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Resumo

TESSELE, Camila De David. Efeito antimicrobiano dos 6leos essenciais de
Cymbopogon martini e Thymus vulgaris e sinergismo dos constituintes
eugenol, timol e geraniol frente a isolados bacterianos de origem hospitalar
multirresistentes. 2019. Dissertagao (Mestrado) - Programa de Pos-Graduagédo em
Bioquimica Bioprospeccao. Universidade Federal de Pelotas, Pelotas.

A resisténcia bacteriana aos antimicrobianos € um grave problema de saude publica
de ambito mundial, devido a sua elevada taxa de mortalidade e restricdo na opc¢ao
terapéutica. Dentre os microrganismos comumente associados a mecanismos de
resisténcia, destacam-se as bactérias da familia Enterobacteriaceae, produtoras de
enzimas betalactamases, como as de espectro estendido (ESBL) e as
carbapenemases (KPC). Ao longo dos anos, a busca por alternativas terapéuticas
oriundas de plantas medicinais, vem aumentando gradativamente e, com isso,
diversos estudos utilizando 6leos essenciais (OE) extraidos de plantas aromaticas e
medicinais, vém mostrando suas atividades antimicrobianas, como é o caso dos OE
de Thymus wvulgaris L. (OT) e Cymbopogon martini (OP), bem como de alguns
constituintes majoritarios. O presente estudo teve como objetivo avaliar a atividade
antimicrobiana do OT e OP e o sinergismo dos constituintes majoritarios (timol,
eugenol e geraniol) frente a isolados bacterianos de origem hospitalar multirresitentes.
As bactérias foram isoladas a partir de amostras clinicas de pacientes internados no
Hospital Escola da Universidade Federal de Pelotas - RS, Brazil. Aquelas
identificadas com sensibilidade diminuida aos carbapenémicos, foram submetidas ao
teste fenotipico para deteccdo das enzimas carbapenemases. Foi realizada a
caracterizacao dos OE e a determinacao de sua atividade antioxidante se deu pelo
ensaio Ferric Reducing Antioxidant Power (FRAP). Atividade antimicrobiana e
sinérgica dos OE e dos constituintes majoritarios foi determinada através da
concentracao inibitéria minima (CIM), concentracdo bactericida minima (CBM) e
monitorada pelas curvas de inibicdo do crescimento bacteriano. Os resultados do
FRAP mostraram atividade antioxidante dos extratos, especialmente do geraniol.
Todos os OE e constituintes majoritarios apresentaram atividade antimicrobiana. O
timol foi o composto que apresentou os menores valores de CIM, variando de 3.51 a
9.37 pg mL"; seguido do eugenol, com 104.19 pg mL'. O OT n&o apresentou
atividade antimicrobiana frente aos isolados mais resistentes. De acordo com os
resultado do sinergismo, foi evidenciado efeito sinérgico apenas na combinacao do
timol com o eugenol. Também foi constatado que, de acordo com os valores das CBM,
o timol, assim como os demais constituintes majoritarios, apresentaram tanto atividade
inibitéria, quanto bactericida frente aos isolados bacterianos. Esses resultados
sugerem que os OE testados e seus constituintes majoritarios, especialmente o timol,
apresentam potencial como agentes antimicrobianos promissores frente a isolados
multiresistentes.

Palavras-chave: Resisténcia antimicrobiana; o6leos essenciais; timol; eugenol;
geraniol; ESBL; KPC.



Abstract

TESSELE, Camila De David. Antimicrobial activity of Thymus vulgaris and
Cymbopogon martini essential oils and synergism of thymol, eugenol and
geraniol constituents against multidrug resistant bacterial isolates. 2019.
Dissertation (Master) - Postgraduate Program in Biochemistry Bioprospecting. Federal
University of Pelotas, Pelotas, Brazil.

Bacterial resistance to antimicrobials is a serious worldwide public health problem due
to its high mortality rate and restricted therapeutic options. Among the common
microorganisms associated with resistance mechanisms, it is possible to highlight
bacteria of the Enterobacteriacea family, producers of beta-lactamase enzymes, such
as extended spectrum (ESBL) and carbapenemases (KPC). Over the years, the
search for alternative therapies by medicinal plants has been gradually increasing and,
with this, several studies using essential oils (EO) extracted from aromatic and
medicinal plants have been showing their antimicrobial activities, as is the case with
the EO Thymus vulgaris L. (TO) and Cymbopogon martini (PO), as well as some of
their major constituents. The present study aimed to evaluate the antimicrobial activity
of TO and PO and synergism of their major constituents (thymol, eugenol and geraniol)
against multiresistant bacterial isolates. Bacteria were isolated from clinical samples of
patients admitted into the School Hospital of the Federal University of Pelotas - RS,
Brazil. Those identified with reduced carbapenemic sensitivity were submitted to
phenotypic tests for carbapenemase enzymes detection. The characterization of the
EO was performed and determination of its antioxidant activity was done with the Ferric
Reducing Antioxidant Power (FRAP) assay. Antimicrobial and synergistic activity of
the EO and their major constituents were determined through minimum inhibitory
concentration (MIC), minimum bactericidal concentration (MBC) and monitored by
inhibitory curves in bacterial growth. FRAP results showed antioxidant activities of the
extracts, especially geraniol. All the EOs and their major constituents presented
antimicrobial activity. Thymol was the compound with the lowest MIC values, ranging
from 3.51 to 9.37 ug mL-1; followed by eugenol with 104.19 ug mL-1. TO showed no
antimicrobial activity against the most resistant isolates. According to the synergism
results, a synergistic effect was evidenced only in the combination of thymol with
eugenol. This study also found that, according to MBC values, thymol, as well as the
other major constituents, presented both inhibitory and bactericidal activity against
bacterial isolates. These results suggest that the tested EO and their major
constituents, especially thymol, present potential as promising antimicrobial agents
against multiresistant isolates.

Keywords: Antimicrobial Resistance; essential oils; thymol; eugenol; geraniol; ESBL;
KPC.
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1 Introducéo

A resisténcia bacteriana aos antimicrobianos € um grave problema de saude
publica, que vem aumentando de forma alarmante no ambito mundial, devido a sua
elevada taxa de mortalidade e restricdo na opc¢ao terapéutica, principalmente quando
ocorre no ambiente hospitalar (NORDMANN, CORNAGLIA, 2012).

Dentre os microrganismos comumente associados a mecanismos de
resisténcia, destacam-se as bactérias gram negativas da familia Enterobacteriaceae,
produtoras de betalactamases de espectro estendido (ESBL) e de enzimas
carbapenemases (KPC, AmpC e metalo-carbapenemase). As cepas mais relevantes
de bactérias produtoras de ESBL constituem a Klebsiella spp e Escherichia coli, porém
ja foram detectadas em diversas espécies de Enterobacteriaceae e em Pseudomonas
aeruginosa (BELL et al., 2007).

A producao das enzimas carbapenemases pelas enterobactérias € um fator
imprescindivel que confere resisténcia as mesmas, visto que essas enzimas sao
capazes de hidrolisar os carbapenémicos, bem como codificar genes de resisténcia
em elementos genéticos moveis, como plasmideos, aumentando a sua disseminagéo
(WRIGHT, 2005). Acredita-se que o uso amplo e indiscriminado desses
antimicrobianos tenha auxiliado na disseminacao da resisténcia bacteriana, embora a
producao das betalactamases por algumas bactérias, tenha ocorrido muito antes do
aperfeicoamento das terapias antimicrobianas (BARBOSA, TORRES, 1998).

No tratamento de infec¢cdes causadas pelas enterobactérias produtoras de
ESBL, a ultima escolha terapéutica sao os antibioticos carbapenémicos (doripenem,
ertapenem, imipenem e meropenem) (ANVISA, 2013). Os carbapenémicos e as
cefalosporinas sao exemplos de antibi6ticos beta-lactdmicos com amplo espectro de
atividade, que agem inibindo a sintese da parede celular bacteriana, desestruturando
sua camada de peptideoglicano e predispondo a bactéria a lise celular, através da
ligacdo e inativacdo das proteinas ligadoras de penicilinas (PBPs) presentes na
parede celular bacteriana (NETO, NICODEMO, VASCONCELLOS, 2007).

As principais estratégias de resisténcia aos carbapenémicos sao: a
impermeabilidade de membrana frente ao antibiético associada a producdo de
enzimas hidrolisadoras, as betalactamases; a degradacdo do antibidtico através
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destas enzimas; e a protecdo dos alvos do antibiético por meio de alteragdes das
PBPs. Em contrapartida, existem trés tipos de inibidores de betalactamases: o acido
clavuléanico, o sulbactam e o tazobactam, que agem, principalmente, inibindo as ESBL
(DAVIN-REGLI et al., 2008).

Uma das principais carbapenemases de importancia clinica € a enzima
Klebsiella pneumoniae carbapenemase (KPC), caracterizada por hidrolisar uma
variedade de antibiéticos beta-lactdmicos, incluindo carbapenémicos, cefalosporinas,
penicilinas e aztreonam, e por apresentar uma grande capacidade de disseminacéo,
devido a sua localizacao plasmidial ou a presenca de elementos modveis de resisténcia
(NAAS et al., 2008).

Ao longo dos anos, a busca por alternativas terapéuticas oriundas de plantas
medicinais, vem aumentando gradativamente e, com isso, diversos estudos utilizando
Oleos essenciais extraidos de plantas aromaticas e medicinais vém mostrando suas
atividades antimicrobianas, como € o caso dos oleos essenciais (OE) de tomilho
(Thymus vulgaris L.) e palmarosa (Cymbopogon martini) (SANCHEZ, GARCIA,
HEREDIA, 2010; SCHELZ, HOHMANN, MOLNAR, 2010).

O OE de tomilho tem como principal constituinte majoritario o timol, sendo a ele
atribuida sua atividade antimicrobiana, devido a agao na parede celular bacteriana. O
eugenol representa o constituinte majoritario do OE de cravo e, segundo relatos na
literatura, apresenta propriedades antibacterianas e antifungicas. O OE de palmarosa
€ rico em geraniol, um composto que igualmente apresenta atividade antimicrobiana,

além de imunomoduladora e antitumoral (KEREKES et al., 2016).

