concluséo, este estudo trouxe novas evidéncias no que diz respeito a acdo do EOOO
e seu principal composto safrol. Tanto o EOOO como o safrol, apresentou atividade direta sobre
a cepa de S. aureus, porém ndo apresntou o mesmo para as cepas de E. coli e P. aeruginosa.
Também foi possivel verificar os efeitos como moduladores da resisténcia bacteriana contra
cepas MDR.

A norfloxacina teve seu efeito potencializado com tadas as cepas testadas tanto com o
EOOO como também o composto majoritario safrol. EOOO mostrou um efeito sinérgico com
Eritromicina contra a cepa de P. aureginosa e S. aureus. No entanto, ndo teve efeito significativo
contra E. coli. A gentamicina associada ao EOOO e também ao safrol mostrou atividade apenas
contra S. aureus. A acdo diferencial observada nos testes com o0 EOOO e o composto isolado
sugere fortemente que outros compostos presentes no 6leo essencial podem estar contribuindo
para suas propriedades potencializadoras de antibi6ticos e, portanto, pesquisas futuras utilizando
componentes isolados desta espécie podem trazer contribui¢es importantes no desenvolvimento
de novas moléculas Uteis no combate a resisténcia bacteriana.

Safrol potencializa a resisténcia aos antibioticos nas cepas S. aureus SA1119B e K2068,
possivelmente por meio da inibicédo direta das bombas de efluxo NorA e MepA, respectivamente.
Por fim, 0 OEOO e seu composto majoritario safrol apresentam propriedades antibacterianas e
potencializadoras de antibiéticos promissoras, que devem ser exploradas no desenvolvimento de
drogas para combater a resisténcia antibacteriana, especialmente em cepas portadoras de genes
que codificam proteinas de efluxo.

5.3 Perspectivas de investigacdes futuras

As investigacdes futuras serdo realizada na area de biologia molecular e modificacéo
quimica do safrol. E esperado a avaliacdo da atuacdo do safrol na parede celular bacteriana e
verificada através do microscopio eletronico de varedura (MEV), além de avaliagdo da expresséo
génica e como safrol atua nesse mecanismo. Sera verificado também o comportamento do Cis-
safrol e o trans-safrol em bombas de efluxos de S. aureus, E. coli e P. aeruginosa. As
modificacbes quimicas do safrol também serd utilizada para avaliagdo de interferéncia nos
mecanismos de resisténcia bacériana e também o seu efeito potencializador de antibioticos

utilizados na clinica dos quais 0s microrganismos citados acima s&o resisténtes.