Considerando a resisténcia antimicrobiana como uma problematica de grande
impacto na saude publica, principalmente no ambito hospitalar, faz-se necessario um
estudo a fim de isolar e identificar as enterobactérias multirresistentes, bem como
avaliar a atividade antimicrobiana dos O6leos essenciais e seus constituintes
majoritarios, visto que a opc¢ao terapéutica para as cepas multirresistentes é bastante

restrita.
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2 Objetivos

Objetivo geral

Avaliar a atividade antimicrobiana dos 6leos essenciais de palmarosa e tomilho
e 0 sinergismo dos constituintes majoritarios geraniol, timol e eugenol, frente a

isolados clinicos hospitalares multirresistentes.

Objetivos especificos

— Identificar o perfil de resisténcia de bactérias isoladas provenientes de
pacientes internados no Hospital Escola da Universidade Federal de Pelotas.

— Caracterizar os 6leos de palmarosa e tomilho através de Cromatografia Gasosa

acoplado ao espectrémetro de massas (CG/EM).

— Avaliar a atividade antioxidante dos compostos utilizando o ensaio Ferric
Reducing Antioxidant Power (FRAP).

— Determinar atividade antimicrobiana destes compostos através da técnica de
disco difusdo, da concentracdo inibitéria minima (CIM), da concentracao
bactericida minima (CBM) e através do monitoramento pelas curvas de

viabilidade celular.
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3 Reviséo Bibliografica

Familia Enterobacteriaceae

A familia Enterobacteriaceae € constituida por bactérias gram-negativas
fermentadoras de glicose, as enterobactérias, predominantes nos géneros Klebsiella,
Serratia, Citrobacter, Enterobacter, Escherichia, Samonella, Proteus e Morganella
(NORDMANN, GIRLICH, POIREL, 2012). De acordo com Abera, Kribet e Mulu (2016),
estdo associadas a infec¢des no sistema nervoso central, vias respiratérias, sangue,
feridas e locais do trato urinario e caracterizam-se pela sua rapida introducdo no
ambiente hospitalar, com grande capacidade de disseminacdo, resultando em
consequéncias devastadoras (SUWANTARAT et al., 2016).

As enzimas carbapenemases aparecem com maior frequéncia nas
enterobactérias, contudo, podem aparecer também em bactérias gram-negativas nao
fermentadoras, como em espécies de Pseudomonas e Acinetobacter (SANTELLA et
al.,, 2012). Carbapenemases sao enzimas mediadas por plasmideos - estruturas
circulares de DNA - e que conferem resisténcia a todos os antibioticos betalactamicos.
Apresentam uma grande capacidade de disseminacao, devido a troca de material
genético entre diferentes espécies e géneros, através de sua estrutura plasmidial
(ALVES, BEHAR, 2013). A Organizacdo Mundial de Saude (OMS) classificou as
enterobactérias produtoras de carbapenemases como uma das trés maiores ameacas
a saude humana (BURNS et al., 2013).

As ESBL sao um grupo de enzimas produzidas por determinadas bactérias que
degradam antibiéticos betalactamicos de amplo espectro, como as cefalosporinas de
terceira geragao, penicilinas e monobactamicos (STEWARDSON et al., 2013; ABERA,
KIBRET, MULU, 2016). Também sao frequentemente mediadas por plasmideos,
responsaveis pela rapida transmissao de genes de resisténcia entre as bactérias
(VIAU et al., 2016).

De acordo com Alves e Behar (2013), a resisténcia aos betalactamicos mais
importante ocorre por meio das enzimas produtoras de betalactamases, que
hidrolisam o anel betalactdmico dessa classe de antimicrobianos. Segundo os

autores, os dois grupos mais preocupantes sao justamente o grupo das ESBL e os da
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carbapenemases, que hidrolisam os carbapenémicos e também todas outras classes

de betalactadmicos.

Em algum momento, quase todas as enterobactérias eram suscetiveis a
antibidticos betalactamicos de amplo espectro, incluindo a ceftriaxona, ceftazidima e
cefotaxima. Lamentavelmente, nos ultimos 30 anos, o surgimento e evolugado das
ESBL e carbapenemases, teve um grande impacto na terapia de doengas infecciosas,
o que limitou a eficacia de todas as classes de betalactamicos atualmente disponiveis
(VIAU et al., 2016).

Classes de antimicrobianos

A terapéutica antimicrobiana consiste numa conduta fundamental e
imprescindivel no combate as infecgbes bacterianas e, em 1940, a terapia com
penicilina tornou-se disponivel em larga escala, dando inicio a era dos antibioticos
(ALVES, BEHAR, 2013). Os agentes antimicrobianos podem ser classificados de
acordo com seu principal mecanismo de acao, que consiste na interferéncia da sintese
da parede celular bacteriana; inibicdo da sintese de proteina; interferéncia na sintese

de acidos nucleicos; ou inibicdo de uma via metabolica da bactéria (NEU, 1992).

Segundo Neu (1992), os antimicrobianos que interferem na sintese da parede
celular sdo as penicilinas, cefalosporinas, carbapenémicos e monobactamicos, assim
como os glicopeptideos, incluindo a vancomicina. Eles agem inibindo a sintese da
parede celular bacteriana, interferindo nas enzimas necessarias para a produgao da
camada de peptidoglicano da bactéria (McMANUS, 1997).

Os macrolideos, aminoglicosideos, tetraciclinas, cloranfenicol, streptograminas
e oxazolidinonas produzem efeitos antibacterianos por inibicdo da sintese protéica da
bactéria, pois agem a nivel de ribossomos, estruturas celulares onde as proteinas sao
sintetizadas (McMANUS, 1997).

Tenover (2006) mostrou que as fluoroquinolonas por sua vez, agem através da
interrupcao da sintese de DNA, por induzir quebras durante a replicacdo do mesmo
na célula, enquanto que as sulfonamidas e o trimetoprim bloqueiam a via para a

sintese do acido félico, que, em ultima instancia, inibe a sintese do DNA. O mesmo
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relatou também que a comum combinagéao de trimetoprim, um analogo do acido folico,

com o sulfametoxazol bloqueia a via enzimatica para a sintese bacteriana de folato.

A ruptura da estrutura da membrana bacteriana pode ser um outro, embora
menos caracterizado, mecanismo de acdo. E postulado que as polimixinas exercem
seus efeitos inibitérios aumentando a permeabilidade da membrana bacteriana,
causando vazamento do conteudo bacteriano. A daptomicina aparentemente insere
sua cola lipidica na membrana da célula bacteriana, causando despolarizacdo da
membrana e eventual morte da bactéria (CARPENTER, CHAMBERS, 2004).

Quadro 1 - Principais grupos de antimicrobianos betalactdmicos e exemplos de antibiéticos (CLSI,
2012).

GRUPO ANTIMICROBIANO
Penicilinas Ampicilina
Piperacilina
12 Geracéao Cefalotina
Cefazolina
22 Geragao Cefuroxima
Cefamandol
Cefalosporinas Ceftazidima
32 Geragao Cefotaxima

Ceftriaxona
Cefoperazona

42 Geracgao Cefepime
Cefamicinas Cefoxitina
Cefotetan
Monobactamicos Aztreonam
Imipenem
Carbapenémicos Meropenem
Ertapenem
Doripenem

3.2.1 Antibiéticos Carbapenémicos

Os carbapenémicos sao exemplos de antibidticos betalactamicos mais
recentes, dos quais fazem parte deste grupo o imipenem, ertapenem e o meropenem
(LIVERMORE, 1996). Eles possuem estrutura quimica semelhante a das penicilinas
e apresentam maior poténcia, com um espectro antibacteriano mais amplo. Durante
as ultimas trés décadas, o imipenem e outros carbapenémicos, como meropenem,
ertapenem e doripenem desempenharam um papel central na terapéutica
antimicrobiana pelo fato de serem confiaveis e tratarem de forma eficaz infec¢des
graves causadas por bactérias resistentes em pacientes muito debilitados (PEREZ et

al., 2016).
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Constituem os antimicrobianos terapéuticos de primeira escolha para infecgoes
causadas por microrganismos multirresistentes, como as ESBL (GUPTA et al., 2011).
Portanto, a crescente tendéncia mundial de enterobactérias resistentes aos
carbapenémicos representa uma ameaca aos cuidados de saude nos dias atuais e
esta associada a elevada taxa de morbidade e mortalidade (VAN LOON, VOOR, VOS,
2018). Entre os fatores de risco associados a resisténcia aos carbapenémicos estao
0 uso prévio destes antimicrobianos, comorbidades subjacentes, maior tempo de
internacdo, ventilagdo mecanica, internacdo em unidade de terapia intensiva (UTI),
cirurgias e transferéncia de ambientes de saude (GAN, ENG, DHANOA, 2019).

Em 1985, o imipenem tornou-se o primeiro carbapenémico comercialmente
disponivel e suas propriedades unicas levaram ao sucesso terapéutico contra
infeccbes causadas por enterobactérias produtoras de ESBL. Infelizmente, isso
também coincidiu com o surgimento inicial das ESBL entre as enterobactérias
(PATERSON et al., 2004). Posteriormente, o meropenem foi langcado com o mesmo
mecanismo de acgao do anterior, contudo apresentou atividade relacionada a reducao

dos efeitos convulsivantes, observados no imipenem (NORRBY, 1995).

Essa classe de antimicrobianos € recomendada como terapia de primeira
escolha para infecgbes graves causada por enterobactérias produtoras de ESBL
(PITOUT, LAUPLAND, 2008). Entretanto, a emergente condi¢cao das enterobactérias
resistentes aos carbapenémicos € um tanto preocupante, pois restringe as opgdes
terapéuticas no tratamento dessas infecgdes e sua utilizacdo esta severamente
comprometida, sendo, comumente associada com um progndstico ruim
(NORDMANN, CUZON, NAAS, 2009).

COOH

Figura 1 - Estrutura quimica geral dos antibi6ticos carbapenémicos.
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Mecanismos de resisténcia bacteriana

Multiplos mecanismos de resisténcia aos carbapenémicos foram identificados,
incluindo a producdo de carbapenemases com capacidade hidrolisadora,
superexpressao de bombas de efluxo e permeabilidade reduzida da membrana
externa mediada por mutagcées de porinas (RIPABELLI et al., 2017). Os genes
produtores de carbapenemases sao transportados principalmente por plasmideos e
representam um potencial para ampla disseminacdo da resisténcia aos
carbapenémicos, associada aos surtos de infec¢cdo dentro e entre estabelecimentos
de saude (CELLA et al., 2017; VAN LOON, VOOR, VOS, 2018).

Conforme Tenover (2006), as bactérias podem manifestar resisténcia a
medicamentos antibacterianos através de uma variedade de mecanismos. Algumas
especies de bactérias sdo inatamente resistentes a uma determinada classe de
agentes antimicrobianos. Diante de tal perspectiva, todas as cepas dessa espécie
bacteriana sao igualmente resistente aos membros dessas classes antibacterianas. A
maior preocupacao sao os casos de resisténcia adquirida, onde populacdes de
bactérias inicialmente suscetiveis, tornaram-se resistentes a um determinado agente
antimicrobiano, aumentando ainda mais a sua proliferacdo através do uso desse
antibiotico (TENOVER, 2006).

Véarios mecanismos de resisténcia antimicrobiana sdo associados a uma
variedade de géneros bacterianos. Primeiramente, o microrganismo pode adquirir
genes codificando enzimas, como as lactamases, que destroem o agente
antibacteriano antes que ele possa exercer algum efeito. Em seguida, as bactérias
podem produzir bombas de efluxo que extrudem o agente antibacteriano da célula
antes que ele possa alcancar seu sitio alvo e exercer o seu efeito. Em terceiro lugar,
as bactérias podem codificar genes para uma via metabdlica que irdo sintetizar uma
parede celular alterada, a qual ndo contém o sitio de ligacdo do agente antimicrobiano,

impedindo seu mecanismo de acado (TENOVER, 2006).

Sendo assim, as populacbes normalmente suscetiveis as bactérias podem
tornar-se resistente aos agentes antimicrobianos através de mutagdes e selegoes, ou
adquirindo através de outras bactérias a informacdo genética que codifica a

resisténcia, a qual pode ocorrer através de varios mecanismos genéticos, incluindo
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transformacao, conjugacao ou transduc¢ao (McMANUS, 1997). O mecanismo de troca
genética possibilita que muitas bactérias se tornem resistentes a multiplas classes de
agentes antibacterianos, evento este, de grande problema para a saude publica,
principalmente em hospitais e outras instituicbes de saude onde tendem a ocorrer
mais comumente (TENOVER, 2006).

De acordo com Tenover (2006), as mutagdes nos genes bacterianos podem
ser responsaveis por causar mecanismos de resisténcia, tais como: alteracdo na
proteina alvo, a qual o agente antibacteriano se liga modificando ou eliminando o sitio
de ligagao; aumento na producao de enzimas que inativam o agente antimicrobiano;
bem como alteracdo de um canal de proteina da membrana externa em que o farmaco
requer para a entrada na célula; ou ainda, através de bombas reguladoras que
expulsam a droga da célula, produzidas por Staphylococcus aureus, por exemplo
(McMANUS, 1997).

As bactérias também desenvolvem resisténcia através da aquisicao de material
genético novo de outros organismos resistentes e pode ocorrer entre cepas da mesma
espécie ou entre diferentes espécies ou géneros bacterianos. Os mecanismos de
troca genética incluem conjugacéo, transducao e transformacao (McMANUS, 1997).
Para cada um desses processos, 0s transposons - elementos genéticos moveis -
podem facilitar a transferéncia e incorporagéao dos genes de resisténcia adquiridos no

genoma do hospedeiro ou em plasmideos bacterianos (TENOVER, 2006).

Durante a conjugacdo, uma bactéria gram-negativa transfere o plasmideo
contendo genes de resisténcia para uma bactéria adjacente, muitas vezes através de
um alongamento denominado pilus. Na transducdo, genes de resisténcia sao
transferidos de uma bactéria para outra via bacteriofago (virus bacteriano).
Finalmente, a transformacao consiste no processo pelo qual as bactérias adquirem e
incorporam segmentos de DNA de outras bactérias através da liberagdo do seu
complemento de DNA no ambiente apos lise celular, o que pode tranformar genes de

resisténcia em cepas anteriormente suscetiveis (TENOVER, 2006).
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Figura 2 - Célula bacteriana com os principais mecanismos de resisténcia.
Fonte: Marshal; Levy, 2004.

Klebsiella pneumoniae carbapenemase - KPC

A KPC, é uma enzima de resisténcia produzida, inicialmemnte pela espécie K.
pneumoniae, identificada pela primeira vez na Carolina do Norte, em 1996 (YIGIT et
al., 2001). Contudo, estudos mostram que outras espécies de enterobactérias também

sao capazes de produzir esta enzima (DIENSTMANN et al., 2010).

De acordo com Nordmann, Cuzon e Naas (2009), a espécie de K. pneumoniae
isolada foi resistente a todas as classes de betalactdmicos, bem como os
carbapenémicos, devido a sua capacidade de hidrélise do antimicrobiano. Entretanto,
observou-se que as CIM foram diminuindo ligeiramente apdés a adicdo de acido

clavulanico, um inibidor da enzima betalactamase.

Os estudos bioquimicos mostraram que as enzimas KPC tem a capacidade de
hidrolisar toda a molécula dos betalactamicos, incluindo penicilinas, cefalosporinas e
monobactans. As Cefamicinas e ceftazidima sao fracamente hidrolisadas, enquanto
que imipenem, meropenem, ertapenem, cefotaxima e aztreonam sao hidrolisados
menos eficientemente do que as penicilinas e cefalosporinas de espectro estreito
(YIGIT et al., 2001).

Segundo Yigit et al. (2001) as enzimas KPC podem ser confundidas com ESBL,

uma vez que também hidrolisam cefalosporinas de amplo espectro. No entanto, ao
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contrario das ESBL, as KPC apresentam atividade de hidrélise aos carbapenémicos,

conferindo assim, sua resisténcia mais preocupante.

Betalactamases de espectro estendido - ESBL

E uma enzima de resisténcia bacteriana, identificada pela primeira vez em 1983
na Europa, na bactéria Klebsiella ozaenae. Posteriormente, foi detectada em cepas
de E. coli, as quais sofreram mutacdes e foram disseminadas através de plasmidios
(KNOTHE et al., 1983). Desde entdo, as ESBL tem sido descritas no mundo todo, em
diversas espécies da familia Enterobacteriaceae e em bacilos gram negativos nao
fermentadores de glicose (BRADFORD, 2001).

As bactérias produtoras ESBL, surgiram como uma ameacga global a saude
humana e foram isolados das origens humanas, animais e ambientais. O uso
pequeno, mas gradualmente crescente, de cefalosporinas de terceira geragcao pode
estar ligado ao surgimento de bactérias produtoras de ESBL (SIHEM et al., 2015;
ABAYNEH et al., 2019). As ESBL é o mecanismo de resisténcia mais comum e
importante atualmente em enterobactérias, podendo reduzir a eficacia dos
medicamentos modernos de cefalosporinas e monobactamicos de espectro

expandido, com excec¢ao dos carbapenémicos (LIVERMORE, 2008).

Livermore (2008), relatou que alteragdes, tais como insercdes e delegdes de
aminoacidos na estrutura basica dessas enzimas, podem alterar seu espectro de
atividade, aumentando sua habilidade em hidrolisar cefalosporinas de terceira e
quarta geragbes e monobactédmicos. Sdo também caracterizadas por sofrerem
inibicdo de compostos como o acido clavulénico, sulbactam e tazobactam. De acordo
com Nuesch-inderbinen e Stephan (2016), a producao de ESBL e a resisténcia a
multiplas drogas aumentam o risco de falha do tratamento empirico em diversas

infeccoes.

Oleos essenciais - OE

As plantas sao fonte de uma variedade de substancias com propriedades
antimicrobianas, contribuindo para o desenvolvimento de novos agentes anti-
infecciosos (SCHELZ, HOHMANN, MOLNAR, 2010). Dentre estas, os OE de plantas
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aromaticas e medicinais tém ganhado destaque nas ultimas décadas devido as suas
propriedades antimicrobianas, com capacidade em inibir a formacdao de biofilme
bacteriano e fungico, sugerindo sua potencial utilizacdo como conservante de
alimentos e agentes desinfetante e antimicrobiano (SANCHEZ, GARCIA, HEREDIA,
2010; ADUKWU, ALLEN, PHILLIPS, 2012).

Os OE constituem-se de misturas complexas de compostos volateis e semi-
volateis, geralmente lipofilicas, derivados da matéria-prima da planta por
hidrodestilac&o, destilagao a vapor ou destilagdo a seco, ou ainda, por um processo
mecéanico (SANGWAN et al.,, 2001). Alguns de seus componentes sao 0s
hidrocarbonetos terpénicos, alcoois, cetonas, aldeidos, ésteres, fenodis, acidos
organicos, dentre outros, presentes em diferentes concentragdes, e apresentando um

composto majoritario farmacologicamente ativo (KACHUR, SUNTRES, 2019).

Esses compostos ndo tém importancia fisiolégica para o crescimento da planta
em si, e sua composicao depende de varios fatores intrinsecos, como variagoes
sexuais, sazonais e genéticas; e extrinsecos, como caracteristicas ecologicas e
ambientais (FIGUEIREDO et al., 2008; EDRIS, 2007; CHIZZOLA, 2010). Contudo,
funcionam principalmente como mecanismos defensivos contra infecgdes
bacterianas, virais e fungicas. Além disso, devido ao seu forte sabor e odor, eles
também podem atuar como impedimentos para os herbivoros (TROMBETTA et al.,
2005) ou desempenhar um papel na polinizacao e dispersao dos frutos e sementes,

atraindo insetos e outros animais (ABBAS et al., 2017).

De acordo com Nieto (2017) e Mamadalieva et al. (2017) as principais familias
de plantas portadoras de OE incluem: Lamiaceae, um grupo muito diversificado de
ervas e arbustos aromaticos, incluindo lavanda, orégano, tomilho, hortela-pimenta,
salvia e manjerona; Apiaceae, um grupo amplamente distribuido de plantas anuais,
bienais e perenes, incluindo alcaravia e anis; Rutaceae, comumente conhecida como
a familia citrica, composta de ervas, arbustos e arvores incluido a laranja e limao;
Asteraceae, com mais de 30.000 espécies de arbustos verdes, ervas rizomatosas,
plantas perenes tuberosas e ervas de arvores, incluindo a familia das margaridas, dos
girassois e dos cardois e Cupressaceae, um grupo de coniferas, consistindo de
arvores e arbustos (CARVALHO et al., 2018).
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Atividade antimicrobiana dos 6leos essenciais

A atividade antimicrobiana dos OE geralmente depende de sua composicao
quimica e das quantidades de cada componente ativo, um recurso comum a todos os
extratos de plantas naturais. Existem varios estudos mostrando os efeitos biolégicos
dos OE e apontando sua utilizacado na industria farmacéutica e cosmética - perfumes
e produtos de maquiagem, bem como na industria alimenticia - conservantes e
aditivos, e na industria quimica - produtos sanitarios, agricolas e em remédios naturais
(KEREKES et al., 2016).

Ha relatos elencando que os OE de manjerona e canela apresentam efeitos
inibitérios contra E. Coli e biofilme de Pseudomonas putida (KEREKES et al., 2016).
OE isolados de plantas da familia Lamiaceae, assim como outras familias, tém
demonstrado agir como agentes antibacterianos contra um amplo espectro de cepas
bacterianas patogénicas, incluindo Listeria monocytogenes, E. coli, Campylobacter
jejuni e Salmonella enterica. De acordo com Kerekes et al. (2016), o OE de tomilho e
seu principal componente, o timol, apresentaram resultados satisfatorios de atividade

antimicrobiana e inibicdo de biofilme.

As propriedades antibacterianas dos OE foram atribuidas aos seus
constituintes bioativos, que agem de forma sinérgica e atuando em varios locais de
acao a nivel celular. O mecanismo de acao antibacteriano mais frequentemente
relatado, inclui a ruptura da parede celular e da membrana, levando ao vazamento do
conteudo intracelular e a lise de bactérias (citdlise). Outros mecanismos propostos de
acao antibacteriana incluem: a inibicdo de bombas de efluxo, conhecidas por serem
responsaveis pela resisténcia da bactéria; disturbios no equilibrio do trifosfato de
adenosina (ATP), que alteram as atividades celulares mediadas por energia; assim
como alteragcdo na sintese proteica bacteriana (ZUO et al.,, 2010; ELSHAFIE,
CAMELE, 2017).

Os OE possuem atividade antibacteriana, podendo agir isoladamente ou
sinergicamente com outros compostos presentes, assim como, foram relatadas
atividades antimicrobianas do efeito sinérgico entre os OE e alguns antibiéticos. Uzair
et al. (2017) mostraram atividade sinérgica entre OE e amoxicilina contra infecgoes

por Staphylococcus aureus resistentes a meticilina (MRSA). O sinergismo entre o0 6leo
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de tomilho e as ciprofloxacinas mostrou maxima inibigcado de crescimento bacteriano
(ALLAM, ELDRIENY, MOHAMED, 2015).

Foi demonstrado que os OE e seus constituintes sdo mais eficazes contra
bactérias gram-positivas do que as gram-negativas, devido ao fato das gram-
negativas possuirem a membrana rica em lipopolissacarideo (LPS) e ser mais
complexa, limitando a difusdo de compostos hidrofobicos por ela (GARVEY et al.,
2011). Ausente nas bactérias gram-positivas, que sdo cercadas por uma parede
peptideoglicana espessa, ndo € densa o suficiente para resistir a pequenas moléculas
antimicrobianas, facilitando o acesso do composto a membrana celular (SILHAVY,
KAHNE, WALKER, 2010; HYLDGAARD, MYGIND, MEYER, 2012).

Atividade antioxidante dos 6leos essenciais

Os antioxidantes s&o conhecidos por desempenharem papel importante na
protecdo contra danos oxidativos. Estudos mostraram que alimentos ricos em
antioxidantes contribuem na prevencéo de certas doengas as cardiovasculares e o
cancer, por exemplo (FREI, 2004). A homeostase dos niveis intracelulares de
espécies reativas de oxigénio (EROs) é essencial na proliferacdo e sobrevivéncia
celular (O’AUTREAUX, TOLEDANO, 2007).

E sabido que os OE apresentam compostos bioativos com propriedades
antioxidantes (BASCHIERI et al., 2017), e estudos apontam que os OE podem
desempenhar um papel importante na prevencdo da peroxidacdo e oxidacao de
lipidios, DNA e proteinas enddgenas, através do sistema de defesa antioxidante néao
enzimatico. Nas células de mamiferos, duas enzimas principais estao relacionadas ao
sistema antioxidante enzimatico: a glutationa peroxidase e a catalase. Ambas tém
como principal fungao desintoxicar o peréxido de hidrogénio, reduzindo-o em agua e
oxigénio, diminuindo os niveis de produtos oxidativos e aumentando os sistemas de
defesa antioxidante (NORDBERG, ARNER, 2001).

Nos ultimos anos, os 0leos essenciais foram ativamente investigados para
substituir os antioxidantes sintéticos ja existentes (BASCHIERI et al., 2017). Um
resultado da inclusdo de OE na dieta de herbivoros, mostrou uma melhoria do status
antioxidante desses animais. Baschieri et al., (2017), constataram a atividade

antioxidante dos OE de tomilho e orégano em alimentos e atribuiram aos seus
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constituintes, timol e carvacrol, dois componentes fendlicos com atividade semelhante

a dos antioxidantes sintéticos.
Timol

O timol (2-isopropil-5metilfenol) € um constituinte majoritario e comum dos OE
derivados das plantas Thymus e Origanum e confere propriedades antimicrobianas a
esses 0leos (KACHUR, SUNTRES, 2019). O déleo de tomilho (Thymus vulgaris L.), €
conhecido por apresentar grandes quantidades de timol em sua composi¢cdo. Além
disso, este composto é atualmente usado em conjunto com a clorexidina nos
enxaguantes bucais, para inibir bactérias orais (TWETMAN, PETERSSON, 1997). Foi
postulado que o timol diminui a atividade enzimatica e interrompe a integridade da

membrana bacteriana, alterando suas reagdes proteicas (JUVEN et al., 1994).
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Figura 3 - Estrutura quimica do timol.

As propriedades antimicrobianas e os mecanismos de acao do timol, que se da
devido ao seu grupo hidroxil, demonstraram ser eficientes contra uma ampla gama de
bactérias (WALSH et al., 2003; OUSSALAH et al., 2007), inibindo o crescimento de
diversas espécies, como S. aureus, E. coli, S. enterica spp., L. monocytogenes e
Shigella sonnei (TROMBETTA et al., 2005; OUSSALAH et al., 2007; KHAN et al.,
2017). Oussalah et al. (2007) relataram que concentragcées abaixo da CIM podem
reduzir a taxa de crescimento das espécies bacterianas, mesmo aquelas que nao

foram completamente diminuidas por concentragbes mais altas, como P. aeruginosa.

Um dos mecanismos pelos quais este composto inibe e reduz o crescimento

bacteriano € atribuido aos seus efeitos prejudiciais na membrana celular da bactéria,
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pois tem a capacidade de se integrar em sua membrana celular, causando alteragoes
na funcdo normal, levando ao aumento da permeabilidade (WALSH et al., 2003).
Segundo Chauhan e Kang (2014) a ruptura da integridade da membrana foi

confirmada como o principal mecanismo de agao do timol contra S. enterica spp.

Outros fatores que determinam a eficacia antibacteriana do timol e outros
fendis, incluem a carga liquida da superficie da membrana, bem como sua
composicao lipidica e a presencga e concentragdo de LPS (TROMBETTA et al., 2005).
Além da alteracdo na membrana celular da bactéria, outros mecanismos de acgao do
timol foram descritos, como a inibicido da formacdo de biofilme bacteriano; da
motilidade, através de seu efeito no flagelo do microrganismo; e da bomba de efluxo.
Os autores constataram também, os efeitos sinérgicos do timol com antibidticos
convencionais, podendo fornecer métodos alternativos para superar o problema de
resisténcia a bactérias (MILADI et al., 2017).

Eugenol

O eugenol (4-alil-2-metoxifenol) € um hidroxifenilpropeno, com caracteristicas
anfipatcas, presente em uma variedade de plantas. Uma fonte particularmente boa
desse propeno € o Syzygium aromaticum, comumente conhecido como cravo-da-
india, que é principalmente produzido na Indonésia, india, Malasia, Sri Lanka,
Madagascar e Tanzania (KAMATOU et al., 2012).

O 6leo de cravo é usado para tratar muitas doencas, incluindo acne, asma,
artrite reumatoide, cicatrizes, verrugas e varias alergias; como também usado como
analgésico e anti-séptico geral na pratica odontolégica. Os principais constituintes
polifendis isolados do cravo sao hidroxifenilpropenos, acidos fendlicos e flavondis.
Dentre estes, o principal componente bioativo é o eugenol, sendo a ele atirbuidas as
atividades antimicrobiana deste OE (MARCHESE et al., 2017).
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Figura 4 - Estrutura quimica do eugenol.
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A atividade antimicrobiana do eugenol pode ser atribuida a presenca de um
grupo hidroxila livre na molécula (NAZZARO et al., 2013) que apresenta acdo nas
células bacterianas através de diversos mecanismos. Um deles é a perturbacéo da
membrana citoplasmatica, que aumenta a permeabilidade inespecifica da membrana
e afeta o transporte de ions e ATP (DEVI et al., 2010; GILL, HOLLEY, 2006).

Em 2015, Biasi-Garbin et al. estudaram as alteragdes morfologicas e estruturais
em células de Streptococcus agalactiae e observaram que apos 5 horas de incubagao
com uma concentracao inibitoria de eugenol, as células apresentaram varias

alteragdes na morfologia celular e rompimento da parede. Devi et al. (2010) a

valiaram a atividade antibacteriana do eugenol e seu mecanismo de agao
contra Salmonella typhi. Esses autores mostraram que este composto apresenta acao
na membrana celular bacteriana, alterando sua permeabilidade e ocasionando o

vazamento de ions e perda de outros conteudo celulares.

Em 2016, Das e colaboradores estudaram o mecanismo de acédo do eugenol
contra varios isolados de S. aureus, incluindo cepas resistente a vancomicina, e
demonstraram que o eugenol foi capaz de desencadear a citotoxicidade celular devido
a producao intracelular de EROs que induzem a inibicdo do crescimento celular,
rompimento da membrana celular e danos ao DNA, resultando em decomposi¢ao
celular e morte bacteriana. (HYLDGAARD et al., 2012). Varios relatos na literatura
mostram a atividade antimicrobiana do eugenol frente a diversas bactérias como
Stenotrophomonas maltophilia, Streptocccus pneumoniae e Haemophilus influenzae
(MARCHESE et al., 2017).

Geraniol

O geraniol (3,7-dimetil-oct-2,6-dien-1-0l) € um monoterpeno isoprendide
aciclico, podendo ser extraido de OEs de varias plantas aromaticas, como capim-
lim&o, limo, gengibre e a palmarosa. O geraniol tem sido amplamente utilizado nas
industrias de aromas e fragrancias nas ultimas décadas, e muitas pesquisas sao
focadas em um método eficaz para sua biossintese, ja que a obtencao via extracao
de plantas é limitada (LEI et al., 2019).
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Recentemente, o geraniol demonstrou possuir varias propriedades
farmacolégicas, como antioxidantes, anti-inflamatorias (de CASSIA et al., 2013),
antimicrobianas (SANTOS, NOVALES, 2012) e antitumorais (CARNESECCHI et al.,
2004), através da regulagdo de varias vias de sinalizagdo em diversos processos
biolégicos, sugerindo ser um candidato promissor ao desenvolvimento de

medicamentos.
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Figura 5 - Estrutura quimica do geraniol.

Um recente estudo mostrou que o tratamento com este composto enfraqueceu
as atividades de espécies albicans e nao albicans de Candida, bem como de
dermatofitos. Administracao oral do geraniol mostrou um efeito inibitério dependente
da concetracdo na formacao de biofiime de fungos patogénicos, bem como a
destruicdo da funcéo da parede celular fungica (LEITE et al., 2015). Kannappan et al.
(2017), demonstraram que quanto maiores as concentragbes do composto utilizado
no experimento com Staphylococcus epidermidis, maior a inibigdo do biofilme formado

pela bactéria.

De acordo com Yue et al. (2017), o geraniol e outros constituintes dos 6leos
essenciais sdo particularmente atraentes como agentes antibacterianos porque eles
nao apenas podem inibir varios patdgenos, mas também sdo agentes antibacterianos

naturais.
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4 Manuscrito

A metodologia e os resultados obtidos nesta dissertacao serao apresentados
em forma de manuscrito e representam a integra deste estudo. O presente manuscrito
estd formatado segundo as normas da revista a qual foi submetido: Microbial
Pathogenesis (ISSN: 0882-4010).
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ABSTRACT

Bacterial resistance to antimicrobials is a serious worldwide public health problem due
to its high mortality rate and restricted therapeutic options. Among the common
microorganisms associated with resistance mechanisms, it is possible to highlight
bacteria of the Enterobacteriacea family, producers of beta-lactamase enzymes, such
as extended spectrum (ESBL) and carbapenemases (KPC). Over the years, the
search for alternative therapies via medicinal plants has been gradually increasing and,
with this, several studies using essential oils (EO) extracted from aromatic and
medicinal plants have been showing their antimicrobial activities, as is the case with
the EO Thymus vulgaris L. (TO) and Cymbopogon martini (PO), as well as some of
their major constituents. The present study aimed to evaluate the antimicrobial activity
of TO and PO and synergism of their major constituents (thymol, eugenol and geraniol)
against multiresistant bacterial isolates. Bacteria were isolated from clinical samples of
patients admitted into the School Hospital of the Federal University of Pelotas - RS,
Brazil. Those identified with reduced carbapenemic sensitivity were submitted to
phenotypic tests for carbapenemase enzymes detection. The characterization of the
EO was performed and determination of its antioxidant activity was done with the Ferric
Reducing Antioxidant Power (FRAP) assay. Antimicrobial and synergistic activity of the
EO and their major constituents were determined through minimum inhibitory
concentration (MIC), minimum bactericidal concentration (MBC) and monitored by
inhibitory curves in bacterial growth. FRAP results showed antioxidant activities of the
extracts, especially geraniol. All the EOs and their major constituents presented
antimicrobial activity. Thymol was the compound with the lowest MIC values, ranging
from 3.51 to 9.37 ug mL""; followed by eugenol with 104.19 ug mL-!. TO showed no
antimicrobial activity against the most resistant isolates. According to the synergism
results, a synergistic effect was evidenced only in the combination of thymol with
eugenol. This study also found that, according to MBC values, thymol, as well as the
other major constituents, presented both inhibitory and bactericidal activity against
bacterial isolates. These results suggest that the tested EO and their major
constituents, especially thymol, present potential as promising antimicrobial agents
against multiresistant isolates.

Keywords: Antimicrobial Resistance; essential oils; thymol; eugenol; geraniol; ESBL;
KPC.

31



1. Introduction

Bacterial resistance to antimicrobials is a serious public health problem, which
has been alarmingly increasing worldwide, due to its high mortality rate and restrictions
in therapeutic options, especially when occurs in the hospital environment [1]. Among
the microorganisms commonly associated with resistance mechanisms are gram-
negative bacteria of the Enterobacteriaceae family, producers of extended spectrum
betalactamases (ESBL) as well as of carbapenemases enzymes (KPC, AmpC and
metallo-carbapenemases). The most relevant strains with ESBL-producing bacteria
are the Klebsiella spp and Eschericbellhia coli, however, they have already been

detected in several species of Enterobacteriaceae and Pseudomonas aeruginosa [2].

The production of carbapenemases enzymes by enterobacteria is an essential
factor that confers resistance to them, since these enzymes are able to hydrolyze
carbapenemic drugs, as well as encode resistance genes in mobile genetic elements
such as plasmids, increasing their dissemination [3]. The widespread and
indiscriminate use of these antimicrobials is believed to have aided in the spread of
bacterial resistance, although the production of betalactamases by some bacteria

occurred long before antimicrobial therapies were improved [4].

One of the major clinically important carbapenemases is the enzyme Klebsiella
pneumoniae carbapenemase (KPC), which is characterized by hydrolyzing a variety of
beta-lactam antibiotics, including carbapenems, cephalosporins, penicillins and
aztreonam, and has a high spreadability due to their location or the presence of mobile

resistance elements [5].

Plants are the source of a variety of substances with antimicrobial properties,
contributing to the development of new anti-infectious agents. Therefore, over the
years the search for therapeutic alternatives from medicinal plants has been gradually
increasing and, thus, several studies using essential oils (EO) extracted from aromatic
and medicinal plants have been showing their antimicrobial activities, such as the case
of essential oil Thymus vulgaris L. and Cymbopogon martini, popularly known as thyme
(TO) and palmarosa oils (PO) [6, 7].

The major constituent of TO is thymol, and its antimicrobial activity is attributed
to it due to its action on the bacterial cell wall. Eugenol represents the major constituent
of clove EO and, according to reports in the literature, it has antibacterial and antifungal
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properties. PO is rich in geraniol, a compound that also has antimicrobial as well as

immunomodulatory and antitumor activity [8].

Considering antimicrobial resistance as a problem of great impact on public
health, especially in hospitals, the aim of this study was to evaluate the antimicrobial
activity of EOs and their major constituents in a synergistic way against multiresistant

hospital clinical isolates.

2. Materials and methods

Sample collection, culture and bacterial identification

The samples used correspond to different biological materials from patients
admitted into the School Hospital of the Federal University of Pelotas (HE-UFPel). This
project was approved by the Ethics Committee on Research with Human Beings/UFPel
(Report n°. 2.919.605). From these samples, bacterial isolates were obtained by
culturing in blood agar (AS) and MacConkey (MC) medium and incubated in a
microbiological greenhouse at 37°C for 24 hours. After colony growth, the bacterial
inoculum was prepared and introduced into identification and antibiogram panels at a
concentration of 1.5 x 108 CFU mL-', standardized by the McFarland turbidity scale,
and revealed on the BD Phoenix 100 Automated Microbiology equipment for

microorganism identification (ID) as well as antimicrobial susceptibility testing (AST).

Enterobacteria identified with decreased carbapenemic sensitivity were referred
for phenotypic confirmation by presumptive detection of carbapenemase enzymes
such as KPC, metallo-carbapenemase and AmpC. For this, the disk diffusion
technique (Kirby-Bauer) was used on Mueller Hinton agar, using carbapenem
antimicrobial disks (ertapenem, imipenem and meropenem) at concentrations of 10
Hg. The bacterial resistance enzymes KPC, metalo and AmpC are blocked by certain
concentrations of phenylboronic acid, ethylenediamine tetraacetic acid (EDTA) and
cloxacillin, respectively; therefore, 10 pL of each inhibitor were added to the
antimicrobial discs and the plates were incubated in a microbiological oven at 37°C for
24 hours for further interpretation of the phenotypic test results by measuring the
diameter of the inhibition zone diffused in the agar. Carbapenemase enzyme

producers were considered to be strains that presented a halo around the inhibitor
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greater than or equal to 5 mm in diameter in comparison to pure antibiotics, according
to standardization of the Clinical & Laboratory Standards Institute (CLSI) [9].

Isolated bacteria with their resistance markers are described in Table 1. Among
them, microorganisms of interest were selected through a primary screening through
the disk diffusion technique, for subsequent filtering of the samples that obtained

inhibition from the antimicrobial activity of the bacteria compounds.

Acquisition of essential oils and majority constituents

TO was extracted at the Natural Products Research Laboratory (NPRL), which
belongs to the Forensic Chemistry course of the Federal University of Pelotas (UFPel).
The method used to extract the essential oil was hydrodistillation using a Clevenger
apparatus. Previously pulverized in a cutting mill, 100g of dry leaves were placed
together with distilled water in a 2.000 mL volumetric flask. The balloon was attached
to a Clevenger apparatus and the extraction was performed for a period of 4 hours
according to Brazilian Pharmacopoeia (2010) [10]. The essential oil was removed with
the aid of a Pasteur pipette and dried over Anhydrous Sodium Sulfate. The oil was
then stored in a hermetically sealed glass vial and wrapped in aluminum foil under
refrigeration of -4°C until use. PO was purchased commercially from the Ferquima
Industria e Comércio company (Vargem Grande Paulista, Brazil). The major
constituents thymol (Cas n°. 89.83-8), eugenol (Cas n°. 97.53-0) and geraniol (Cas n°.

106.24-1) were purchased from the Sigma-Aldrich company (Sao Paulo, Brazil).

Characterization of oils

The characterization of TO and PO was performed after previous preparation of
the oils that were subjected to chromatographic analysis on GC/MS equipment, brand
Shimadzu QP2010, equipped with a split/splitless divider. An Rtx-5MS Restek capillary
column (30 mx 0.25 mm x 0.25 pm) was used under the following chromatographic
conditions: helium gas carrier obtained by electron impact fragments at a rate of 70 eV
of 1.27 mL/min, split flow of 1:50 and injected sample volume of 1L [11]. Programmed
oven temperature: The initial temperature was 40°C with a heating ramp of 5°C/min to

280°C, remaining stable at this temperature for 10 minutes, totaling a run of 58
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minutes, with injector and interface temperatures of 280°C [11]. Compounds were
analyzed using NIST08 GC/MS library [11]. The identification of TO and PO
constituents was based on the Retention Index (RI), determined with reference of the
homologous C7-C30 n-alkane series under similar experimental conditions, comparing
with the similar mass of the mass spectrum of the NBS Library and that described by
Adams (1995) [11, 12, 13]. The relative amounts of the individual components were

calculated based on the GC peak area (FID response) [11].

FRAP assay

For the determination of the antioxidant capacity of TO, PO, thymol, eugenol
and geraniol, the Ferric Reducing Antioxidant Power (FRAP) assay was employed,
following the methodology described by Benzie and Strain (1999) [14], adapted to the
Cobas Mira® automated system (Roche Diagnostics, Switzerland). The FRAP assay
reagent was prepared from a combination of acetate buffer solution with TPTZ (2,4,6-
tris (2-pyridyl)-s-triazine), and aqueous ferric chloride solution. At acid pH, the complex
Fe3* is reduced to Fe?* and forms an intense blue solution. As a reference, FRAP
reagent solution was used and the absorbance was measured at 600 nm. For the
calibration curve, FeClz2 was used as a standard in concentrations ranging from 50 to

2000 pmol L', The results were expressed in pmol L.

Diffusion Disk

A screening assay was performed using the disk diffusion technique (Kirby-
Bauer) to select bacteria of interest that obtained satisfactory results in relation to the
antimicrobial activity of the EOs and their major constituents, aiming to then proceed
with the microdilution technique described in the item below. Among the isolated
bacteria, the ones chosen for the disk diffusion technique were: Escherichia coli (1),
Klebsiella pneumoniae ESBL and KPC (2), Klebsiella pneumoniae ESBL and KPC (3),
Klebsiella pneumoniae ESBL and KPC (4), Klebsiella pneumoniae ESBL and KPC (5)

and Pseudomonas aeruginosa (6).

The bacterial inoculum was obtained and adjusted to McFarland turbidity scale

0.5 (1.5 x 108 UFC mL-") with spectrophotometer at 600 nanometers (nm), and then
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seeded in plates containing Mueller-Hinton agar culture medium. Filter paper discs
containing 10 pL of each pure compound (TO, PO, thymol, eugenol and geraniol), a
disc containing 10 pL of the mixed major compounds and a negative control disc
containing 10 pL of dimethylsulfoxide (DMSO) were added. Afterward, the plates were
incubated at 37°C for 24 hours. The reading was based on the size of the inhibition
halo (mm) formed by the compound around the disk, all tests being performed in

duplicate.

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC)

Among the bacteria screened in the disk diffusion technique, the ones chosen
for microdilution, with their respective caption, were: Escherichia coli (1), Klebsiella
pneumoniae ESBL and KPC (2), Klebsiella pneumoniae ESBL and KPC (3), Klebsiella
pneumoniae ESBL and KPC (4) and Klebsiella pneumoniae ESBL and KPC (5).

MIC determination was performed via the microdilution technique according to
CLSI method M7-A6. The EOs and major compounds were prepared with a 1:2 dilution
in 50% DMSO sterile tube, so that the final concentrations of TO, PO, thymol, eugenol
and geraniol stock solutions were 464.200, 447.000, 150, 533.500, and 439.000 ug
mL-", respectively. Compounds were stored at 4°C to minimize volatilization. Assays
were performed in 96-well microplates (one plate per bacterium), with 100 pL of
Mueller-Hinton broth with 100 pL of the compounds added in the first wells. Starting at
the first well, serial dilution succeeded to the tenth well of the plate. After serial
microdilution, 10 pL of bacterial inoculum at the scale of 0.5 McFarland (1.5 x 108 CFU
mL-') were added to all wells and the microplates were incubated for 24 hours at 35 +
2°C. A negative control containing only the culture medium and a positive control for
bacterial growth containing culture medium and 10 pL of the inoculum were performed.
MIC was defined as the lowest concentration of the compound that inhibited microbial
growth and was observed through turbidity of the culture medium in the microplate
wells after centrifugation. These assays were performed in duplicate and the MBC was
determined after seeding of 1 uL of the MIC, %2 MIC and MIC x 2 well contents in
Mueller-Hinton agar. They were then incubated for 24 hours at 37°C for subsequent

verification of presence growth of bacterial colonies.
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Synergism

Among the bacteria screened in the microdilution technique, the ones chosen
for the synergism assays were: Escherichia coli (1), Klebsiella pneumoniae ESBL and
KPC (2), Klebsiella pneumoniae ESBL and KPC (3) and Klebsiella pneumoniae ESBL
and KPC (4).

Synergism was determined by the 96-well microdilution technique, using one
plate for each bacterium. There was crossover through serial dilution only for the major
compounds thymol, eugenol and geraniol. To all wells of the plate, 100 pL of Mueller-
Hinton broth were added, then 100 pL of compound A (thymol and geraniol) were
added to the first well following the base 2 serial dilution. Subsequently, 100 pL of
compound B (eugenol) were added and crossing of the different concentrations of the
compounds was realized. At the end, 10 pL of bacterial inoculum at the scale of 0.5
McFarland (1.5 x 108 CFU mL") were added to all wells. The microplates were
incubated for 24 hours at 35 £ 2°C and the results were observed after centrifugation.

This test was performed in duplicate in two independent experiments.

Interpretation of the checkerboard results was performed using the inhibitory
fractional concentration index (FICI), obtained by the following formula: FICI = (MIC
major A combined / MIC major A alone) + (MIC major B combined / MIC major B alone). FICI results were
interpreted as follows: FICI < 0.5 = Synergism; 0.5 < FICI < 4 = Indifference and FICI>
4 = Antagonism [15].

Bacterial Growth Inhibition Curve

Macrodilution was performed in duplicate using sterile microtubes, where 200
pL of Mueller-Hinton broth, 200 pL of the compounds at concentrations corresponding
to 2 MIC, 1x MIC and 2x MIC and 10 pL of the bacterial inoculum at a scale of 0.5
McFarland were introduced. The growth curve was monitored at intervals of 0, 6, 12,
24 and 48 hours of incubation by seeding 1 pL of the microtube content in Mueller-
Hinton agar and incubating for 24 hours at 35 + 2°C for quantification of colonies. For
validation of the assays, a negative control (culture medium only) and a positive control

(culture medium with bacterial inoculum) were used.
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Statistical analysis

Data were expressed as mean + standard deviation (SD) for two independent
determinations for each experimental point. Data were analyzed with software package
GraphPad Prism 4.00 for Windows (GraphPad Software, San Diego- CA, USA). The
data from the synergism experiment were submitted to analysis of variance (oneway
ANOVA) followed by Tukey test (p < 0.05).

3. Results
Insulation resistance profile

The resistance profile of the isolated bacteria is described in Erro! Fonte de
referéncia nédo encontrada., with their phenotypes, resistance markers and
respective resistant antimicrobials. Among the isolated bacteria, 73% belong to the
Enterobacteriaceae family. Regarding resistance markers, 19% correspond to ESBL
and 14% are KPC + ESBL markers; 3% are Staphylococcus producer of
betalactamase (BLACT) and 3% Enterococcus faecium resistant Vancomycin (VRE).

The remaining 62% correspond to bacteria without resistance markers.

Table 1 - Resistance profile of isolated bacteria (Manuscript).

Resistance % por
Markers Isolated bacteria Antimicrobial N N (%)
(RM) RM

BLACT Staphylococcus aureus

Ampicillin 1 39, 39,

Penicillin
Cefepime
Ceftriaxone
Enterobacter cloacae Ceftazidime 1 3%
Ertapenem
Imipenem
Cefepime
Escherichia coli Ceftriaxone 2 5%
Ceftazidime
Cefepime
Klebsiella pneumoniae Ceftrlgxpne 4 11%
Ceftazidime
Ertapenem
Cefepime
Ceftriaxone
ESBL/KPC Klebsiella pneumoniae Ceftazidime
Ertapenem
Imipenem
Meropenem

ESBL 19%

5 14% 14%
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VRE Enteococcus faecium Vancomycin 1 3% 3%

. . Imipenem 2 5%
Acinetobacter baumannii Meropenem 1 39
Ertapenem
Enterobacter aerogenes Imipenem 1 3%
Meropenem
Enterobacter cloacae Ertapenem 2 5%
Escherichia coli 7 19%
Klebsiella pneumoniae 2 5% 62%
Morganella morganii 1 3%
o Ertapenem y 39%
Proteus mirabilis Meropenem
1 3%
_ Imipenem 4 11%
Pseudomonas aeruginosa Meropenem
1 3%
37 100% 100%

BLACT - Staphylococcus producer of betalactamase; ESBL - producers of extended spectrum
betalactamases; KPC - Klebsiella pneumoniae carbapenemase; VRE - Enterococcus faecium resistant
Vancomycin.

Characterization of essential oils
The results of PO and TO chemical analysis are presented in Table 2. The
following major compounds for PO were identified: geraniol (35.27%), neral (13.09%)

and geranyl acetate (9.68%). TO presented the following as its major compounds:
thymol (49.27%), p-cyme (20.18%) and carvacrol (11.86%).

Table 2 - Composition of the PO and TO (Manuscript).

Cymbopogon martini (PO) Thymus vulgaris (TO)

Compounds RI2 RIP (%) (%)
a-thujene 932 931 0.75
a-pinene 937 939 1.62
a-camphene 953 953 1.23
B-pinene 980 980 0.57
B-Myrcene 991 989 1.71 0.34
a-terpinene 1018 1019 1.27
p-Cimene 1026 1027 5.82 20.18
1.8 cineole 1037 1033 0.95
y-terpinene 1062 1061 1.45
Linalool 1098 1099 2.09 1.11
Camphenol 1109 1112 0.65
Camphor 1142 1143 0.18
Borneol 1161 1166 0.71
Terpin-4-ol 1179 1177 1.09
a-terpineol 1185 1189 243
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Nerol 1228 1228 1.83

Neral 1240 1141 13.09
Geraniol 1255 1253 35.27
Thymol 1291 1292 49.27
Carvacrol 1298 1296 0.45 11.86
E-Citral 1341 1341 3.17
thymol acetate 1356 1355 0.09
Geranyl acetate 1383 1380 9.68
B-Elemene 1391 1388 4.35
B-Caryophyllene 1418 1419 5.92 2.57
a-humelene 1451 1454 0.39
Neryl propanate 1454 1459 1.69
Aromandrene 1461 1460 0.81
Geranil propionato 1476 1475 0.08
germacreno D 1483 1480 0.25
Valencene 1491 1489 0.36
(Z)-Nerolidol 1534 1533 1.57
a-cadidene 1540 1538 0.17
Elemol 1549 1550 0.29
Geranyl butyrate 1562 1561 1.63
Caryophyllene oxide 1581 1580 2.79 0.41
Globulol 1583 1585 0.91
Viridiflorol 1590 1593 1.13
(E,E)-Farnesol 1722 1725 4.52

Total identified (%) 99.73 99.97

Relative proportions of the essential oil constituents were expressed as percentages. 2Retention indices
from literature (Adams, 1995). PRetention indices experimental (based on homologous series of n-
alkane C7-Cao) [11].

FRAP Test

The antioxidant activity of the oils and majority constituents via the FRAP
method can be seen in Figure 1. Geraniol is the compound that most exhibits
antioxidant activity, with a value of 1060 umol/L, followed by TO (980 pumol/L) and

thymol. (850 umol/L), compared to the positive control, vitamin C.
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Figure 1 - Antioxidant activity of major oils and constituents in the FRAP assay (Manuscript).

Evaluation of antimicrobial activity
Disc Diffusion

Halo diameter measurement values in mm are described in Table 3. Eugenol
represents the compound that most induced inhibition of bacteria, with halo averages
ranging from 10 to 15 mm, followed by thyme, with a halo of 10 to 16 mm. The most
inhibited bacteria was Klebsiella pneumoniae ESBL and KPC (3), with a halo average
of 11.33 mm in relation to all tested compounds. Pseudomonas aeruginosa (6) showed
no inhibition halo for any compound, representing the most resistant bacteria against
the EOs and its major constituents. For this reason, it was not used for the microdilution

technique.

Table 3 - Halo diameter measurement values in mm (Manuscript).

Diffusion Disk (mm)

Bacteria Thymol Geraniol Eugenol TO PO Synergism
1 0 11 15 12 8 13
2 0 11 10 10 0 10
3 4 12 14 16 11 11
4 9 10 14 13 7 10
5 7 10 15 13 5 12
6 0 0 0 0 0 0

(1) E. coli; (2) K. pneumoniae ESBL e KPC; (3) K. pneumoniae ESBL e KPC; (4) K. pneumoniae ESBL
e KPC; (5) K. pneumoniae ESBL e KPC; (6) Pseudomonas aeruginosa.
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Minimum inhibitory concentration and minimum bactericidal concentration

The MIC and MBC results for EOs and their major constituents against
enterobacteria are described in Tables 4 and 5, respectively. We can see that the
compound with the lowest MIC values was thymol, ranging from 3.515 to 9.375 pg /
mL, confirming its effective antibacterial activity. Then we have eugenol, with an MIC
value of 104.19 pg / mL for all bacteria. PO was the compound that presented the
highest concentrations against bacterial isolates, while TO, for the most resistant
strains, did not inhibit growth in any of the tested concentrations. MBC results show
that there was a bactericidal effect, with values equal to or very close to MIC for all

major compounds.

Table 4 - Minimum inhibitory concentration (MIC) of the major compounds in pg/mL

(Manuscript).
Majority Constituents
Thymol Geraniol Eugenol

Bacteria MIC CBM MIC CBM MIC CBM
(ng/ml) (Hg/ml) (ng/ml) (ng/ml) (Hg/ml) (Hg/ml)

1 3.515 3.515 42.91 64.37 104.19 104.19

2 9.375 9.375 2059.9 2059.9 104.19 104.19

3 3.515 3.515 85.83 85.83 104.19 104.19

4 7.031 9.375 343.35 343.35 104.19 104.19

5 3.515 3.515 708.17 729.63 104.19 104.19

(1) E. coli; (2) K. pneumoniae ESBL e KPC; (3) K. pneumoniae ESBL e KPC; (4) K. pneumoniae ESBL
e KPC; (5) K. pneumoniae ESBL e KPC.

Table 5 - Minimum inhibitory concentration (MIC) of the OE in pg/mL (Manuscript).

Essencial oils (ug/ml)

Bacteria TO PO
1 11605 349.21
2 * 13.968.725
3 * 1.125
4 2901.25 523.82
5 * 1047.65

(1) E. coli; (2) K. pneumoniae ESBL e KPC; (3) K. pneumoniae ESBL e KPC; (4) K. pneumoniae ESBL
e KPC; (5) K. pneumoniae ESBL e KPC.
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Synergism

The checkboard results described in Table 6 below show that there was
synergism only in the combination of thymol with eugenol for bacteria 1, 2 and 4, while
there was indifference for bacterium 3. Regarding the combination of thymol with
geraniol, and eugenol with geraniol, the results show indifference for bacteria 1 and 2,

and antagonism for bacteria 3 and 4.

Table 6 - In vitro combinations among majorities against multidrug-resistant bacteria.

(Manuscript).

Combinations

Isolates Thymol/Eugenol Thymol/Geraniol Eugenol/Geraniol

MIC FICI (X) MIC FICI (X) MIC FICI (X)
1 0.58/52.1  0,5(S) 4.68/686.7 25()  104.2/687.7  3.0())
2 0.58/52,1  0.5(S) 0.58/171.6 17() 104211716  2.64 ()
3 4.68/104.1 1.49(1) 4.68/1373  4.49(A)  104.1/1373  4.99 (A)
4 117/52.1  05(S)  1.17/2746 8.1(A)  104.1/2746 8.9 (A)

Thymol; Eugenol; Geraniol; minimal inhibitory concentration (ug mL-); FICI, fractional inhibitory
concentration index; X, FICI interpretation; S, synergism; |, indifference; A, antagonism.

Bacterial Growth Inhibition Curve

The results indicate a significant reduction in CFU (Colony Forming Units) at 6
hours of incubation of E coli (1) against thymol at 2x MIC concentration. This indicates
approximately 8 log of inhibition at this time. The thymol 2 MIC and 1x MIC
concentrations were able to significantly decrease the count within 24 hours, with a
decrease of approximately 7 log if compared with the positive control (Figure 7A). We
can see below that for geraniol and eugenol there was no significant reduction in CFU
values for E.coli (1) after 48 hours of incubation of the bacteria at different tested

concentrations when compared with the positive control (Figure 2B and 2C).

Regarding K. pneumoniae ESBL/KPC (2), we can see a reduction of CFU within
24 hours of incubation with thymol at concentrations of 1x MIC and 2x MIC. This
indicates inhibition of approximately 7 log at this time. On the other hand, thymol at
concentrations of 2 MIC showed no significant reduction when compared with the

positive control (Figure 2D). Geraniol showed no significant reduction in CFU values
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(Figure 2E), while eugenol decreased it by approximately 8 log at 2x MIC concentration

within 24 hours of incubation (Figure 2F).

The results indicate a significant reduction of CFU within 12 hours of incubation
for K. penumoniae ESBL/KPC (3) with thymol having bactericidal action at 2x MIC
concentration. This indicates inhibition of approximately 7 log at this time. On the other
hand, thymol at concentrations of 1x MIC were able to significantly decrease the count
within 24 hours (Figure 2G). Below, It is possible to observe that geraniol presented
reduction in CFU at 2x MIC concentrations within 48 hours of incubation (Figure 2H),
whereas eugenol induced CFU reduction by approximately 7 log at 2x MIC

concentrations within 12 hours of incubation (Figure 2I).

The results indicate a significant reduction of CFU within 48 hours of incubation
of K. pneumoniae ESBL/KPC (4) with thymol at a concentration of 2x MIC and 1x MIC.
This evidences inhibition of approximately 7 and 8 log at these times, respectively
(Figure 2J). Below, it is possible to note that geraniol and eugenol presented no
significant reduction in CFU at all concentrations tested for this bacterium (Figure 2K
and 2L).
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Figura 2 - Growth inhibition curve in different bacteria tested against major constituents (A, D, G,J)
Thymol, (B, E, H, K) Geraniol e (C, F, I, L) Eugenol (Manuscript).

4. Discussion

Among the isolated bacteria, 73% belong to the Enterobacteriaceae family,
which is often associated with resistance mechanisms detected in clinical laboratories.
The Enterobacteriaceae family is comprised of glucose-fermenting gram-negative
bacteria, the enterobacteria, predominant in the genera Klebsiella, Serratia,
Citrobacter, Enterobacter, Escherichia, Samonella, Proteus, Morganella [16].
According to Abera et al. (2016) [17], they are associated with infections in the central
nervous system, in airways, blood, wounds and urinary tract sites and are
characterized by their rapid introduction into the hospital environment, with widespread
dissemination, resulting in devastating consequences [18]. Betalactamases enzymes
appear most frequently in enterobacteria, however, they may also appear in non-

fermenting gram-negative bacteria, such as the Pseudomonas and Acinetobacter
species [19].
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We can see that 19% of the resistance markers correspond to ESBL, these
being the most frequently detected in clinical isolates. Abayneh et al. (2019) [20] have
already described that ESBL comprise the most common and important resistance
mechanism in enterobacteria today and may reduce the effectiveness of modern
expanded-spectrum cephalosporin and monobactam drugs [3]. ESBL are also often
mediated by plasmids, which are responsible for the rapid transmission of resistance

genes between bacteria [21].

Following that, with a presence of 14%, the resistance marker KPC + ESBL was
detected, with KPC being an enzyme initially produced by K. pneumoniae, first
identified in North Carolina in 1996 [22]. However, studies show that other species of
enterobacteria are also capable of producing KPC [23]. According to Nordmann,
Cuzon and Naas (2009) [24], the isolated K. pneumoniae species were resistant to all
classes of betalactamics as well as carbapenemics due to its antimicrobial hydrolysis
capacity. The great rise of KPC enzymes today occurs because of their spreading
capacity, due to their plasmid localization or the presence of mobile resistance
elements [5]. The World Health Organization (WHO) has classified carbapenemase-

producing enterobacteria as one of the three major threats to human health [25].

EOs extracted from plants appears as a promising alternative in the treatment
of infections caused by various microorganisms. They consist of complex mixtures of
volatile and semi-volatile compounds, usually lipophilic, derived from the plant’'s raw
material via hydrodistillation, steam distillation, dry distillation, or by a mechanical
process [30]. Some of their components are terpene hydrocarbons, alcohols, ketones,
aldehydes, esters, phenols, organic acids, among others, present in different
concentrations, and presenting a pharmacologically active major compound [31]. They
have no physiological importance for plant growth per se, and their composition
depends on several intrinsic factors, such as sexual, seasonal and genetic variations;
and extrinsic factors, such as ecological and environmental characteristics [32, 33, 34].
However, they function primarily as defensive mechanisms against bacterial, viral and
fungal infections. Moreover, due to their strong taste and odor, they can also act as
impediments to herbivores [35] or play a role in pollination and dispersal of fruits and
seeds by attracting insects and other animals [36].
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According to Nieto (2017) [37] and Mamadalieva et al. (2017) [38] the major
families of EO-bearing plants include: Lamiaceae, a very diverse group of herbs and
aromatic shrubs, including lavender, oregano, thyme, peppermint, sage and marjoram;
Apiaceae, a widely distributed group of annual, biennial and perennial plants, including
caraway and anise; Rutaceae, commonly known as the citrus family, consisting of
herbs, shrubs and trees, including orange and lemon; Asteraceae, with over 30,000
species of evergreen shrubs, rhizomatous herbs, tuberous perennials and tree herbs,
including the daisies, sunflowers and cardois family [39]; and Cupressaceae, a group

of conifers consisting of trees and shrubs.

The antioxidant activity of EOs and major constituents using the FRAP assay
was found in all tested compounds. Geraniol is the compound that showed the most
antioxidant activity, followed by TO and thymol. The compound with the least
antioxidant activity was eugenol, when compared with the positive control, vitamin C.
The FRAP assay [18] is based on the ability of phenols to reduce Fe3 + to Fe2 +, which
is accompanied by the formation of a colorful complex with Fe2+. This complex has an
intense blue color, which can be quantified spectrophotometrically at 600 nm, which is
proportional to the amount of reducer species present in the sample [20]. According to
reports in the literature, geraniol is directly linked to antioxidant action, stimulating the
activity of antioxidant enzymes, such as catalase, and inhibiting the amount of
proinflammatory cytokines, confirming its anti-inflammatory and antioxidant activity
[40].

The antibacterial properties of EOs have been attributed to their bioactive
constituents, which act synergistically and at various sites of action at cellular level.
Burt (2004) [41] found that the bacteriostatic and/or bactericidal activity of EOs is
mainly exerted by terpenoid and phenolic compounds, most of which are the major
constituents of EOs. The most frequently reported antibacterial mechanism of action
includes cell wall and membrane rupture, leading to intracellular content leakage and
bacterial lysis (cytolysis). Other proposed mechanisms of antibacterial action include:
inhibition of efflux pumps, known to be responsible for bacterial resistance; ATP
balance disorders, which alter energy-mediated cellular activities; as well as alteration
in bacterial protein synthesis [41, 42, 43, 44). Pereira et al. (2004) [45] showed that
antimicrobial activity using EOs extracted from Salvia officinalis L. presented more than

96% effectiveness in fighting E. coli, 100% in fighting K. pneumoniae, over 83% in
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fighting Proteus mirabilis, 75% in fighting Morganella morganii, 100% in fighting
Enterobacter aerogenes, 100% in fighting Klebsiella oxytoca and showed no effect on
P. aeruginosa, in the same way that the present work did not obtain inhibition results

in the disk diffusion technique for this bacterium.

According to Kerekes et al. (2016) [8], TO and its main component, thymol,
showed satisfactory results of antimicrobial activity and inhibition of bacterial biofilm
with MIC values less than 1 mg/mL. In this study, the antibacterial activity of thymol
with MIC values of less than 1 mg/mL was also noted and confirmed. In addition,
according to MBC values, it can be concluded that thymol, as well as the other major
constituents, presented both inhibitory and bactericidal activity against bacterial
isolates. Thymol (5-methyl-2-isopropylphenol) is a major and common constituent of
thymus and origanum-derived EOs and confers antimicrobial properties to these oils,
which are attributed to the hydroxyl group present in their structure [5,10,16,17]. It has
been postulated that thymol decreases enzymatic activity and disrupts the integrity of
the bacterial membrane, altering its protein reactions [2, 3, 15]. Oussalah et al. (2007)
[46], reported that concentrations below the MIC may reduce the growth rate of
bacterial species, even those that have not been completely decreased by higher
concentrations, such as P. aeruginosa. Kerekes et al. (2016) [8] reported that thymol
is the compound with the best antimicrobial activity among EOs, with the ability to
eliminate bacterial biofilm in strains of E. coli and Listeria monocytogenes. However,
in the same study, the authors found that Pseudomonas putida was the most oil-

resistant bacteria.

Eugenol (4-allyl-2-methoxyphenol) is an amphipathic hydroxyphenylpropene
present in a variety of plants, the best known being the clove. The antimicrobial activity
of eugenol can be attributed to the presence of a free hydroxyl group in the molecule
[47], which has action on bacterial cells through several mechanisms. One is
cytoplasmic membrane disturbance that increases nonspecific membrane permeability
and affects ion and ATP transport [48, 49, 50). In the present study, eugenol was
efficient in its antimicrobial activity, as can be analyzed in table 3, with MIC values of
104.19 ug/ mL. Abdullah et al. (2015) [51] evaluated the antimicrobial activity of cloves
against four multiresistant bacteria (Acinetobacter baumanni, P. aeruginosa,
Staphylococcus aureus, and Enterococcus faecalis) isolated from different clinical

samples. A. baumanni was the most sensitive species, followed by E. faecalis. S.
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aureus and P. aeruginosa were the least susceptible bacteria to the tested oil. Dhara
& Tripathi (2013) [52] found eugenol antimicrobial activity on bacterial infections by
ESBL E. coli and K. pneumoniae, presenting MIC ranging from 249 to 999 ug/ml for E.

coli.

Geraniol is an acyclic isoprenoid monoterpene and can be extracted from EOs
of various aromatic plants, such as lemongrass, ginger and palmarosa. This compound
and other EO constituents are particularly attractive as antibacterial agents because
not only do they inhibit various pathogens, they are also non-toxic and a natural
antibacterial agents [53]. According to the results, geraniol presented lower MIC value
(42.91 pg/mL) for E. coli (1), while MIC values were higher for more resistant bacteria,
ranging from 2059.9 to 85.83 pg/mL. Palmarosa, the main plant containing geraniol as
its major constituent (35.27%), was the compound that presented the highest
concentrations against bacterial isolates while thyme, rich in thymol (49.27%), for the

more resistant strains, did not inhibit growth at any of the tested concentrations.

EOs posses antibacterial activity and may act alone or synergistically with other
present compounds. Furthermore, antimicrobial activity resulting of the synergistic
effects between EOs and some antibiotics has been reported. Uzair et al. (2017) [54]
showed synergistic activity between EOs and amoxicillin against methicillin-resistant
Staphylococcus aureus (MRSA) infections. Synergism between TO and ciprofloxacins
showed maximum inhibition of bacterial growth [55]. In 2011, Lv et al. (2011) [56]
observed synergistic activity using ten essential oils (among them: oregano, sage and

bergamot) against S. aureus.

Synergism between two compounds occurs as a result of various interactions,
including inhibitory effects at different stages of the same biochemical pathway, or
agents that interfere with the cell wall, thereby increasing sensitivity to other
compounds [57]. The compounds in EOs can interact with each other, resulting in
synergies of additive, indifferent or antagonistic effects. Synergism occurs when there
is a positive interaction between two or more compounds combined in order to exert
an inhibitory effect, greater than their individual effects, against a given microorganism.
The indifferent result is when the combination of the compounds resulted in a similar
effect to the isolates; and antagonism occurs when the combined effect is smaller than

that alone [58]. In recent years, many studies have investigated combinations of EOs
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and their components. Eugenol and thymol have been reported to show synergistic
activity against L. Monocytogenes, E. coli and P. aeruginosa; and an indifferent effect
against E. aerogenes. These synergistic effects are related to the mechanism of action
of each compound, such as the disruption and disintegration of the outer membrane
of gram-negative bacteria by thymol, allowing eugenol to access the cytoplasm and
destroy bacterial enzymes. Gallucci et al. (2009) [59] also evaluated the combinatorial
effect of eugenol with geraniol, showing only partial synergism against Bacillus cereus,

and indifference against E. coli and S. aureus.

In the present study, it was possible to observe three synergistic interactions
between the cross-compounds, which correspond to the combination of thymol with
eugenol for bacteria 1, 2 and 4, while for bacterium 3 there was indifference, thus
confirming the results obtained in the literature for the combination of thymol with
eugenol. Regarding the combination of thymol with geraniol and eugenol with geraniol,
the results show indifference for bacteria 1 and 2, and an antagonism for bacteria 3
and 4. We can conclude that when there is antagonism, the inhibitory effects of

bacterial growth are better with the isolated compounds.

5. Conclusion

These results suggest that the tested EOs and their major constituents,
especially thymol, have potential as promising antimicrobial agents, mainly because
this compound presents activity against multidrug-resistant strains, producing
enzymes of clinical importance, little described in the existing literature. However, the

issue of thymol cytotoxicity is a parameter that can be evaluated in future studies.
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5 Conclusodes

- As bactérias isoladas no Hospital Escola da Universidade Federal de Pelotas,
foram identificadas, em sua grande maioria, como enterobactérias, dentre essas, a K.
pneumoneae foi a mais associada a mecanismos de resisténcia, sendo as ESBL, as

enzimas mais detectadas neste estudo, seguida da KPC.

- Os OE de palmarosa e tomilho caracterizados, apresentaram compostos
majoritarios de acordo com estudos prévios relatados na literatura, sendo identificados

o geraniol e o timol, respectivamente.

- Foi constatada atividade antioxidante dos OE e constituintes majoritarios,

principalmente o geraniol, confirmando estudos previamente realizados.

- Todos os compostos majoritarios apresentaram atividade antibacteriana para
as enterobactérias testadas, em especial o timol. O OT nao mostrou atividade
antimicrobiana em nenhuma concentracdo para as enterobactérias mais resistentes
(2, 3 e 5). O OP apresentou os maiores valores de CIM, enquanto que para o timol,

obteve-se o0s valores mais baixos.

- Os compostos majoritarios timol e eugenol combinados, mostraram atividade
sinérgica para as bactérias 1, 2 e 4; enquanto que as demais combinacdes, nao

apresentaram sinergismo.

- A curva de viabilidade celular mostrou reducéo significativa nas UFC em
diferentes estagios de tempos para todas as bactérias testadas com o timol. O geraniol
foi o composto que menos apresentou reducédo nas UFC das bactérias nos intervalos

testados.
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